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Cyclodextrins (CDs) are cyclic oligosaccharides consisting of

6 (α), 7 (β) and 8 (γ) 1,4-glycosidically linked α-D-glucose

units. Production of these compounds is accomplished by enzy-

matic degradation of starch using CD-glycosyl transferase.

Since their discovery more than 100 years ago, a significant

development in CD research has taken place. Right after their

discovery, CDs were very expensive due to the fact that only

small quantities were available. In addition to this, it was

assumed that CDs are toxic to human beings. Meanwhile, things

have changed. Now, large quantities of CDs are available at low

prices. Additionally, it could be demonstrated that CDs are not

toxic to humans. Various applications of CDs can be found, e.g.

the binding of odors and flavors. Even drugs can be complexed

and set free after a while by CDs. This enables the transfer of

hydrophobic substances into aqueous media, which is of great

interest in pharmaceutical chemistry. For instance, release and

molecular dispersion of antihistamines in the tear fluid are

achieved very quickly by means of amylase catalysis.

Regarding the interactions of CDs with low-molecular and

macromolecular compounds, respectively, the reactivity of

complexed molecules is another key factor besides solubility

effects. For example, differences in the absorption spectra of

some compounds are caused by complexation with CDs.

For analytical purposes, CDs are used as chiral hosts. Thus, the

application of CDs in column chromatography and HPLC to

isolate and separate suitable racemic mixtures is broadly estab-

lished. More recently, the use of CDs as food additives was

approved. For example, dispersion of triglycerides can be

achieved by the addition of α-CD.

In organic synthesis and polymer chemistry, the interest in CDs

has increased significantly during the past decades. For

instance, in the latter case covalent attachment of CDs to macro-

molecules and threading of CD molecules onto suitable macro-

molecular chains could be demonstrated. Unlike other macrocy-

cles such as crown ethers or calixarenes, the cavity of CDs is
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big enough to include more or less hydrophobic molecules

completely. In contrast to macrocyclic cucurbiturils, CDs show

a better solubility in water. On top of that, they are also

biodegradable.

Considering the importance of CDs as demonstrated above, we

felt encouraged to summarize some of the latest results

achieved in CD research. Contributions from leading research

groups dealing with CDs can be found in this Thematic Series

of the Beilstein Journal of Organic Chemistry.

Helmut Ritter

Düsseldorf, July 2012
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Abstract
Enantiodifferentiating geometrical photoisomerizations of (Z)-cyclooctene and (Z,Z)-1,3-cyclooctadiene were performed by using

the pyromellitate-linked cyclodextrin network polymer, termed “cyclodextrin nanosponge (CDNS)”, as a supramolecular sensi-

tizing host. The photochirogenic behavior of the nanosponges incorporating β- or γ-cyclodextrin was significantly different from

that reported for the conventional sensitizer-appended monomeric cyclodextrins, affording chiral (E)-cyclooctene and (E,Z)-

cyclooctadiene in enantiomeric excesses critically dependent on the solution pH and solvent composition employed, revealing the

active roles of chiral void spaces of CDNS in the photochirogenic reaction.

1305

Introduction
The precise control of chiral photoreactions, or photochirogen-

esis, is one of the most challenging topics in current photo-

chemistry [1-3]. Weak intermolecular interactions, short life-

time and high reactivity of the excited-state substrate are the

major causes that prevent efficient asymmetric induction in

chiral photochemistry. A supramolecular approach to photochi-

rogenesis provides a convenient and also promising tool to

facilitate the excited-state chirality transfer from chiral host to

prochiral substrate through the long-lasting intimate supra-

molecular contacts of guest substrate(s) with the chiral host in
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Scheme 1: Enantiodifferentiating photoisomerizations of 1Z and 2ZZ sensitized by β- and γ-cyclodextrin nanosponges (CDNSs) cross linked by
pyromellitic dianhydride (PDA).

both the ground and excited states [4-10]. Various types of

chiral supramolecular hosts, including modified zeolites [11],

hydrogen-bonding templates [12], cyclodextrins [13-21] and

serum albumins [22,23], have hitherto been employed to

mediate chiral photoreactions. External factors, such as

temperature [13], solvent [17], pressure [18] and irradiation

wavelength [24], have also been found to play crucial roles in

controlling supramolecular photochirogenesis.

Amongst the chiral supramolecular hosts that have been applied

to photochirogenesis, cyclodextrin (CD) is undoubtedly the

most frequently employed, probably due to its ready availabil-

ity, modifiability, inherently chiral cavity, and optical trans-

parency down to the UV region [3,4]. Nevertheless, the fore-

going studies on CD-based supramolecular photochirogenesis

have focused primarily on the use of native and singly or

doubly modified monomeric CDs. In this communication, we

report the results of the first supramolecular photochirogenesis

to use pyromellitate-linked polymeric β- and γ-CDs, termed

“cyclodextrin nanosponges” (CDNSs) [25-33], as sensitizing

hosts for the enantiodifferentiating photoisomerization of (Z)-

cyclooctene (1Z) [34-37] and (Z,Z)-1,3-cyclooctadiene (2ZZ)

[38-40] (Scheme 1). Enantiodifferentiating photosensitization of

1Z and 2ZZ was extensively studied by using different kinds of

conventional and supramolecular chiral photosensitizers

(Scheme 2). The enantioselectivity obtained is generally low to

moderate, despite that fact that some reactions were performed

at very low temperatures (below −100 °C).

Results and Discussion
CDNSs 3, 4 and 5 were prepared in almost quantitative yields

by reacting pyromellitic dianhydride (PDA) with β-CD or γ-CD

in the presence of triethylamine in dimethyl sulfoxide at room

temperature (Scheme 1) and purified by extensive Soxhlet

extraction with acetone, as reported previously [41]. We termed

these cross-linked CD network polymers as “nanosponges”,

because these CD-based polymers show a nanoporous structure

and a property of swelling upon absorption of water. The ability

to entrap organic molecules can be ascribed to both the pores

generated by the polymerization reaction and to the CD cavities.

Recently, the relationship between the networking properties of

CD nanosponges and the CD/cross linker ratio employed upon

synthesis, was revealed by inelastic light-scattering experi-

ments. Thus, the CD/cross linker ratio can be conveniently used

as a descriptor of the degree of cross linking and the elastic

properties [42]. By using Raman and Brillouin scattering exper-

iments, we found that increasing the PMA/CD ratio leads to an

increase in the degree of cross linking, with the frequency of the

maximum boson peak in cross-polarized Raman spectra shifting

to higher wavenumbers. On the other hand, the stiffness of the

polymeric network of CDNSs is more affected by the PMA/CD

ratio, rather than the type of CD used.

The adsorption, absorption and inclusion properties of these

new materials have been demonstrated for a large variety of

substrates, including some pharmaceuticals [25], enzymes [26],

pollutants [27], polymers [28], agrochemicals [29], and metal

ions [30].

The complexation behavior of 1Z and 2ZZ with CDNSs was

examined by means of circular dichroism spectroscopy,

showing negative induced circular dichroism (ICD) at the 1La

band and more weakly at the 1Lb band in aqueous solution

(Figure 1a). On the basis of the sector rule proposed by Kajtar

et al. [43,44], the pyromellitate (PM) units in the polymer

network are deduced to be perching on or shallowly included in

the CD cavity, placing the 1La and 1Lb transitions in the nega-

tive region (Figure 1c). The addition of 1Z to the solution of 3

caused a small but steady enhancement of the negative ICD

(Figure 1b), which is rationalized by assuming that the PM unit

is excluded from the cavity to better accommodate guest 1Z and

hence becomes more parallel to the portal plane, inducing
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Scheme 2: Representative enantiodifferentiating photosensitization of 1Z and 2ZZ with conventional and supramolecular photosensitizers.

stronger ICD at the 1La band (Figure 1c). Assuming the 1:1 stoi-

chiometry, we calculated the apparent binding constant, aver-

aged over the CD units of CDNS, as 4000 M−1 in water at

25 °C. This value is smaller than those obtained with the sensi-

tizer-modified CDs reported previously [36], for which the

steric hindrance in the network polymer and/or the less effi-

cient complexation inside the nanoparticle of CDNS would be

responsible. The circular dichroism spectral changes observed

for the more cross-linked CDNSs 4 and 5 upon binding 1Z or

2ZZ were too small to allow quantitative evaluation of the

binding affinity.

CDNSs 3–5 were dissolved in water to make aqueous solutions

with concentrations of 45–60 μM in terms of the monomer unit,

which were apparently clear at these concentrations but should

be a suspension of swollen polymer. In view of the excess
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Figure 1: (a) Circular dichroism spectra of 3 (67 μg/mL) (black), 4 (67 μg/mL) (red) and 5 (50 μg/mL) (blue) in pure water at 25 ºC, and (b) of 3 (560
μg/mL) in the presence of 0–2.3 mM 1Z; Inset shows the nonlinear least-squares curve fit of the ellipticity changes at 257 nm, assuming the 1:1 stoi-
chiometry, from which the apparent binding constant was determined to be 4000 ± 1000 M−1. (c) Schematic illustrations of the conformational change
of CDNS upon inclusion of 1Z.

Figure 2: Circular dichroism spectra of 3 (67 μg/mL) (a) in water at pH 1.9 (black), 4.0 (red), 7.5 (green) and 10 (blue) and (b) in water at pH 7.5
(black), in 10% ethanol (red) and in 50% ethanol (blue).

amount of PDA used in the preparation of CDNSs, it is likely

that some of the carboxyl groups in PDA are not incorporated in

the polymer chain, and hence, the solution pH may change the

ionic state of the remaining carboxyl groups, affecting the sensi-

tizer conformation and also the product selectivity. The con-

formational change of the PM units with pH was examined by

circular dichroism spectroscopy. As shown in Figure 2a,

increasing the solution pH caused a significant enhancement of
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Table 1: Enantiodifferentiating photoisomerization of 1Z and 2ZZ
sensitized by CDNSs in aqueous solution at different pH values.

guest host pH E/Z % ee

1Z 3a 1.9 0.03 +4.4
4.0 0.02 +4.5
7.5 0.04 +7.5
10 0.03 +9.0

4a 1.9 0.03 −0.1
4.0 0.05 +1.4
5.2 0.07 +2.1
10 0.01 +4.3

5a 1.9 0.06 +0.1
4.0 0.09 +0.6
6.5 0.06 −4.8
10 0.01 +9.8

2ZZ 3a 1.9 0.04 +5.0
4.0 0.04 +1.7
7.5 0.03 +4.6
10 0.01 +2.7

4a 1.9 0.02 +4.0
4.0 0.07 +1.0
5.2 0.03 +4.9
10 0.02 +4.9

5a 1.9 0.03 +1.0
4.0 0.07 +1.0
6.5 0.13 +0.7
10 0.01 +7.4

a[1Z] = [2ZZ] = 1.5 mM; [CDNS] = 0.2 mg/mL; irradiated for 1 h at
254 nm in aqueous buffer solutions of pH 1.9–10.0 at 0.5 °C.

the negative ICD of CDNS 3. This seems reasonable, as the

ionization of the carboxylic acid moieties on the PM units (pKa1

= 2.93 for pyromellitic acid; pKa1 = 2.98 and pKa2 = 5.28 for

phthalic acid) [45] will drive out the shallowly included PM

from the cavity but still keep it near the portal with the short

ester linker, orienting the 1La transition in the more negative

region of the sector rule (parallel to the portal plane).

Photoisomerizations of 1Z and 2ZZ sensitized by CDNSs were

performed at 254 nm under nitrogen in aqueous solutions at

different pH values by using a xenon lamp fitted with a band-

pass filter (Asahi Spectra MAX-301). As shown in Table 1, the

photosensitizations of 1Z and 2ZZ with CDNSs gave 1E and

2EZ in modest enantioselectivities. Interestingly, the enan-

tiomeric excess (ee) was a critical function of the solution pH.

For instance, 3 gave (+)-1E in 4.4% ee at pH 1.9 but a doubled

9.0% ee at pH 10. The largest pH-induced ee change was

observed for 5, which afforded (−)-1E in 4.8% ee at pH 6.5 but

antipodal (+)-1E in 9.8% at pH 10. Similar ee behavior was

observed upon photoisomerization of 2ZZ sensitized by 5,

Table 2: Enantiodifferentiating photoisomerization of 1Z sensitized by
CDNSs in water containing methanol or ethanol.

sens* solvent E/Z % ee

3a H2O 0.04 +7.5
5% MeOH 0.07 +7.8

10% MeOH 0.02 +9.3
25% MeOH 0.04 +9.0
50% MeOH 0.04 +8.5
5% EtOH 0.06 +11.7

10% EtOH 0.05 +9.8
4a H2O 0.07 +2.7

10% MeOH 0.04 +2.8
15% MeOH 0.05 +3.2
25% MeOH 0.02 +1.5

5a H2O 0.06 −4.8
10% MeOH 0.02 −4.5
25% MeOH 0.01 −1.6

a[1Z] = 1.5 mM; [CDNS] = 0.2 mg/mL; irradiated for 30 min at 254 nm
in distilled water containing a varying amount of methanol or ethanol at
0.5 °C.

showing a significant increase from 1.0% ee at pH 1.9–6.5 to

7.4% ee at pH 10. These results nicely coincide with the con-

formational changes of PM units caused by altering the solu-

tion pH, providing us with a convenient and also powerful tool

for manipulating the stereochemical outcomes of supra-

molecular photochirogenesis.

It should be noted that γ-CD-based nanosponge 5 gave the

highest ee values for both 1E and 2EZ. This is in sharp contrast

to the result reported for the photosensitization with conven-

tional sensitizer-modified CDs [9,39], in which the more size-

matched β-CD, rather than the larger-sized γ-CD, sensitizers

consistently afforded 1E and 2EZ in (much) higher ee’s. This

unusual behavior observed for β- and γ-CDNSs implies the

operation of photosensitization and/or enantiodifferentiation

mechanisms differing from those proposed for the sensitizer-

modified monomeric CDs [9,39]. A plausible alternative mech-

anism, available for the cross-linked CD polymers, is the photo-

sensitization in a chiral void space surrounded by CD and PM

units.

In order to obtain experimental support for the alternative

mechanism, we examined the solvent effects on the chro-

mophore conformation of CDNS by circular dichroism spec-

troscopy and also on the CDNS-sensitized photoisomerization.

Indeed, the ICD intensity was enhanced upon the addition of

ethanol to an aqueous solution of CDNS (Figure 2b), which

encouraged us to further investigate the effect of solvent com-

position on the photoisomerization. As shown in Table 2, the



Beilstein J. Org. Chem. 2012, 8, 1305–1311.

1310

addition of 10% methanol or 5% ethanol enhanced the

product’s ee from 7.5 to 9.8 or 11.7%, respectively, upon sensi-

tization with 3, while the further addition of methanol (up to

50%) or ethanol (up to 10%) led to less pronounced enhance-

ments. In contrast, the ee of 1E obtained with the more heavily

cross-linked 4 and 5 was not greatly affected or even reduced at

high alcohol contents. Crucially, such ee enhancement caused

by increasing alcohol content has never been observed for the

supramolecular photoisomerization mediated by conventional

sensitizer-modified CDs [9], since the addition of alcohol

simply reduces the guest affinity [46,47] and hence the ee of the

product. This unusual solvent effect upon the addition of

alcohol to the aqueous solution of CDNS reinforces the above

hypothesis that the enantiodifferentiating photosensitization

occurs not in the CD cavity but in the chiral polymer void of

CDNS.

Conclusion
The pyromellitate-linked cyclodextrin nanosponges, employed

for the first time as supramolecular reaction media for sensi-

tizing the enantiodifferentiating photoisomerization of 1Z and

2ZZ, exhibited unique photochirogenesis behavior signifi-

cantly different from the conventional sensitizer-modified CDs.

Thus, the variation of solution pH and solvent composition

enabled us to critically control the stereochemical outcomes,

leading to the switching of product chirality and the enhance-

ment of the ee of the product by adding alcohol. The latter

result in particular revealed the active roles of chiral voids in

CDNS as novel photochirogenic reaction media, encouraging

the further application of CDNS to chiral photochemistry.
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Abstract
The interaction of β- and γ-cyclodextrins (β-CD and γ-CD, respectively) with polyacrylamide modified with pyrenyl (Py) residues

(pAAmPy) was investigated in a mixed solvent of water and dimethyl sulfoxide (DMSO) by steady-state fluorescence. In the

absence of CD, the fluorescence spectra indicated that the formation of Py dimers became less favorable with increasing volume

fraction of DMSO (xDMSO). The fluorescence spectra at varying xDMSO and CD concentrations indicated that β-CD and γ-CD

included monomeric and dimeric Py residues, respectively. Using the fluorescence spectra, equilibrium constants of the formation

of Py dimers and the complexation of β-CD and γ-CD with Py residues were roughly estimated based on simplified equilibrium

schemes.
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Introduction
Cyclodextrins (CDs) are cyclic oligomers composed of

glucopyranose units linked through α-1,4-glycoside bonding.

They bear a tapered structure with a narrower rim of primary

hydroxy groups and a wider rim of secondary hydroxy groups.

CDs of 6, 7, and 8 glucopyranose units are called α-CD, β-CD,

and γ-CD, respectively. CDs have a hydrophilic exterior and a

rather hydrophobic cavity, and thus, recognize guest com-

pounds of a size and shape matching their cavity, to form

inclusion complexes [1-5]. Since CDs are nontoxic, they have

been utilized in a variety of fields, including food additives,

cosmetics, and personal care items [6-12]. In the past decade,

the formation of inclusion complexes of CDs with guest

residues attached on water-soluble polymers has attracted

increasing interest from a number of research groups because

these systems are applicable to stimuli-responsive systems

[13-18].

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:harada@chem.sci.osaka-u.ac.jp
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We have been working on the interaction of CDs with water-

soluble polymers bearing various guest residues, including

linear, branched, and cyclic aliphatics, as well as aromatics [19-

21], and realized stimuli-responsive hydrogels [22-27] and

macroscopic assemblies based on molecular recognition [28-

31]. Aromatic residues absorb light to become excited, and

subsequently they can transfer energy and electrons. The inter-

action of CDs with water-soluble polymers carrying aromatic

residues may allow one to construct functional systems that

convert photo energy based on molecular recognition. Among

aromatic compounds, pyrene is the most examined as a fluores-

cence probe or label because it shows a relatively high fluores-

cence quantum yield and a relatively long fluorescence lifetime

in both monomer and excimer states [32,33]. Since pyrene is

very hydrophobic, it may tend to form aggregates, e.g., dimers,

in aqueous solutions. It is also known that pyrene forms inclu-

sion complexes with β-CD and γ-CD in different manners;

β-CD includes monomeric pyrene whereas γ-CD includes

dimeric pyrene [34-36]. Recently, we have demonstrated this

selectivity switching on macroscopic molecular recognition for

polyacrylamide-based gels carrying pyrenyl (Py) and CD

residues, by changing the composition of a mixed solvent of

water and dimethyl sulfoxide (DMSO) [37]. In the present

study, the interaction of β-CD and γ-CD with Py-modified poly-

acrylamide (pAAmPy, Scheme 1) was investigated in the water/

DMSO mixed solvent of varying composition by steady-state

fluorescence to elucidate the mechanism of the selectivity

switching.

Scheme 1: Structure of pAAmPy.

Results
Figure 1a demonstrates the steady-state fluorescence spectra

measured for 0.04 g L−1 pAAmPy (5 μM in Py residue) at

varying volume fractions of DMSO (xDMSO) in the water/

DMSO mixed solvent in the absence of CD. At xDMSO = 0 (i.e.,

in water), the spectrum exhibits not only emission bands ascrib-

able to monomeric Py in the region of 370–430 nm, but also a

broad band assignable to a Py excimer around 480 nm, indi-

cating that Py residues tend to form dimers because of the

hydrophobicity. It is likely that Py residues associate intramole-

cularly under the dilute conditions (0.04 g L−1) in this study.

These spectra indicate that the intensity of excimer fluores-

cence decreases whereas that of monomer fluorescence

increases with increasing xDMSO. This observation indicates

that the formation of Py dimer becomes less favorable, because

the Py residue becomes more solvophilic with xDMSO. Using

the spectra, the ratios (I480/I376) of the intensities at 480 and

376 nm, which are predominantly due to the Py excimer and

monomer, respectively, were calculated and plotted in Figure 1b

against xDMSO. I480/I376 decreases monotonously from 0.125 to

0.025 with increasing xDMSO from 0 to 1.

Figure 1: Steady-state fluorescence spectra for 0.04 g L−1 pAAmPy at
varying xDMSO from 0 to 1 with excitation at 335 nm (a) and I480/I376 as
a function of xDMSO (b).

The interaction of β-CD and γ-CD with pAAmPy was also

investigated at varying xDMSO by steady-state fluorescence.

Figure 2 exhibits fluorescence spectra for the β-CD/pAAmPy

system at xDMSO = 0.1 and for the γ-CD/pAAmPy system at

xDMSO = 0 as typical examples, showing remarkable tendencies.

In the spectra of the β-CD/pAAmPy system at xDMSO = 0.1, the

intensity of Py excimer fluorescence decreases whereas that of

Py monomer fluorescence increases with the increasing concen-

tration of CD ([CD]0), indicating that β-CD forms inclusion

complexes with monomeric Py residues, and dimeric Py
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Figure 2: Steady-state fluorescence spectra for 0.04 g L−1 pAAmPy
with excitation at 335 nm in the presence of varying concentrations of
β-CD at xDMSO = 0.1 (a) and of γ-CD at xDMSO = 0 (b).

residues dissociate to the monomers. In the spectra of the

γ-CD/pAAmPy system at xDMSO = 0, on the other hand, the

intensity of the excimer fluorescence increases whereas that of

the monomer fluorescence decreases with increasing [CD]0,

indicating that γ-CD forms inclusion complexes with dimeric

Py residues, and monomeric Py residues further associate to

form the dimers. Using the steady-state fluorescence spectra,

I480/I376 values were calculated. Figure 3 compares I480/I376 as

a function of [CD]0 for the β-CD/pAAmPy system at xDMSO =

0.1–0.6 and for the γ-CD/pAAmPy system at xDMSO = 0–0.2.

At other xDMSO, I480/I376 was practically independent of [CD]0,

indicative of no significant interaction of β-CD or γ-CD with

pAAmPy. For the β-CD/pAAmPy system (Figure 3a), I480/I376

decreases with increasing [CD]0 at xDMSO = 0.1–0.6. For the

γ-CD/pAAmPy system (Figure 3b), on the other hand, I480/I376

increases with [CD]0 at xDMSO = 0–0.2.

Discussion
Detailed study of the equilibria of the inclusion complex forma-

tion of CDs with Py-modified water-soluble polymers,

including the formation of the dynamic excimer, requires not

only steady-state fluorescence measurements but also time-

resolved fluorescence measurements [38-43]. In this study,

Figure 3: I480/I376 as a function of [CD]0 for β-CD/pAAmPy (a) and
γ-CD/pAAmPy (b) at different xDMSO.

however, equilibrium constants are roughly estimated by

analyzing the steady-state fluorescence data, assuming that

dynamic excimer formation is negligible. In the absence of CD,

I480/I376 for pAAmPy decreases from 0.125 to 0.025 with

increasing xDMSO from 0 to 1. It should be noted here that the

fluorescence of the Py monomer is dominant compared to that

of the Py excimer even at xDMSO = 0 (i.e., in water), implying

that there are a significant fraction of Py residues (Py°) that

cannot form Py dimers (Py2). Since the steady-state fluores-

cence measurements were performed under dilute conditions in

this study, most of the Py2 were formed intramolecularly. Thus,

Py residues in pAAmPy carrying a Py residue may not form

Py2. The fraction of Py° is defined as f. Scheme 2a indicates a

simplified equilibrium of the formation of Py2 from two Py

residues. On the basis of the derivation of equations in the

Supporting Information File 1, the equilibrium constant for the

Py2 formation (KPy) can be calculated as

(1)

where [Py]0 is the total concentration of Py residue and x as

given in Equation 2.
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(2)

(3)

Here, A1,376, A1,480, A2,376, and A2,480 are constants corres-

ponding to the products of the molar extinction coefficient and

the fluorescence quantum yield (subscripts 1 and 2 indicate

monomeric and dimeric Py residues, respectively, and

subscripts 376 and 480 indicate the wavelengths), and B376 and

B480 are constants corresponding to the background. If it is

assumed that all the Py residues are in the monomer state at

xDMSO = 1 (i.e., in DMSO), f = 0.5, A2,480/A1,376 = 0.5, and

B376 = B480 = 0, KPy can be calculated as can be seen in

Figure 4a. This figure indicates that KPy decreases monoto-

nously from 6.2 × 104 to 0 M−1 with increasing xDMSO from 0

to 1.

Scheme 2: Simplified equilibria of CDs/pAAmPy systems.

In the β-CD/pAAmPy system, β-CD forms inclusion complexes

with both Py and Py° (Scheme 2b). On the basis of the deriva-

tion described in the Supporting Information File 1, the concen-

trations of all species can be calculated by using the equilib-

rium constant (Kβ) for the inclusion complex formation, and

I480/I376 can be also obtained as given in Equation 3.

Here [Py], [Py°], [CD], [CD·Py], and [CD·Py°] denote the

concentrations of Py, Py°, free CD, and the complexes of CD

with Py and with Py°, respectively, and A'1,376 and A'1,480 are

constants. In this study, A'1,480/A'1,376 is fixed at 0.025

Figure 4: KPy, Kβ, and Kγ as a function of xDMSO.

(Supporting Information File 1). It is also likely that A2,376 = 0.

When Kβ and A'1,376/A1,376 are chosen appropriately, the calcu-

lated I480/I376 values agree with the experimental data, as can

be seen in Figure 3a. The Kβ values were plotted in Figure 4b

against xDMSO. As xDMSO increases from 0.1 to 0.6, Kβ

decreases from 4 × 102 to 8 × 101 M−1. This observation indi-

cates that the formation of inclusion complexes becomes less

favorable with increasing xDMSO.

In the γ-CD/pAAmPy system, γ-CD forms inclusion complexes

with Py2, in which Py° is not involved. On the basis of the
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(4)

derivation described in the Supporting Information File 1, the

concentrations of all species can be calculated by using the

equilibrium constant (Kγ) for the inclusion complex formation,

and I480/I376 can be also obtained as given in Equation 4.

Here [CD·Py2] denotes the concentration of the complex of CD

with Py2, and A'2,480 is a constant. It is also likely that A2,376 =

A'2,376 = 0. When Kγ and A'2,480/A1,376 are chosen appropri-

ately, the I480/I376 values calculated agree with the experi-

mental data, as can be seen in Figure 3b. The Kγ values were

also plotted in Figure 4b against xDMSO. This figure indicates

that Kγ is practically constant (ca. 1.5 × 103 M–1) independent

of xDMSO in the region of 0 ≤ xDMSO ≤ 0.2.

It should be noted here that the values of KPy, Kβ, and Kγ were

estimated rather qualitatively based on the simplified equilibria

and a number of assumptions, but the Kβ and Kγ values are in

good agreement with the values reported for pyrene (4.9 × 102

and 1.1 × 103 M−1 for β-CD and γ-CD, respectively) [44].

Experimental
1-Pyrenemethylamine hydrochloride was purchased from

Sigma-Aldrich Co. Ltd. Acryloyl chloride was obtained from

Tokyo Chemical Industry Co. Ltd. Triethylamine, acrylamide

(AAm), ammonium peroxodisulfate (APS), acetone, methanol,

DMSO (spectroscopic grade), NaHCO3, and NaOH were

purchased from Nacalai Tesque Inc. N,N-Dimethylformamide

(DMF) and dichloromethane (DCM) were purified by utilizing

a glass contour solvent dispensing system. Water was purified

by a Millipore Milli-Q system. β-CD and γ-CD were purchased

from Junsei Chemical Co. Ltd. and recrystallized twice from

water before use. N-1-Pyrenylmethylacrylamide (APy) was

prepared from 1-pyrenemethylamine hydrochloride and

acryloyl chloride according to the procedure reported previ-

ously [37]. Other reagents were reagent grade and used without

further purification.

The polymer (pAAmPy) was prepared by radical copolymeriza-

tion of AAm and APy using APS as the initiator. A predeter-

mined amount of AAm and APy were dissolved in DMF. After

purging with dry argon for 30 min, APS (3 mg, 13 μmol) was

added to the monomer solution. The reaction mixture was

placed into a cuvette equipped with a stirrer and sealed. The

cuvette was warmed with an oil bath thermostated at 60 °C

overnight. The reaction mixture was poured into an excess of

methanol to give a precipitate. The polymer obtained was

recovered by filtration and dried under vacuum. The molecular

weight of the polymer was estimated to be 4 × 103 by size

exclusion chromatography (SEC), and the Py content was deter-

mined to be ca. 1 mol % by 1H NMR.

Steady-state fluorescence spectra were obtained on a HITACHI

F-2500 spectrophotometer with excitation at 335 nm by using a

1 cm quartz cuvette. The slit widths for both excitation and

emission sides were kept at 2.5 nm during measurement. SEC

analysis was carried out at 40 °C on a TOSOH CCP & 8020

system equipped with two TOSOH TSKgel α-M columns

connected in series, using formamide as the eluent at a flow rate

of 0.3 mL min−1. TOSOH UV-8020 and TOSOH RI-8021

detectors were used. The molecular weights were calibrated by

polystyrene sulfonate sodium-salt samples (American Polymer

Standards). 1H NMR spectra were measured on a JEOL JNM-

ECA500 spectrometer by using a mixed solvent of DMSO-d6

and D2O (1/1, v/v) as a solvent, and chemical shifts were refer-

enced to the solvent value (i.e., 2.49 ppm for DMSO).

Supporting Information
Supporting Information File 1
Equilibria for the CDs/pAAmPy systems.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-8-150-S1.pdf]
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Abstract
During the past several years my students and I have been utilizing certain small-molecule hosts to create nanostructured polymers.

This is accomplished by first forming noncovalently bonded inclusion complexes (ICs) between these small-molecule hosts and

guest polymers, followed by the careful removal of the host crystalline lattice to obtain a coalesced bulk polymer. We have repeat-

edly observed that such coalesced polymer samples behave distinctly from those produced from their solutions or melts. Coalesced

amorphous homopolymers exhibit higher glass-transition temperatures, while crystallizable homopolymers coalesced from their ICs

display higher melting and crystallization temperatures, and sometimes different crystalline polymorphs. When ICs are formed with

block copolymers or with two or more different homopolymers, the resulting coalesced samples can exhibit intimate mixing

between the copolymer blocks, or between entire homopolymer chains. Each of the distinct behaviors observed for polymers

coalesced from their ICs is a consequence of the structural organization of the polymer–host-ICs. Polymer chains in host-IC crys-

tals are confined to occupy narrow channels (diameter ~0.5–1.0 nm) formed by the small-molecule hosts around the included guest

polymers during IC crystallization. This results in the separation and high extension of the included guest polymer chains, which

leads, following the careful removal of the host molecule lattice, to unique behaviors for the bulk coalesced polymer samples.

Apparently, substantial degrees of the extended and unentangled natures of the IC-included chains are retained upon coalescence. In

this review we summarize the behaviors and uses of coalesced polymers, and attempt to draw conclusions on the relationship

between their behavior and the organization/structures/conformations of the constituent polymer chains achieved upon coalescence

from their ICs.
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Figure 1: Formation of and coalescence of a polymer sample from its crystalline cyclodextrin inclusion complex [2].

Introduction
The behaviors and properties of polymer materials are closely

related to the organizations, structures, and morphologies of

their constituent chains, which can be significantly altered

during their processing, unlike the case of atomic and small

molecule solids. Because the conformations and arrangements

of their inherently flexible long chains are amenable to modifi-

cations through processing, materials made from the same

polymer can behave very distinctly when the means used to

process them are also different. For example, gel-spun Spectra

poly(ethylene) (PE) fibers are extremely strong in the fiber

direction, and may be fabricated into light-weight armor. On the

other hand, molded articles, such as melt-blown PE garbage

bags, are not nearly as strong, but have a much greater elas-

ticity, even though the same polymer is used in both applica-

tions. The differences in their behaviors are a result of the

different organizations, structures, and morphologies of their

polymer chains, which are produced by the widely different

means used to process PE Spectra fibers and garbage bags.

In this review, a means to reorganize polymers by nanopro-

cessing them into solids with unique properties is presented.

This is achieved by first forming noncovalently bonded inclu-

sion complexes (ICs) between certain small-molecule hosts and

guest polymers, followed by the careful removal of the host

molecules to obtain a coalesced bulk polymer sample. This

process is illustrated in Figure 1, in which the cyclic starches,

cyclodextrins (CDs), are the host molecules used to form ICs

with guest polymers [1,2]. In polymer ICs formed with CDs and

other small-molecule hosts, such as urea, thiourea, cyclotriphos-

phazenes, and perhydrotriphenylenes, the polymer guests are

included in very narrow channels (~0.5–1.0 nm in diameter) of

the crystalline lattice formed by the host molecules. This results

in the isolation and high extension of each included guest

polymer chain. By careful removal of the crystalline lattice of

host molecules, it was hoped that the resulting coalesced

polymer chains (c-polymers) would retain a significant degree

of their prior extended and unentangled natures (Figure 1), and

thus be organized in a manner quite different from samples

processed from their solutions or melts, in which polymer

chains randomly coil and entangle. This was indeed found to be

the case, and the behaviors and properties of such c-polymer

samples were observed to differ significantly from, and to be

improved with respect to those of ordinarily processed samples

[2-66].
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Figure 2: Crystal structures and wide-angle X-ray diffractograms of neat (a) cage and (b) columnar IC γ-CD [20].

Here, by way of several examples, we attempt to demonstrate

the restructuring of  polymers by nanoconfinement

and subsequent release from their noncovalently bonded ICs. In

each case a comparison is made between the behaviors and

properties of such c-polymers and samples of the same polymer

that were processed in the normal manner. In addition, we

demonstrate the use of crystallizable c-polymers to serve as

self-nucleants for the melt-crystallization of chemically iden-

tical polymers. The behaviors and properties of such self-nucle-

ated polymers are examined and discussed, and their use as

reinforcement in the formation of single-component polymer

composites is suggested.

Review
Because the vast majority of the polymer-ICs that we have

formed employed CDs as hosts, we herein simply outline the

procedures used to form and characterize polymer–CD ICs and

to coalesce guest-polymer samples from them. More detailed

procedures, as well as the means used to characterize them, may

be found in the cited references.

Formation and characterization of
polymer–CD ICs
Polymer–CD ICs are most often produced [2,5,6,17] by

combining polymer and CD solutions, usually gradually and

with stirring or sonication, followed by filtering off of the resul-

tant IC crystals. These are usually sequentially washed with the

same solvents used to make their solutions, to remove any free

unthreaded guest polymer and/or host CD, and are then dried.

In some instances, suspension of solid host CDs in polymer

solutions or in polymer melts can also lead to IC formation

[36,66]. In a related study [67] it was observed that when the

α-CD IC containing guest poly(L-lactic acid) (PLLA) chains

was suspended overnight in a solution containing poly(ε-capro-

lactone) (PCL), the resulting solid α-CD IC contained included

PCL chains, while the displaced PLLA chains had moved into

solution.

Polymer–CD ICs are readily characterized by FTIR, NMR,

DSC, and X-ray observations [6,8,17,20]. The presence of both

guest polymer and host CD can be confirmed by FTIR and

NMR spectroscopy, while solid-state 13C NMR and X-ray

diffraction can confirm the columnar IC structure. For example,

in Figure 2 the crystal structures of as-received cage and

columnar IC γ-CDs are easily distinguished [20]. Finally, exam-

ination by DSC can determine whether the guest polymer has

been included in the columnar CD lattice or not, by the absence

or presence, respectively, of the thermal signature(s) character-

istic of the polymer, i.e., Tg and/or Tm.
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Table 1: Measured densities for as-received and coalesced PVAcs [71].

sample density at 25 °C (g/cm3)
(below Tg)

density at 58 °C (g/cm3)
(above Tg)

asr-PVAc 1.093 1.040
c-PVAc 1.156 1.077

The formation of polymer ICs with host urea (U) and their char-

acterization are similar to those of polymer–CD ICs [69].

Coalescence and characterization of poly-
mers from their CD ICs
Guest polymers may be coalesced from their CD ICs in several

ways [65]. Depending on their mode of formation, they may be

washed with warm water, briefly treated with an acidic aqueous

solution, or treated with an aqueous solution of an amylase

enzyme. Their characterization is accomplished by the same

experimental means mentioned above for polymer–CD ICs. In

addition, details of the polarizing micrographs, permeabilities,

mechanical properties, and rheological behaviors of the

c-polymer samples discussed here may be found in references

[8,64,65,68-70]. Polymer ICs made with host U are usually

coalesced by washing with water and methanol [68].

Formation and characterization of single-
component polymer composites
Single-component polymer composites consist of both a matrix

and reinforcement made with the same polymer to provide

compatible and strong interfaces. This is achieved by forming

reinforcing films or fibers with crystallizabilities and mechan-

ical properties superior to those of the matrix they are

embedded in. When a crystallizable polymer is coalesced from

its CD IC, it is observed to be more readily crystallized upon

cooling of its melt [62,64,65], as indicated by a higher crystal-

lization temperature, Tc, and a larger and narrower crystalliza-

tion exotherm, as can be seen in Figure 3 for nylon-6 (N-6)

[58,64].

Consequently, when coalesced-N-6 (c-N-6) is added in small

amounts to as-received N-6 (asr-N-6) the resulting sample (nuc-

N-6) crystallizes in a manner similar to neat c-N-6. Such self-

nucleated polymers can be effectively used as reinforcement in

single-component polymer composites [64], and will be

discussed later.

Coalesced amorphous polymers
We begin describing the behaviors of amorphous polymers

coalesced from their CD ICs, with atactic poly(vinyl acetate)

(PVAc) as an example [44,71]. In Figure 4 we can see that the

Tg of c-PVAc is more than 12 °C higher than that of asr-PVAc,

Figure 3: DSC cooling scans of as-received (upper) and coalesced
N-6 (lower) [58].

an observation typical of amorphous polymers coalesced from

their CD ICs [42]. Table 1 presents the densities of both PVAc

samples measured [71] below and above their Tg’s. The higher

Tg of c-PVAc is consistent with its higher density, which

remains higher than that of asr-PVAc even after being annealed

at well above their Tg’s, at 70 °C, for several weeks.

The high-temperature stability of the reorganized structures and

resultant behaviors of c-polymers, as typified here by c-PVAc,

has been repeatedly observed [17,52,63,71] and will be revis-

ited and discussed further after we have completed our presen-

tation of c-polymer behaviors. Also we have recently observed

that PVAc coalesced from its IC formed with host urea (U)

behaves quite similarly to PVAc coalesced from its γ-CD IC

[72].

Coalesced semicrystalline polymers
Poly(ε-caprolactone) (PCL) is a biodegradable/bioabsorbable

aliphatic polyester that is often used in biomedical applications,

such as drug delivery and suture manufacturing. However, its

relatively poor physical properties limit its use in load-bearing

applications. An attempt to improve the strength of PCL was

made by processing with α-cyclodextrin (α-CD). First an inclu-

sion complex (IC) between PCL and α-CD was formed, and
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Figure 4: DSC heating scans for asr-PVAc (upper) and c-PVAc coalesced from its γ-CD IC (lower) [72].

then the host α-CD was stripped away to yield bulk coalesced

PCL (c-PCL), a process referred to as coalescence [65]. The

thermal, physical, and melt rheological properties of c-PCL

resulting from this coalescence process were observed to be im-

proved, as a result of the largely extended, unentangled

coalesced PCL chains. This also resulted in substantial

increases in melt-crystallization temperatures, Tc’s (up to 25 °C

higher, depending on the cooling rate from the melt), as illus-

trated in Figure 5, even though PCL is ordinarily an inherently

“fast melt-crystallizer”. Similarly enhanced crystallizabilities

were also observed for PCLs of various molecular weights

when coalesced from their U ICs [68].

Density and DSC measurements [70] revealed a closer packing

of chains in the noncrystalline sample regions, but this did not

affect the overall crystallinity of the c-PCL films. Increased

elastic storage modulus, decreased tan δ, increased average

hardness (33%), and increased Young’s modulus (53%) [65]

were observed for the c-PCL films. Annealing c-PCL well

above Tm (90 °C) for a month, did not cause the reorganized
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Figure 5: Melt-crystallization curves of as-received and coalesced PCL observed at 20, 10, 5, and 1 °C/min cooling rates [65].

c-PCL chains in the noncrystalline regions to revert to the

normal randomly coiled entangled melt. This permitted c-PCL

to be used as a homogeneous nucleant in the melt-crystalliza-

tion of as-received PCL (asr-PCL), because when a few percent

of c-PCL was added to asr-PCL its melt-crystallization was also

found to be accelerated. Thus, by means of melt-processing

with c-PCL added as a nucleant, the semi-crystalline

morphology of PCL may be controlled. Of course, not only is

the c-PCL nucleant necessarily nontoxic and biodegradable/

bioabsorbable, it is also chemically compatible and has a

“stealthy” nature.

Bulk, as-received poly(ethylene terephthalate) (asr-PET) has

been observed to reorganize both morphologically and confor-

mationally, either by formation of a crystalline inclusion com-

plex (IC) between guest PET and host γ-cyclodextrin (γ-CD),

followed by removal of the host γ-CD and coalescence of the

guest PET (c-PET), or by precipitation (p-PET) from its solu-

tion in trifluoroacetic acid upon gradual addition to a large

excess of rapidly stirred acetone [17,52,69]. The c- and p-PETs

showed very similar behaviors, but p-PET can be more easily

produced in larger quantities. DSC and density observations of

p-PET imply structures/morphologies and chain conformations

and packing in the noncrystalline sample regions that are

different from those of asr-PET obtained by standard processing

techniques.

In comparison to slowly crystallizing/easily melt-quenched asr-

PET, p-PET repeatedly crystallizes rapidly from the melt. Upon

subsequent heating, its noncrystalline domains do not show a

glass transition or undergo crystallization, but only a melting

endotherm that is virtually identical in magnitude to the crystal-

lization exotherm observed during its prior rapid cooling from

the melt, is observed (see DSC results and further discussion of

p-PET below). These observations suggest that p-PET readily

attains higher crystallinity even when repeatedly cooled rapidly

from the melt. Apparently the extended conformations of

largely unentangled chains in p-PET do not become coiled and

entangled even after spending substantial time in the melt.

As a consequence, we have demonstrated [69] that p-PET can

be used in small quantities (a few percent) as an effective self-

nucleating agent to control the bulk semicrystalline morphology

of melt-processed asr-PET, and the resulting properties of

nucleated PET (nuc-PET) were assessed. For instance, compari-

son of asr- and nuc-PET films, each with ~10% crystallinity,

reveals that the nuc-PET film has significantly increased

density, hardness and Young’s modulus and is also much less

permeable to CO2 than the asr-PET film. Undrawn nuc-PET

fibers also exhibited significantly higher tenacities and moduli

than undrawn asr-PET fibers. Self-nucleated PET not only pos-

sesses improved properties, but contains no incompatible addi-

tives, and so may be readily recycled.

Coalesced block copolymers
The triblock copolymer PCL-PPG-PCL, with noncrystallizable

central poly(propylene oxide blocks), was synthesized by co-

ordinated ring-opening polymerization of ε-caprolactone with

PPG-diol as the initiator [21]. In the IC of PCL-PPG-PCL

formed with α-CD, only PCL blocks were included. In contrast,

both PCL and PPG blocks were included in the IC of PCL-

PPG-PCL formed with γ-CD, which has larger channels. Conse-
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quently, coalescence of the triblock copolymer chains from

these two CD ICs yielded samples showing opposite changes in

the segregation and crystallinity (Xc) of the PCL blocks.

As can be seen in Table 2, the crystallinity of the sample

coalesced from the triblock-α-CD IC is obviously higher than

that of the as-synthesized triblock copolymer. On the contrary,

the crystallinity of the sample coalesced from the γ-CD IC is

lower than that of the as-synthesized triblock copolymer [21].

This difference is a result of the fact that the entire triblock is

included in the crystalline channels of the γ-CD IC, while only

the PCL blocks are included in the α-CD IC (Figure 1).

Table 2: Thermal properties and crystallinities of various PCL-PPG-
PCL triblock copolymer samples, as revealed by DSC [21].

sample Tm (°C) ΔHm (J/g) Χc (%)

as-synthesized copolymer 57.3 58.6 56.5
coalesced from α-CD IC 63.8 76.8 74.1
coalesced from γ-CD IC 63.0 51.3 49.5

As a result, the segregation or mixing of PCL and PPO blocks

in their CD-ICs is carried over to the coalesced tri-block

copolymer samples, explaining the divergent crystallinities of

the PCL blocks.

The fact that the PCL-PPG-PCL triblock coalesced from its

γ-CD IC is not dramatically less crystalline than the fully segre-

gated as-synthesized sample, is likely a result of the ability of

two PCL blocks to occupy the same γ-CD IC channels [73],

which are larger and, consequently, lead to partial segregation

of the crystallizable PCL blocks.

When PCL-b-PLLA [poly(L-lactic acid)] was obtained by first

forming its IC with α-CD, followed by coalescence of the guest

diblock copolymer chains, a readily biodegradable sample of

the block copolymer with very low crystallinity was produced

[16]. Compression molding between Teflon plates produced

film samples of asr- and c-PCL-b-PLLA, PCL and PLLA

homopolymers of approximately the same chain lengths as the

corresponding blocks in PCL-b-PLLA, and a physical blend of

PCL/PLLA homopolymers with the same molar composition as

the PCL-b-PLLA. The in vitro biodegradation behaviors of

these films were observed in phosphate buffer solution

containing lipase from Rhizopus arrhizus by means of ultravi-

olet and attenuated total reflectance FTIR spectroscopy, DSC,

wide-angle X-ray diffraction, and weight-loss analysis.

The PCL segments in all of the above films were found to

degrade much faster than the PLLA segments. As expected,

suppression of the phase segregation that resulted from mixing

of PCL and PLLA blocks leading to decreased crystallinity in

the c-diblock copolymer film, resulted in a much faster enzy-

matic degradation than that of either the asr-diblock copolymer

or the PCL/PLLA physical blend. The biodegradation of the

c-diblock was observed to be especially enhanced during the

early stages. The disappearance of amorphous scattering and a

sharpening of the crystalline peaks in the X-ray diffractograms

seen in Figure 6 make clear that it is the well-mixed amorphous

portions of the c-PCL-b-PLLA diblock copolymer film that are

preferentially degraded by the enzyme. Regulation of their

biodegradation behavior, through formation of and coalescence

from CD ICs, may enhance the use of block copolymers in drug

delivery and controlled release systems, because of its decisive

importance in these applications.

Figure 6: X-ray diffraction patterns of as-synthesized PCL-b-PLLA
films (a) and coalesced PCL-b-PLLA films (b), after various enzymatic
degradation times [16,25].

Coalesced polymer blends
Intimately mixed PCL/PLLA blends were obtained upon

coalescence from their common α-CD IC [7], as suggested by

the polarized micrographs and X-ray diffractograms shown in

Figure 7 and Figure 8, respectively. Two-dimensional spin-

diffusion NMR observations [40] of these blends demonstrated

that individual PCL and PLLA chains are indeed in intimate

contact.

A ternary PVAc/poly(methyl methacrylate) (PMMA)/polycar-

bonate (PC) blend was coalesced from their common IC formed

with host γ-CD [28]. Intimate mixing of all three polymers was
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Figure 7: Polarizing photomicrographs of (a) PLLA, (b) PCL, (c) solution-cast, and (d) coalesced PLLA/PCL blends [8].

Figure 8: X-ray diffractograms of (a) pure PCL and (b) PLLA and PCL/
PLLA blends obtained by casting from dioxane solution (c) and hot-
water coalescence from PCL/PLLA–CD IC (d) [16,25].

observed, as indicated by the single Tg exhibited in DSC obser-

vations of their ternary coalesced blend (Figure 9). Solid-state

NMR observations [13C observed 1H spin-lattice relaxation

times recorded in the rotating frame, T1ρ(
1H)] of the three poly-

mers in their ternary blend confirmed their intimate molecular

mixing on a scale less than 5 nm.

Figure 9: MDSC scans of the (a) first and (b) second heating runs
recorded for the PC/PMMA/PVAc-2 blend. The sample was held for
3 min at 170 °C after the first heating [28].

Thermal stability of coalesced polymer struc-
tures and behaviors
As noted in passing above, in our discussion of coalesced poly-

mers both amorphous and crystallizable, the many unusual

behaviors and properties they exhibit are stable to long periods

of high-temperature annealing, above their Tg’s and Tm’s

[57,74]. These observations suggest solid-state organizations/

structures/morphologies for coalesced polymers that are distinct
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Figure 10: Storage modulus, loss modulus, and apparent viscosity (G’, G’’, and n*, respectively) for asr- and c-PCL melts, (top and bottom, respect-
ively), as obtained through oscillatory melt rheology (T = 90 °C; testing stress = 750 Pa; pretest hold time = 1 minute) [65,70].

from those that are normally processed from their solutions and

melts. Furthermore, their stability to long periods of high-

temperature annealing also indicates that their melts are and

remain distinct from those samples that are processed normally.

For example, in Figure 10 the rheological behaviors of asr- and

c-PCL melts, the latter obtained from PCL-α-CD IC, are

compared and seen to be quite distinct [65,70]. The zero shear

viscosity of the c-PCL melt is about two orders of magnitude

less than that of the asr-PCL melt. Repetitive rheological runs

on the same asr- and c-PCL samples demonstrated that the

distinct rheological responses of their melts were independent

of long-time melt annealing, as well as long exposures to rheo-

logical stresses.

So, what are the organizations/structures in c-polymer melts?

What we do know [2,57,65,70,74]:

1. They behave differently:

(a) They crystallize more readily and apparently without

chain folding.

(b) They have elevated Tg’s and Tc’s.

(c) Their blends are intimately mixed.

(d) Their amorphous regions are denser.

(e) Their melts have much lower zero shear viscosities.

(f) They produce stronger, less extensible films and

fibers.

(g) They are less permeable to gases (CO2).
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Figure 11: Crystalline all trans (t) and γ-CD-included g±tg  conformations of PET [76].

2. All the above behaviors remain, even after extensive

periods (weeks) spent in their melts [57,65,68,69,72,74]

and, though only mentioned very briefly here, are inde-

pendent of their molecular weights and their IC host (CD

or U).

3. We anticipate that upon coalescence from their ICs, the

resulting coalesced polymer samples will consist of

small disoriented regions (smaller than the sizes of their

IC crystals) of extended, unentangled, and oriented

chains (Figure 1), because polymer ICs are generally

obtained as crystalline powders. That is not to say that

the initial overall macroscopic orientation of all extended

and unentangled chains is a result of this. Instead, the

macroscopic organization of polymer chains in the melt

may initially resemble a grouping of small, randomly

arranged “nematic-like” regions, i.e., without a preferred

orientation of their directors. For a discussion of Vectra,

a liquid-crystalline ester/arylate copolymer, which exhi-

bits a macroscopically anisotropic melt, much like that

suggested above locally for coalesced polymers and with

similar rheological behavior (Beers and Ramirez [75]).

4. This anticipated structure is consistent with their behav-

iors noted in point 1, including their melt rheologies.

Though we have discussed potential reasons for the long-

time, high-temperature stability noted in point 2 [57,74],

we have yet to connect it to the structures of coalesced

polymer samples.

So the question remains, how can we directly observe the struc-

ture(s) of coalesced polymers in their melts? To date we have

been unable to answer this question, and, so, invite the reader to

offer suggestions.

Coalesced polymer applications: Scientific
and commercial
Our brief discussion above concerning the behaviors of c- and

p-PETs, and how they may be used to self-nucleate the melt-

crystallization of asr-PET to produce nuc-PET materials with

improved properties, may not only have commercial signifi-

cance, but may in addition enhance our understanding of the

underlying bases for polymer structure–property relations in

PET and other polymers.
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Figure 12: DSC scans for p-PET [70].

As described previously [17,52], γ-CDs are capable of forming

an inclusion compound with PET. Modeling of PET conforma-

tions able to thread through CDs suggested that the gauche±

trans gauche  ethylene glycol conformations illustrated in

Figure 11 have a narrower cross section than the all trans crys-

talline PET conformation also illustrated there [76]. Analyses of

the FTIR [17] and solid-state 13C NMR [27] spectra of PET

coalesced from its γ-CD IC (c-PET) are consistent with the

narrower gauche± trans gauche  conformations for the non-

crystalline portions of the coalesced sample. Unlike normal

as-received PET (asr-PET), c-PET was observed to be repeat-

edly rapidly crystallizable from its melt. During the course of

forming the PET-γ-CD IC [17], several control experiments

were conducted that led to the observation that PET that was

slowly precipitated (p-PET) from TFA solution with rapidly

stirred acetone, exhibited thermal behavior very similar to that

of c-PET [52,69], which can be seen in Figure 12.

It has been suggested [17,52,69] that the chains of c- and

p-PETs in their noncrystalline regions largely adopt the

extended gauche± trans gauche  conformations, with trans

–CH2–CH2– bonds, as in their crystals. Normally in the melt,

the –CH2–CH2– bond is predominantly gauche± [77,78], and so

must rotate to trans during crystallization. This conformational

transition is not possible without sweeping out a large volume.

On the other hand, crystallization of c- or p-PETs into the all-

trans conformation proceeds rapidly from preponderantly

gauche± –O–CH2–, trans –CH2–CH2– and gauche  –CH2–O–

bond conformers through facile counter rotations about the

–O–CH2– and –CH2–O– bonds, requiring only a very modest

amount of swept-out volume [17,52,69]. Thus, it may not be

surprising that asr-PET crystallizes slowly from its melt, while

c- and p-PETS crystallize rapidly.

Quenched asr- and nuc-PET films (5 wt % p-PET/95 wt % asr-

PET) are clear in appearance. DSC scans of the two films are

not shown here, but indicate [69] that both PET films have the

same level of crystallinity (~10%). Their densities obtained by

using the flotation technique are summarized in Table 3 [69,71].

The higher density of the nuc-PET film (~1.3% higher) with the

same low level of crystallinity as in the asr-PET film can likely

be attributed to the higher orientation and increased order and

packing of its extended unentangled chains in its predominant

amorphous domains, which is seen even after the polymer film

was quenched from the melt into ice water. This shows that

nuc-PET has a tendency to organize differently to asr-PET,

even when the melt is quenched at very high cooling rates.

Table 3: Densities of asr-PET and nuc-PET [69].

sample density at 25 °C (g/cm3)

asr-PET 1.368
nuc-PET 1.386
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Figure 13: DSC cooling scans from the melts of (I) asr-N-6, (II) nuc-N-6, and (III) asr/nuc N-6 film sandwich. Melt-crystallization peaks (a), (b), (c),
and (d) in the DSC scans correspond to Tc = 183, 192, 186, and 191 °C, respectively [64].

Figure 14: Mechanical properties of N-6 films [62].

As clearly demonstrated in the case of PET, much can be

learned about polymer structure–property relationships by

forming polymer ICs, coalescing the guest polymers, and

observing and comparing their behaviors and properties to those

of samples normally processed from their solutions and melts.

Previously in Figure 3, we demonstrated that N-6 coalesced

from its α-CD IC (c-N-6) crystallizes more readily. When 2 wt

% c-N-6 is added to 98 wt % asr-N-6 to produce nuc-N-6, we

similarly observe the nuc-N-6 to crystallize rapidly (Figure 13)

[64]. This leads to improved mechanical properties for nuc-N-6,

Figure 15: Tensile testing of as-received/as-received and as-received/
nucleated nylon-6 film sandwiches conducted according to ASTM
D-882-97. Each value of the mechanical properties reported is an
average of at least five film-sandwich specimens [64].

as illustrated in Figure 14, in which asr-N-6 film has also been

annealed to exhibit very similar crystallinity to the nuc-N-6

film.

As a consequence, we created film sandwiches formed with two

layers of asr-N-6 and a composite sandwich with one layer each

of asr- and nuc-N-6 films. Note in Figure 13 the composite N-6

sandwich retains distinct thermal responses for each of its

constituent layers despite ~10 min of melt processing. The

mechanical properties of the asr-N6/asr-N-6 control and asr-N-

6/nuc-N-6 composite sandwiches are presented in Figure 15.
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Stress-strain observations (not shown) of both film sandwiches

reveal, unsurprisingly, very strong interfaces for both sand-

wiches [64].

This work has been extended to melt-spun N-6 fibers, with sim-

ilar results, confirming that c-polymers can serve to nucleate the

melt-crystallization of chemically identical polymers, resulting

in improved mechanical properties for the nuc-polymers. Such

nuc-polymers can be effectively used as reinforcements in

single-component composites, which necessarily have strong

interfaces, and which show improved properties in comparison

to the asr-polymer matrices.

Conclusion
We have attempted to demonstrate the utility of restructuring

polymers, through nanoconfinement in and subsequent release/

coalescence from their noncovalently bonded inclusion com-

pounds, for the reorganization of their resulting bulk samples,

thereby improving their properties. Because c-polymers remain

reorganized despite long-term melt-annealing, they may be

successfully melt-processed into improved materials. The

examples of coalesced polymers discussed here were all

obtained from their CD ICs. However, we have recently

observed [68,72] very similar behavior for polymers

coalesced from their U ICs, for which in this case the host

molecules cannot thread over the included polymer

c h a i n s .  W e  t h e r e f o r e  c o n c l u d e  t h a t  t h e  u n i q u e

behaviors of polymer samples coalesced from their CD ICs is

not a consequence of remnant host CDs threaded over their

chains.

Though mentioned only in passing here, significant informa-

tion regarding the conformations, mobilities and supra-

molecular assembly of polymers can be obtained by observing

and modeling both the formation of polymer ICs [47,73,76] and

the behaviors of their included, highly extended, and isolated

guest polymer chains [73,76]. Finally, we have also tried to

indicate that examination and modeling of the behaviors of

coalesced polymer samples, and their resulting properties,

can usefully contribute to our understanding of the

bases for structure–property relations observed in polymer ma-

terials.
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Abstract
In this study, we showed that the addition of randomly modified β-cyclodextrin (RAME-β-CD) in aqueous medium could have a

beneficial impact on the catalytic performances of phosphane-based aggregates in the Pd-catalyzed cleavage of allyl carbonates

(Tsuji–Trost reaction). The RAME-β-CD/phosphane supramolecular interactions helped explain the catalytic results. The presence

of RAME-β-CD in the aqueous compartment improved the phosphane-based aggregate dynamics. The exchanges between the

hydrophobic substrate-containing aggregate core and the catalyst-containing aqueous phase were then greatly favored, resulting in

an increase in the catalytic performances.

1479

Introduction
Facing the need of developing a greener chemistry, chemists

have recently focused their investigations on clean transforma-

tion processes to convert organic molecules into products.

Traditional solvents have especially been incriminated due to

the pollution problems they raise. Thus, in the context of

increased awareness about environmental safety, nonconven-

tional media appeared to be a promising alternative to toxic

solvents. The use of supercritical fluids, ionic liquids and water

especially appeared to be an effective solution to limit the envi-

ronmental impact of chemical reactions [1-3]. Although these

media all display eco-friendly characteristics such as non-flam-

mability and chemical stability, water has an additional advan-

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:frederic.hapiot@univ-artois.fr
mailto:eric.monflier@univ-artois.fr
http://dx.doi.org/10.3762%2Fbjoc.8.167


Beilstein J. Org. Chem. 2012, 8, 1479–1484.

1480

Figure 1: Water-soluble phosphanes 1–4.

tage of being cheap, nontoxic and available in large amounts.

As an example, the concept of aqueous-phase organometallic

catalysis implemented by E. Kuntz in the 70s clearly illustrates

the potential of water as a reaction medium [4,5]. However,

while hydrophilic substrates can be readily converted in water,

the conversion of hydrophobic substrates constitutes a real chal-

lenge not completely solved so far. Recently, we showed that an

association of cyclodextrins (CDs) and amphiphilic phosphanes

could significantly improve the catalytic performances in an

aqueous rhodium-catalyzed hydroformylation of higher olefins

[6]. Herein we clearly demonstrate that the beneficial effect of

CDs on a catalytic micellar system can be generalized to

another reaction and other amphiphilic phosphanes. To this end,

we undertook a study using the randomly methylated

β-cyclodextrin (RAME-β-CD) as an additive in an aqueous

Pd-catalyzed cleavage reaction of allyl carbonates (Tsuji–Trost

reaction) and four amphiphilic phosphanes as aggregate-

building blocks. The RAME-β-CD/phosphane interaction and

its consequence on the catalytic results are discussed.

Results and Discussion
To expand the scope of the CD/amphiphilic phosphane combi-

nation in aqueous-phase organometallic catalysis, four

amphiphilic phosphanes 1–4 (Figure 1) were considered [6-8].

These phosphanes have been chosen for the information they

could give under catalytic conditions by considering their struc-

tures and their amphiphilic properties. In this study, each phos-

phane has been proven to supramolecularly interact with β-CDs.

For example, addition of a stoichiometric amount of RAME-β-

CD on aqueous solutions of water-soluble phosphanes 1–4 led

to the formation of phosphane RAME-β-CD supramolecular

complexes. The stoichiometry and association constant Kass of

these complexes were measured by isothermal titration calori-

metry (ITC), at a suitable RAME-β-CD/phosphane concentra-

tion ratio ensuring the absence of micelles during the whole

experiment. Under these conditions, the values reflect the inter-

action between a single CD with a single phosphane only. A 1/1

stoichiometry was found whatever the phosphane, according to

the fit between theoretical and experimental heats. The Kass

values were very dependent upon the phosphane structure. The

Kass values measured for 1 and 2 (300 and 590 M−1, respective-

ly) were three orders of magnitude lower than those measured

for 3 and 4 (326 000 and 210 000 M−1, respectively) indicative

of the deleterious role played by the diazo function on the inclu-

sion phenomenon. In fact, two distinct parameters could be im-

plicated to explain the low Kass values observed for 1 and 2.

First, the hydrophilic diazo function had less affinity for the

hydrophobic CD cavity than the biphenyl moiety. Additionally,

the phosphane nonlinear geometry resulting from the zig-zag

diazo structure also disfavored the recognition process between

the phosphane and the CD cavity.

The existence of phosphane CD supramolecular complexes

was confirmed by using a 2D NMR T-ROESY sequence sensi-

tive to dipolar contacts between the CD host and the phosphane

guest. Correlations were detected on T-ROESY spectra of stoi-

chiometric mixtures of RAME-β-CD and phosphanes 1–4.

However, a clear assignment of the CD and phosphane protons

could not be properly made due to a severe broadening of the

NMR signals (ESI). Accordingly, the native β-CD was chosen

as host by default. The CD protons could then be assigned as

illustrated in Figure 2 for the 4 β-CD supramolecular com-

plex.
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Figure 2: 2D T-ROESY NMR spectrum of a stoichiometric mixture of β-CD and 4 (3 mM each) in D2O at 20 °C.

Cross peaks were detected between the inner CD protons H-3/

H-5 and the phosphane aromatic protons. A correlation was also

detected between some of the cyclohexyl protons and H-3

suggesting a deep phosphane inclusion into the CD cavity. For

the other phosphanes, mixtures of supramolecular complexes

could be detected because of the additional inclusion of the

phosphorus-bound phenyl groups into the CD cavities (ESI). It

should be noted that the signal broadening observed for phos-

phane protons suggested the presence of aggregates in the

medium. Thus, though a 1/1 CD/phosphane mixture was used,

phosphane-based aggregates and native β-CD/phosphane

complexes coexisted in water in this concentration range [9]. In

fact, the mixture of CD/phosphane complexes and aggregates

was a consequence of the competitive equilibria of CD/phos-

phane complexation and phosphane self-assembly to form

micelles.

The surface activity of the four studied phosphanes has already

been the subject of investigations [7,8]. Phosphanes 1–4 proved

to be very surface active as expected from their amphiphilic

structure (ESI). However, we show in this study that the add-

ition of increasing amounts of native β-CD or RAME-β-CD in

phosphane-containing solutions produced a significant rise of

Figure 3: Effect of increasing concentrations of β-CD (solid lines) and
RAME-β-CD (dotted lines) on the surface tension of 1 mM aqueous
solutions of phosphanes 1–4 (20 °C).

the surface tension (Figure 3). This phenomenon was inter-

preted in terms of CD/amphiphilic phosphane interaction

leading, for high CD concentrations, to an aggregate-destruc-
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Scheme 1: Tsuji–Trost reaction mediated by a phosphane-based micelle/RAME-β-CD combination.

Figure 4: Equilibria in a phosphane-based micelle/RAME-β-CD mix-
ture.

turing process. Indeed, in the post-micellar region, increasing

the CD amount resulted in a displacement of the equilibria

towards the CD/phosphane complex. The aggregates were then

partially or totally destroyed depending on the CD concentra-

tion. Mixtures of modified and unaltered phosphane-based

aggregates probably coexisted in water (Figure 4). The above

results corroborate previous studies on CD/amphiphilic phos-

phane interactions [9-13].

The catalytic performances of the CD/amphiphilic phosphane

combination have been evaluated in the aqueous Pd-catalyzed

cleavage reaction of allyl undecyl carbonate (Scheme 1).

The reactions were performed at room temperature under

nitrogen by using palladium acetate as a catalyst precursor,

phosphanes 1–4 as hydrosoluble ligands, and diethylamine as

an allyl scavenger. RAME-β-CD was chosen as an additive

because of its ability to adsorb at the aqueous/organic interface

[14-17]. The RAME-β-CD/phosphane ratio was varied to eval-

uate the impact of the CD concentration on the catalytic

micellar system. The catalytic results have been translated in

terms of turnover frequency (TOF) to RAME-β-CD/phosphane

ratio, thus highlighting the role of RAME-β-CD on the catalytic

performances of the phosphane-based aggregates (Figure 5).

Figure 5: Turnover frequency (TOF) as a function of the RAME-β-CD/
phosphane ratio in the Pd-catalyzed cleavage of allyl undecyl
carbonate. Reaction conditions: Pd(OAc)2 = 2.23 μmol, phosphane =
20.1 μmol, RAME-β-CD = 0–241 μmol, H2O = 2 g, allyl undecyl
carbonate = 223 μmol, diethylamine = 446 μmol, dodecane = 110
μmol, heptane = 2 g, 1250 rpm, room temperature. The TOF was
defined as the number of moles of allyl undecyl carbonate converted
per mole of palladium and per hour in the early stage of the reaction
(20–40% of conversion).

Nonlinear curves were obtained indicative of different

processes depending on the CD concentration. The highest

TOFs were measured for a RAME-β-CD/phosphane ratio of

1:1, while a huge drop in TOF was observed for a RAME-β-

CD/phosphane ratio of 2:1. Conversely, high RAME-β-CD/

phosphane ratios yielded an increase in TOF. The results could

be interpreted as follows. First, for a RAME-β-CD/phosphane

ratio of around 1:1, the micelle structure was slightly altered

because of the interaction of RAME-β-CD with the micelle

constituents, especially the inclusion process (Figure 4).

As the micelle dynamics was improved, the exchanges between

the hydrophobic substrate-containing micelle core and the cata-

lyst-containing aqueous solution were then greatly favored, thus

leading to an increase in TOF. In that case, the substrate

concentration within the core of the phosphane-based aggre-

gates remained high. Note that the beneficial effect of RAME-
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β-CD on the aggregates was observed in a well-defined concen-

tration range for each phosphane. The concentration range was

narrow for aggregates constituted by diazo phosphanes 1 or 2

and rather broad for aggregates constituted by 3 or 4. Second,

above a stoichiometric RAME-β-CD/phosphane ratio, the

RAME-β-CD impact on aggregates became deleterious to the

point that the aggregates were destroyed. Most of the RAME-β-

CD cavities were then filled with phosphanes and the equilibria

were greatly displaced towards the RAME-β-CD/phosphane

complex. In that case, neither the amphiphilic phosphanes nor

RAME-β-CD could favor the substrate–catalyst binding

anymore. On the contrary, their interaction was counterproduc-

tive as both components annihilated their interfacial properties.

The observed TOFs measured in this concentration range prob-

ably resulted from the intrinsic catalyst activity. Finally, the

TOF variations observed for very high RAME-β-CD/phos-

phane ratios could be easily rationalized considering the ability

of RAME-β-CD to supramolecularly recognize not only the

phosphane but also the substrate. When mixed in excess with

amphiphilic phosphanes, a proportion of the RAME-β-CD

included phosphanes in their cavities, but the majority of

RAME-β-CD interacted with allyl carbonates and acted as mass

transfer promoters between the substrate-containing organic

phase and the aqueous component [10-13].

It should be noted that the above catalytic performances were

mainly related to the Kass values. Indeed, the spread between

the highest and the lowest TOF was larger for phosphanes 3 and

4 for which Kass values over 200 000 M−1 were measured. With

the RAME-β-CD/interaction being strong, the aggregate

dynamics was greatly favored at a CD/phosphane ratio of

around 1:1 (high TOF). In that case, the intensity of the aggre-

gate destructuring process was stronger at a higher CD/phos-

phane ratio (low TOF) as a result of the formation of stable

RAME-β-CD/phosphane complexes. Conversely, because of

the low Kass values measured for phosphanes 1 and 2, the

amplitude between the highest and the lowest TOF was

moderate, illustrative of the weak interaction between both

components. However, for stoichiometric RAME-β-CD/phos-

phane mixtures (10 mM each, catalytic conditions), the percent-

ages of RAME-β-CD/phosphane complexes were calculated to

be 56.6, 66.4, 98.3 and 97.8% for phosphanes 1, 2, 3 and 4, res-

pectively. Thus, even for phosphanes 1 and 2 whose Kass were

low, a significant amount of RAME-β-CD/phosphane

complexes were present in the aqueous medium and signifi-

cantly contribute to the beneficial effect observed for stoichio-

metric RAME-β-CD/phosphane mixtures.

Accordingly, in this study we showed that RAME-β-CD could

positively interact with phosphane-containing aggregates in a

very narrow concentration range to improve the exchanges

between the hydrophobic aggregate core and the aqueous cata-

lyst-containing solution. The result is in line with the conclu-

sions previously drawn by using other modified β-CDs as addi-

tives [6]. The beneficial effect of the CD/amphiphilic phos-

phane interaction thus appeared generalizable to other phos-

phanes and other reactions and to reinforce the view of a syner-

getic relationship between both components.

Conclusion
In our constant effort to elaborate an effective catalytic system

aiming at converting hydrophobic substrates in water, the CD/

amphiphilic phosphane combination proved to be a versatile

solution provided that the ratio between both components had

been carefully defined. The CD positively affects the phos-

phane-constituted aggregate structure by supramolecular means

to the point that the substrate–catalyst binding becomes favor-

able. Given the above catalytic results, we are currently

widening the scope of the CD/amphiphilic phosphane inter-

action in other aqueous-phase organometallic reactions.
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Abstract
The paper reports the preparation of a poly[2,7-(9,9-dioctylfluorene)-alt-5,5'-bithiophene/PS-βCD] (PDOF-BTc) polyrotaxane

copolymer, through a Suzuki coupling reaction between the 5,5'-dibromo-2,2'-bithiophene (BT) inclusion complex with persilylated

β-cyclodextrin (PS-βCD), and 9,9-dioctylfluorene-2,7-bis(trimethylene borate) (DOF) as the blocking group. The chemical struc-

ture and the thermal and morphological properties of the resulting polyrotaxane were investigated by using NMR and FT-IR spec-

troscopy, TGA, DSC and AFM analysis. The encapsulation of BT inside the PS-βCD cavity results in improvements in the solu-

bility, as well as in different surface morphology and thermal properties of the PDOF-BTc rotaxane copolymer compared to its

noncomplexed PDOF-BT homologue. In contrast, the number-average molecular weight (Mn) of PDOF-BTc rotaxane copolymer

indicated lower values suggesting that the condensation reaction is subjected to steric effects of the bulkier silylated groups,

affecting the ability of the diborate groups from the DOF molecule to partially penetrate the PS-βCD cavity.
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Introduction
Organic materials with extended π-conjugation have attracted

considerable attention in recent years as a new class of active

organic materials for optoelectronic applications [1-4]. Among

the conjugated polymers, a number of poly(9-alkylfluorene)s

(PFs) and poly(9,9-dioctylfluorene) (PDOF) polymers in par-

ticular have been the focus of much research as encouraging

candidates for organic light-emitting diodes (OLEDs) due to

their pure blue luminescence and high efficiency [5-10]. The

application of PFs and PDOF conjugated polymers is limited

by unwanted side effects, such as aggregation and a wide emis-

sion band during operation [8]. Taking into account the rele-

vant photophysical properties of these organic compounds, new

synthetic approaches were developed. Copolymerization of

fluorene with thiophene, bithiophene or other aromatic

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:afarcas@icmpp.ro
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comonomers is an alternative method for tuning the optical,

electronic and thermal properties [11-18]. However, as a conse-

quence of intramolecular interactions, these synthetic methods

are often accompanied by undesirable side effects influencing

the optoelectronic properties, e.g., red shifting or lower fluores-

cence.

As a route to candidate materials for use in molecular devices,

the construction of mechanically interlocked molecules, such as

rotaxanes and polyrotaxanes, has attracted considerable atten-

tion [19-23]. A rotaxane assembly comprises a macrocyclic

component (host) encircling an axle (guest) through noncova-

lent interactions; bulky groups (also known as stoppers) are

attached at the ends of the axle to prevent dethreading of the

host.

In the past few years many authors have demonstrated that the

encapsulation of conjugated polymers into macrocycle cavities

plays an important role in the construction of diverse polymeric

architectures. Moreover, the fabrication of mechanically inter-

locked molecules, such as polyrotaxanes, has been investigated

as a method for the further improvement of thermal and electro-

optical properties through the insulating backbones of conju-

gated polymers [20-24]. The studies revealed an attractive ap-

proach to achieve a higher degree of control over molecular

rigidity, prevention of aggregation, fluorescence efficiency, im-

proved solubility, and surface-morphological properties of the

resulting conjugated polyrotaxanes [5,11,21,23,25-31].

Among the several known host molecules, e.g., crown ethers

[32], cyclodextrins (CDs) have been employed for the synthesis

of polyrotaxanes with π-conjugated polymers. As a result, many

CD-based rotaxanes and polyrotaxanes have been reported until

now [5,11,12,19-31]. In spite of the extended use of new com-

pounds as hosts for inclusion-complex formation, CD deriva-

tives have received less attention when compared to native CDs.

Very few polyrotaxanes within CD derivatives were reported

[12,33,34]. Recently, we have exemplified such improvements

on the photophysical properties of PFs by using persilylated

γ-CD as a new host molecule [33]. Inclusion of bithiophene into

persilylated β-cyclodextrin, randomly methylated β-cyclodex-

trin, or chemically modified CD derivatives, followed by co-

polymerization with fluorene monomers results in significant

changes in the thermal as well as photophysical stability, and

the ability to form good films [12,34].

Herein, we report the preparation and characterization of a

main-chain polyrotaxane with alternating fluorene–bithiophene

moieties covered by persilylated β-cyclodextrin (PS-βCD).

Thus, poly[2,7-(9,9-dioctylfluorene)-alt-5,5'-bithiophene/PS-

βCD] (PDOF-BTc), was synthesized by Suzuki cross-coupling

reaction between 5,5'-dibromo-2,2'-bithiophene (BT), as an

inclusion complex in PS-βCD cavities, and the bulky molecule

9,9-dioctylfluorene-2,7-bis(trimethylene borate) (DOF),

(Scheme 1). Of particular interest is the ability of cross-

coupling reaction of BT and DOF to proceed close to the cavity

surface of PS-βCD, which will provide a deeper insight into the

use of these new host molecules (more soluble in nonpolar

organic solvents) for the construction of mechanically inter-

locked molecules with conjugated polymers.

Results and Discussion
The paper describes the preparation of poly[2,7-(9,9-dioctylflu-

orene)-alt-5,5'-bithiophene/PS-βCD] (PDOF-BTc) main-chain

polyrotaxane and its noncomplexed PDOF-BT counterpart

copolymer by Suzuki cross-coupling reaction. The preparation

of copolymer polyrotaxane (PDOF-BTc) involves a 1:1 5,5'-

dibromo-2,2'-bithiophene inclusion complex in PS-βCD (BTc)

and 9,9-dioctylfluorene-2,7-bis(trimethylene borate) (DOF) as a

bulky molecule followed by a small excess of DOF at the end

of polymerization and, finally, 3-bromothiophene (3T) as a

monofunctional end-capping reagent, as illustrated in Scheme 1.

In order to analyse the influence of end-capping reagents on the

photophysical properties we changed the termination of the

growing chains to 3T instead of bromobenzene, as in previ-

ously reported results [12]. A noncomplexed PDOF-BT

copolymer was also synthesized by polycondensation reaction

between DOF and BT, and its properties were compared with

the rotaxane PDOF-BTc copolymer.

The first step in the preparation of PDOF-BTc polyrotaxane is

the threading of the BT monomer through the PS-βCD cavity to

form the BTc inclusion complex. BTc obtained as a precipitate

from a 2:1 mol/mol mixture of PS-βCD and BT in acetone was

isolated, purified and characterized by 1H NMR, as can be seen

in Figure 1. The average number of PS-βCD macrocycles per

BT unit was calculated by using the ratio of the integrated area

of the peak assigned to the H from –CH3 groups of PS-βCD

(0.09–0.11 ppm, IH-CH3) and the proton peaks of BT (6.85–7.97

ppm, IBT), Figure 1. The average number of PS-βCD macrocy-

cles per BT unit was calculated as (IBT/4)/(IH-CH3/63) and

found to be 0.95 (i.e., ca. 95% coverage).

Not surprisingly, due to the presence of PS-βCD the rotaxane

PDOF-BTc copolymer showed a marked contrast compared

with PDOF-BT. The PDOF-BTc rotaxane copolymer was

soluble (~10% by weight) in petroleum ether (after vortex stir-

ring at room temperature for 15 minutes). The 1H NMR spec-

trum of a soluble fraction in petroleum ether indicated a higher

coverage with PS-βCD. From this spectrum a PS-βCD/BT

molar ratio of about 1/1.5 was determined, as can be seen in

Figure S1 in the Supporting Information File 1.
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Scheme 1: Synthesis of PDOF-BT and PDOF-BTc copolymers.

The chemical structure of PDOF-BTc (insoluble part in

pe t ro leum e ther )  and  PDOF-BT  copolymers  was

proved by 1H NMR and FTIR analysis. The infrared spectrum

of the PDOF-BTc (Figure 2B) shows all the characteristic

bands of  PDOF-BT  and addi t ional  bands  located

in the 748–1251 cm−1 region. Note that the peaks at

792 and 817 cm−1, assigned to the C–H out-of-plane

bending vibrations, and the peak at 880 cm−1, assigned to

the C–H in-plane vibrations of the aromatic rings, were at

distinctly lower energy in PDOF-BTc as compared to

the corresponding peaks of the non-rotaxane PDOF-BT

copolymer.
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Figure 1: 1H NMR spectrum (CDCl3) of the BTc inclusion complex.

Figure 2: FTIR spectra (KBr pellet) of PDOF-BT (A) and PDOF-BTc (B) copolymers.
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Figure 3: 1H NMR spectrum of PDOF-BT copolymer (CDCl3).

Figure 4: 1H NMR spectrum of PDOF-BTc copolymer (CDCl3).

1H NMR spectra of PDOF-BT and PDOF-BTc (insoluble part

in petroleum ether) are presented in Figure 3 and Figure 4, res-

pectively. The NMR spectrum of PDOF-BT shows character-

istic peaks for both DOF and BT chains in good agreement

with the proposed structures.

The coverage of the rotaxane copolymer with the macrocycle,

i.e., the average number of PS-βCD macrocycles per repeating

unit [23], was determined from the NMR spectral analysis and

was calculated from the ratio of the integrated area of the peak

assigned to the H from –CH3 groups of PS-βCD (0.121–0.249



Beilstein J. Org. Chem. 2012, 8, 1505–1514.

1510

ppm, IH-CH3) and the proton peaks of BT (7.247–7.412 ppm,

IBT), as shown in Figure 4. The average number of PS-βCD

macrocycles per repeat unit was calculated as (IBT /4)/(IH-CH3/

63) and found to be 0.32 (i.e., ca. 32% coverage). The peaks

corresponding to the fluorene copolymer chains in PDOF-BTc

were down-field shifted by 0.03–0.08 ppm, as compared to the

noncomplexed PDOF-BT sample (Figure 4).

The weight-average molecular weight (Mw) and number-

average molecular weight (Mn), with the polydispersity index

PDI (PDI = Mw/Mn), of PDOF-BTc and PDOF-BT samples

were determined by gel-permeation chromatography (GPC)

analysis, using polystyrenes as standards and CH2Cl2 as eluent.

GPC data are listed in Table 1 and shown in Figure S2 and

Figure S3 in the Supporting Information File 1. On the basis of

the molecular weight, the numbers of repeat units for PDOF-

BTc and PDOF-BT samples are 10 and 40, respectively.

PDOF-BT non-rotaxane copolymer has higher molecular

weights than the PDOF-BTc sample, an expected result owing

to the lower accessibility of diborate to bromine groups encap-

sulated in the PS-βCD cavity. The higher PDI values of the

PDOF-BTc copolymer compared to PDOF-BT can be attrib-

uted to variations in the average number of PS-βCD units per

macromolecular chain (see incomplete coverage determined by
1H NMR above). It is important to note that the lower molec-

ular weights of PDOF-BTc rotaxane copolymer, which have

not been observed for other polyrotaxanes [5,29,31,34], can be

assigned to the contribution from the structure of the PS-βCD

macrocycle, which provides a deeper insight into the

blocking effect of silylated groups on the cross-coupling reac-

tion. In order to obtain higher-molecular-weight polyrotaxanes

the optimal reaction time has to be taken into consideration.

Table 1: The molecular weights of the polymers.

Polymer Mn Mw Mw/Mn

PDOF-BTc 14771 24805 1.67
PDOF-BT 23286 34461 1.48

The thermal stability of the inclusion-complex BTc, PDOF-BT

and the PDOF-BTc copolymers was investigated by differen-

tial scanning calorimetry (DSC) and thermogravimetric analysis

(TGA), as shown in Figure 5 and Figure 6, and the results are

summarized in Table 2. The endothermic peak attributed to the

melting temperature of BT (144 °C), as a result of a decomplex-

ation process (17%) was present in the second heating scan of

BTc (Figure 5). The presence of two broadening peaks accom-

panied by a shift to a lower melting temperature for BTc

(133 °C, ΔH = 5.22 J/g) with a strong reduction of intensity

could be attributed to a heating-favoured loosening of the

Figure 5: DSC curves of BTc and PDOF-BTc from second-heating
DSC measurements.

Figure 6: Thermogravimetric curves (TG) for BTc, PDOF-BT, and
PDOF-BTc compounds.

crystal forces of BT included in the amorphous PS-βCD cavi-

ties.

On the cooling cycle (not shown) the exothermal sharp peak

attributed to the crystallization process of BTc was found at

lower temperature (108 °C, ΔH = 7.66 J/g)) compared with non-

complexed BT (111 °C). DSC profiles of PDOF-BTc

copolymer does not indicate Tg or melting temperature in the

30–200 °C interval, as can be seen in Figure 6. These findings

indicated their amorphous nature and rigid chains.

The effect of PS-βCD on the thermal stability of the samples

was further supported by TGA in a nitrogen atmosphere, which

revealed the stage of the degradation process, shown in Figure 6

and Figure S4 in the Supporting Information File 1.
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Table 2: Thermal properties.

Sample Step Tonset
a Tendset

b Tpeak
c W%d Residuee %

BTc
I 196 287 271 15.49

63.18
II 350 433 401 79.72

PDOF-BT
I 212 330 264 9.78

69.07
II 426 480 456 21.15

PDOF-BTc
I 341 396 383 6.38

80.94
II 431 480 456 12.68

aThe onset temperature of the degradation process. bThe temperature of complete degradation process. cThe maximum degradation temperature.
dThe mass percentage loss recorded in each stage. eThe amount of residue at the end of degradation process.

Figure 7: High-resolution tapping-mode AFM images and cross-section plots (along the solid line in the images) of the PDOF-BT (a, a’) and PDOF-
BTc (b, b’).

As one can see from Figure 6, BTc, PDOF-BT and PDOF-BTc

samples present two thermal decomposition steps. For the

PDOF-BT sample the decomposition process starts at 212 °C,

while the degradation of its PDOF-BTc complex homologue

begins at a higher temperature (341 °C). Thus, a stabilizing

effect of the inclusion of the BT chain into the PS-βCD cavity

for the first decomposition step is evidenced. The maximum de-

gradation process of the samples is around 271 °C for BTc,

264 °C for PDOF-BT and 383 °C for PDOF-BTc, i.e., not

much higher than the decomposition temperature of PS-βCD

(380 °C). The TGA data revealed that the PDOF-BTc rotaxane

copolymer is stable up to 300 °C. The improvement of the

thermal stability provides an indication that the rotaxane forma-

tion increases the stability of the PDOF-BT macromolecular

chains.

The rotaxane copolymer has good solubility in common organic

solvents, such as CHCl3, CH2Cl2, THF, and toluene, and allows

the formation of homogeneous and transparent films. In order to

analyse the influence on the surface morphological properties

induced by using 3T as an end-capping reagent instead of

bromobenzene [12], AFM experiments were also performed.

The 2D AFM images of the top surface of both copolymer

films, within the same scan areas of 2 × 2 μm2 are shown in

Figure 7a and Figure 7b (insets show the 3D images). They

afforded the root-mean-square roughness of the formations (Sq)



Beilstein J. Org. Chem. 2012, 8, 1505–1514.

1512

Table 3: Roughness and grain parameters collected from 2 × 2 µm2

AFM images.

Material Sq
a/nm μb/nm Ha

c/nm

PDOF-BT 12.43 9.83 34.40
PDOF-BTc 5.29 3.70 17.34

aRoot-mean-square roughness. bAverage roughness. cAverage
heights.

and the average roughness (µ) as well as the average heights

(Ha), see Table 3.

The 3D AFM images of the complexed PDOF-BTc film (insets

Figure 7b) show more favourable surface parameters in com-

parison to the noncomplexed copolymer (insets Figure 7a).

PDOF-BT showed an agglomeration tendency and globular

formations with Sq and µ values of 12.43 and 9.83 nm, whereas

the PDOF-BTc sample showed a uniform and smooth surface,

covered with individual small, spherically shaped formations,

with smaller Sq and µ values of 5.29 and 3.70 nm. The average

AFM heights of the PDOF-BT and PDOF-BTc decreased from

34.40 to 17.34 nm, respectively, as shown in Figure 7a’ and

Figure 7b’ and documented in Table 3.

The trend toward a more uniform and smoother surface, already

observed for rotaxane copolymers [12,23,27,31], continues for

the PDOF-BTc polymer rotaxane, where a decrease of the Sq

and the value of the Ha parameter (the first moment of the

height distribution) indicated that the rotaxane architecture

changed the morphology of PDOF-BT copolymer. These

results could provide microscopic evidence for reduced inter-

chain interactions, which allow the polyrotaxane chains to pack

densely. A better quality of the film, with higher uniformity,

flatness, and better mechanical properties, is always desirable

for optoelectronic applications.

The optical properties of the PDOF-BT and PDOF-BTc com-

pounds (not shown) recorded in CHCl3 solution, as well as in

thin film, upon excitation at the maximum absorption value

(λmax = 380 nm) indicate no significant difference in the elec-

tronic absorption and emission spectra of both copolymers,

consistent with previously reported results [12]. The similarity

between the absorption and fluorescence excitation spectra

shows that major structural changes have not occurred, and that

emissions arose from the compounds and not from the thienyl

end-capping, as has been previously reported for PFO with

perylene derivative as end-units [35].

Conclusion
The present study confirms that PS-βCD can be used as a host

macrocycle molecule in the synthesis of a main-chain polyro-

taxane with alternating fluorene-bithiophene moieties. Lower

values of number-average molecular weight (Mn) of the

rotaxane copolymer suggested that the condensation reaction is

subjected to steric effects of the bulkier silylated groups from

PS-βCD, thus requiring a longer reaction time. We have demon-

strated that PS-βCD covered bithiophene-fluorene copolymer

has beneficial effects on the solubility in nonpolar solvents, and

on the thermal properties and surface characteristics.

Experimental
Materials and methods
PS-βCD was obtained by the silylation of native βCD with

1-trimethylsilylimidazole [36]. 9,9-dioctylfluorene-2,7-

bis(trimethylene borate) (DOF, 97%), tetrakis(triphenylphos-

phane)palladium (99%), and 5,5'-dibromo-2,2'-bithiophene

(BT) were purchased from Aldrich and used as received;

3-bromothiophene (3BT, 97%) was purchased from Lancaster.

All solvents were analytical grade and used without further

purification.

1H NMR spectra were recorded in CDCl3 on a Bruker Advance

400 MHz instrument. FTIR analyses of the powder polymers

were performed in a Specord Carl Zeiss Jena FTIR spectropho-

tometer. The molecular weights of copolymers were deter-

mined by gel permeation chromatography (GPC) in CH2Cl2 by

using a Water Associates 440 instrument and polystyrene cali-

brating standards. Differential scanning calorimetry (DSC) was

performed with a Mettler Toledo DSC-12E calorimeter with

two repeated heating-cooling cycles at a heating rate of

10 °C·min−1 under a N2 atmosphere. Thermogravimetric

analysis (TGA) was performed under constant nitrogen flow

(20 mL·min−1) with a heating rate of 15 °C·min−1 by using a

Mettler Toledo TGA/SDTA 851e balance. The heating scans

were performed with 1.5 to 3 mg of the sample in a tempera-

ture range 25–800 °C. Absorption spectra were measured on a

Specord 200 spectrophotometer in CHCl3 solution and on thin

films. Fluorescence spectra were obtained with a Perkin Elmer

LS55 luminescence spectrophotometer. The surface images

were obtained with a Solver PRO-M scanning probe micro-

scope (NT-MDT, Zelenograd, Moscow, Russia), in atomic

force microscopy (AFM) configuration. The scan area was 2 ×

2 µm2. Rectangular silicon cantilevers NSG10 (NT-MDT,

Russia) with tips of high aspect ratio were used. All images

were acquired in air, at room temperature (23 °C), in tapping

mode at a scanning frequency of 1.56 Hz. The AFM image

processing and the calculation of the surface texture parameters

were realized by Nova v.1.26.0.1443 for Solver Software,

NT-MDT Russia. Films of copolymers were prepared by spin

coating from CH2Cl2 solutions at 3000 rpm for 60 s on a

WS-400B-6NPP-Lite Single Wafer Spin Processor (Laurel

Technologies Corporation, USA).
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Synthesis of the BTc inclusion complex
BT (0.124 g, 0.4 mmol) was added to the solution of PS-βCD

(2.58 g, 0.96 mmol) in acetone (15 mL) and the mixture was

vigorously stirred for 24 h. The precipitate was filtered, washed

thoroughly twice with 5 mL of petroleum ether and 5 mL of

acetone, and finally dried under vacuum at 60 °C for 24 h to

yield 0.607 g of BTc as a light-yellow solid (42.9% yield).
1H NMR BTc (CDCl3): 6.97–6.96 (d, 2H), 6.85–6.86 (d, 2H),

5.12–4.95 (m, 7H, H1), 4.93–4.60 (m, OH2+3), 3.97–3.35 (m,

42H, H2–6), 0.19–0.09 (m, 63, Si–CH3).

Synthesis of the PDOF-BTc copolymer
To a three-necked flask, 0.602 g (0.202 mmol) of BTc and

0.112 g (0.2 mmol) of DOF was added. The flask was

equipped with a condenser, evacuated, and filled with argon

several times to remove traces of air. Degassed toluene (6 mL)

was added as solvent into the flask and subsequently 4.8 mg

(0.42 × 10−2 mmol) of (Ph3P)4Pd(0), dissolved in 5 mL of

degassed toluene, and 2 mL of 5 M Na2CO3 solution were

added. The mixture was vigorously stirred in the dark under an

argon atmosphere for 72 h at 85–87 °C. An excess of 0.0113 g

(0.02 mmol) of DOF dissolved in 3 mL of toluene was then

added and the reaction was continued for 12 h in order to obtain

the macromolecular chains terminated with borate units.

Finally, 0.2 μL of 3BT was added as the end-capper of the

copolymer chain, and the reaction was continued overnight.

After cooling, the mixture was poured into the stirred

mixture of methanol and deionised water (10:1). The

fibrous solid obtained by filtration was solubilised in 20 mL of

toluene, washed with water three times to completely

remove the alkali solution, dried over anhydrous MgSO4, and

concentrated by vacuum evaporation of the solvents. The

residue was dissolved in a minimum volume of CHCl3 (10 mL)

and poured into 10 times the volume of stirred methanol, and

then filtered, thoroughly washed with 5 mL of acetone, and

dried under reduced pressure at 60 °C. PDOF-BTc was

obtained in 0.125 g (approximately 23.0% yield) as a light-

orange solid. After drying, the solid was immersed in petro-

leum ether, vortex stirred for 15 min, and then filtered. The

precipitate was filtered and dried under vacuum. The soluble

part in petroleum ether was concentrated by vacuum evapor-

ation. Both fractions of PDOF-BTc were found to be also

soluble in THF, CH2Cl2, CHCl3 and toluene. FTIR (KBr,

cm−1): 3447, 2957, 2923, 1608, 1415, 1364, 1251, 1144, 1096,

1049, 966, 885, 841, 748, 687, 542, 475, 434. 1H NMR

(CDCl3): 7.67–7.57 (m, 6 H), 7.33–7.24 (m, 4H), 5.13–4.95 (m,

7H, H1), 4.95–4.79 (m, OH2+3), 3.96–3.53 (m, 42H, H2–6), 2.04

(s, 4H), 1.25–0.88 (m, 24H), 0.74 (d, 6H), 0.18–0.07 (m, 63,

Si–CH3).

Synthesis of the PDOF-BT copolymer
PDOF-BT was synthesized under similar experimental condi-

tions as those described for PDOF-BT, except that BT was

used instead of BTc. The copolymer was obtained as a

brownish solid in 78% yield. The PDOF-BT sample was insol-

uble in petroleum ether. FTIR (KBr, cm−1): 3428, 3065, 2923,

2851, 1719, 1606, 1465, 1261, 1067, 880, 817, 721, 475, 434.
1H NMR (CDCl3): 7.68–7.58 (m, 6 H), 7.34–7.24 (m, 4H), 2.05

(m, 4H), 1.26–1.10 (m, 24H), 0.91–0.80 (d, 6H).
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Abstract
A macromonomer 5 consisting of a polymerizable vinylcyclopropane end group and a poly(N-isopropylacrylamide)

(poly(NiPAAm)) chain was obtained from amidation of 1-ethoxycarbonyl-2-vinylcyclopropane-1-carboxylic acid (4) with an

amino-terminated poly(NiPAAm) 3 as an example. This macromonomer 5 showed an LCST effect after complexation of the vinyl

end group with ß-cyclodextrin in water. Via radical ring-opening copolymerization of 5 and NiPAAm a graft copolymer 8 with a

clouding point of 32 °C was synthesized. The branched unsaturated polymer was treated with ozone to cleave the double bonds of

the main chain.

1528

Introduction
Macromonomers are polymers or oligomers with at least one

functional end group that is capable of further polymerization.

The molecular weight of macromonomers generally ranges

between 1000 and 20000 g/mol [1]. In the last decades, a

considerable amount of studies on the synthesis and applica-

tions of macromonomers has been reported [2-5]. They enable

easy and direct synthesis of a variety of graft copolymers [6],

which consist of a linear main chain and randomly distributed

side chains. Graft copolymers have found many applications,

for example in the field of coatings, adhesives, compatibilizers,

emulsifiers or biomaterials [1]. For the synthesis of graft

copolymers, free radical copolymerization of macromonomers

with suitable low molecular weight vinylmonomers is a widely

studied area [7,8].

β-Cyclodextrins (β-CDs) are cyclic oligomers consisting of

seven α-1,4-glycosidically linked glucopyranose units which are

present in the chair conformation [9-12]. The molecule resem-

bles a truncated cone with approximate Cn-symmetry [13]. The

cyclic 1,4-linked glucose units in the molecule arrange them-

selves in a way that a hydrophilic exterior and a hydrophobic

interior are created [14-16] and β-CDs are easily dissoluble in

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:h.ritter@uni-duesseldorf.de
http://dx.doi.org/10.3762%2Fbjoc.8.173
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Scheme 2: Synthesis of diethyl 2-vinyl-1,1-cyclopropanedicarboxylate [33].

polar solvents such as water. The interior height of β-CDs is

7.9 Å and the interior width is between 6.0–6.5 Å, which allows

an inclusion of different types of molecules with fitting size

through van-der-Waals interactions. By formation of such

host–guest complex properties, the dissolution behavior of the

guest molecules can be changed. Based on this fact numerous

applications of β-CDs are reported [17-25].

Generally, 2-vinylcyclopropane monomers (2-VCPs) are known

for their low volumetric shrinkage or even small expansion

during free radical ring-opening polymerization (Scheme 1)

[26-28]. However, this behavior is not in focus of the present

work. The resulting polymer bears mainly 1,5-ring-opened units

with a partially unsaturated backbone [29-31], which is suitable

for further modifications.

Scheme 1: Mechanism of free radical ring-opening polymerization of
2-VCPs (In: initiator) [29-31].

As mentioned above, polymerization reactions and mechanical

and chemical modifications of vinylcyclopropane derivates

have been carefully investigated in recent years. However, up to

now, nothing is known in literature about the behavior of vinyl-

cyclopropane-containing macromonomers. Thus, in this paper

we are going to report our findings about the preparation and

characterization of a new type of macromonomers based on a

2-vinylcyclopropane derivative bearing a thermoresponsive

poly(NiPAAm) moiety as an example, with the intention to

demonstrate the great potentials of this class of 2-vinylcyclo-

propane monomers. Additionally, the degradation of unsatu-

rated poly(vinylcyclopropan) backbones using ozone is first

reported.

Scheme 3: Two-step synthesis of the macromonomer 5 (In: Initiator,
TEA: triethylamine).

Results and Discussion
1-Ethoxycarbonyl-2-vinylcyclopropane-1-carboxylic acid (4)

was synthesized following a procedure described in [32].

Diethyl 2-vinyl-1,1-cyclopropanedicarboxylate could be

obtained according to [33] from sodium ethoxide, diethyl

malonate and trans-1,4-dichloro-2-butene in ethanol

(Scheme 2).

The desired macromonomer 5 was prepared in two steps

according to Scheme 3. The intermediate amino-terminated

poly(NiPAAm) 3 was obtained from the reaction of NiPAAm

(1) and 2-aminoethanethiol hydrochloride (2) via radical poly-

merization either in water using 2 and ammonium persulfate as

redox initiator [34] or in ethanol using 2,2’-azobis(isobutyro-

nitrile) (AIBN) as radical initiator and 2 as chain transfer agent.

The implementation in aqueous solution represents an environ-

mentally friendly alternative to conventional polymerization. To

avoid the Michael addition between the amino group and the

acryloyl group, the ammonium salt of 2 was used instead of

uncharged nucleophilic 2-aminoethanethiol. After treating with

triethylamine, amino-terminated polymer 3 was obtained. The
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Table 1: Properties of synthesized macromonomers and polymers.

Mn (104 g/mol) DI dn
a (nm) cloud pointb (°C) Tg (°C) yield (%)

3 1.0 2.8 4.1 33.4 123.5 54c or 66d

5 1.2 2.5 5.0 – 129.1 86
7 – 31.7 –
6 2.3 1.7 5.6 29.9 135.3 53
8 4.8 2.5 6.4 32.2 133.7 65

a5 mg/mL in acetone at 25 °C; b20 mg/mL in water; cpolymerization in water; dpolymerization in ethanol.

Figure 2: Optical transmittance of aqueous solutions (c = 20 mg/mL) of 3, 6 und 8 during heating.

amidation of the amino group of 3 with 1-ethoxycarbonyl-2-

vinylcyclopropane-1-carboxylic acid (4) in the presence of

N,N′-dicyclohexylcarbodiimide (DCC) as condensation agent

led to the formation of macromonomer 5.

Compared to the FTIR spectrum of NiPAAm (1), the spectrum

of 3 shows the disappearance of the C=C bonds band at

1619 cm−1 and the appearance of a new band of primary amino

groups at 3436 cm−1. In the 1H NMR spectrum, the chemical

shifts of the methylene protons adjacent to the amino group at

δ 2.85 ppm and the methylene protons adjacent to the thio

group at δ 2.68 ppm which also confirms the structure of 3. The

mass differences between the signals of the main series in

MALDI-TOF MS correspond to the molar mass of the mono-

mer NiPAAm units equal to 113 g/mol and the mass of end

group agrees with the molar mass of 2-aminoethanethiol

(77 g/mol, Figure 1), as expected. The number average molec-

ular weight (Mn) and the dispersity index (DI) of 3 were

measured with GPC and were 10300 g/mol and 2.8, respective-

ly (Table 1). The hydrodynamic diameter (dn) of 3 determined

by means of DLS was about 4.1 nm. DSC measurement showed

the glass-transition temperature (Tg) at about 123.5 °C. Due to

the hydrophilicity of the amino end groups of 3 a typical LCST

(lower critical solution temperature) was observed close to that

of unmodified poly(NiPAAm) at about 33.4 °C (Figure 2).

Figure 1: MALDI-TOF MS of amino-terminated poly(NiPAAm) 3.
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Figure 3: 2D ROESY NMR spectrum of a 5/Me2-β-CD deuterated water solution.

Via condensation of the amino end group of 3 with the carboxyl

group of 4 the corresponding macromonomer 5 with Mn =

11540 g/mol und Tg = 129.1 °C was obtained. The 1H NMR

spectrum confirms the existence of a vinylcyclopropane unit by

the presence of the multiplets at δ 1.48–1.61 ppm and

δ 4.98–5.19 ppm, assignable to the CH of the cyclopropane ring

and of the vinyl group, respectively. The FTIR spectrum shows

the typical absorption band of ester groups at 1726 cm−1 and the

disappearance of the band of primary amino groups; this also

proves the successful condensation between 3 and 4. Due to the

faintly voluminous vinylcyclopropane unit 5 possesses a

slightly larger dn than 3 (by ca. 0.9 nm, Table 1).

In general, the cloud point of poly(NiPAAm) with relative low

molecular weight can be influenced by the structure of end

groups. The relatively hydrophobic vinylcyclopropane end

group hampers the aqueous solubility of 5 at room temperature

(about 25 °C). However, the turbid dispersion becomes

completely clear by the addition of methylated β-cyclodextrin

(Me2-β-CD). This means that a water-soluble inclusion com-

plex 7 of 5 with Me2-β-CD is formed (Figure 3). The 2D

ROESY NMR spectrum of 7 indicates the noncovalent inter-

action between the Me2-β-CD ring and the vinyl end group of

macromonomer 5 (Figure 2). It can be noticed that the protons

of the vinyl groups (CH2=CH) at δ 4.98–5.19 ppm and the

protons of the cyclopropan units at δ 1.48–1.61 ppm correlated

to the protons of Me2-β-CD at δ 3.3–3.9 ppm. Therefore, we

came to the conclusion that the Me2-β-CD ring preferably

includes the vinylcyclopropane unit instead of the isopropyl

unit. The supramolecular complex 7 shows the typical LCST

behavior (31.7 °C) of poly(NiPAAm) (Figure 4).

Figure 4: Temperature-dependent transparency measurements of
aqueous solution of the supramolecular complex 7 (c = 20 mg/mL in
water).

After free radical initiated ring-opening polymerization of 5, a

product 6 was formed (Scheme 4). However, GPC of 6 shows

only a preferred dimerization of macromonomer 5, which may

result from the relative bulky poly(NiPAAm) side chains.

Therefore, copolymerization of 5 and NiPAAm was carried out.

In this case, as expected, a copolymer 8 was obtained with

much higher Mn value of 48300 g/mol according to GPC

measurement. The disappearance of NMR-signals of the vinyl-

cyclopropane unit of 5 at δ 4.98–5.19 ppm and the appearance

of a new peak at δ 5.6 ppm, which is assigned to the protons of

CH=CH in the poly(vinylcyclopropane) main chain, prove the

ring-opening polymerization of 5. In addition, the product has

only shown one glass-transition temperature Tg at 133.7 °C.

This confirmed the formation of a copolymer 8. If two

homopolymers coexist, two glass-transition temperatures should
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Scheme 4: Homo- and copolymerization of macromonomer 5.

be measured. Both products 6 and 8 show the LCST behavior,

respectively (Figure 2). After ozonolytic degradation of 8 in

methanol, the disappearance of the protons of the double bond

signal at δ 5.6 ppm in 1H NMR spectrum and the appearance of

the aldehyde protons at δ 8.5 ppm evidence the effective de-

gradation of copolymer. The Mn of the degradation products

amounts to 1.8 × 104 g/mol with DI equal to 2.2. Altogether, the

successful ozonolytic degradation is proved.

Conclusion
A new macromonomer 5 was synthesized via amidation of

1-ethoxycarbonyl-2-vinylcyclopropane-1-carboxylic acid (4)

with an amino-terminated poly(NiPAAm) 3 as an example.

Thanks to its relative hydrophobic vinylcyclopropane unit, this

water insoluble macromonomer 5 is able to form a host–guest

complex with Me2-β-CD, which is located at the polymerizable

vinyl end group. This supramolecular complex 7 becomes

completely water-soluble, so that a typical LCST effect could

be observed. Since the bulky macromonomer 5 prefers to form

only dimers in presence of a radical initiator rather than a

homopolymer, a graft copolymer 8 was formed via radical ring-

opening copolymerization of 5 and NiPAAm. The double bonds

of the main chain can be cleaved simply by ozone treatment.

Experimental
All chemicals were commercially available and used as

received without further purification. All solvents were distilled

and dried over molecular sieve before use. ATR-FTIR-spectra

were recorded with an FTIR-5SXB by Nicolet at room tempera-

ture. NMR spectra were recorded with an AVIII-300 instru-

ment at 300 MHz at 25 °C. Tetramethylsilane (TMS) was used

to calibrate the δ-scale. Chemical shifts were referenced to the

residual solvent peaks (for example δ 2.09 ppm for acetone-d6

and δ 2.22 ppm for D2O). Dynamic light scattering (DLS)

measurements were performed on a Malvern high performance

particle sizer-extended temperature (HPPS-ET) instrument

equipped with a He–Ne-laser and an Avalanche photodiode

detector. The turbidity measurements were carried out using a

power-regulated semiconductor laser (λ = 670 nm) and a silicon

photodiode in a TP1 turbidity photometer from TEPPER-

Analytik. Glass-transition temperatures (Tg) were measured

using differential scanning calorimetry (DSC) with a Perkin-

Elmer Model DSC-7 in nitrogen atmosphere; about 10 mg

samples were used at a scan rate of 15 K/min. Tg was taken as

the average of three measurements using the midpoint method.

LCST were determined by transmission changes (at 500 nm) of

the solutions heated at 1 °C/min−1 in a magnetically stirred cell;
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values of the cloud points were defined as the temperature at

which the deepest point of the derivative curve was achieved.

MALDI-TOF MS was performed on a Bruker Ultraflex TDF

mass spectrometer using a 337 nm nitrogen laser. GPC analyses

were performed with a Viscotek GPCmax VE2001 using DMF

as the eluent at 60 °C (flow rate: 1 mL/min). The ozonolysis

was carried out on an ozone generator by Fischer Technology.

In this ozone generator 45–50 liters of oxygen per hour was

provided.

Synthesis of amino-terminated poly(N-
isopropylacrylamide) 3
A) In water: An aqueous solution of NiPAAm (12.45 g,

110 mmol) and 2-aminoethanethiol hydrochloride (0.31 g,

2.7 mmol) was deaerated with nitrogen bubbling for 1 h, and

then, a 40 wt % aqueous solution of ammonium persulfate

(0.62 g, 2.7 mmol) was added. The homogenous solution was

stirred at room temperature (about 25 °C) for 4 h. After that,

1 mL Et3N was dropped into the solution. Then, the solution

was warmed to 40 °C and the polymer 3 precipitated thereby

completely because of LCST. After filtration, washing with hot

water for several times and drying, the polymer 3 (6.66 g, yield

54%) was obtained as a white powder.

B) In ethanol: A solution of NiPAAm (12.45 g, 110 mmol) and

2-aminoethanethiol hydrochloride (0.31 g, 2.7 mmol) in anhy-

drous ethanol (100 mL) was deaerated with nitrogen bubbling

for 1 h. Subsequently, a solution of AIBN (54 mg, 0.33 mmol)

in anhydrous ethanol (1 mL) was added. Afterwards, the solu-

tion was stirred at 65 °C for 12 h. Then, 1 mL of Et3N was

dropped into the solution. After evaporation of ethanol in vacuo

the solid was dissolved in acetone. The precipitate formed was

removed by filtration. The polymer 3 (8.17 g, yield 66%) was

obtained as a white powder after it had been precipitated from

ethanol in hexane, filtered off and dried.

FTIR (diamond)  (cm−1): 3436 (ν NH of NH2), 3280 (ν NH of

amide), 2970–2928 (ν CH aliphatic), 1655 (ν C=O, amide I),

1535 (δ NH, amide II); 1H NMR (D2O, 300 MHz) δ (ppm) 3.86

(CHNH), 2.85 (CH2NH2), 2.68 (CH2CH2S), 2.47 (CHCO),

2.10 (SCH2CH), 1.41–1.01 (CH2, CH3).

Synthesis of macromonomer 5
Ethoxycarbonyl-2-vinylcyclopropane-1-carboxylic acid (4) was

synthesized following a procedure described in [32]. A solution

of 3 (2 g) and 4 (0.5 g, 2.7 mmol) in 50 mL of anhydrous

dichlormethane in a one-necked flask equipped with a calcium

chloride drying tube was cooled to 0–5 °C. Subsequently, DCC

(0.56 g, 2.7 mmol) in 2 mL anhydrous dichlormethane was

slowly added. After a further 30 min at 0–5 °C the mixture was

stirred for 24 h at room temperature. The precipitated dicyclo-

hexylurea was filtered off and the organic solution was washed

with three 20 mL portions of 5% HCl, three 20 mL portions of

saturated NaHCO3 solution and three 20 mL portions of water

and then dried over Na2SO4. After precipitation from

dichlormethane in hexane, the macromonomer 5 (1.72 g, yield

86%) was obtained as a white powder. FTIR (diamond) 

(cm−1): 3280 (ν NH), 2970–2930 (ν CH aliphatic), 1726 (ν C=O

of ester), 1639 (ν C=O, amide I), 1545 (δ NH, amide II);
1H NMR (acetone-d6, 300 MHz) δ (ppm) 7.13 (NH), 5.19–4.98

(CH2=CH), 4.11 (COOCH2), 3.85 (CHNH), 2.99 (CH of cyclo-

propane), 2.82 (CH2NH2), 2.68 (CH2CH2S), 2.47 (CHCO),

2.10 (SCH2CH), 1.61–1.48 (CH2 of cyclopropane), 1.40–1.01

(CH2, CH3).

Oligomerization of macromonomer 5 to 6
A solution of 5 (0.7 g) in anhydrous DMF (50 mL) was deaer-

ated with nitrogen bubbling for 1 h. Subsequently, a solution of

AIBN (0.42 mg, 2.56 µmol) in anhydrous DMF (0.5 mL) was

added. The polymerization was carried out at 65 °C for 12 h.

The synthesized polymer 6 was purified by precipitation from

DMF into diethylether. An amount of 0.37 g of 6 (yield 53%)

was obtained as a white powder. FTIR (diamond)  (cm−1):

3291 (ν NH), 2970–2930 (υ CH aliphatic), 1726 (ν C=O of

ester), 1636 (ν C=O, amide I), 1541 (δ NH, amide II); 1H NMR

(D2O, 300 MHz) δ (ppm) 5.5 (CH=CH), 4.01 (COOCH2), 3.80

(CHNH), 2.88 (CH2NH2), 2.70 (CH2CH2S), 2.52 (CHCO),

2.28 (SCH2CH), 1.45–0.95 (CH2, CH3).

Copolymerization of macromonomer 5 with
NiPAAm to 8
A solution of 5 (0.7 g, 0.06 mmol) and NiPAAm (68.6 mg,

0.6 mmol) in anhydrous DMF (10 mL) was deaerated with

nitrogen bubbling for 1 h. Subsequently, a solution of AIBN

(0.2 mg, 1.32 µmol) in anhydrous DMF (0.2 mL) was added.

The polymerization was carried out at 65 °C for 24 h. After

removal of the solvent under reduced pressure the polymeric

material was dissolved in water, dialyzed for three days at rt and

then freeze-dried. An amount of 0.5 g of 8 (yield 65.1%) was

obtained. FTIR (diamond)  (cm−1): 3331 (ν NH), 2970–2930

(ν CH aliphatic), 1728 (ν C=O of ester), 1655 (ν C=O, amide I),

1561 (δ NH, amide II); 1H NMR (D2O, 300 MHz) δ (ppm) 5.6

(CH=CH), 4.21 (COOCH2), 3.85 (CHNH), 2.89 (CH2NH2),

2.72 (CH2CH2S), 2.55 (CHCO), 2.28 (SCH2CH), 1.55–1.05

(CH2, CH3).

Complex formation of 5 with Me2-β-CD
Compound 5 (100 mg) was dispersed in 5 mL of distilled water

at rt. While stirring, Me2-β-CD was gradually added until a

clear solution was obtained. Then, the amount of Me2-β-CD

that has been used was calculated; in this case ca. 500 mg,

corresponding [Me2-β-CD]/[5] ratio of about 0.02:1.
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Ozonolysis of copolymer 8
A condensation trap with 1 g of copolymer 8 is filled up with

methanol until the inlet is immersed in the solution. The cold

trap is connected with the ozone generator and flushed with

nitrogen for 10 min. Then, the solution is cooled to −74 °C and

finally flushed with oxygen. After starting the ozone generator

the oxygen is converted to ozone. The ozonolysis continues

until the solution turns blue due to the excess of ozone. After

shutting off the ozone generator, the solution is flushed with

nitrogen until it is colorless. Then, 4 mL of dimethyl sulfide

(DMS) are added to the solution. The reaction mixture is stirred

overnight at rt. Methanol is removed under reduced pressure.

Mn = 1.8 × 104 g/mol, DI = 2.2; dn = 5.2 nm.
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Abstract
Cyclodextrin vesicles are versatile models for biological cell membranes since they provide a bilayer membrane that can easily be

modified by host–guest interactions with functional guest molecules. In this article, we investigate the multivalent interaction of the

lectin concanavalin A (ConA) with cyclodextrin vesicles decorated with mannose–adamantane conjugates with one, two or three

adamantane units as well as one or two mannose units. The carbohydrate–lectin interaction in this artificial, self-assembled glyco-

calyx was monitored in an agglutination assay by the increase of optical density at 400 nm. It was found that there is a close rela-

tion between the carbohydrate density at the cyclodextrin vesicle surface and the multivalent interaction with ConA, and the most

efficient interaction (i.e., fastest agglutination at lowest concentration) was observed for mannose–adamantane conjugates, in which

both the cyclodextrin–adamantane and the lectin–mannose interaction is inherently multivalent.

1543

Introduction
The surface modification of materials with carbohydrates has

attracted much attention due to the fact that such materials can

be compared to and compatible with the cell surface [1]. The

“glycocalyx” is a dense layer on the surface of the cell, which

serves as a responsive interface with its environment and also

serves as a natural protective shield. The glycocalyx consists of

various numbers and arrangements of polysaccharides and is

found in eukaryotic as well as in prokaryotic cells. A well-

known example of the pivotal role of oligosaccharides on cell

surfaces is the fact that human blood types (A, B, AB and 0) are

solely determined by minor changes in the composition of the

erythrocyte glycocalyx. Additionally, many biological mecha-
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nisms are mediated by multivalent recognition of carbohydrates.

For example, lectins are proteins that bind to specific carbohy-

drates on the cell surface and activate biochemical responses

[2]. In this way, protein–carbohydrate interactions regulate cell

division, protein synthesis, the immune system, and the adhe-

sion of cells. A well-known lectin is concanavalin A (ConA),

which can be readily obtained from jack-beans. It has four iden-

tical binding sides and binds α-mannose, α-glucose and their

derivatives. Because of the importance of carbohydrates and

their multivalent recognition by lectins in physiological

processes, they are also considered a promising tool for the

development of drug-delivery systems [3].

Synthetic bilayer vesicles are a versatile model for biological

cell membranes, and there are a substantial number of reports

on synthetic glycolipids that mimic the glycocalyx [4-23].

Multivalent guest interaction with the surface of the vesicles has

become a useful system to investigate recognition, adhesion and

fusion of biological cell membranes [24-26]. In this context,

amphiphilic cyclodextrins are a promising platform due to their

ability to form stable bilayer vesicles that can be functionalized

by self-assembly [27]. To this end, cyclodextrins are modified

with long alkyl chains (“tails”) and short oligo(ethylene glycol)

head groups. These macrocyclic amphiphiles form unilamellar

bilayer vesicles in aqueous solution upon hydration of a

thin film cast by evaporation from organic solution and extru-

sion through a 0.1 μm polycarbonate membrane [27]. The cavi-

ties of each cyclodextrin are available to form inclusion

complexes with hydrophobic guest molecules. Adamantane is

known to be an excellent guest for β-cyclodextrin cavities

(Ka = (2–3) × 104 M−1). We were able to recently demonstrate

the interaction of monovalent bifunctional guest molecules,

containing a maltose or lactose unit and an adamantane unit,

with cyclodextrin vesicles, and their ability to agglutinate with

lectins [28]. We also showed that agglutination requires a criti-

cal density of carbohydrate ligand on the cyclodextrin vesicle

surface [29]. In this work we investigate the influence of multi-

valent recognition by guest molecules with an increasing

number of adamantane and mannose units. It is our hypothesis

that more adamantane units in the guest molecule lead to higher

affinity for the cyclodextrin vesicles due to multivalent inter-

action at the vesicle surface. In addition, we increased the

number of mannose units in the guest molecule, assuming that a

high density of carbohydrate is essential for multivalent lectin

binding at the vesicle surface.

Results and Discussion
Four different guest molecules were synthesized to study the

effect of multivalency, each with a distinct number of adaman-

tane or mannose functions. The adamantane unit can bind into

the cavity of cyclodextrins embedded at the vesicle surface.

Additionally, all guest molecules possess α-mannose units,

which bind to lectins such as concanavalin A (ConA, Figure 1).

Guest 1 contains a single mannose and a single adamantane

unit. Guest 2 and guest 3 contain a single mannose and two or

three adamantane units, respectively. Guest 4 contains two

mannose as well as two adamantane units. The synthesis of 1–4

is described in Supporting Information File 1. The analytical

data for 1–4 are fully consistent with their molecular structure.

The synthesis of amphiphilic β-cyclodextrin 5 has been reported

previously [30]. Unilamellar vesicles with a diameter of

100–150 nm are obtained by extrusion [27,30].

To investigate the ability of adamantane functions to bind into

the cavity of cyclodextrins, the synthesized guest molecules

were investigated regarding their 1:1 complexation behavior

towards β-cyclodextrin. Isothermal titration calorimetry (ITC)

was carried out with β-cyclodextrin and each of the synthesized

guest molecules 1–4. The concentrations were chosen to

provide one cyclodextrin cavity for each adamantane unit and

are displayed in Table 1. The effective adamantane concentra-

tion describes the concentration of adamantane units. A guest

with two adamantane units (2 or 4) results in an effective

adamantane concentration that is twice the concentration of the

divalent guest molecule. For guest 3, the effective adamantane

concentration is three times the concentration of the trivalent

guest molecule. The results of these titrations can be seen in

Table 1 and Figure 2.

The thermodynamic parameters of guests 1–4 are characteristic

of the formation of a 1:1 inclusion complex of each adaman-

tane unit with β-cyclodextrin. Based on the effective adaman-

tane concentration, the stoichiometry, the binding constants, and

the thermodynamic parameters (negative ΔH and positive ΔS)

are very similar for each guest, with the exception of guest 3.

This implies that in guests 1, 2 and 4, each and every adaman-

tane unit is able to complex a β-cyclodextrin host molecule

independent of the other adamantanes on the guest molecule. A

significant deviation of this behavior is observed only for guest

3, which carries three adamantane units. In this case, the stoi-

chiometry appears to be less than 1:1, the binding constant is

somewhat lower, and the thermodynamic parameters are

different (notably, ΔS is negative). This observation can be

explained by steric hindrance in the trivalent host–guest com-

plex: apparently, three β-cyclodextrins are too large to interact

efficiently with each of the three adamantane units. The steric

bulk of the cyclodextrins hinders the deep intrusion of adaman-

tane functions into the cavity (Figure 3).

The results of the titration calorimetry show that each adaman-

tane on guests 1–4 is able to bind to β-cyclodextrin. Accord-

ingly, the guest molecules are expected to form inclusion
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Figure 1: Mannose–adamantane conjugates 1–4 and amphiphilic cyclodextrin 5.

Table 1: Thermodynamic parameters measured with isothermal titration calorimetry.

compound host [guest]a mM [host] mM ΔH
kJ/mol

ΔG
kJ/mol

ΔS
J/(K·mol)

Ka
M−1

1 β-CD 5.00 0.41 −18.93 −27.71 29.47 7.2 × 104

2b β-CD 0.38 5.0 −16.96 −25.98 30.28 3.6 × 104

3b β-CD 0.29 3.6 −28.78 −23.47 −17.82 1.3 × 104

4 β-CD 20.0 2.4 −12.62 −24.59 40.19 2.1 × 104

aEffective adamantane concentration. bDue to the low solubility of guest molecules the titration was carried out in reverse mode (host added to guest).

complexes at the surface of vesicles of amphiphilic cyclodex-

trin 5. More importantly, guest molecules 2–4 are expected to

form multivalent host–guest complexes with a much higher

effective binding constant than the monovalent binding constant

reported in Table 1. According to a quantitative treatment of

multivalent host–guest interactions at surfaces, it may be

expected that for a 1:1 monovalent interaction with a binding

constant of ≈104 M−1, a divalent interaction can have an

apparent binding constant of ≈107 M−1 and a trivalent inter-

action can lead to an apparent binding constant of ≈1010 M−1

[31].

In view of the high affinity binding of the (multivalent) guest

molecules 1–4 and assuming that these polar molecules are not

able to permeate through the membrane, it is our hypothesis that

even at submillimolar concentrations of guest 1–4 and host 5,

most guest molecules are confined to the outer vesicle surface.

Moreover, since in all experiments the effective guest concen-

tration is only half of the host concentration, it can be assumed

that most cyclodextrin cavities at the vesicle surface are occu-

pied by an adamantane unit. As a consequence, the density of

mannose molecules on the surface of the vesicles is expected to

be relatively high, resulting in the formation of an artificial
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Figure 2: Integrated peak area (left) and raw titration curves (right) for the ITC measurements of 1–4 with β-CD. The concentrations used are listed in
Table 1.

Figure 3: Schematic presentation of the binding between β-cyclodextrin and (A) monovalent guest 1, (B) divalent guest 2, (C) trivalent guest 3, and
(D) divalent guest 4.
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glycocalyx by self-assembly. Therefore, the addition of the

lectin ConA should lead to agglutination of the vesicles due to

the specific interaction of mannose and ConA at the vesicle

surface. Optical density measurements were carried out at a

wavelength of 400 nm to investigate the agglutination behavior

of each guest molecule.

In the case of monovalent guest 1, a typical time-dependent

agglutination was found due to the specific interaction of ConA

with mannose at the cyclodextrin vesicle surface (Figure 4). In

these experiments, the concentration of cyclodextrin 5 was

0.2 mM and the concentration of guest 1 was 0.1 mM. It was

also found that agglutination can be gradually suppressed by the

substitution of guest 1 by an “inert” guest (adamantyl tetraethyl-

eneglycol, 6) that binds cyclodextrin but not ConA (Figure 4). It

is evident that as the surface density of mannose is decreased in

the glycocalyx, the effective separation of mannose ligands

increases, and hence the multivalent interaction of mannose and

ConA is suppressed. In fact, a critical threshold is observed

around a mannose surface density of 50%: if the mannose

density is reduced even further, the average distance of the

mannose units on the vesicle surface is larger than the binding

site separation of ConA, and hence multivalent interaction is no

longer observed. The average distance between two cyclodex-

trins at the vesicle surface is approximately 2.2 nm [30]. The

distance between two mannose molecules is expected to be the

same when using a maximum surface coverage of the cyclodex-

trin host surface with guest 1. The binding site separation for

ConA is 3.6 to 4.9 nm [21,22], which roughly corresponds to

the average spacing of mannose at 50% surface coverage of

guest 1. These observations are entirely consistent with our

previous investigation of an artificial glycocalyx of lactose and

maltose and its interaction with ConA and peanut agglutinin

(PNA) [28,29].

Interestingly, if guests 2–4 (0.1 mM adamantane) were added to

cyclodextrin vesicles (0.2 mM) an aggregation effect was

detected even in the absence of ConA (Figure 5). This effect is

due to noncovalent cross-linking of the vesicles by guest 2–4.

Each of the adamantane units on guest 2–4 can bind to a

different cyclodextrin vesicle (intervesicular binding) and hence

cause vesicle aggregation. We have previously observed this

effect for homobifunctional guest molecules equipped with two

azobenzene, methylbenzoyl, or tert-butylbenzyl groups [32-34].

It should be noted that in the case of guest 3 the aggregation due

to cross-linking is much smaller, almost invisible, compared to

the effect found for guests 2 and 4. This can possibly be

explained by the orientation of the adamantane units in the

guest molecules. Guests 2 and 4 have two adamantane units and

the average distance between these units is significantly larger

than the average distance of the three adamantane units in

Figure 4: (A) Agglutination of β-cyclodextrin vesicles in the presence
of monovalent guest 1 and ConA. The surface coverage of guest 1 is
gradually reduced by substitution with “inert” guest 6. Concentrations:
[5] = 0.2 mM, [1] = 0–0.1 mM, [6] = 0–0.1 mM, [ConA] = 0.1 mg/mL.
(B) Maximum agglutination depending on surface coverage of guest 1.

guest 3. We propose that due to the adjacency in the case of

guest 3, the binding of one adamantane unit directs the other

two units to bind to the same vesicle (intravesicular binding),

whereas the larger distance between the adamantane units in

guest 2 and 4 allows the adamantane functions to bind to

different vesicles (intervesicular binding). As discussed above

for guest 1, the surface density of guests 2–4 can be reduced by

replacement with “inert” guest 6. It can be seen from Figure 5

that addition of a substantial amount of this inert competitor

effectively reduces the tendency to cross-link the vesicles. As

can be seen in the plot of the maximum agglutination induced

by guest 2, a linear dependence (rather than a threshold)

between the guest surface coverage and the extent of aggrega-

tion is observed. If a higher percentage of cross-linker is present

on the vesicle surface, more noncovalent cross-links between

vesicles are formed and more extensive aggregation is

observed.

In line with the observations discussed above, a tenfold dilution

of the concentration of host ([5] = 20 μM) and guest ([2] = [4] =

5.0 μM and [3] = 3.3 μM) results in a complete suppression of
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Figure 5: (A) Agglutination dependence of β-cyclodextrin vesicles in
the presence of guests 2–4. Legend: red = guest 2, black = guest 3,
blue = guest 4. The surface coverage of guests 2–4 is gradually
reduced by substitution with “inert” guest 6. Concentrations: [5] =
0.2 mM, [2] = 0–0.05 mM, [3] = 0–0.033 mM, [4] = 0–0.05 mM, [6] =
0–0.075 mM. (B) Maximum agglutination depending on surface
coverage of guest 2.

cross-linking of the vesicles. Apparently, at this concentration

intravesicular binding is favored over intervesicular binding,

and vesicle aggregation is negligible. These findings are again

consistent with earlier observations [32]. Hence, in this concen-

tration window the agglutination in the presence of ConA can

be investigated. Indeed, cyclodextrin vesicles functionalized

with guests 2–4 aggregate in the presence of ConA. However,

the extent and rate of agglutination is very different for each

guest. The observations for divalent guest 2 and trivalent guest

3 are shown in Figure 6.

Perhaps counter intuitively, the extent of agglutination

decreases with an increasing number of adamantane functions

present in the guest molecule. In other words, agglutination is

less efficient for 3 compared to 2 in spite of the higher surface

affinity of trivalent guest 3 compared to divalent guest 2. This

observation can be explained by the density of mannose on the

Figure 6: (A) Agglutination of β-cyclodextrin vesicles in the presence
of guest 2 or 3 and ConA. Legend: red = guest 2, black = guest 3. The
surface coverage of guests 2 and 3 is gradually reduced by substitu-
tion with “inert” guest 6. Concentrations: [5] = 20 μM, [2] = 0–5.0 μM,
[3] = 0–3.3 μM, [6] = 0–10 μM; [ConA] = 0.1 mg/mL. (B) Maximal
aggregation depending on surface coverage of guest 2 or 3.

surface of the vesicles. The average distance between two

cyclodextrins at the vesicle surface is approximately 2.2 nm

[30]. The distance between two mannose molecules dCH is

expected to be the same when using a 100% surface coverage of

cyclodextrin vesicles with monovalent guest 1. A decrease in

the surface density of mannose due to replacement of guest 1 by

“inert” guest 6 decreases the agglutination by ConA (see

Figure 4 and Figure 7) since eventually the average spacing of

mannose on the vesicle surface (dCH) exceeds the binding-site

separation of ConA (dBS) [21]. However, the surface density of

mannose also decreases if the guest molecule occupies two or

even three cyclodextrin cavities but yet carries only one

mannose unit (Figure 7).

In the case of divalent guest 2 (with two adamantane units and a

single mannose) the maximum surface density of mannose is

only half of the surface density that can be achieved with mono-

valent guest 1. As a consequence, the average distance dCH of
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Figure 7: Schematic presentation of the binding of (A) a monovalent, (B) a divalent, or (C) a trivalent guest onto the surface of cyclodextrin vesicles
and their interaction with ConA. dCH: average spacing of carbohydrates, dBS: effective binding-site separation of ConA.

the mannose residues is similar to the effective binding-site sep-

aration of ConA, and agglutination is quite efficient. However,

it can be seen that although agglutination can be completely

suppressed by replacement with guest 6, the concentration

dependence is completely different from that observed for guest

1: rather than showing a threshold value, agglutination persists

even at a rather low percentage of guest 2 compared to inert

guest 6. In the case of trivalent guest 3 (with three adamantane

units and a single mannose) the maximum surface density of

mannose on the cyclodexrin vesicle is only one third of the

maximum surface density for guest 1. As a consequence, the

average distance of the mannose residues exceeds the effective

binding-site separation of ConA, and very little agglutination is

observed upon addition of ConA. Thus, it could be said that

more adamantane units in the guest molecule in fact diminish

the agglutination by ConA, since they result in a substantially

lower surface coverage of mannose.

Finally, we investigated the agglutination behavior of cyclodex-

trin vesicles decorated with guest 4. Guest 4 contains two

adamantane units as well as two mannose residues. A 100%

surface coverage of the cyclodextrin vesicles with guest 4 is

therefore expected to give an average distance of 2.2 nm

between the mannose functions, similar to the average spacing

obtained for guest 1. However, due to the inherent multiva-

lency of guest 4, it should have a much higher affinity both for

the cyclodextrin vesicle surface as well as for ConA. Indeed it

was found that guest 4 ([4] = 10 μM) can induce the agglutina-

tion of cyclodextrin vesicles ([5] = 20 μM) in the presence of

ConA. Figure 8 shows the results of the optical density

measurements for guest 4 compared to guest 2. It can be seen

that the extent and rate of agglutination of the vesicles induced

by guest 4 is substantially higher than for guest 2, in particular

at low surface coverage (i.e., below 50 %). At higher surface

coverage, the rate of agglutination is much higher for guest 4,

Figure 8: (A) Agglutination of β-cyclodextrin vesicles in the presence
of guest 2 or 4 and ConA. Legend: red = guest 2, blue = guest 4. The
surface coverage of guests 2 and 4 is gradually reduced by substitu-
tion with “inert” guest 6. Concentrations: [5] = 20 μM, [2] = 0–5.0 μM:
[4] = 0–5.0 μM, [6] = 0–10 μM; [ConA] = 0.1 mg/mL. (B) Maximal
aggregation depending on surface coverage of guest 2 or 4.

but the extent of agglutination is similar. These observations

can be rationalized as illustrated in Figure 9. Since guest 4 has

two mannose units, it can bind in a divalent fashion to ConA
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Figure 9: Schematic presentation of the binding of guest molecules
with (A) one or (B) two mannose functions onto the surface of
cyclodextrin vesicles and their interaction with ConA. dCH: average
spacing of carbohydrates, dBS: effective binding site separation of
ConA.

irrespective of the surface coverage. Nevertheless, the aggluti-

nation should still be surface coverage dependent, since multi-

valent intervesicular binding is more likely to occur when more

mannose is presented on the cyclodextrin vesicles. Since guest 2

has only one mannose unit, one would expect that ConA can

only bind in a divalent fashion to the cyclodextrin vesicle if the

surface coverage is rather high. However, as can be seen from

Figure 6 and Figure 8, the extent of agglutination can be very

high (as high as for guest 4) even at rather low surface

coverage, albeit with a substantially lower rate of agglutination.

These observations can be explained on the basis of a clus-

tering of mannose residues in the mixed glycocalyx of guest 2

and “inert” guest 6: clusters of guest 2 could offer multivalent

“adhesive patches” for ConA even if the average surface

coverage of guest 2 is far below 50%. The low rate of aggluti-

nation could be a consequence of a slow rearrangement of the

glycocalyx, i.e., a “receptor-induced clustering” of mannose in

the presence of ConA.

Conclusion
In this study we described a biomimetic model for the

glycocalyx of a cell membrane based on multivalent adaman-

tane–mannose conjugates that bind to cyclodextrin vesicles. In

this dynamic supramolecular system the guest molecules bind

with their adamantane units to the cyclodextrin cavity, which

acts as a receptor, and as a consequence the vesicle surface is

covered by mannose. In turn, the mannose units are ligands for

the lectin ConA, which induces agglutination due to multiva-

lent cross-linking of the vesicles. Strikingly, the multivalency of

the guest molecules was found to have a detrimental effect on

the glycocalyx: divalent and trivalent guest molecules can in-

duce cross-linking of the vesicles even in the absence of ConA,

and the interaction with ConA is reduced due to the lower

surface coverage with mannose. The optimal binder therefore is

a divalent guest molecule that carries two mannose residues:

this molecule binds inherently divalent to the cyclodextrin

vesicle surface as well as to ConA and, hence, is able to mediate

fast agglutination at low overall concentration as well as low

surface coverage. These findings should further the under-

standing of the complex and dynamic interactions of oligo-

saccharides on cell surfaces.

Experimental
Materials: Throughout this work, chemicals were used as

received from Acros Organics (Schwerte, Germany) or Sigma-

Aldrich Chemie (Taufkirchen, Germany) without further purifi-

cation. The synthesis and analysis of guest molecule 1–4 is

reported in Supporting Information File 1. Amphiphilic

β-cyclodextrin 5 was synthesized as described in the literature

[30].

Methods: Isothermal titration calorimetry (ITC) measurements

were performed on a Nano-Isothermal Titration calorimeter III

(model CSC 5300; Calorimetry Sciences Corporation, London,

Utah, USA). All samples were measured in distilled water at

23 °C by using a stirring rate of 250 rpm. For each experiment

20 injections with 10 µL volume were carried out with a 250 µL

syringe, into the measurement cell (V = 980.5 µL). Concentra-

tions of host and guest molecules are reported in Table 1.

β-Cyclodextrin vesicles are formed by extrusion of cyclodex-

trin 5 in a HEPES-buffer solution with a Liposofast manual

extruder through a polycarbonate membrane with a pore size of

100 nm. Unilamellar vesicles with an average diameter of

100–140 nm are obtained [30,35]. Optical density measure-

ments were performed in 1 mL small-volume disposable

PMMA cuvettes at 400 nm by using an Uvikon 923 double-

beam photospectrometer. All measurements were recorded at

23 °C in HEPES buffer (20 mM, pH 7.45) containing 1 mM

CaCl2 and 1 mM MnCl2. Reagents were added in the following

order: To 1 mL vesicle solution, 10 μL of guest molecule stock

solution is added after 1 min, and 10 μL ConA stock solution

after 2 min.

Supporting Information
Supporting Information File 1
Synthesis, NMR and mass spectra of guest molecules 1–4.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-8-175-S1.pdf]
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Abstract
Supramolecular materials with noncovalent bonds have attracted much attention due to their exclusive properties differentiating

them from materials formed solely by covalent bonds. Especially interesting are rotor molecules of topological complexes that

shuttle along a polymer chain. The shuttling of these molecules should greatly improve the tension strength. Our research employs

cyclodextrin (CD) as a host molecule, because CD effectively forms polyrotaxanes with polymers. Herein we report the formation

of supramolecular hydrogels with an α-CD dimer (α,α-CD dimer) as a topological linker molecule, and a viologen polymer (VP) as

the polymer chain. The supramolecular hydrogel of α,α-CD dimer/VP forms a self-standing gel, which does not relax (G' > G'') in

the frequency range 0.01–10 rad·s−1. On the other hand, the supramolecular hydrogel decomposes upon addition of bispyridyl

decamethylene (PyC10Py) as a competitive guest. Moreover, the β-CD dimer (β,β-CD dimer) with VP does not form a supra-

molecular hydrogel, indicating that complexation between the C10 unit of VP and the α-CD unit of the α,α-CD dimer plays an

important role in the formation of supramolecular hydrogels.
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Introduction
Development of functional soft materials has attracted much

attention due to the numerous practical applications [1-3]. Typi-

cally, soft materials fall into one of two types of gels: physical

gels and chemical gels [4-9]. Recently, topological cross-linked

polyrotaxanes have been identified as tertiary gels, which

should create a new paradigm in materials science [10]. Poly-

rotaxanes form topological gels, because the rotor molecules,

which act as cross-linkers, slide on the axial polymer chain. In

contrast, chemical gels do not exhibit cross-linker slippage.

Previously, there have been some reports of supramolecular

complexes with cyclodextrin (CD) dimers. A supramolecular

hydrogel, which was constructed by the formation of an inclu-

sion complex between the copolymer with an adamantyl group

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:harada@chem.sci.osaka-u.ac.jp
http://dx.doi.org/10.3762%2Fbjoc.8.182
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Figure 1: Chemical structures of the CD dimer (α,α-CD dimer, α,β-CD dimer, and β,β-CD dimer) and guest derivatives [PyC10Py and viologen
polymer (VP)]. Bromonium anions are omitted in guest derivatives.

and CD dimer, showed a lower critical solution temperature

(LCST) [11]. Another report indicated that adding selenium or

platinum complexes yields supramolecular assemblies of

bis(molecular tube)s cross-linked with the β-CD dimer, which

form nanofibers [12-15]. Moreover, mechanically linked poly-

rotaxane with the α-CD and poly(ethylene glycol) (PEG)

produces a hydrogel material, which exhibits unique physical

properties [10].

Previously, we have prepared a polyrotaxane using α-CD and

PEG [16,17]. The α-CD/PEG polyrotaxane forms a hydrogel

material in high concentrations [18]. Using polyelectrolytes as

threading molecules results in complexation between the poly-

electrolyte and α-CD within the range of the 1H NMR time

scale due to the slow equilibrium [19,20]. Cationic groups, such

as pyridinium and pyridylpyridinium terminal groups, inhibit

the decomposition of polyrotaxane and stabilize the complexes

between α-CD and cationic alkanediyl compounds [21-23].

Herein, to study the formation of supramolecular hydrogels

with the α,α-CD dimer, we chose the viologen polymer (VP),

which possesses multiple cations, as the axis molecules.

Decamethylene units function as recognition sites of α-CD, and

bipyridyls work as electric barriers.

Results and Discussion
Preparation of CD dimers and viologen
derivatives
Figure 1 depicts the chemical structures of the cyclodextrin

dimers (α,α-CD dimer, α,β-CD dimer, and β,β-CD dimer) and

pyridyl derivatives (PyC10Py and viologen polymer (VP)). The

α,α-CD and β,β-CD dimers are prepared by reacting the corres-

ponding 6-amino-CDs and terephthalic acid using 4-(4,6-

dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride

n-hydrate (DMT-MM) as a condensing reagent in DMF. The

α,β-CD dimer is prepared by reacting 6-amino-α-CD and 6-O-

(4-carboxylphenylamide)-β-CD using DMT-MM in DMF.

These CD dimers are purified by preparative reversed-phase

chromatography using DIAION HP-20 beads. As described in

the experimental section, the reaction of 1,10-dibromodecane

with 4,4’-bipyridyl in DMF gives VP, where the number of VP

units is 20 and was determined by the ratio of integral values of

the end group and the main chain unit in the 1H NMR spectrum.

Hydrogelation between the CD dimer and
viologen polymer
Mixing the α,α-CD dimer and VP in aqueous solutions at room

temperature slightly increases the viscosity of the α,α-CD
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Figure 2: Photographs of hydrogelation with various concentrations of α,α-CD dimer/VP in water. Aqueous solution of α,α-CD dimer/VP forms the
hydrogel at concentrations above 30 mM.

Figure 3: Hydrogelation of VP with various CD derivatives (VP unit/CD 4:1) at 25 °C. (a) Concentrations of CDs are 120 mM. (b) Proposed structure
of the α,α-CD dimer/VP supramolecular hydrogel.

dimer/VP, but hydrogels are not formed. On the other hand,

after heating at 100 °C for 7 h, an aqueous solution of the

α,α-CD dimer/VP forms a supramolecular hydrogel containing

over 30 mM (VP unit/CD unit 4:1) (Figure 2). The bipyridyl

group of VP functions as an electric barrier, which prevents

threading and dethreading of the α-CD unit in the α,α-CD

dimer onto the decamethylene unit of VP at 30 °C; this observa-

tion suggests that the α-CD unit of the α,α-CD dimer cannot

exceed the electric barrier at 30 °C, whereas after heating

at 100 °C, the α-CD unit exceeds the barrier to form poly-

rotaxanes.

To confirm complementarity between the CD dimer and VP, we

then investigated the formation of supramolecular hydrogels of

VP with the α,β-CD dimer and the β,β-CD dimer. For each

sample, the CD concentration was adjusted to 120 mM (VP

unit/CD unit 4:1). Even with a dimer/VP concentration greater

than 60 mM, the α,β-CD dimer/VP and β,β-CD dimer/VP do

not form supramolecular hydrogels. These results indicate that

complexation between the C10 unit of VP and the α-CD unit of

the α,α-CD dimer is important for the formation of cross-links

between VPs (Figure 3). The cavity size of β-CD is too large to

allow formation of a stable cross-linked polyrotaxane complex.
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Figure 4: 500 MHz 1H NMR spectra of VP (VP unit 2 mM) with α-CD and PyC10Py (VP unit/CD/PyC10Py 1:2:8) in D2O at 30 oC: (a) VP and PyC10Py,
(b) VP and α-CD, and (c) VP, PyC10Py, and α-CD.

The α,β-CD dimer and β,β-CD dimer do not function as

crosslinking molecules between VP and β-CD. Actually, the

association constant of α-CD with decamethylene is much

higher than that of β-CD with decamethylene [24]. Conse-

quently, the association constant plays an important role in gel

formation.

To confirm a supramolecular hydrogel formed by crosslinking

VP with the α,α-CD dimer, we added PyC10Py as a competitive

guest to the supramolecular hydrogel of the α,α-CD dimer/VP.

After adding PyC10Py (PyC10Py/VP unit/α,α-CD dimer 8:8:1)

and heating at 100 °C, the supramolecular hydrogel of the α,α-

CD dimer/VP changes to the sol even at a high concentration

([α,α-CD dimer] = 60 mM), because the α-CD unit of the α,α-

CD dimer forms an inclusion complex with PyC10Py. This

inclusion-complex formation causes the cross-links between the

α,α-CD dimer and VP to decompose.

1H NMR study of complexation of the α,α-CD
dimer/VP
To observe the competitive effect of PyC10Py, we conducted
1H NMR studies on complexation between α-CD/VP and a

competitive experiment using PyC10Py. Figure 4 shows
1H NMR spectra of VP/PyC10Py, VP/α-CD, and VP/α-CD/

PyC10Py. Addition of α-CD causes peak splitting of the

decamethylene and pyridyl protons of VP (VP unit/α-CD 1:2),

indicating the formation of a polyrotaxane VP/α-CD complex.

The association–dissociation equilibrium between VP and α-CD

is slow on the NMR time scale. On the other hand, upon add-

ition of PyC10Py to the VP/α-CD complex (VP unit/α-CD/

PyC10Py 1:2:8), the splitting peaks of the VP/α-CD complex

disappear, and then signals of PyC10Py split due to complexa-

tion between PyC10Py and α-CD (Figure 4c). These results indi-

cate that the excess PyC10Py disturbs complexation of α-CD

and VP. The sol state of the α,α-CD dimer/VP in the presence

of PyC10Py is attributed to the dissociation of VP and the α,α-

CD dimer, suggesting that complexation between VP and the

α-CD units is necessary to form the gel.

Viscoelastic property of the α,α-CD dimer/VP
hydrogel
Figure 5 shows the storage elastic modulus (G') and loss elastic

modulus (G'') for an α,α-CD dimer/VP hydrogel (60 mM) at

20 °C. The master curve of the hydrogel is similar to the Voigt

Model. G'' relaxes as the frequency increases. However, the

hydrogel does not relax (G' > G'') in the frequency range

0.01–10 rad·s−1, indicating a self-standing gel. This behavior

are similar to chemically cross-linked gels even though the α,α-

CD dimer/VP hydrogel is topologically cross-linked between

VPs with the α,α-CD dimer. This result confirms that com-

plexation of VP and the α,α-CD dimer is stable and responsible

for the stability of the hydrogel.
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Figure 5: G' and G'' of the α,α-CD dimer/VP hydrogel as a function of
frequency (ω). Applied shear strain amplitude is 1%.

Conclusion
Mixing VP and the α,α-CD dimer creates a hydrogel, which is

expected to realize supramolecular materials with a high tensile

strength and self-healing abilities. The complementarity

between α-CD and the decamethylene units plays an important

role in the formation of supramolecular hydrogels composed of

α,α-CD dimer/VP. VP has an electric barrier between the

decamethylene units, which is a unique feature of this supra-

molecular hydrogel. The electric barrier prevents dethreading of

α-CD from VP, yielding a self-standing supramolecular

hydrogel. We will electrochemically control the elasticity of the

α,α-CD dimer/VP hydrogel.

Experimental
Preparation of α,α-CD dimer

6-NH2-α-CD (120 mg, 0.12 mmol) and terephthalic acid (8 mg,

0.50 mmol) were dissolved in dried DMF (20 mL). DMT-MM

(34 mg, 0.12 mmol) was added and the mixture was stirred at rt

for 4 days. After evaporation of the solvent, the residue was

dissolved in water (10 mL) and poured into acetone (100 mL).

The product was collected and purified by reversed-phase chro-

matography (elution: water–acetonitrile) to give α,α-CD dimer

as a white solid in 22% yield. 1H NMR (DMSO-d6, 500 MHz) δ

8.36 (t, 2H, -NH), 7.88 (s, 4H, Ph), 5.59–5.40 (m, 24H,

O(2,3)H of α-CD), 4.97–4.78 (m, 12H, C(1)H of α-CD),

4.55–4.41 (m, 10H, O(6)H  of α-CD), 3.84–3.48 (m,

C(3,6,5,3,4)H of α-CD); MALDI–TOF m/z: 2095 [M + Na]+.

Preparation of α,β-CD dimer
a) Methyl terephthalate-β-CD

To a solution of 6-NH2-β-CD (566 mg, 0.50 mmol) in dried

DMF (7 mL) was added methyl terephthalate succinimidyl ester

(137.6 mg, 0.50 mmol). After stirring for 2 days at rt, the solu-

tion was poured into acetone (100 mL) to give methyl tereph-

thalate-β-CD as a yellow solid in 43% yield. 1H NMR (DMSO-

d6, 500 MHz) δ 8.46 (t, 1H, -NH), 8.00 (d, 2H, Ph), 7.95 (s, 3H,

-CH3), 7.94 (d, 2H, Ph), 5.83–5.59 (m, 14H, O(2,3)H of β-CD),

4.95–4.79 (m, 7H, C(1)H of β-CD), 4.45–4.32 (m, 6H, O(6)H

of β-CD), 3.74–3.51 (m, C(3,6,5,3,4)H of α-CD); TLC: Rf 0.22

(n-butanol/ethanol/water 5:4:3).

b) Terephthalic acid-β-CD

To a solution of methyl terephthalate-β-CD (605 mg,

0.47 mmol) in water (120 mL) was added NaOH (0.1 M, 7 mL).

After stirring for 12 hours at rt, the solution was concentrated
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and purified by DIAION HP-20 column. The column was

flushed with water (500 mL) and then eluted with water/

methanol 80:20 (v/v). The fraction was concentrated to give

terephthalic acid-β-CD as a yellow solid in 70% yield. 1H NMR

(DMSO-d6, 500 MHz) δ 8.39 (t, 1H, -NH), 7.98 (d, 2H, Ph),

7.90 (d, 2H, Ph), 5.83–5.59 (m, 14H, O(2,3)H of β-CD),

4.95–4.79 (m, 7H, C(1)H of β-CD), 4.45–4.32 (m, 6H, O(6)H

of β-CD), 3.74–3.51 (m, C(3,6,5,3,4)H of α-CD); TLC: Rf 0.32

(n-butanol/ethanol/water 5:4:3).

c) α,β-CD dimer

The synthetic procedure was the same as α,α-CD dimer, using

terephthalic acid-β-CD (65 mg, 50 μmol), 6-NH2-α-CD (59 mg,

60 μmol), DMT-MM (17 mg, 60 μmol), dried DMF (8 mL) to

give α,β-CD dimer in 36% yield as a white solid. 1H NMR

(DMSO-d6, 500 MHz) δ 8.32, 8.27 (m, 2H, -NH), 7.89 (s, 4H,

Ph), 5.80–5.44 (m, 26H, O(2,3)H of CDs), 4.97–4.78 (m, 13H,

C(1)H of CDs), 4.53–4.35 (m, 11H, O(6)H of CDs), 3.86–3.37

(m, C(3,6,5,3,4)H of α-CD); TLC: Rf 0.04 (n-butanol/ethanol/

water 5:4:3); MALDI–TOF m/z: 2259 [M + Na]+.

Preparation of β,β-dimer
β,β-Dimer was prepared according to our previous report [25].

Preparation of viologen polymer (VP)
1,10-Dibromodecane (7.3 g, 24 mmol) was added to a solution

of 4,4’-bipyridyl (4 g, 24 mmol) in DMSO (40 mL). After being

stirred at 100 °C for 2 d, the solution became turbid. The precip-

itate was collected and washed with acetone three times. The

product was purified by dialysis for 4 d to give VP in 20% yield

as a brown solid. 1H NMR (D2O, 500 MHz) δ 9.25 (m, 92H,

2-position of bipyridyl in the middle of the axle), 9.14 (m, 4H,

2-position of bipyridyl at the end of the axle near the decameth-

ylene part), 8.94 (m, 4H, 2-position of bipyridyl at the end of

the axle apart from the decamethylene part), 8.69 (m, 92H,

3-position of bipyridyl in the middle of the axle), 8.58 (m, 4H,

3-position of bipyridyl at the end of the axle near the decameth-

ylene part), 8.18 (m, 4H, 3-position of bipyridyl at the end of

the axle apart from the decamethylene part), 4.85 (m, 96H, α

methylene in decamethylene), 2.21 (m, 96H, β methylene in

decamethylene ), 1.72–1.30 (m, 288H, χ, δ, ε methylene in

decamethylene).

Preparation of [Py-(CH2)10-Py]2+·2Br−
(PyC10Py)
Pyridine (158 mg, 2.0 mmol) and 1,10-dibromodecane (315 mg,

0.80 mmol) were dissolved in acetone and heated under reflux

for 3 d. After evaporation of the solvent, the residue was

dissolved in methanol (20 mL) and poured into diethyl ether

(200 mL). The product was collected by centrifugation to give

PyC10Py in 91% yield as a brown solid. 1H NMR (D2O,

500 MHz) δ 8.90 (d, J = 6.6 Hz, 4H, 2-position of pyridine),

8.62 (t, J = 8.2 Hz, 2H, 4-positon of pyridine), 8.14 (t, J =

7.7 Hz, 4H, 3-positon of pyridine), 4.67 (t, J = 7.3 Hz, 4H, α

methylene in decamethylene), 2.08 (m, 4H, β methylene in

decamethylene), 1.42–1.30 (m, 12H, χ, δ, ε methylene in

decamethylene).

Rheological measurements
Dynamic viscoelasticity were measured by using an Anton Paar

MCR301 rheometer at a strain of 0.1%. The storage elastic

modulus (G') and loss elastic modulus (G'') were measured at

20 °C. The sample concentration was adjusted to 1.0 wt %.
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Abstract
An ionic liquid based on polydimethylsiloxane with imidazolium salt brushes was synthesized as a good solvent for β-cyclodextrin-

polydimethylsiloxane rotaxane. As expected the PDMS-Im/Br ionic liquid had a liquid-like non-Newtonian behavior with rheo-

logical parameters dependent on frequency and temperature. The addition of rotaxane to the ionic liquid strengthened the non-

Newtonian character of the sample and a type of stable liquid-like network was formed due to the contribution of weak ionic inter-

actions. The structure is stable in the 20 to 80 °C domain as proved by the oscillatory and rotational rheological tests.
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Introduction
Ionic liquids (ILs) are environmentally friendly solvents with

great potential for chemical and nonchemical applications due

to their low melting points, nonvolatile and noncorrosive prop-

erties at room temperature. They possess good conductivities

[1,2] and often they present a good thermal stability up to

400 °C [1,3]. The potential applications of ILs made them the

subject of a number of works that showed their use as solvents

or as solvents for synthesis and catalysis [4-6]. In this context

ILs, which have polar and nonpolar regions, could play an

important role in the field of supramolecular organization of

different supramolecular structures (such as polyrotaxanes or

supermolecules formed by ILs with different host molecules),

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:pinteala@icmpp.ro
http://dx.doi.org/10.3762%2Fbjoc.8.184
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leading to interesting phenomena, properties and applications

[7-12]. This includes the dissolution of cellulose and cyclodex-

trins (CDs) with ILs [12], synthesis of ILs containing slide-ring

gels [7], synthesis of IL-CD inclusion complexes [10], etc.

Polyrotaxane structures based on cyclodextrins and different

linear (co)polymers are well known as supramolecular ensem-

bles. They consist of cyclodextrin molecules whose

hydrophobic cavities are penetrated by a linear polymer chain

terminating with bulky stoppers, which prevent the macrocycle

from slipping out [13-22]. Unfortunately, the properties and

mechanisms of CD-polymer polyrotaxanes have been rarely

evaluated due to a lack of good solvents. In general, the

CD-polymer polyrotaxanes are soluble only in DMSO and

aqueous sodium hydroxide solution, even if each component of

their structure is soluble in a large number of solvents [8].

Research for new solvents has led to the discovery of ionic

liquids as a good option for pseudo- or polyrotaxane structures

[7,8,17,18]. It should be also mentioned that the mobility of the

carrier ions of ILs decreases when their glass-transition

temperature (Tg) increases [23]. In this respect, we have synthe-

sized ILs based on polydimethylsiloxane with imidazolium salt

brushes (PDMS-Im/S) with low Tg values in order to avoid a

macroscopic phase separation in a mixture of ILs and CD-poly-

dimethylsiloxane polyrotaxane structures. Also, in the present

study, we report how the rheological properties are influenced

when CD-polydimethylsiloxane rotaxane is dissolved in PDMS-

Im/S ionic liquid.

Results and Discussion
A class of polymers that possesses a unique combination of

properties, such as very low Tg values, high chain flexibility,

good thermal, oxidative and UV stability, high gas perme-

ability, surface activity, hydrophobicity, etc., is the class of

polysiloxanes, especially polydimethylsiloxanes [24]. It is

worth mentioning that ionic liquids based on poly-

dimethylsiloxane and imidazolium salt groups have been used

for capillary gas chromatography [25,26] and as biocides [27].

Furthermore, one of our interests is to combine the properties of

polydimethylsiloxanes with the versatility of synthetic

approaches in designing well-defined macromolecular systems

[17,21,27]. In this context, we synthesized polysiloxanes with a

pendant imidazolium bromide derivative (PDMS-Im/Br)

through a multistep procedure (Scheme 1) as an ionic liquid,

which serves as a good solvent for β-CD-polydimethylsiloxane

polyrotaxane (PRot).

The copolymer PDMS-Im is characterized by a (CH3)2SiO/

Im(CH3)SiO molar ratio of 3/1, as determined from its 1H NMR

spectrum. PRot is characterized by a Mn = 1250 of poly-

dimethylsiloxane (PDMS) and β-CD/PDMS chain ratio of 2/1,

Scheme 1: Synthesis of PDMS-Im/Br ionic liquid.

both determined from the integrals of characteristic peaks in its
1H NMR spectrum [21].

After 24 hours of stirring at 90 °C under nitrogen atmosphere,

the mixture of 10 wt % PRot with PDMS-Im/Br turned into a

viscous clear solution, suggesting a complete dissolution.

Cooling the sample to room temperature in a dry box caused an

increase in the apparent viscosity; it should also be mentioned

that the mixture remained clear for the next five weeks

(Figure 1).

Figure 1: Appearance of (A) pure PDMS-Im/Br ionic liquid; (B) PDMS-
Im/Br ionic liquid containing 1 wt % PRot.

This observation indicates the complete dissolution of PRot in

PDMS-Im/Br ionic liquid. This may be due to the disruption of

the intermolecular hydrogen bonds that exist in β-CD-polymer

polyrotaxane structures by the ionic liquid [9]. In addition, an

ordered morphology was observed from wet-STEM images of

the mixture, which also indicates a good dissolution of PRot in

the PDMS-Im/Br ionic liquid (Figure 2).
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Figure 2: Wet-STEM images at 30 kV in bright field mode of: PDMS-Im/Br ionic liquid (A,B) and mixture of PDMS-Im/Br with PRot (C,D).

Apparently, the size of the morphology is maintained in PDMS-

Im/Br with PRot mixture (Figure 2C,D) when we compare it

with those corresponding to the ionic liquid (Figure 2A,B). The

rheological properties of the PDMS-Im/Br ionic liquid and its

mixture with PRot give important information on the inter-

action between IL and PRot and can explain the dissolution

behavior of polyrotaxane in the ionic liquid [28-33]. The

rheology of the mixture was studied by using both oscillatory

and rotational shear measurements. A solution with a concentra-

tion of 10 wt % was used for all tests. The first test, prior to all

the oscillatory measurements, was the strain (amplitude) sweep

at a fixed frequency of 1 Hz and a shear stress varying from 0.1

to 50 Pa. In Figure 3, the storage modulus G’, the loss modulus

G”, and the phase shift angle δ, as a function of shear stress, are

presented.

As long as G” > G’ for the entire experimental domain, we can

suppose a stable liquid-like structure with an extended linear

Figure 3: Amplitude sweep results for PDMS-Im/Br and PDMS-Im/
Br+PRot at 25 °C.
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viscoelastic plateau. The limits of the linear viscoelastic region

(LVR) were established at 7.5 Pa for the ionic liquid and

43.7 Pa for the ionic liquid with rotaxane. The presence of

rotaxane, therefore, extended the LVR domain. Even if, as

usual, the amplitude sweep is used only to determine the

limiting values of strain or shear stress, which are necessary for

all the subsequent oscillatory tests, interesting data regarding

the rheological behavior of solutions of complex fluids can be

also obtained.

As mentioned in the literature [28], different strain-dependent

behaviors may be recognized in the amplitude sweeps for

various types of polymer solutions taking into consideration

their complex microstructure. For both the ionic liquid alone

and its mixture with rotaxane, a kind of liquid-like stable

network is characteristic. This may be due to different electro-

static interactions. The shift angle δ has a constant value of 90°

(ideal viscous behavior) for the ionic liquid and 89.5° for the

mixture with rotaxane. The frequency sweep test was conducted

in the linear viscoelastic region (LVR), as confirmed from the

amplitude sweep test; the angular-frequency range was

0.1–100 rad/s (Figure 4).

Figure 4: Storage (G’) and loss (G”) moduli dependence on frequency
for PDMS-Im/Br and PDMS-Im/Br+PRot at 25 °C.

For both samples the loss modulus (G”) dominates the storage

modulus (G’) over the entire measurement domain. This is an

indication of the liquid-like (viscous) character of the systems.

The shape of the curves for the mixture (PDMS-Im/Br+PRot) is

typical for polymer solutions with a strong dependence on

frequency for both moduli. Obviously, no frequency-dependent

crossover point of the dynamic moduli appears in the consid-

ered frequency range, but it could be supposed at a higher

frequency. The addition of rotaxane into the ionic liquid

increases the loss modulus by almost three orders of magnitude

and the storage modulus by one order.

The next step in the study was to check the influence of

temperature on the rheological behavior of the ionic liquid and

its mixture with rotaxane. For this purpose an oscillatory

temperature test was performed. The temperature-sweep test

was carried out in a temperature range between 20 and 80 °C,

with a heating rate of 0.5 °C/min, at a constant frequency of

1 Hz and a constant strain amplitude γ = 5%.

As it can be easily seen in Figure 5 the liquid-like stable struc-

ture is not disrupted during heating, with G’ being almost

parallel to G” over the entire temperature domain. For both

samples the value of the dynamic moduli decreases when the

temperature is increased.

Figure 5: Storage (G’) and loss (G”) moduli dependence on tempera-
ture for PDMS-Im/Br and PDMS-Im/Br+PRot.

Rotational measurements were also carried out for a better

understanding of the rheological behavior of the analyzed

samples. The flow curves were recorded both in terms of the

shear stress (τ) and viscosity (η) (Figure 6).

The ionic liquid exhibits Newtonian behavior for almost the

entire measurement domain, with a viscosity that is independent

of the shear rate. A deviation from linearity appears only for

high shear rates. An important increase, both in terms of

viscosity and shear stress, is noticed when rotaxane is added to

the ionic liquid. The first Newtonian domain is obvious as well

as the beginning of the shear-thinning behavior. The experi-

mental results were fitted with the Carreau–Yasuda model by
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Table 1: Parameters of the Carreau–Yasuda model.

Sample η0 [Pa·s] η∞ [Pa·s] a n Λ [s] R2

PDMS-Im/Br 0.12399 6.99·10−9 4.5866 0.2949 0.00288 0.9944
PRot + PDMS-Im/Br 20.654 3.95·10−7 2.5312 0.5529 0.05846 0.9994

Figure 7: Temperature dependence of flow curves for PDMS-Im/Br ionic liquid.

Figure 6: Flow curves for PDMS-Im/Br and PDMS-Im/Br + PRot at
25 °C.

using the rheometer software (Rheoplus) [29,30]. The parame-

ters are listed in Table 1.

In this model, η0 is the zero-shear viscosity, η∞ is infinite-shear

viscosity while a, n and Λ are the regression parameters of the

model calculated by using the rheometer software, with Λ being

the characteristic relaxation time related to the onset of non-

Newtonian behavior or shear-thinning behavior [30]. The

experimental data proved to be in very good concordance with

the Carreau–Yasuda model.

Flow curves recorded at seven different temperatures between

20 and 80 °C (Figure 7 and Figure 8) showed a clear increase of

the dynamic viscosity for the ionic liquid alone (Figure 7) and

even more obviously for the mixture of ionic liquid with

rotaxane (Figure 8). This remark concurs with reports in the

literature [31-33], namely that the viscosity is strongly tempera-

ture-dependent.
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Figure 8: Temperature dependence of flow curves for PDMS-Im/Br+PRot.

Figure 9: DSC second heating curves of: (1) PDMS-Im/Br ionic liquid, (2) mixture of PDMS-Im/Br with Prot and (3) Prot.

Since the PDMS-Im/Br IL is liquid at room temperature, with

Tg values at −117 and 22 °C, and PRot is in the solid state (Tg:

−117 and 25 °C), their mixture presents Tg values at −112 and

23 °C (Figure 9). In addition, the negative Tg values are caused

by the presence of siloxane chains, while the positive Tg values

are attributed to the imidazolium salt sequences.
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Conclusion
We synthesized, through a multistep procedure (Scheme 1),

PDMS-Im/Br ionic liquid with a (CH3)2SiO/Im(CH3)SiO molar

ratio of 3/1 and β-CD-polydimethylsiloxane polyrotaxane

(PRot) with a β-CD/PDMS chain ratio of 2/1 (PDMS with

Mn = 1250). The obtained ionic liquid proved to be a good

solvent for PRot structures (Figure 1).

As expected, the PDMS-Im/Br ionic liquid had a liquid-like

non-Newtonian behavior with rheological parameters dependent

on frequency and temperature. The addition of rotaxane to the

ionic liquid strengthened the non-Newtonian character of the

sample and a type of stable liquid-like network was formed due

to the contribution of weak ionic interactions. The structure is

stable in the 20 to 80 °C domain as proved by the oscillatory

and rotational rheological tests.

Experimental
Synthesis of ionic liquid
Synthesis of poly{dimethylsiloxane-co-([5-(1-benzylimida-

zole-2-yl-oximethyl)pentyl](methyl)siloxane)} (PDMS-Im).

PDMS-lm was synthesized as previously described [22] and the

compound was obtained as a yellow viscous product (approxi-

mately 78% yield). 2-[(Pent-4-en-1-yl)oxymethyl]-1-benzylimi-

dazole (Allyl-Im, 6.8 g, 0.026 mmol), toluene (10 mL) and

Karstedt catalyst (molar ratio: Allyl-Im/Pt(II) 542/1) were

placed in a Schlenck reactor. The mixture was stirred at room

temperature for 0.5 h. Then, 8.0 g of poly[dimethylsiloxane-co-

(H-methyl)siloxane] copolymer (PDMS-H) (molar ratio:

SiH(CH3)/Allyl-Im 1/1.01) was introduced dropwise at 90 °C.

The mixture was stirred at 90 °C for 3 d. The reaction progress

was monitored by 1H NMR and FTIR spectroscopy by the

disappearing of peaks from 4.9 ppm and 2140 cm−1, respective-

ly. Finally, the solvent was evaporated and the resulting raw

product was purified by column chromatography. 1H NMR

(400 MHz, CDCl3) δ 0.09 (s, 37H, SiCH3), 0.51 (t, 2H, SiCH2),

1.25–1.57 (m, 6H, SiCH2CH2CH2CH2), 3.39 (t,  2H,

CH2CH2O), 4.54 (s, 2H, OCH2C), 5.23 (s, 2H, NCH2Ar), 6.88

(s, 1H, =N-CH=CHNCH2), 7.15 (m, 5H, Ar), 7.26–7.36 (m,

2H, ArCH2NCH=CH).

Synthesis of poly{[(1-benzyl-3-n-butylimidazole-2-yl-3-

ium)methyloxypent-5-yl](methyl)siloxane-co-(dimethyl-

siloxane)} (PDMS-Im/Br): The compound was obtained as a

brown viscous product (approximately 99% yield). Butyl bro-

mide (5 mL) was added dropwise at 0 °C to a stirred solution of

PDMS-Im (26.59 g) in acetonitrile (70 mL). The reaction mix-

ture was stirred for 5 d at 30 °C. The solvent was removed by

vacuum distillation [34,35]. FTIR (KBr, cm−1): 3064 and 3032

(Ar-H), 2962 and 2858 (C-H), 1676 (C=N), 1456 and 192

(C=C), 1261 (Si-C), 1091–1000 (Si-O-Si), 802 (Si-C); 1H NMR

(400 MHz, CD3OD + D2SO4) δ 0.01–0.20 (s, SiCH3),

0.35–0.65 (m, SiCH2), 0.95–1.05 (s, C-CH3), 1.25–1.87 (m,

SiCH2CH2CH2CH2 ,  CH3CH2CH2CH2),  3.35–3.40 (t ,

CH2CH2OCH2), 4.63 (s, OCH2C), 5.23 (s, NCH2Ar), 6.98 (s,

1H, CH2N-CH=CH), 7.15–7.23 (m, 5H, Ar), 7.35–7.55 (m,

butyl-NCH=CH).

Synthesis of β-CD-polydimethylsiloxane polyrotaxane

(PRot) was carried out according to a method previously

described [17,22] and the compound was obtained as a white

powder (approximately 55% yield). PRot was prepared by

mixing β-CD in dimethylformamide (DMF, saturated solution)

with α ,ω-bis(3-glycidoxypropyl)polydimethylsiloxane

prepolymer with Mn = 1250 until the solution became turbid

(after approximately 72 h) at 65 °C, followed by the reaction of

epoxide functionalities with 4-aminophenyltriphenylmethane

(APhTPhM) (saturated solution in isopropyl alcohol) for

8 h at 65 °C. The slurry was then poured into cold water,

washed quickly with ethanol, dried, and suspended in diethyl

ether overnight to remove the traces of unreacted α,ω-bis(3-

g l y c i d o x y p r o p y l ) p o l y d i m e t h y l s i l o x a n e .  A f t e r

being filtered, the sample was dried at 40 °C for 8 h. The

obtained crude PRot contains a significant amount of free

β-CD. To remove the noncomplexed β-CD (until the β-CD/

siloxane ratio remained unchanged), two successive precipita-

tions in a DMF/water system were made. 1H NMR (400 MHz,

DMSO-d6) δ −0.05 (s, CH3Si chain), 0.04–0.06 (large,

CH3Si end), 0.44–0.53 (m, CH2CH2Si), 1.46–1.52 (m,

C H 2 C H 2 S i ) ,  3 . 3 2 – 3 . 6 6  ( m ,  C H 2 O C H 2 C H ( O H ) - ,

CH(OH)CH2NH- and H2–6 from CD), 4.53 (t, OH6 from CD),

4.89 (d, H1 from CD), 5.73–5.77 (two superposed doublets

OH2+3 from CD), 6.45–6.47 (d, ortho to amino group

from APhTPhM), 6.74–6.76 (d, meta to amino group

from APhTPhM), 7.12–7.29 (m, triphenyl protons from

APhTPhM); 13C NMR (400 MHz, DMSO-d6) δ −0.09–0.05

(CH3Si chain), 13.30 (CH2CH2Si), 22.60 (CH2CH2Si), 30.46

(tertiary C from APhTPhM), 35.58 (CH(OH)CH2NHPh),

59.70 (C6 from CD), 63.47 (CH2OCH2CH(OH)-), 70.60

(OCH2CH(OH)CH2NH), 71.90, 72.32, 72.64 (C2,3,5 from

CD), 72.77 (CH2CH(OH)CH2NH-), 101.40 (C1 from CD),

112.80–162.14 (C from APhTPhM).

Morphological characterization using the
Wet-STEM technique
The morphological characterization of samples was performed

with a FEI Quanta 200 ESEM. The environmental scanning

electron microscope (ESEM) equipped with a Wet-

STEM detector enables wet samples to be observed,

without potentially damaging them, through the use of

partial water vapor pressure in the microscope specimen

chamber.
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Samples preparation
A holey-carbon-coated copper grid was placed on a TEM

sample holder and positioned on a Peltier cooling stage. The

samples were diluted in THF, and then a small amount of solu-

tion was dropped on the grid with a micropipette. The examina-

tion of samples was achieved at 1.5 °C, using a gaseous second-

ary electron detector (GSED) and a STEM detector with two

semiannular detectors A and B for bright- or dark-field images.

An acceleration voltage of 30 kV was chosen to optimize reso-

lution and sample contrast.

Rheological measurements
The rheological measurements were performed on a Physica

MCR 501 rheometer (Anton Paar, Austria) with a Peltier device

for temperature control, equipped with an electronically

commutated synchronous motor, allowing rheological measure-

ments in controlled-stress and controlled-strain modes [29]. To

avoid slippage, a parallel plate geometry with serrated plates

was used. The upper plate, of stainless steel, was 50 mm in

diameter, and a gap of 0.5 mm was fixed. The samples were

introduced onto the plate with great care to avoid shear effects

in the solutions. A solvent trap was used in all rheological tests

to diminish the solvent evaporation. All isothermal measure-

ments were made at 25 °C. Strain sweeps at a fixed frequency

of 1 Hz were carried out to establish the limits of the linear

viscoelastic region (LVR) both in terms of shear stress and

amplitude of deformation. Various rheological parameters were

calculated by using the Rheoplus software.

Differential scanning calorimetry (DSC)
DSC measurements were conducted on a DSC 200 F3 Maia

device (Netzsch, Germany). About 10 mg of each sample was

heated in pressed and pierced aluminum crucibles. A heating

rate of 10 °C/min was applied. Nitrogen purge gas was used as

an inert atmosphere at a flow rate of 50 mL/min. The apparatus

was temperature- and sensitivity-calibrated with indium,

according to standard procedures.

FTIR spectra
FTIR spectra were recorded on a Bruker Vertex 70 FTIR spec-

trometer from KBr pellets in transmittance mode in the

370–4000 cm−1 range, in ambient air at room temperature, with

2 cm−1 resolution and accumulation of 32 scans.

1H NMR spectra
The 1H NMR spectra were recorded on a Bruker Avance DRX

400 spectrometer operating at 400.1 MHz. 1H NMR

spectroscopy of PDMS-Im was performed in CDCl3, and
1H NMR spectroscopy of PDMS-Im/Br was performed in fully

deuterated methanol (CD3OD) with deuterated sulfuric acid

(D2SO4) [35].
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Abstract
Various hydrophilic γ-cyclodextrin (CD) thioethers, containing neutral or ionic side arms were found to form molecular disperse

solutions of C60 in water reaching concentrations of 15 mg/L. Equilibrium state was approached after seven days without the use of

organic cosolvents. The 1:2 stoichiometry of the C60/γ-CD thioether complexes was demonstrated by a parabolic phase-solubility

diagram. In contrast, native γ-CD forms nanoparticles with C60. Particle sizes of C60 were determined by dynamic light scattering.
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Introduction
Since the first spectroscopic discovery of buckminsterfullerene,

C60, by Kroto, Heath, Curl and Smalley in 1985 [1], and its first

macroscopic synthesis by Krätschmer et al. in 1990 [2], this

third allotropic modification of carbon has been the subject of

more than 10,000 publications giving rise to many interesting

potential applications both in the biomedical field [3-5] and

materials science [6-9].

A good solubility of C60 in water is especially required for

biological applications; however, this is not the case at all.

Solubility of C60 was estimated to be as low as 10−8 ng/L,

equivalent to 10 C60 molecules per millilitre of water [10,11].

Therefore, hydrophilic derivatives of C60 have been synthe-

sized and utilized for the inhibition of therapeutically important

enzymes, such as HIV-1 protease [12], for the prevention of

bacterial growth [13,14], or for photodynamic therapy of cancer

by scission of DNA [3]. Despite these successes, there are still

several issues relating to the chemical modification of C60. The

regioselectivity of derivatization is difficult to control [15], and

derivatization reduces aromaticity, which leads to a change of

the distinct electronic and photonic properties of C60.

Dispersions of C60 nanoparticles in water have been discussed

as alternatives for molecular solutions. Such C60 dispersions are

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:g.wenz@mx.uni-saarland.de
http://dx.doi.org/10.3762%2Fbjoc.8.188
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Scheme 1: Chemical structures of γ-CD and γ-CD thioether 1–7 used to solubilize C60 in water.

generally obtained by the so-called solvent-exchange method

[16,17], where C60 is dissolved primarily in an organic solvent,

such as benzene, THF, or acetone, and afterwards diluted with

water. After evaporation of the organic solvent, clusters of C60

in water remain, which are temporarily stable. The biological

activities of those dispersions strongly increase with decreasing

size of the C60 nanoparticles [13]. Also micellar dispersions of

C60 in water stabilized by detergents such as Tween, Triton, or

SDS are known [18]. Applications of these C60 dispersions are

hampered by the toxicities of the employed organic solvents or

surfactants.

The most successful strategy to carry the extremely

hydrophobic C60 molecule into water is the use of appropriate

water-soluble carriers that can form host–guest complexes, such

as calixarenes [19,20] and cyclodextrins (CDs) [21,22]. CDs are

cyclic oligosaccharides consisting of six, seven, eight or more

glucose subunits connected through α-1,4 glycosidic linkages,

called α-, β-, and γ-CD, respectively. CD molecules resemble

truncated cones comprising a hydrophilic outer surface and a

relatively hydrophobic cavity [23-25]. CDs form water-soluble

inclusion complexes with many hydrophobic or amphiphilic

guest molecules [26], mainly driven by hydrophobic interac-

tions [27]. Among the commercially available CDs, γ-CD with

a clear width of d = 0.74 nm [28] is only large enough to

partially accommodate C60, which has a still greater van der

Waals diameter of 1.0 nm [2]. Molecular dynamics studies

strongly favour a sandwich-like structure of the complex, in

which two γ-CD molecules tightly interact through hydrogen

bonds between their secondary rims and in which C60 is situ-

ated in the middle at the widest sites of both CDs (see Figure 1,

[29]).

Andersson et al. reported that C60 formed a water-soluble 1:2

inclusion complex with γ-CD after heating under reflux in water

[21]. Mixing of an aqueous solution of γ-CD with a methanolic

solution of C60 led to a C60 dispersion with a concentration of

ca. 70 mg/L [30]. Even higher concentrations of up to 1 g/L

were reached by high-speed vibration milling of C60 in aqueous

Figure 1: Space-filling model of the most stable complex between
γ-CD and C60 with 1:2 stoichiometry, calculated in vacuo. Reprinted
with permission from reference [29]. Copyright (2010) American Chem-
ical Society.

solutions of γ-CD [31]. The main drawbacks of these aqueous

systems are still (a) their lack of stability, leading to crystalliza-

tion of the C60 complex after some days [31]; and (b) their

pronounced tendency to form nanoparticular aggregates [21,32],

both of which limit their practical application.

Recently, we developed a new class of highly water-soluble

per-6-deoxy-thioethers of β- and γ-CD (>20% w/w), which

showed exceptionally high solubilization abilities for several

aromatic molecules, such as anthracene and acenaphthylene, in

water [33-35]. In this work, we investigated solubilization of

C60 by these γ-CD thioethers (compounds 1–7 in Scheme 1)

with the hope of achieving high concentrations of solubilized

C60. The hydrophilic substituents at the primary face of γ-CD

should increase solubility and avoid aggregation, because they

cannot form intermolecular hydrogen bonds like the primary

hydroxyls of native γ-CD.

Results and Discussion
UV–vis spectra of C60 solutions
Powdered C60 was stirred at 25 °C in 6 mM aqueous solutions

of γ-CD and γ-CD thioethers 1–7 giving rise to clear, dark

yellow solutions of C60, which show a narrow absorption band

at λmax = 335 nm quite similar to that of a solution of C60 in

THF (λmax = 327 nm), shown in Figure 2. Extensive centrifuga-

tion caused only a small reduction of signal intensity (less than
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Scheme 2: Mechanistic description of the two possible mechanisms for the complexation of C60 (G) by CD hosts, in (a) two steps, and (b) one step.

8%, Figure 2), which clearly precludes the existence of aggre-

gates, which would otherwise sediment to the bottom. There-

fore the molar concentration of C60 could be calculated by

using the known molar extinction coefficient of C60 molecu-

larly dissolved in n-hexane at 328 nm, i.e, ε = 52,000 M−1·cm−1

as published previously [36].

Figure 2: UV–vis spectra of (a) C60 solution in THF, (b) aqueous solu-
tions of C60 with 6 mM γ-CD thioether 5 before centrifugation, and (c)
after centrifugation (13,000 rpm) for 60 min. The absorbance inten-
sities of (a) and (b) are shifted by 0.2 and 0.1 AU, respectively.

Dissolution kinetics
After the dissolution of C60 by γ-CD thioethers had been

demonstrated, we were interested in how long it takes to reach

equilibrium, within experimental error. Therefore a thinly

casted film of C60 was incubated with an aqueous solution of

γ-CD thioether 7 at 50 °C and stirred according to Kuroda et al.

[37]. The slow increase of C60 concentration was monitored by

the increase in absorption intensity at 335 nm. The observed

first-order dissolution kinetics of C60 came nearly to an end

after 7 d, as shown in Figure 3. The obtained rate constant, k =

0.021 h−1 was somewhat higher than the one already found for

native γ-CD, k = 0.011 h−1, which also showed first-order disso-

lution kinetics [37].

Figure 3: Isothermal kinetics of the dissolution of C60 in the presence
of 10 mM CD 7 in water. Curve: best fit of first-order kinetics k =
0.5 d−1 = 0.021 h−1.

The observed simple first-order kinetics was puzzling for us,

because the concentration of the CD host does not go down

significantly (<<1%) over the course of the dissolution of C60.

Therefore other reasons for the observed continuous decrease of

dissolution rate had to be found.

Dissolution of C60 can be described by a two-step process, orig-

inally proposed by Kuroda et al. [37]. Alternatively, a one-step

process, in which a C60 molecule is trapped by two CD rings at

the same time, appeared reasonable to us. Both models are

shown in Scheme 2.

The two-step model (a) employs a slow, rate-determining com-

plexation of the guest C60 by the first CD molecule and a fast

further complexation by the second. The second step is much

faster than the first due to the strong stabilization exerted by

multiple hydrogen bonds between both CD rings. For the back

process, the first dissociation step should be slow and rate deter-

mining, because of the necessary cleavage of these intermolec-
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ular hydrogen bonds. These assumptions lead to an apparent

equilibrium constant K′ in which the CD concentration is only

present in first order. The initial rate of complexation is

predicted to be proportional to CD concentration, which was

already experimentally found for native γ-CD [37].

On the other hand, the one step model (b) leads to the classical

binding constant K. The initial complexation rate should be

proportional to the square of the host concentration, as shown in

Supporting Information File 1.

Both models have in common that the formation of the com-

plex follows pseudo-zero-order kinetics whereas dissociation

follows first-order kinetics. Consequently, the integrations of

the rate equations for both models (described in Supporting

Information File 1) lead to the same final kinetics (Equation 1),

a simple first-order equation converging to the equilibrium solu-

bility of the guest [C60·CD2]equ in agreement with the observed

experimental data. According to both new models, the obtained

rate constants k−2 and k−, respectively, are not due to formation

of the complex as proposed previously [37], but due to its disso-

ciation.

(1)

Dependence of the equilibrium concentration
of C60 on the host and its concentration
Equilibrium concentrations of C60 in aqueous solutions of

6 mM γ-CD and γ-CD thioethers 1–7, determined from the

absorptions (λmax = 335 nm) after being stirred for 7 d, are

listed in Table 1. C60 concentrations obtained with γ-CD

thioethers were up 35 times higher than the one obtained with

native γ-CD, in accordance with previous results for other

hydrophobic guests [38]. The improved solubilization potential

of the thioethers was attributed to the higher hydrophobicity of

sulfur compared to oxygen. The highest concentration of C60 in

water, 14.9 μM, was found for CD derivative 5 with attached

neutral diol substituents. In general, neutral γ-CD thioethers 1,

5, and 7 performed better than the anionic ones 2, 3, 4.

Coulomb repulsion between the anionic groups in between the

two CD molecules was held responsible for the reduced binding

affinity. Astonishingly, the amino derivative 1 also showed a

high solubilization potential, which may originate from the ad-

dition of the amine to a double bond of C60, as was already

observed by Geckeler for other amino compounds [39].

The phase-solubility diagram of C60 in the presence of γ-CD

thioether 3, according to the method established by Higuchi and

Connors [40], was obtained by plotting the concentration of the

dissolved C60 versus the concentration of the host, as depicted

Table 1: C60 concentration in 6.0 mM aqueous solutions of γ-CD and
γ-CD thioethers 1–7.

host [C60] (μM)

γ-CD 0.4
1 10.3
2 2.9
3 5.3
4 2.1
5 14.9
6 7.6
7 9.3

in Figure 4. The observed parabolic AP-type phase concentra-

tion dependence is typical for the formation of complexes with

1:2 stoichiometry [40,41]. The equation for the best fit [C60] =

10−3(0.21 + 0.17[CD] + 0.11[CD]2) indicates that the two-step

process (first order in [CD]) as well as the one-step process

(second order in [CD]), discussed above, contribute to the

dissolution of C60.

Figure 4: Phase-solubility diagram of C60 in aqueous solution in the
presence of CD 3.

Preparation of C60 complexes with the aid of
organic solvents
Because equilibration took a long time (7 d) and occupancies of

the γ-CD thioethers are still low (<0.3%), organic solvents, such

as toluene, DMF or CS2 were added to the aqueous solutions of

γ-CD and γ-CD thioether 5, in the hope of accelerating and

improving the dissolution of C60 as reported by Murphy et al.

[42]. The resulting solutions were characterized by UV–vis

spectroscopy. The saturation concentrations of C60 are listed in

Table 2.
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Table 2: C60 concentration in 6.0 mM aqueous solutions of γ-CD and γ-CD thioether 5.

CD
[C60] (μM)
procedure a
water

procedure b
water/toluene

procedure c
water/DMF/toluene [42]

procedure d
water/CS2

γ-CD 0.4 7.5 4.9 10.8
5 14.9 21.4 6.3 18.6

Indeed, for native γ-CD much higher C60 concentrations could

be achieved in water with the aid of organic solvents. But

careful examination of the UV–vis spectra of the C60 solutions

produced according to procedure c [42] before filtration, after

filtration, and after centrifugation, as shown in Figure 5,

revealed significant differences. The unfiltered solution of the

C60/γ-CD complex showed an additional absorption maximum

475 nm, which is typical for C60 nanoparticles (nC60) such as

those formed by dilution of a solution of C60 in THF with water

[16,43]. After centrifugation nearly no C60 was left. Conse-

quently, apparent improvements of the solubilization obtained

with the aid of organic solvents were mostly due to the forma-

tion of nanoparticulate dispersions. Since these organic solvents

are also hazardous for most cells, applications in biomedicine

are prohibited. Therefore, organic solvents were avoided for the

dissolution of C60 by γ-CD thioethers, because they also did not

improve the solubilization process significantly.

Figure 5: UV–vis spectra of the water solution of C60 produced by stir-
ring C60 in 6mM γ-CD solution in DMF/toluene (v/v 1:1) at rt for 7 d, fol-
lowed by dissolution of the resulting complex in water after evapor-
ation of the solvents (procedure c): (a) before filtration, (b) after filtra-
tion, and (c) after centrifugation; (d) nC60 made from THF [43] before
filtration.

Investigation of aggregation by dynamic light
scattering
Since aggregation of CDs and CD inclusion compounds was

already found in previous work [44,45], dynamic light scat-

tering (DLS) investigations were performed to check for any

aggregation during solubilization of C60 by γ-CD thioethers.

DLS is a relatively fast method for the determination of the

particle size distributions of proteins, polymers, micelles, and

nanoparticles [46]. In particular, DLS is able to distinguish

between a homogenous molecular solution and a dispersion of

aggregates [47,48].

The size distribution of the solution of C60 in 6 mM γ-CD

thioether 5 before centrifugation, shown in Figure 6, comprised

two peaks at particle sizes of 3 and 300 nm. The first peak was

attributed to the molecular CD/C60 complex, the second to

aggregates of it. Since the intensity of the scattered light

increases with the sixth power of the particle size, the content of

aggregates is highly overestimated [45]. For getting the right

picture, this intensity profile had to be transformed to the

volume distribution profile, by using the Mie theory [49]. In the

resulting volume distribution profile (Figure 6b) only one peak

remains, which corresponds to the molecular complex. Conse-

quently, this solution mainly consists of molecularly dissolved

C60. This finding is in accordance with the negligible decrease

of C60 absorption caused by centrifugation, shown in Figure 2.

After centrifugation (13,000 rpm) for 60 min, shown in

Figure 6c, only a sharp peak at 1 nm was observed for both the

intensity and the volume size distributions, which demonstrates

the validity of the DLS measurement. For comparison, the

corresponding intensity and volume size distributions of a

freshly prepared C60 solution in the presence of 6.0 mM native

γ-CD according to procedure c [42] (Figure 7) only showed one

peak at a diameter of 166 nm, very similar to nC60 prepared

from THF. Consequently, the DLS investigations confirmed our

previous finding that solubilization of C60 in water with the aid

of organic solvents results in dispersions of C60 nanoparticles.

Conclusion
Neutral γ-CD thioethers are especially well suited as solubi-

lizers for C60. Sandwich-like 1:2 complexes are formed at room

temperature without the necessity of adding organic cosolvents.

These complexes show a much lower aggregation tendency than

the corresponding ones of native γ-CD. Molecular solubiliza-

tion of fullerene C60 in water, reaching concentrations as high
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Figure 6: Size distribution of the molecular solution of C60 with 6 mM CD 5 in water at 25.0 °C: before centrifugation (a) by intensity, and (b) by
volume; and after centrifugation (c) by intensity, and (d) by volume.

as 15 μM, was achieved in the presence of 6.0 mM of a γ-CD

thioether. The resulting aqueous molecular solutions of C60 free

of toxic organic solvents will hopefully find interesting applica-

tions in biomedicine, such as in photodynamic therapy or HIV-

protease inhibition.

Experimental
General
Unless otherwise stated, all chemicals were used as received.

Powdered fullerene C60 (> 99%) was purchased from Sigma

Aldrich. Teflon syringe filters from Roth, Karlsruhe, Germany

(0.45 μm) were used to remove insoluble material before

UV–vis spectrophotometric analysis. UV–vis spectra of

aqueous samples were performed on a Perkin Elmer Lambda 2

spectrometer (λ: 200–600 nm), by using quartz cells with a

1 cm or 1 mm optical path at 298 K.

Synthetic procedures
Hydrophilic thioethers 1–7 at all primary carbon atoms of γ-CD

were synthesized from octakis(6-deoxy-6-iodo)-γ-CD by nucle-

ophilic displacement reaction with sulfur nucleophiles by using

standard procedures described previously [38].

Phase-solubility investigations
Solubility measurements of C60 in the presence of γ-CD and

γ-CD derivatives in water were carried out according to the

method proposed by Higuchi and Connors [40]. In glass vials

containing excess amounts of C60, aqueous solutions of γ-CD or

γ-CD derivatives with different concentrations were added. The

vials were sealed, protected from light, and magnetically stirred

at room temperature for seven days. The solid residues were

removed by filtration with syringe filter. According to the

Lambert–Beer law, the concentrations of C60 in pure water and

in CDs solutions were determined from UV–vis extinctions at

the absorption maxima (log ε = 4.717, λmax = 335 nm) [18].

Procedures for the solubilization of C60
Several procedures were employed for the solubilization of C60.

Procedure a: C60 stirred in water in the presence of 6 mM

γ-CD thioether at rt for 7 d. Procedure b was modified from a

previously described method [21]: heated under reflux in water/

toluene (v/v 1:1) for 3 d (γ-CD thioether concentration 6 mM),

and then the resulting mixture dissolved in water after evapor-

ation of the solvents. Procedure c was taken from a previous

paper [42]: C60 stirred in DMF/toluene (v/v 1:1) at rt for 7 d



Beilstein J. Org. Chem. 2012, 8, 1644–1651.

1650

Figure 7: Size distributions of the aqueous C60 dispersions after filtra-
tion, produced by stirring C60 in 6mM γ-CD solution in DMF/toluene (v/
v 1:1) according to procedure c) [42]: (a) by intensity and (b) by
volume.

with 6 mM γ-CD thioether, and then the obtained inclusion

complex dissolved in water after evaporation of the solvents.

Procedure d: C60 stirred in water/CS2 (v/v 1:1) at rt for 7 d

with 6 mM γ-CD thioether, and then the obtained inclusion

complex dissolved in water after evaporation of the solvents.

nC60 was prepared following a method similar to that reported

by Deguchi et al. (procedure e) [16]. nC60: A saturated solu-

tion of C60 in THF was prepared by adding an excess amount of

solid C60 (>2 mg) into THF (20 mL) and stirring overnight

under a nitrogen atmosphere at room temperature. Excess solid

was filtered off with a syringe filter. Saturated C60/THF solu-

tion (500 mL) was placed in a flask and an equal volume of

water was added at a rate of ca. 25 mL/min under vigorous stir-

ring. A rotary evaporator was used to remove THF by using a

stepwise evaporation approach. The start temperature was set at

30 °C. When the mixture volume had decreased to 500 mL, the

temperature was increased at 1 °C/min to 70 °C and maintained

at 70 °C until the volume had decreased to 250 mL, at which

time an additional 250 mL volume of water was added. The last

step was repeated once. The resulting nC60 solution could be

diluted by adding water or concentrated by evaporation as

needed.

Isothermal kinetic measurement
The procedure for performing isothermal kinetic investigations

was modified from a previously described method [37]: A solu-

tion of C60 in chloroform (ca. 0.5 mg/mL, 0.5 mL) was care-

fully evaporated in a 1 cm quartz cell under nitrogen flow. After

the addition of 3 mL of an aqueous solution containing the

necessary amount of γ-CD derivative, the cell was sealed,

protected from light, and maintained at 50 °C under gentle

shaking. The UV–vis spectra of the resultant solution at appro-

priate time intervals were measured directly.

Dynamic light scattering measurement
Particle size distributions of the aqueous solution or dispersions

of C60 were determined by dynamic light scattering (DLS) with

a ZetaSizer Nano ZS (Malvern Instruments Ltd., Malvern,

United Kingdom). From the diffusion coefficient the radius of

the particle was determined via the Stokes–Einstein equation.

The samples were filtered through a 0.45 μm syringe filter prior

to particle-size measurements. Both intensity and volume size

distribution curves were calculated from the scattering data by

using the software of the instrument.

Supporting Information
Supporting Information File 1
Detailed dissolution kinetics.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-8-188-S1.pdf]
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Abstract
Organic–inorganic magnetic hybrid materials (MHMs) combine a nonmagnetic and a magnetic component by means of electro-

static interactions or covalent bonds, and notable features can be achieved. Herein, we describe an application of a self-assembled

material based on ferrite associated with β-cyclodextrin (Fe-Ni/Zn/βCD) at the nanoscale level. This MHM and pure ferrite (Fe-Ni/

Zn) were used as an adsorbent system for Cr3+ and Cr2O7
2− ions in aqueous solutions. Prior to the adsorption studies, both ferrites

were characterized in order to determine the particle size distribution, morphology and available binding sites on the surface of the

materials. Microscopy analysis demonstrated that both ferrites present two different size domains, at the micro- and nanoscale level,

with the latter being able to self-assemble into larger particles. Fe-Ni/Zn/βCD presented smaller particles and a more homogeneous

particle size distribution. Higher porosity for this MHM compared to Fe-Ni/Zn was observed by Brunauer–Emmett–Teller

isotherms and positron-annihilation-lifetime spectroscopy. Based on the pKa values, potentiometric titrations demonstrated the
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presence of βCD in the inorganic matrix, indicating that the lamellar structures verified by transmission electronic microscopy can

be associated with βCD assembled structures. Colloidal stability was inferred as a function of time at different pH values, indi-

cating the sedimentation rate as a function of pH. Zeta potential measurements identified an amphoteric behavior for

the Fe-Ni/Zn/βCD, suggesting its better capability to remove ions (cations and anions) from aqueous solutions compared to that of

Fe-Ni/Zn.
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Introduction
Organic–inorganic hybrid materials (HMs) are often prepared

by assembling organic and inorganic molecules based on elec-

trostatic interactions or chemical bonding between them, which

will leads to an unpredictable stoichiometry [1]. The structures

and properties of HMs depend on the nature of both compo-

nents, organic and inorganic, and also on the synthesis process,

which can be carried out by metal or organic hydrolyses [2,3].

Controlling the method of HM synthesis could lead to a

predictable crystal structure and homogeneous particle size

distribution [4]. Additionally, surface properties could be modu-

lated by selecting an appropriate organic molecule with desir-

able functional groups in its structure. In particular, magnetic

organic–inorganic hybrid materials (MHMs) have attracted

considerable attention based on their multifunctional and

biocompatible properties [2,5,6]. Moreover, MHMs can present

a greater number of applications than nonmagnetic hybrid ma-

terials when their suspensions are used.

These MHMs systems are susceptible to external magnetic

fields because of the strong magnetic interactions existing

among the magnetized particles, which are able to modify the

colloidal and rheological properties of the solutions. Thus, func-

tions based on their magnetic characteristics such as conduc-

tion and accumulation in a system under an external magnetic

field can be realized. In this sense, colloidal systems of MHMs

have shown an increasing number of applications in many

different technologies, including ferrofluids [7], magnetic sepa-

rators [8], magnetic resonance imaging [9], hyperthermia [10],

and water treatment [4].

Nickel-zinc ferrites (Fe-Ni/Zn) are one of these versatile

magnetic materials, since these systems present high magnetic

saturation, Curie temperature and chemical stability. Ad-

ditionally, low coercivity and biodegradability have been

observed in Fe-Ni/Zn, being an interesting part of the inorganic

component in the MHM structure [11]. The organic molecule in

the MHM should present specific characteristics in order to

improve the material application, including available binding

sites, to bond or interact through intermolecular forces with the

inorganic matrix, and high surface area, which is important to

improve the MHM adsorption and adhesion properties. In order

to design a MHM based on Fe-Ni/Zn with adsorption prop-

erties for environmental use, cyclodextrins (CDs) can be asso-

ciated with the inorganic matrix as an interesting strategy, since

these macromolecules have been used for several devices with

different properties, from light-responsive matrices to molec-

ular recognition materials [12,13].

CDs are oligosaccharides commonly formed by six, seven or

eight α(1→4) linked-D-glucopyranoside units, named αCD,

βCD and γCD, respectively. These macromolecules have a rigid

and well-defined structure with a toroidal shape, in which a

variety of organic and inorganic guest molecules can be inserted

into their cavities, resulting in the formation of inclusion

complexes [14-17]. Beyond these characteristics, it has been

reported in the literature that CDs self-assemble into large

aggregates [18-20], suggesting their uses as size-modulator

molecules [21], similar to other amphiphilic molecules [22-25].

Based on these interesting properties for both systems, CDs and

Fe-Ni/Zn can be used to synthesize a MHM with large number

of applications. Moreover, due to the arrangement of CDs, their

primary and secondary hydroxy groups may be able to interact

with a ferrite structure, through covalent bonds or also by

intramolecular interactions. These hydroxy groups could

improve the adsorption properties of the MHM by including

guest molecules in CD cavities or also by allowing the assembly

process. Recently, adsorption materials have become one of the

most versatile and widely used technologies to remove heavy

metals from industrial wastewater, including chrome in its

different oxidation states [4,26]. Although activated carbon has

been frequently applied for this purpose, magnetic adsorbent

materials have also demonstrated their potential applicability in

the past few years, because of their easy separation properties.

Herein, Fe-Ni/Zn and the MHM prepared by using Fe-Ni/Zn

and βCD (Fe-Ni/Zn/βCD) were synthesized by adapting a

method previously described in the literature [7]. These

magnetic materials were characterized in the solid state by

X-ray powder diffraction (XRD), Fourier transform infrared

spectroscopy (FTIR), and thermal analysis (TG/DTA), and by

their magnetic behavior in aqueous suspension (see Supporting

Information File 1). Fe-Ni/Zn and Fe-Ni/Zn/βCD nanoparticles

morphologies were investigated in the solid state by scanning

electronic microscopy (SEM), transmission electronic
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Figure 1: AFM images of (a) Fe-Ni/Zn and (b) Fe-Ni/Zn/βCD.

microscopy (TEM), and atomic force microscopy (AFM). Size

distribution and colloidal suspension stability were character-

ized by dynamic light scattering (DLS) and sedimentation

kinetic studies by using UV–vis spectroscopy. Ferrite binding

sites were characterized by zeta potential (ZP) and potentio-

metric titration. The free volume for both materials was evalu-

ated by Brunauer–Emmett–Teller isotherm (BET) and positron-

annihilation-lifetime spectroscopy (PALS). Thus, considering

the advanced functional properties achieved by βCD insertion in

the inorganic matrix identified by the above experiments and

the MHM capability to self-assemble, the adsorption properties

for both ferrites using chrome ions (Cr3+ and Cr2O7
2−) in

aqueous solutions were tested and evaluated by ZP measure-

ments.

Results and Discussion
Fe-Ni/Zn and Fe-Ni/Zn/βCD size characteri-
zation
In order to investigate the Fe-Ni/Zn and Fe-Ni/Zn/βCD

morphology and size distribution at different aggregation levels,

these materials were investigated in the solid state by SEM,

TEM and AFM and also in aqueous suspension by using DLS.

AFM images of Fe-Ni/Zn and Fe-Ni/Zn/βCD are presented in

Figure 1. Based on these images, nanoparticles below 100 nm

were verified for these materials. Looking closer, Fe-Ni/Zn/

βCD presents smaller nanoparticles in a range of 20 to 50 nm,

while the Fe-Ni/Zn consisted of domains higher than 50 nm.

The smaller particles observed for the Fe-Ni/Zn/βCD particles

could be due to the size-modulator effect of CDs [19,20,27,28],

which could act as a nanoreactor for ferrite synthesis,

preventing the particles growing during the ferrite synthesis

(nucleation process).

In order to gain insight into the microstructure of these assem-

bled materials, SEM and TEM were also carried out. TEM

images of the magnetic materials, demonstrating their structure

from the nanoscale level up to the aggregate particles, are

shown in Figure 2a and Figure 2b. In addition, the TEM image

for the Fe-Ni/Zn/βCD showed aligned structures in the nanopar-

ticle matrix, which can correspond to the assembled βCD struc-

tures in the MHM. These lamellar self-assembled structures are

similar to the βCD crystals described previously in the litera-

ture [29], confirming the presence of the macromolecule in the

ferrite nanoparticles matrix. SEM images, Figure 2c and

Figure 2d, demonstrate larger assembled particles (above 500

nm). It is interesting to note that when βCD is used to prepare

the ferrite nanoparticles, size domains are smaller than those

observed for the material prepared without the macromolecule.

These results corroborate the hypothesis considering the size-

modulator effect of βCD proposed previously based on the

analysis of the AFM images.

Fe-Ni/Zn and Fe-Ni/Zn/βCD were also analyzed in aqueous

suspensions, at pH 7, (Figure 3). The ferrite aggregation process

was confirmed, Figure 3a and Figure 3b, in which particle size

distributions of about 2.8 and 2.3 μm were observed for Fe-Ni/

Zn and Fe-Ni/Zn/βCD, respectively. In the presence of βCD a

more homogeneous size distribution was verified, suggesting

that βCD is able to minimize the ferrite coalescence process in

aqueous solution. The ferrite aggregation process may occur in

low zeta potential values (−10 mV, see zeta potential data) and

is insufficient to avoid van der Waals attraction [30]; however,

at pH 7 this self-assembly behavior can also be verified. Evi-

dence for the ferrite aggregation process is observed in aqueous

suspensions when these materials are sonicated, Figures 3c and
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Figure 2: TEM images of (a) Fe-Ni/Zn and (b) Fe-Ni/Zn/βCD and SEM images of (c) Fe-Ni/Zn and (d) Fe-Ni/Zn/βCD.

Figure 3: DLS measurements for before (a) and (b) and after (c) and (d) the sonication process.
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Figure 4: Potentiometric curves of the (a) Fe-Ni/Zn and (b) Fe-Ni/Zn/βCD.

Figure 3d, in which the assembled structures are disrupted in

order to obtain the nanoparticles. Once again, Fe-Ni/Zn/βCD

presented a smaller particles distribution (average size of about

85 nm) with a more homogenous size distribution than that

prepared without βCD (Fe-Ni/Zn about 150 nm). These results

are in accordance with those verified by AFM and TEM, in

which Fe-Ni/Zn/βCD presented smaller nanoparticles than pure

ferrite in the solid state. Although some discrepancy between

the DLS and AFM particle size distributions has been observed,

it has been previously reported in the literature for other

systems [31,32].

Textural characterization by gas adsorption
BET isotherms were carried out to investigate the free volume

of the ferrites. Fe-Ni/Zn was able to adsorb gas at 115 cm3 g−1,

showing a type IV isotherm by (Brunauer, Deming, Deming,

and Teller) BDDT classification [33], which is characteristic of

mesoporous materials, and its hysteresis loop closed at

p/p0 = 0.2. Adsorbing capacity for the Fe-Ni/Zn/βCD was

125 cm3 of gas per gram, presenting an intermediary isotherm

characteristic that changes from meso- to microporosity, and its

hysteresis loop closed at p/p0 = 0.4, demonstrating that the pres-

ence of βCD implies a minor difficulty in adsorption.

Textural characteristics for the ferrite (Fe-Ni/Zn), which has a

specific surface area of 127 m2 g−1, changed substantially with

the inclusion of βCD in the inorganic matrix, increasing the

specific surface area to 191 m2 g−1 (an increase of 50.4%). This

surface area variation is mainly due to the microporosity

increasing by the inclusion of the βCD in the inorganic matrix.

Fe-Ni/Zn presented a fractal dimension (D) of 2.772, which

increased to 2.934 with the macromolecule insertion, showing a

significant growth in the surface roughness, since the D value of

a surface with maximum roughness is 3. This result is in accor-

dance with microscopy analysis in the solid state, which shows

different morphologies for these two samples.

Determination of free volume by PALS
The free volume was measured by positron probe through the

PALS technique, where the longest component of the positron-

lifetime spectrum, τ3 (the o-Ps pick-off lifetime), can be corre-

lated with free volume holes in condensed matter. According to

this model, τ3 grows leading to an increasing in the free volume

radius, based on a spherical-cavity model [34,35]. The calcu-

lated free volume dimension has values of Vf = 69.9 Å3 and

Vf = 115.9 Å3 for Fe-Ni/Zn and Fe-Ni/Zn/βCD, respectively;

corresponding to an increase of 65% of the free volume

(ΔVf = 46 Å3). These results corroborate BET isotherm studies,

which pointed out a greater porosity in the material prepared by

using βCD.

Potentiometric titrations
Potentiometric titrations were recorded in order to determine the

number of ionizable sites for the magnetic materials through the

first derivative of the titration curve. As can be seen in

Figure 4a and Figure 4b, the first derivative of the titration

curves pointed out several transitions, demonstrating that ferrite

could be considered a polyprotic acid, probably due to the

ionization of the different groups on the ferrite surfaces. It can

also be observed that the potentiometric curve for Fe-Ni/Zn/

βCD exhibits at least four transitions, two in addition to the pure

Fe-Ni/Zn. The pKa values of the ferrites were calculated by

using the Henderson–Hasselbalch Equation 1, at the point

where [A−] = [HA] [36]:

(1)

Transitions at pKa 6.5 and 13.5 were attributed to the ioniza-

tion of ferrite groups in the MHM system, since Fe-Ni/Zn also

presented close transition values (pKa 6.5 and 12.6). Thus, tran-

sitions at pKa 5.5 and 9.4 in the Fe-Ni/Zn/βCD were attributed

to the ionization of βCD primary and secondary hydroxy
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Figure 6: Relative optical obscuration (Ob/Ob,0) as a function of time for (a) Fe-Ni/Zn and (b) Fe-Ni/Zn/βCD.

groups. These results emphasize that βCD is part of the inor-

ganic matrix, corroborating the data obtained by TEM, in which

lamellar assembled structures were observed in the MHM

matrix.

Zeta potential
Particles in contact with an aqueous electrolyte solution acquire

a surface charge as a result of adsorption or ionization

processes. In order to evaluate the electrostatic repulsion

between dispersed ferrite particles in solution, the electrical

surface potential was evaluated by using ZP, computed from

electrophoretic mobility measurements [37]. Figure 5 depicts

the ZP variation as a function of the pH for the aqueous suspen-

sion of the ferrites, in which the solutions were tuned by using

nitric acid or sodium hydroxide. These curves demonstrated that

the zeta potential values are negative under the studied experi-

mental conditions, and a pH dependency was also verified, once

the ZP values become more negative increasing the pH of the

aqueous suspensions.

Figure 5: Zeta potential curves as a function of pH for the (○) Fe-Ni/Zn
and (▲) Fe-Ni/Zn/βCD.

The negative values in the pH range could be attributed to (i)

ionization of R–OH groups after pH 6.5, which causes the for-

mation of negative charges on the ferrite surface [38], and/or

(ii) preferential adsorption of nitrate anions on the particle

surface before this pH, since ferrites can become less

hydrophilic upon protonation, and it is known that NO3
−

exhibits a preferential adsorption on weakly hydrated surfaces

[39]. The isoelectric point (IP) of ferrites is close to pH 7 [40],

thus inflexions observed close to this value for both systems

may be an apparent IP, which was masked by competition

between the ionization of Fe–OH groups and preferential NO3
−

adsorption. In other materials, negative ZP values have been

also found in the pH range scanned from 1 to 13 [41-43].

Although the potentiometric titration demonstrated that ferrites

present different transitions due to the different ionization sites,

ZP titrations did not show the same behavior. A reasonable ex-

planation for this phenomenon is based on the sensitivity of

these analytical techniques. Potentiometry measures the elec-

trical potential difference established through the electrode

membrane, being directly dependent on the activity of H3O+

ions in the bulk solution, since its rate of diffusion is propor-

tional to the concentration. ZP measurements obtained by

Doppler electrophoresis are dependent on the Brownian diffu-

sion of the particles in an electric field, which depends on the

surface charge and size, and the size and charge polydispersi-

ties, as well as the aggregation state, among other phenomena;

which are hard to control in a suspension material.

Sedimentation studies
Information about the colloidal stability of these ferrite suspen-

sions can be inferred from the optical obscuration changes of

the optic path by visible light at 700 nm as a function of time

[40]. Figure 6 shows the obscuration (Ob) relative to its

absorbance at time t = 0 s (Ob,0), plotted as a function of time

for different pH values. Although the overall tendency of Ob/
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Figure 8: Adsorption curves of (a) Cr3+ and (b) Cr2O7
2− ions using Fe-Ni/Zn and Fe-Ni/Zn/βCD aqueous suspensions.

Ob,0 is to decrease over time due to particle sedimentation, the

results obtained at different pH do not overlap, indicating that

there is a clear pH dependence on the sedimentation rate. This

pH dependence corresponds to the charge variation on the

ferrite surface, which was also observed in the ZP titrations.

Since light scattering and absorption properties upon sedimenta-

tion are complicated phenomena, only the initial slopes, S =

d(Ob/Ob,0)t→0/dt, of the obscuration curves were used in order

to evaluate the sedimentation rate, as suggested by Plaza et al.

[40]. Figure 7 shows the initial sedimentation rate for both

magnetic systems. It can be observed that S values are greater in

magnitude for the Fe-Ni/Zn/βCD than for the Fe-Ni/Zn: once at

neutral pH the initial sedimentation is faster. The maximum

absolute S (i.e., |S|) can be related to the absence of electrostatic

repulsion between the particles in the pH vicinity of the

apparent IP, and particle aggregation could occur under these

conditions. This is a direct consequence of the greater number

of hydroxy groups in the Fe-Ni/Zn/βCD system.

Figure 7: Obscuration curves for the Fe-Ni/Zn (○) and Fe-Ni/Zn/βCD
(▲) as a function of pH.

At pH ≈ 1, both ferrites have approximately the same and slow

rate of sedimentation, probably due to NO3
– adsorption.

However, at pH ≈ 13, |S| is smaller for the Fe-Ni/Zn/βCD than

for pure ferrite; in spite of the fact that the ZP results demon-

strated the same values for both materials. The smaller particles

and the greater presence of hydroxy groups of the Fe-Ni/Zn/

βCD could be responsible for the slower sedimentation rate at

this pH value.

Adsorption studies
Adsorption studies were carried out in order to compare the ion

adsorption capacity of these magnetic materials in aqueous

solution. ZP measurements were used to gain insights into the

adsorption processes of Cr3+ and Cr2O7
2− ions. Figure 8 shows

how the ZP values change as a function of the ion concentra-

tion. The ZP titration curves indicated that the MHM is able to

adsorb both ions (Cr3+ and Cr2O7
2−) on its surface, since the ZP

values (|ZP|) increase in their presence. These data suggest an

amphoteric characteristic of Fe-Ni/Zn/βCD, which can interact

with positive and negative species through ion–dipole or

ion–ion interactions. Changes in the ZP values have been

observed in the literature for different ferrites after the ion-

adsorption process, indicating the affinity between them [44].

Comparing qualitatively the interaction involving the MHM

with both ions, it is possible to observe its greater affinity for

the Cr2O7
2− than the Cr3+, since for the latter a constant ZP

value was observed above 0.4 mmol L−1, while a plateau was

not reached for the Cr2O7
2− titration. This result also demon-

strated that the MHM are able to adsorb more than 10 mmol of

this anion per liter (maximum concentration tested), which is

greater than that of approximately 0.4 mmol L−1 for the Cr3+

cation. The MHM capacity to adsorb Cr3+ ions (about 19 mg

g−1 of MHM) was higher than that observed for MnFe2O4

ferrite (7.6 mg g−1 of MnFe2O4) to remove Cr6+ from aqueous
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solutions, described previously [4]. Thus, the inclusion of βCD

in the inorganic matrix increased the ion adsorption, demon-

strating the importance of choosing the organic component in a

hybrid material carefully. Fe-Ni/Zn adsorption capacity for the

Cr3+ cation was similar to that observed when βCD was used in

the MHM. However without βCD, Fe-Ni/Zn was not able to

adsorb the Cr2O7
2−, since no change in the ZP values was veri-

fied, indicating that Fe-Ni/Zn and the anion did not interact in

aqueous suspension.

Conclusion
Hybrid magnetic nanoparticles based on ferrite and βCD were

prepared and characterized in the solid state and in aqueous

suspension, and their properties were compared with pure

ferrite. Structural analysis pointed out that the synthesis ap-

proach was able to incorporate βCD in the ferrite matrix, which

allowed us to keep the important βCD characteristics in the final

magnetic material. Ferrite morphology in the solid state was

affected by βCD insertion, probably due to its size and key role

as modulator during inorganic nucleation. Ferrites presented at

least three different organization scales, from the micrometric to

the nanometric level, and on the nanometric scale it was

possible to verify the material organization and particle size

distribution. Lower domains, and greater specific area and free

volume were observed for the Fe-Ni/Zn/βCD material. On the

micrometric level, both ferrites have comparable behavior, with

quite similar size distribution and ZP values, although Fe-Ni/

Zn/βCD presents a slower sedimentation at high pH values.

Finally, the MHM is more versatile for the adsorption of ions in

aqueous solution than Fe-Ni/Zn due to its pronounced ampho-

teric characteristic, which was obtained by βCD incorporation

in the inorganic matrix.

Experimental
Materials and Methods
Reagents and ferrite synthesis
βCD was obtained from Xiamen Mchem, Xiamen (China). Salts

used for the ferrite synthesis (FeSO4·7H2O, NiSO4·6H2O and

ZnSO4·7H2O) were obtained from Merck Laboratory and used

without further purification. Magnetic nanoparticles of nickel/

zinc (Fe-Ni/Zn) and nickel/zinc/cyclodextrin (Fe-Ni/Zn/βCD)

were prepared by coprecipitation reaction of their metal sulfates

at 80 °C and pH > 12 (with a sodium hydroxide concentration

of 15 g L–1), following the method described in the literature

[21]. In the Fe-Ni/Zn/βCD synthesis, 5.0 g L–1 of βCD was

used during the preparation process. Solid magnetic materials

obtained were washed with hot distilled water and filtered, and

then the freeze-dried material was used in the solid-state charac-

terization. Part of the ferrite was kept in water to investigate the

properties of the aqueous suspension.

Microscopy analysis
Scanning electron microscopy (SEM) was performed in a

JEOL, JSM 840A at 4–10 KV in which samples were covered

with a thin gold layer, for electronic contrast. Transmission

electron microscopy (TEM) images were obtained in a FEI

TECNAI G2 with a thermo-ionic gun at 200 kV. Atomic force

microscopy (AFM) images were obtained with a Nanoscope IV

MultiMode from Veeco Instruments operating in intermittent

contact (tapping) mode, with standard Si probes. Phase-contrast

images were acquired simultaneously with topographic images

by monitoring, with a lock-in amplifier, the phase lag between

the oscillation driver and the actual response of the cantilever.

Dynamic light scattering
Fe-Ni/Zn and Fe-Ni/Zn/βCD average hydrodynamic diameter

was measured in a Malvern Zetasizer Nano Series ZS particle

analyzer, by using polyethylene square cells. All suspensions

were prepared by using Milli-Q water before and after the soni-

cation process by using a Sonics Vibra Cell coupled with a

microprobe, at 25% amplitude for 5 min. Samples were

measured by monochromatic light (10 mW He–Ne laser, wave-

length 632.4 nm) and the scattered light intensity was measured

in an angle of 173°. Hydrodynamic diameters were measured

five times independently and each one was obtained as the

mean of 30 counts.

Gas adsorption/desorption isotherm studies
Textural characteristics of Fe-Ni/Zn or Fe-Ni/Zn/βCD samples

were  determined through ni t rogen gas  adsorpt ion

(Autosorb–Quantachrome Nova 1200) at liquid-nitrogen

temperature. Nitrogen gas was used with a 25-point

adsorption–desorption cycle. Samples were outgassed at 100 °C

for 3 h before each analysis, and experiments were carried

out in triplicate. The specific surface area and fractal

dimension were obtained by the application of the

Brunauer–Emmet t–Tel le r  (BET)  equat ion  and the

Neimark–Kise lev  (NK) methods .

Positron-annihilation-lifetime spectroscopy
PALS measurements of Fe-Ni/Zn or Fe-Ni/Zn/βCD were

performed at 294 K by using a conventional fast–fast coinci-

dence system (Ortec) with resolution time of 260 ps given by

the 60Co prompt curve. The 22Na positron source, with approxi-

mately 20.0 µCi activity, was sandwiched between two 7.6 μm

thick kapton foils, and the source correction was approximately

10%. The lifetime spectra (minimum of three measurements per

sample) were satisfactorily resolved into three components by

the Positronfit-Extended program [45], leading to intensities Ii

and lifetimes τi. Subscript i = 1, 2, and 3 refers to p-Ps, e+, and

o-Ps, respectively.
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Potentiometric titrations
Potentiometric titrations were performed in duplicate with a

potentiometric system coupled with glass electrode at 25.0 °C.

Each titration experiment consisted of approximately 130

successive injections of a concentrated aqueous solution of

HNO3 (14.0 mol L–1) in a beaker loaded with 200 mL of a

Fe-Ni/Zn or Fe-Ni/Zn/βCD basic aqueous suspension at an ap-

proximate pH of 13.0. The equivalence point was calculated by

first-derivative method, which is well established in the litera-

ture [46].

Zeta potential
ZP measurements were carried out in a Malvern Zetasizer Nano

Series ZS (Malvern Instruments, UK) with a 633 nm red laser,

through the Malvern Standard M3 technique (with Doppler

electrophoresis as the basic principle of operation) by using

capillary cell (DPS1060) [37,47]. Average of the ZP values was

calculated by ten independent measurements, each one obtained

as the mean of 30 counts. ZP values were measured as a func-

tion of pH to evaluate the colloidal stability and these measure-

ments were recorded by using different concentrations of nitric

acid or sodium hydroxide. ZP titrations were also used to

investigate the adsorption process, in which 51 injections of 5.0

μL increments of Cr(NO3)3 or K2Cr2O7 at 50.0 mmol L–1

aqueous solution were titrated into 10.0 mL of Fe-Ni/Zn or

Fe-Ni/Zn/βCD at concentrations of 5.1 mg L–1 and 4.6 mg L–1,

respectively. The pH of each solution was not regulated, since

the net interaction between the ferrites and the heavy metal

could have been disturbed, and moreover, using raw solutions

would better represent the conditions in a practical application

[4].

Sedimentation studies
The kinetic stability of the suspensions was evaluated by

relative turbidity determinations as a function of time by

using a FEMTO UV–visible spectrophotometer, in the

wavelength of 700 nm and with a 1 cm light path quartz

cell. Optical obscuration was recorded in intervals of 4 min

over 120 min. Suspensions containing 4.6 mg L–1 of solid

ferrite and 5.1 mg L–1 of solid MHM were analyzed at different

pH values.

Supporting Information
Supporting Information File 1
Solid-state characterization of the magnetic hybrid

materials.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-8-215-S1.pdf]
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Abstract
Various heptasubstituted derivatives of β-cyclodextrin (β-CD) bearing 1, 2 and 3 methyl substituents per glucose unit were synthe-

sized by regioselective methods. Binding free energies and binding enthalpies of these hosts towards 4-tert-butylbenzoate and

adamantane-1-carboxylate were determined by isothermal titration microcalorimetry (ITC). It was found that methyl substituents at

the secondary positions of β-CD lead to a tremendous reduction of the binding potential, while methylation at the primary positions

significantly improved binding. Stabilizing intramolecular hydrogen bonds between the glucose units were made responsible for the

high binding potentials of those β-CD derivatives that possess secondary hydroxy groups.

1890

Introduction
Cyclodextrins (CDs) are a well-known class of organic hosts

able to include various guests, preferably in aqueous solution

[1-3]. Inclusion is mainly driven by hydrophobic and van der

Waals interactions [4-6]. The host–guest complexes, so-called

cyclodextrin inclusion compounds, find many applications such

as solubilization of pharmaceutical drugs, dispersion of

cosmetics, catalysis, or chromatographic separation of

enantiomers [2,7,8]. Application of β-CD 1 is hampered by its

low solubility of 18.8 g L−1 at 25 °C [9]. Solubility of β-CD and

its inclusion compounds can be significantly increased by the

covalent attachment of neutral or ionic substituents [10].

Methylated β-CDs, such as heptakis(2,6-di-O-methyl)-β-CD 2

and heptakis (2,3,6-tri-O-methyl)-β-CD 3, are well known for

their high solubilities in water (2: > 300 g L−1) and their

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:g.wenz@mx.uni-saarland.de
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interesting inclusion behavior [11-13]. Because of the tedious

synthesis of the disubstituted derivative 2 [11,14], the readily

available randomly substituted derivative RAMEB with a

degree of substitution DS = 1.7–1.8 is preferred nowadays and

produced on an industrial scale [15].

Methylated CDs have already found several applications in drug

delivery [10] and polymer chemistry [16]. They allow radical

polymerizations of hydrophobic vinyl monomers in homo-

genous aqueous solution [17-20] and living RAFT polymeriza-

tions as well [21]. Methylated CDs are already applied industri-

ally on a large scale, e.g., for switching the viscosity of poly-

meric thickeners [22], for decontamination of soil [23,24], or

for cosmetic formulations [25]. High binding potentials of the

methylated CDs are essential for their specific functions in

these applications. Therefore, a quantitative understanding of

the binding potential as a function of the degree and pattern of

methylation is highly desirable.

The attachment of methyl groups to β-CD improves its solu-

bility in water because it reduces formation of intermolecular

hydrogen bonds. Methylation should also extend the

hydrophobic cavity of β-CD and therefore improve the binding

potential for hydrophobic guest molecules. Up to now, only

little is known about the influence of methyl substituents on the

inclusion potential of β-CD [26,27]. The dimethyl derivative 2

binds adamantane derivatives with a similar binding constants K

to those of native β-CD, while the trimethyl derivative 3 binds

much more weakly [28]. Similar differences in binding affini-

ties between native 1 and permethylated β-CD 3 were observed

for the inclusion of anti-inflammatory drugs [29].

For the systematic investigation of the influence of the pattern

of methylation on the complexation of amphiphilic guests, we

synthesized well-defined model compounds 2–6 (Figure 1) of

methylated β-CD, using regioselective procedures already

published [30]. 4-tert-Butylbenzoate and adamantane-1-

carboxylate were chosen as representative guests. Complexa-

tion of these guests should sensitively respond to changes in the

methylation pattern, because they fit tightly into the cavity of

β-CD giving rise to high binding constants [26,27]. Binding

data were measured by isothermal titration calorimetry (ITC)

because it is known to be the most accurate method, and

because it additionally yields binding enthalpies and entropies

[31,32].

Results
Since methylated β-CD derivatives 2–6 are highly water-soluble

they are well suited for ITC. The ITC titration curves for all the

β-CD derivatives 1–6 were exothermic and were in accordance

with a 1:1 stoichiometry of the host–guest complexes. Thermo-

Figure 1: Structures of the methylated β-CD derivatives investigated.

dynamic data obtained for the guests 4-tert-butylbenzoate and

adamantane-1-carboxylate are listed in Table 1 and Table 2, res-

pectively.

Remarkable differences in the binding constants for 4-tert-

butylbenzoate were found for the β-CD derivatives 2–7. The

completely methylated β-CD 3 and the 2,3-dimethylated deriva-

tive 6 showed the lowest binding constants K, less than one

tenth of the one of native β-CD 1. These very low binding

constants are accompanied by positive values of the entropy

term −TΔS° weakening the binding free enthalpy ΔG°. On the

other hand, binding constants of the 2,6-di-O-methyl derivative

2 as well as the 6-O-methyl derivative were higher than the one

of β-CD. Apparently, methylations of secondary hydroxy

groups lead to a decrease of the binding constant, while

methylation at primary hydroxy groups leads to an increase. For

the 2,6-di-O-methyl derivative both effects seem to compensate

each other giving rise to a binding constant K similar to the one

of native β-CD. The randomly methylated β-CD 7 also showed

an inclusion potential very similar to β-CD for the same reason.

The thermodynamic data (Table 2) measured for the inclusion

of adamantane-1-carboxylate in β-CD and β-CD derivatives

2–6, showed a similar trend to that observed before. This guest,
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Table 1: Thermodynamics of the inclusion of 4-tert-butyl-benzoate in β-cyclodextrin 1 and its methyl derivatives 2–6.

Host No. K (M−1) ΔG° (kJ mol−1) ΔH° (kJ mol−1) −TΔS° (kJ mol−1)

unsubstituted β-CD 1 16400 ± 4 −24.34 −19.00 ± 0.08 −3.82
2,6-di-O-methyl-β-CD 2 17000 ± 485 −24.13 −19.98 ± 0.14 −4.18
2,3,6-tri-O-methyl-β-CD 3 1190 ± 21 −17.54 −30.54 ± 0.37 12.98
6-O-methyl-β-CD 4 30700 ± 898 −25.60 −20.14 ± 0.12 −5.49
2-O-methyl-β-CD 5 12300 ± 428 −23.33 −14.30 ± 0.11 −9.05
2,3-di-O-methyl-β-CD 6 869 ± 28 −16.77 −19.24 ± 0.84 +2.45
RAMEBa 7 14700 ± 363 −23.77 −14.60 ± 0.09 −9.20

arandomly methylated β-CDs.

Table 2: Thermodynamics of the inclusion of adamantane-1-carboxylate in β-cyclodextrin 1 and its methyl derivatives 2–6.

Host No. K (M−1) ΔG° (kJ mol−1) ΔH° (kJ mol−1) −TΔS° (kJ mol−1)

unsubstituted β-CD 1 38100 ± 1150 −26.13 −22.38 ± 0.09 −3.78
2,6-di-O-methyl-β-CD 2 20400 ± 975 −24.58 −20.75 ± 0.22 −3.87
2,3,6-tri-O-methyl-β-CD 3 606 ± 43 −15.87 −19.94 ± 0.82 +4.04
6-O-methyl-β-CD 4 56400 ± 2400 −27.10 −19.11 ± 0.15 −8.02
2-O-methyl-β-CD 5 18700 ± 275 −24.37 −20.85 ± 0.05 −3.57
2,3-di-O-methyl-β-CD 6 586 ± 65 −15.79 −12.72 ± 0.70 −3.09
RAMEBa 7 15300 ± 341 −23.87 −15.48 ± 0.09 −8.41

arandomly methylated β-CDs.

which is known as one of the most suitable guests for the β-CD

cavity, was bound even more weakly by the 2,6-di-O-methyl

derivative 2 than by native β-CD 1. Again, all β-CD derivatives

methylated at the secondary positions showed much lower

affinities towards this guest than 1 did. Again, a positive value

of the entropy term −TΔS° was found for 2,3,5-tri-O-methyl-β-

CD. As shown in Figure 2, this entropy term further grew with

increasing temperature, compensating most of the strongly

negative binding enthalpy ΔH°. Taking into account these data

and previous results from literature, the observed reduction of

the binding potential by substitutions at the secondary positions

appeared to be a general feature of β-CD.

In addition, the differential heat capacity, ΔCp = −510 ±

30 J mol−1 K−1, was calculated from the slope of the tempera-

ture dependence of ΔH°. Negative ΔCp are generally inter-

preted as the liberation of “hot” water molecules during com-

plexation of the guest [33-35]. The liberation of water mole-

cules of high energy from a cavity is regarded as a major

driving force for the complexation of neutral guests by concave

hosts in water, because it can lead both to entropy gains and

enthalpic advantages [36]. The observed value for 2,3,5-tri-O-

methyl-β-CD is even higher than that for native β-CD, ΔCp =

−320 ± 20 J mol−1 K−1 [37]. This difference was attributed to

the larger internal hydrophobic surface of 2,3,5-tri-O-methyl-β-

Figure 2: Temperature dependence of −TΔS°, ΔH° and ΔG° for the
inclusion of 1-adamantane carboxylate in heptakis-2,3,6-tri-O-methyl-
β-CD (3) measured by ITC.
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CD compared to native β-CD leading to the liberation of more

bound water molecules during complexation. Nevertheless, the

effect of the negative heat capacity on binding adamantane

carboxylate by 2,3,5-tri-O-methyl-β-CD is overcompensated by

a strong increase of binding entropy leading in total to a reduc-

tion of the complex stability with increasing temperature.

Discussion
Only methylations at the primary positions lead to the antici-

pated increase of the binding potential of β-CD due to an

elongation of the hydrophobic cavity of β-CD. The negative

effect of methylations at the secondary positions was initially

surprising. The discussion of the entropy term −TΔS° appeared

most appropriate to us to understand this behavior.

The entropy term −TΔS° was negative (−3 to −9 kJ mol−1) for

those β-CD derivatives (1,2,4,5 and 7) equipped with free sec-

ondary hydroxy groups. This negative value is quite normal and

attributed to the liberation of bound water molecules from the

cavity, while the entropy of the host remains more or less

unchanged [5,6]. Neutron scattering studies revealed that native

β-CD is strongly rigidified by intermolecular hydrogen bonds

(flip-flop bonds) between the secondary hydroxy groups of

adjacent anhydroglucose units, as depicted in Figure 3 [38].

This finding was confirmed by MD calculations of CDs in the

crystalline state and in aqueous environment [39,40]. A stabi-

lization energy due to all O3H∙∙∙∙O2’ hydrogen bonds of 14 to

23 kJ mol−1 was calculated by using density functional theory

(basis set B3LYP) [41]. In addition, recent density-functional

calculations also took into account strong intermolecular

hydrogen bonds of these hydroxy groups with water molecules

in aqueous solution [42].

The conformational stabilization of β-CD by these hydrogen

bonds between the secondary hydroxy groups is lost upon

methylation. Furthermore, methylated β-CDs are less hydrated

than the native ones [44]. The lack of stabilizing hydrogen

bonds leads to much higher ring flexibilities for derivatives 3

and 6, which explains the low or even positive entropy contri-

butions −TΔS° to the binding free enthalpy ΔG°. Especially for

a guest such as adamantane-1-carboxylate, which fits well into

the CD cavity, its inclusion will significantly reduce the con-

formational degrees of freedom of a flexible host, such as 3 or

6, leading to an unfavorable decrease in entropy.

In contrast, primary hydroxy groups in β-CD are too far apart

from each other to allow intramolecular hydrogen-bond forma-

tion. Hydrogen bonds between primary hydroxy groups were

only found for α-CD, leading to a conical host conformation,

which is unfavorable for the accommodation of a guest [45].

Therefore, methylation at the primary positions should not

Figure 3: Structural drawing of β-CD [43], according to structural data
(CSD-ID BUVSEQ03) from Zabel et al. [38], generated by VMD 1.8.4
showing the intramolecular hydrogen bonds between OH-3 and O-2.

significantly diminish the rigidity of the CD torus. This explains

why methylation at the primary position leads to the expected

improvement of the binding potential. Also the substitution of

the primary hydroxy groups with other hydrophobic groups,

such as thioether moieties, is known to furnish host molecules

with much higher binding potentials than native β-CD [46,47].

Conclusion
The binding potential of β-CD can be improved significantly if

hydrophobic substituents are exclusively attached at the prima-

ry positions. Intramolecular hydrogen bonds between second-

ary hydroxy groups of β-CD are crucial for achieving high

binding constants. This result provides an example of a host,

where intramolecular hydrogen bonds control the binding

potential [48]. It will help to better understand binding mecha-

nisms in supramolecular systems [48] and in the future help to

design improved hosts based on β-CD for specific applications

such as drug delivery [49], removal of pollutants [50-53],

catalysis [54] or smart materials [55].

Experimental
4-tert-Butylbenzoic acid and adamantane-1-carboxylic acid and

β-CD derivative 3 were purchased from Aldrich, β-CD 1 and

RAMEB 7 from Wacker Chemie, β-CD derivative 2 from

Cyclolab. β-CD derivatives 4–6 were synthesized from β-CD 1

following published procedures (Table 3) [30].

Binding data were measured with isothermal microcalorimetric

titration at a temperature of 25.0 °C with an AutoITC

isothermal titration calorimeter (MicroCal Inc., Northampton,
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Table 3: List of the methylated β-CD derivatives used in this contribu-
tion.

Host No. CAS Registry
No.

Reference

unsubstituted β-CD 1 7585-39-9
2,6-di-O-methyl-β-CD 2 51166-71-3 [11]
2,3,5-tri-O-methyl-β-CD 3 55216-11-0 [11]
6-O-methyl-β-CD 4 84337-62-2 [30]
2-O-methyl-β-CD 5 60786-23-4 [30]
2,3-di-O-methyl-β-CD 6 123155-05-5 [30]
RAMEBa 7 343249-39-8 [15]

arandomly methylated β-CDs.

USA) by using 1.4144 mL sample and reference cells. The

reference cell was filled with distilled water. The sample cell

was filled with a 2 mM solution of the respective host in 50 mM

phosphate buffer pH 6.8, and the contents were constantly

stirred at 450 rpm. A 26 mM solution of the guest was prepared

in the same buffer and adjusted by the addition of small quan-

tities of HCl or NaOH to pH 6.8. This solution was automati-

cally added by a syringe in 20 separate injections of 12.5 µL.

The resulting 20 heat signals were integrated to yield the mixing

heats, which were corrected by the corresponding dilution

enthalpies of β-CD in the same buffer. The titration curve was

fitted by nonlinear regression using the program Origin 7.0 for

ITC. Thereby, a 1:1 stoichiometry of the guest and the host

molecule was found to be most appropriate. The binding

constant K and the molar binding enthalpy ∆H° were obtained

as fitting parameters, from which the binding free energy ∆G°

and binding entropy ∆S° were derived. For those titrations with

high binding constants, i.e., K > 5000 M−1, titrations were

repeated with [host] = 10/K in the cell and [guest] = 13[host] in

the syringe to ensure optimal accuracy of the nonlinear-regres-

sion fitting procedure.
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Abstract
A thermo-, pH- and cyclodextrin- (CD) responsive poly(N-isopropylacrylamide) (PNIPAM), with a N,N-dimethylaminoazoben-

zene end group was synthesized. Using 3-mercaptopropionic acid as a chain transfer agent, PNIPAM with a well-defined COOH

end group was obtained. The acid end group was transferred to the corresponding acid chloride and then functionalized with N,N-

dimethyl[4-(4’-aminophenylazo)phenyl]amine. This dye-end-group-labeled polymer showed acidochromic effects, depending on

the pH and the presence of randomly methylated β-cyclodextrin (RAMEB-CD). Also higher cloud-point values for the lower crit-

ical solution temperature (LCST) in the presence of RAMEB-CD were observed. Additionally, this azo-dye-end-group-labeled

polymer was complexed with hyperbranched polyglycerol (HPG) decorated with β-CD to generate hedgehog-like superstructures.

1929

Introduction
Polymers bearing dyes, such as azo, stilbene, anthraquinone or

fluorescence dyes, in the main or side chain have been widely

described and investigated [1-15]. A few examples of dyes

located at the end group of polymers are prepared preferably

under anionic or controlled conditions such as reversible addi-

tion–fragmentation chain-transfer polymerization (RAFT) or

atom-transfer radical polymerization (ATRP) [14-16].

However, up to now, only a little is known about the prepar-

ation of dye-end-group-labeled polymers by using classical

free-radical polymerization techniques. Water-soluble poly-

mers, which exhibit a lower critical solution temperature

(LCST), e.g., many poly(N-alkylacrylamides), have found

numerous practical applications in waterborne smart materials

such as bioactive surfaces, selective bioseparation, or hyper-

thermia-induced drug delivery [14]. Several reports are avail-

able on the preparation and properties of thermally responsive

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:h.ritter@uni-duesseldorf.de
http://dx.doi.org/10.3762%2Fbjoc.8.224
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Scheme 1: CTP of 1 and end-group functionalization with 5 yielding the azo-dye-end-group-labeled polymer 6.

polyacrylamides containing azobenzene or stilbene dyes in the

side chain [3,14]. Furthermore, the interaction of dye-containing

polymers with CD in water is of some interest, because of their

external, light-induced, reversible complexation [1-3,10,11]. In

recent years, increasing attention has been given to supra-

molecular structures, the science of noncovalent assembly in

biological systems and chemical processes [12]. Hyper-

branched polymers such as polyglycerols (HPG), as a result of

their inherent dendritic topology, attract considerable interest

for a wide range of optical, medical or reagent-immobilization

applications [16].

Results and Discussion
Here, we describe the free-radical polymerization of

N-isopropylacrylamide (NIPAM, 1) in the presence of a

chain–transfer agent and its end-group functionalization by con-

densation with an azo dye. We also investigated the host–guest

interaction of the azo-dye-labeled end group with randomly

methylated β-cyclodextrin (RAMEB-CD), and with HPG

bearing β-CD on top. Thus, the focus of the present study was

directed towards the preparation and superstructure formation

of a thermo- and pH-responsive polymer bearing an azo dye at

the end group. In a first step, a chain-transfer polymerization

(CTP) of N-isopropylacrylamide (1) was carried out in the pres-

ence of 3-mercaptopropionic acid (2) and with 4,4’-azobis(4-

cyanovaleric acid) as initiator, to achieve a high degree of func-

tionalization and yield of carboxy-terminated PNIPAM 3. Then,

the free carboxy end group was transferred in to the corres-

ponding acid chloride by treatment with thionyl chloride,

yielding polymers with a propionyl chloride end group

(Scheme 1).

The final product 6 was obtained by condensation of 4 with the

amino group of the dye N ,N-dimethyl-[4-(4’-amino-

phenylazo)phenyl]amine (5, Supporting Information File 1).

The molecular weight (Mn 3.4 kDa) and molecular weight

distribution (D 1.3) of 6 were determined by size-exclusion

chromatography (SEC). A Mn value of 5 was also calculated by

end-group analysis based on 1H NMR measurements, showing

similar results (Supporting Information File 1).

The UV–vis absorption spectrum of 6 in water showed the char-

acteristic broad band at λmax 460 nm, which corresponds to the

orange color at pH 7 [17]. However, upon decreasing of the pH

from 7 to 2, a large bathochromic (red) shift takes place, due to

the protonation of the azo dye of 6 [17]. As illustrated in

Figure 1A this red shift corresponds to an increase of the

absorption up to 500–550 nm, whereas the band at 420 nm

decreases. Thus, the protonated azonium tautomer is consid-

ered to be the predominant form in the red acidic aqueous solu-

tion [17-19].

Due to our general interest in the use of CD in polymer chem-

istry [3], the interaction of polymer 6 with RAMEB-CD was

investigated. The proposed formation of the host–guest struc-

ture between the azo-dye end group and the RAMEB-CD cavity

was proved by use of 2D ROESY NMR spectroscopy

(Supporting Information File 1). The correlation signals

between the protons of the RAMEB-CD cavity and the aromatic

protons of the azo dye were observed. However, the correlation

signals between the RAMEB-CD cavity and the methyl protons

of the N,N-dimethylamine group of the azo dye were not

observed. This indicates a complete inclusion of the azo dye
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Figure 1: Absorption spectra of 6 in water in a pH range from 7 to 2 (A). Absorption spectra of 6 in water depending on the pH in the presence of
RAMEB-CD (B).

inside the CD cavity with an orientation to the RAMEB-CD

axis [1]. In addition, UV–vis absorption spectra of 6 were

recorded in aqueous solution at a pH range from 7 to 2 and in

the presence of RAMEB-CD. Hereby, a strong blue shift in the

absorption spectra was observed (Figure 1B). As mentioned

above, the absorption spectra of 6 after protonation indicate the

formation of the azonium structure (Figure 1A). The subse-

quent complexation of this protonated azo dye with RAMEB-

CD causes a hypsochromic shift. This strongly indicates that,

due to the presence of RAMEB-CD, a shift of the equilibrium

from the azonium to the amonium form of the azo dye takes

place. Consequently, the azo group in 6 is supramolecularly

protected from protonation by the surrounding CD ring, while

the free dimethylamino group is easily protonated. These results

correspond to the work of Toda et al. [19].

Furthermore, the solution properties of polymer 6, depending on

the temperature in the presence of RAMEB-CD, were investi-

gated. As expected, 6 is soluble in cold water below the critical

solution temperature (LCST). However, due to the hydrophobic

azo-dye end group of 6, a slight reducing effect on the cloud

point in comparison to pure PNIPAM, from 32 down to 29.5 °C

is detected. As a result of complexation of the hydrophobic azo-

dye end group by RAMEB-CD, the cloud point increases from

29.5 back to 32 °C (Figure 2).

This is strong evidence for the interaction between the

hydrophobic azo-dye end group and the hydrophilic RAMEB-

CD ring. Based on this experience, the complexation of the azo-

dye end group of 6 with hyperbranched polyglycerol (HPG, 7)

decorated with β-CD was investigated. This kind of supra-

molecular structure was generated to illustrate the broad appli-

cability of 6 to generate, e.g., hedgehog-like nanoshapes. There-

fore, 7 was prepared according to a procedure described in the

literature recently [20-22]. The molecular weight of 7 (Mn

38 kDa) and the dispersity (D 1.7) were determined by SEC

(Supporting Information File 1). To confirm the complexation

between the azo-dye-labeled polymers 6 and 7 and the forma-

tion of a hedgehog-like superstructure 8, DLS measurements in

water were carried out. As expected, the complexation of 6 by 7

leads to an increase of the hydrodynamic diameters up to 18 nm

(Figure 3).

The aggregation behavior of complex 8 in aqueous solution was

also investigated by DLS measurements. Figure 4 shows the

temperature dependence of the z-average diameter (DZ) of the

hedgehog-like nanoshaped polymer 8. In the temperature range

from 25 to 32 °C no change of DZ was recorded.

At 33 °C the DZ of 8 increased up to 21000 nm, but the values

showed poor stability because of sedimentation. This means
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Figure 2: LCST measurements of 6, the complex of 6 and RAMEB-CD, and in comparison to pure PNIPAM.

Figure 3: Hydrodynamic diameters of 6, 7 and 8 (1 mg/mL) at 20 °C.
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Figure 4: z-Average diameter (DZ) of the complex 8 in water as a function of temperature (0.5 mg/mL, heating rate 0.5 °C/min).

that 8 is able to form larger particles above the LCST, even

resulting in precipitation [23]. However, the change of DZ

showed a good reversibility upon cooling. The behavior can be

interpreted by the hydrophobic shell of 8 and the strong

hydrophobic interaction above the LCST, which causes the for-

mation of the large particles.

Conclusion
In summary, we have presented the synthesis of an azo-dye-

end-group-labeled PNIPAM by free-radical polymerization.

The acidochromic and thermo-responsive behavior in aqueous

solution was analyzed by absorption and cloud-point measure-

ments. In addition, the influences of RAMEB-CD on both

effects were investigated. The intermolecular interaction

between the dye end group and RAMEB-CD was proven by

absorption and 2D ROESY NMR experiments. Furthermore, we

were able to show the formation of a hedgehog-like superstruc-

ture, based on a hyperbranched polyglycerol, bearing CD

moieties, and the end-group-modified PNIPAM 6.

Experimental
General remarks
All reagents used were commercially available (Sigma-Aldrich,

Acros Organics) and used without further purification.

RAMEB-CD and β-CD were obtained from Wacker Chemie

GmbH, Burghausen, Germany and were used after being dried

overnight with a vacuum oil pump over P4O10. N,N-Dimethyl-

formamide (DMF) was purchased from Fluka, Germany.

Dimethylsulfoxide-d6 (99.9 atom % D) and deuterium oxide,

D2O were obtained from Deutero GmbH, Germany.

1H NMR spectra were recorded on a Bruker Avance DRX 300

at 20 °C by using DMSO-d6 or deuteriumoxide (99.9%) as

solvents. FTIR spectra were recorded on a Nicolet 6700 FTIR

spectrometer equipped with an ATR unit. The absorption

spectra were measured in 1 cm quartz cells on a Specord 210

Plus UV–visible spectrophotometer (Analytik Jena AG,

Germany). SEC-MALS measurements were carried out on a

combined system comprising the following elements: refrac-

tive-index detector Optilabrex (Wyatt Technologies, laser

wavelength 658 nm), three-angle light-scattering detector

miniDawn TREOS (Wyatt Technologies, laser wavelength

658 nm, detector angles at 43.5°, 90.0° and 136.5°), UV

detector Waters 486 (Waters), column set of HEMAbio 300 and

HEMAbio 100 (MZ-Analysentechnik), pump, degasser and

autosampler (Agilent 1200, Agilent technologies). The eluent

was ultrapure water at a flow rate 1 mL/min. The molecular

weight was calculated with Astra5 software from static-light-



Beilstein J. Org. Chem. 2012, 8, 1929–1935.

1934

scattering data, by using the Zimm model. As concentration

source, the refractive index was used. Calibration of the system

was performed with bovin serum albumin. Turbidity experi-

ments were performed on a Tepper cloud-point photometer

TP1. The relative transmission of a laser beam with a wave-

length of 670 nm was recorded for each experiment. The

measurements were performed in a temperature range between

5 and 60 °C and at a heating rate of 1 °C min−1 by using Hellma

Suprasil precision cells 110 Q-S. Critical solution temperatures

derived from these experiments were determined at 50% rela-

tive transmission. Dynamic light scattering (DLS) experiments

were carried out with a Malvern Zetasizer Nano; ZS ZEN 3600

at a temperature of 20 °C. The particle size distribution is

derived from a deconvolution of the measured intensity autocor-

relation function of the sample by a general purpose method,

i.e., the non-negative least squares algorithm, included in the

DTS software.

Synthesis of 3. N-Isopropylacrylamide (1, 2 g, 0.02 mol) was

dissolved in 10 mL of ethanol and flushed with argon for

15 min. To this solution, 3-mercaptopropionic acid (2, 0.1 mL,

1 mmol) and 4,4’-azobis(4-cyanovaleric acid) (24.7 mg,

0.09 mmol) were added under an argon atmosphere. After being

stirred at 70 °C overnight, the corresponding polymer was sep-

arated by precipitation with cold diisopropyl ether. The precipi-

tate was washed three times with diethyl ether and dried under

reduced pressure. FTIR (diamond) ν (cm−1): 3287 (NH), 2970

(CH), 2930 (CH),1712 (CO), 1640 (CO), 1539 (NH), 1456

(CH), 1365 (CH), 1230 (CH2), 1171 (CC); 1H NMR (300 MHz,

D2O) δ 7.19 (br, 1H, NH), 3.85 (br, 1H, CH), 2,67 (br, 2H,

CH2), 2,4 (br, 2H, CH2), 1.3–2.2 (backbone), 1.02 ppm (s, 6H,

CH3).

Synthesis of 6. The carboxy-terminated PNIPAM (3, 2 g) was

dissolved in 5 mL of dry DMF. To this solution, thionyl chlo-

ride (0.15 mL, 2 mmol) and triethylamine (0.28 mL, 2 mmol)

were added and stirred for 3 h. The precipitated triethylammo-

nium chloride was filtered and the excess of thionyl chloride

was removed in vacuum from the DMF-solution. To the

obtained solution, triethylamine (0.28 mL, 2mmol) and N,N-

dimethyl-[4-(4’-aminophenylazo)phenyl]amine (5, 360 mg,

1.5 mmol) were added and stirred overnight at room tempera-

ture. The triethylammonium chloride was filtered off, and the

terminated polymer was isolated by precipitation with cold

diisopropyl ether. The precipitate was washed three times with

diethyl ether and dried under reduced pressure. FTIR (diamond)

ν (cm−1): 3287 (NH), 2970 (CH), 2930 (CH), 1712 (CO), 1640

(CO), 1539 (NH), 1456 (CH), 1365 (CH), 1230 (CH2), 1171

(CC), 881 (CN), 838 (aromatic C-H, 2 neighboring H atoms);
1H NMR (300 MHz, DMSO-d6) δ 7.97 (d, 8.88 Hz, ArH), 7.98

(d, 7.15 Hz, ArH), 7.58 (d, 7.17 Hz, ArH), 7.36 (d, 8.88 Hz,

ArH) 7.20 (br, NH), 3.84 (s, CH), 2.62 (br, CH2), 2.46 (br,

CH2), 1.3–2.2 (backbone), 1.04 ppm (s, 6H, CH3); SEC

measurements: Mn 3.4 kDa, PD 1.3; 1H NMR: 3.3 kDa.

Supporting Information
The Supporting Information contains experimental

procedures for the preparation of 5, HPG,

propargyl-modified HPG, CD-monoazide, HPG bearing

β-CD (7), and spectroscopic data of 6 and the complex of 6

and RAMEB-CD.

Supporting Information File 1
Experimental procedures and spectroscopic data.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-8-224-S1.pdf]
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Abstract
Cyclodextrin-based nanosponges, which are proposed as a new nanosized delivery system, are innovative cross-linked cyclodextrin

polymers nanostructured within a three-dimensional network. This type of cyclodextrin polymer can form porous insoluble

nanoparticles with a crystalline or amorphous structure and spherical shape or swelling properties. The polarity and dimension of

the polymer mesh can be easily tuned by varying the type of cross-linker and degree of cross-linking. Nanosponge functionalisa-

tion for site-specific targeting can be achieved by conjugating various ligands on their surface. They are a safe and biodegradable

material with negligible toxicity on cell cultures and are well-tolerated after injection in mice. Cyclodextrin-based nanosponges can

form complexes with different types of lipophilic or hydrophilic molecules. The release of the entrapped molecules can be varied by

modifying the structure to achieve prolonged release kinetics or a faster release. The nanosponges could be used to improve the

aqueous solubility of poorly water-soluble molecules, protect degradable substances, obtain sustained delivery systems or design

innovative drug carriers for nanomedicine.

2091

Review
Recent advances in nanotechnology demonstrate the increased

attention that is now being paid to the supramolecular assembly

of simple components for therapeutic and diagnostic purposes.

The design of new biomaterials based on nanoscale structural

characteristics can be expected to provide many potential appli-

cations in the field of nanomedicine.

Cyclodextrins [1-3] are nanometric biomaterials with a close

relationship between molecular status and supramolecular prop-

erties. They are a class of cyclic glucopyranose oligomers and

are synthesised by enzymatic action on hydrolysed starch. The

main common native cyclodextrins are α, β and γ, which

comprise six, seven and eight glucopyranose units, respectively.

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:francesco.trotta@unito.it
http://dx.doi.org/10.3762%2Fbjoc.8.235
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Scheme 1: Synthetic routes to cyclodextrin nanosponges. (a) Cyclodextrin carbonate nanosponges. (b) Cyclodextrin carboxylate nanosponges.

They have a characteristic toroidal shape, which forms a well-

defined truncated cone-shaped lipophilic cavity. Cyclodextrins

are able to include compounds whose geometry and polarity are

compatible with that of their cavity.

However, native cyclodextrins are not able to form inclusion

complexes with certain molecules, such as hydrophilic or high-

molecular-weight drugs. Moreover, β-cyclodextrin, the cheapest

type, has low water solubility (1.85% w/v at 25 °C) and is toxic

when injected intravenously. Consequently, many chemical

modifications of cyclodextrins have been studied in an attempt

to overcome their limitations and improve their technological

characteristics. Well-structured molecules as well as random

mixtures are described in the literature [4], and dimers [5],

trimers [6], and polymers have also been obtained [7].

A different approach is to synthesise cross-linked cyclodextrin-

based polymers so as to prepare insoluble multifunctional

cyclodextrin derivatives [8-10]. These polymers can be obtained

by reacting native cyclodextrins with a cross-linking agent that,

after reaction, exerts its own properties and influences the

behaviour of the cyclodextrin unit. Although insoluble cross-

linked cyclodextrin polymers were first reported a long time

ago, by reacting the parent cyclodextrin with dialdehydes, epox-

ides, epichlorohydrin, diacyl chlorides, etc., the term cyclodex-

trin nanosponges were first used by DeQuan Li and Min Ma in

1998 [11] to indicate a cross-linked β-cyclodextrin with organic

diisocyanates leading to an insoluble network that showed a

very high inclusion constant with several organic pollutants. For

instance, p-chlorophenol was almost completely removed from

waste water even at the parts per billion level [12]. However, no

other applications were claimed or proposed.

It was not until the work performed by Trotta and co-workers

[13] and the syntheses of new kinds of cyclodextrin

nanosponges that they revealed their full potential in other

fields, particularly as drug carriers.

Generally speaking, nanosponges are hyper-cross-linked

cyclodextrins that can be obtained with α, β and γ cyclodextrins,

either alone or as mixtures containing relevant amounts of

linear dextrin, cross-linked with a suitable cross-linking agent.

Interesting results have already been obtained as drug carriers

by using an active carbonyl compound, e.g., carbonyldimiida-

zole, triphosgene, diphenyl carbonate, or organic dianhydrides

(Scheme 1).
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Detailed reaction conditions and parameters are reported else-

where [14]. Here we simply wish to stress that primary hydroxy

groups are mainly involved in the formation of a network as

shown by FTIR–ATR, Raman and solid-state NMR analyses

[15]. Moreover, the elastic properties of cyclodextrin

nanosponges were determined by analysis of the spectral modi-

fication of the Boson peak and Brillouin frequency [16]. Using

ultrasound-assisted synthesis and a suitable cross-linker molar

ratio, spherical nanosponges of submicron size were obtained

[17]. The cross-linking produces a powder consisting of

cyclodextrin connected by nanochannels to form a cage-like

structure (Figure 1).

Figure 1: Molecular structure of cyclodextrin carbonate nanosponges.

By using different amounts of cross-linking agent, or by

changing the type of cyclodextrin, it is possible to modulate the

channels between the cyclodextrin molecules, thereby tuning

the formation of the porous network and consequently affecting

both the inclusion capacity and the solubilising ability of the

nanosponges. Acid nanosponges carrying free carboxylic

groups can be obtained using pyromellitic anhydride or other

dianhydrides as a cross-linker, forming true cation exchange

sites. The presence of free hydroxy groups in the nanosponges

network allows further surface modification. For instance,

carboxylated nanosponges can be obtained by reacting pristine

carbonate nanosponges with succinic anhydride.

Detailed physicochemical characterisation is reported in the

literature, demonstrating that carbonate nanosponges are ther-

mally stable up to 300 °C and can therefore be sterilised by

autoclaving at 121 °C and 2 bar for 15 minutes. FTIR and NMR

analyses before and after sterilisation show their stability and

the absence of degradation [13]. In addition, they do not act as

surfactants and can be easily dispersed in water.

Nanosponges also have colloidal sizes with a mean diameter of

less than 1 µm and narrow size distribution and form opales-

cent suspensions on dispersion in water. The zeta potential of

carbonate nanosponges is about −25 mV, which is sufficiently

high to produce stable water suspensions that do not undergo

aggregation over time.

For parenteral application it is possible to synthesise

nanosponges with a mean diameter in the range of 200–300 nm

with narrow size distribution (Figure 2).

Figure 2: TEM microphotograph of cyclodextrin carbonate
nanosponge (magnification 46,000×).

The stability of carbonate nanosponges was evaluated at 60 °C

under both acidic and basic conditions. Under acidic conditions

(0.1 N HCl) a limited release of cyclodextrin units was

observed after 2 h due to degradation of the nanosponge struc-

ture, whereas the basic environment did not affect the

nanosponge stability. On the other hand, carboxylated

nanosponges obtained by using pyromellitic dianhydride as a

cross-linker appear less chemically and thermally stable, but

can swell more than 30-fold in water, they have more negative

zeta potential, and can simultaneously host cations, organic

molecules and even macromolecules.
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Preliminary toxicity studies were carried out on carbonate

nanosponges in order to assess their safety with respect to pre-

clinical studies on laboratory animals.

The methods employed for cytotoxicity testing are those

described in the literature [18].

In vitro cell culture toxicity assays were carried out on different

cell lines (i.e., HELA; MCF7, COS) by using the MTT test.

Cells were incubated for between 24 and 72 h and their viability

determined. After incubation with nanosponges no cytotoxicity

was observed. The percentage of cell viability did not change

from untreated cells. Other in vitro methods for evaluating the

toxicity of new materials include the determination of its

haemolytic properties. When nanosponges were incubated with

human erythrocytes for 90 minutes, no haemolytic activity was

observed up to a concentration of 15 mg/mL, showing that the

nanosponges possess good blood compatibility.

Acute systemic toxicity was evaluated after injection in mice.

Unlike other cross-linked cyclodextrin polymers [19],

nanosponges were found to be safe between 500 and

5000 mg/kg in Swiss albino mice: they did not show any sign of

toxicity or adverse reactions. Nanosponges were then injected

intravenously into mice and monitored for 24 h. Oral adminis-

tration of nanosponges was also tested in mice [20] with no

apparent side effects.

The nanoporous structure that is formed changes many prop-

erties of the native cyclodextrin. This peculiar and versatile

structure is suitable for a broad range of potential and actual

applications and was recently reviewed [13,21-23]. As a general

characteristic, the nanosponge structure improves the ability

of cyclodextrins to form specific complexes with guest mole-

cules, compared to native cyclodextrins. The included

substances can be either strongly retained or released in a

controlled manner.

From an environmental standpoint this means that water pollu-

tants, such as heavy metals and many organic molecules, can be

removed and retained easily [24,25].

The use of nanosponges in water treatment has been found

successful for aromatic chlorohydrocarbons, and nanosponges

succeeded where their main competitor, activated carbon,

failed, for example, in the removal of heavy metals. Further-

more, nanosponges have greater mechanical strength than acti-

vated carbon and are not affected by dust formation during

application. Finally, they can be reused indefinitely after simple

washing with an environmentally friendly solvent, such as

ethanol.

Nanosponges can be used as supports for catalysis applications.

One important result that has emerged from experiments on

enzyme catalysis is the prolonged activity of the enzymes [26].

Nanosponges can preserve the activity of some enzymes far

longer than other supporting media, such as agarose. Moreover,

the possibility of including enzymes inside the structure

prolongs their activity and makes it possible to obtain an effica-

ciously supported catalyst to promote chemical reactions and

aid the destruction of chemical pollutants (detergents, POPs

abatement) as well as biosensors.

Nanosponges can also be used in agriculture and have shown

the interesting characteristic of encapsulating some important

agricultural chemicals. In this case, release is controlled and has

a slow profile [27]. Finally, nanosponges can also be used in

polymer processing to improve flame-retardant properties

[28,29] and in enantio-differentiating photoisomerization reac-

tions [30].

Application of cyclodextrin nanosponges in
drug delivery
By virtue of their biocompatibility and versatility, nanosponges

have many potential applications in the pharmaceutical field.

One recent EU commission report focused on the use of

cyclodextrin nanosponges as a promising innovative system for

drug delivery. They can be used as excipients in preparing

tablets, capsules, pellets, granules, suspensions, solid disper-

sions, or topical dosage forms or as new nanotechnological,

multifunctional carriers [31,32].

In particular, the design of new nanodelivery systems to

improve drug administration is currently being studied. Many

drugs show poor solubility, low permeability, a short half-life,

low stability, and/or high molecular weight, and as a conse-

quence their formulation is challenging.

Nanosponges have the capacity to incorporate drugs within their

structure, either as inclusion complexes or as noninclusion

complexes. There are far more interaction sites available for

incorporation within a nanosponge structure than in β-cyclodex-

trin molecules, and they also show different mesh polarities

(hydrophobic cyclodextrin cavities surrounded by hydrophilic

nanochannels of the polymeric network) thereby enabling

significant interactions between molecules with different

lipophilicities and structures.

The ability of cyclodextrin nanosponges to encapsulate drugs

has been studied in depth for both hydrophilic and lipophilic

molecules, including dexamethasone, flurbiprofen, doxorubicin,

itraconazole, resveratrol, paclitaxel, 5-fluorouracil and tamox-

ifen, as is shown in Table 1.
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Table 1: Molecules complexed by using nanosponges.

Drug log P Therapeutic
activity

Administration route Reference

Dexamethasone 1.9 anti-inflammatory oral, parenteral [51]
Flurbiprofen 4.2 anti-inflammatory oral [51]
Doxorubicin 1.3 antineoplastic parenteral [51]
Progesterone 3.9 hormonal oral [51]
Itraconazole 5.7 antifungal oral, topical [33]
5-fluorouracile −0.9 antineoplastic parenteral, topical [40]
Tamoxifen 4.0 antiestrogen oral [34]
Resveratrol 2.8 antioxidant oral, topical [48]
Paclitaxel 2.5 antineoplastic parenteral [36-46]
Camptothecin 1 antineoplastic parenteral [41,42]
Omeprazole 2.2 antiulcerative oral [38]
Nelfinavir mesylate 4.6 antiviral oral [38]
Acetylsalicylic acid 1.2 analgesic oral [36]
Acyclovir −1.6 antiviral oral, topical, parenteral [39]
Gamma-oryizanol – antioxidant topical [49]
Telmisartan 7.7 antihypertensive oral [47]

Considering their versatility, nanosponges can act as multifunc-

tional carriers, i.e., to enhance solubility, protect fragile mole-

cules, and achieve sustained release. In many cases they act

with two or more functions simultaneously.

In this review we summarise their potential capacities by classi-

fying nanosponges according to their main applications, and

some examples are reported as case studies.

Solubility enhancement
One of the greatest limits to the development of various

pharmaceuticals is the low water solubility of many drugs.

About 40% of new drugs are poorly soluble in water, which

hinders their clinical application. The formulation of poorly

water-soluble drugs constitutes a problem that is difficult to

solve. Many technological approaches have been investigated.

The ability of cyclodextrins to form inclusion complexes with

various molecules is widely used in the pharmaceutical field as

a strategy to increase the aqueous solubility and, consequently,

bioavailability of lipophilic drugs. For hydrophilic or

moderately polar drugs this approach is less effective,

and consequently cyclodextrin derivatives have been investi-

gated.

Nanosponges can improve the wetting and solubility of mole-

cules with very poor solubility in water. The drugs can be

molecularly dispersed within the nanosponge structure and

then released as molecules, avoiding the dissolution step.

Consequently, the apparent solubility of the drug can be

increased.

Many formulation and bioavailability problems can be solved

by enhancing the solubility and dissolution rate of a substance,

and nanosponges can greatly enhance the drug solubility.

Swaminathan et al. studied a formulation of itraconazole in

nanosponges [33], a drug with an aqueous solubility of about

1 ng/mL at physiological pH. The presence of nanosponges im-

proved the solubility of the drug more than 27-fold; and when

PVP was added as an auxiliary component of the nanosponge

formulation, this rose to 55-fold. Moreover, the dissolution

profiles of the drug for the two formulations were faster than for

the formulations available on the market. Nanosponge formula-

tion could thus increase the bioavailability of itraconazole.

The solubilisation efficiency of nanosponges with regard to

tamoxifen, a nonsteroidal anti-estrogen molecule used for

treating and preventing breast cancer, was observed by using a

0.5% aqueous suspension of β-CD nanosponges [34]. Encapsu-

lation of tamoxifen in these nanosponges was more than 40%

w/w, since 5 mg of nanosponges can solubilise 2.2 mg of

tamoxifen. The in vitro release of tamoxifen from nanosponges

showed pseudo-zero order kinetics. After 2 h about 60% of the

encapsulated drug had been released at pH 7.4.

The anticancer agent paclitaxel is another drug difficult to

formulate. Paclitaxel has a very low solubility in water, i.e., less

than 0.3 μg/mL. As a consequence, the dosage form available

for clinical administration requires the use of other pharmaceu-

tical solvents or emulsifying agents, namely Cremophor EL

(polyethoxylated castor oil). Unfortunately, Cremophor EL has
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been seen to cause serious side effects, such as neurotoxicity,

nephrotoxicity and cardiotoxicity [35].

Cyclodextrin-based nanosponges were used to prepare a

Cremophor-free formulation for paclitaxel administration.

Paclitaxel-loaded nanosponges were prepared by using the

freeze-drying method to entrap the drug in a β-CD nanosponges

network. The paclitaxel solubilisation efficiency of this formu-

lation was compared to that of native β-cyclodextrin showing a

marked increase. β-CD nanosponges loaded with paclitaxel

have a mean diameter of about 350 nm with a rather narrow size

distribution (polydispersity index below 0.2).

These nanosponges obtained using carbonyldiimidazole as a

cross-linker showed good paclitaxel complexation ability: one

millilitre of a 1.5% nanosponge aqueous suspension allows one

to dissolve about 2 mg of paclitaxel, thus confirming their

wetting and solubilising properties towards paclitaxel avoiding

the use of surfactants. The paclitaxel-loaded nanosponges

formed a stable colloidal system in water inhibiting the recrys-

tallization of paclitaxel over time. Moreover, this study demon-

strated that delivery of paclitaxel via nanosponges increased the

amount of paclitaxel entering cancer cells and lowered the IC50

of paclitaxel, thereby enhancing its pharmacological effect [36].

Sustained delivery system
Modified-release dosage forms offer a number of advantages

over the conventional release formulation of a drug. The design

of a modified-release product is generally intended to optimise

the treatment regimen by providing slow, continuous delivery

of the drug over the entire dosing interval. This makes it

possible to decrease the dose administered, change the pharma-

cokinetic profile, and decrease side effects.

Different drug delivery systems have been designed to modify

the release kinetics of medicinal products. The drug release

kinetics from nanosponges can be obtained with a prolonged

release profile over time. Previous in vitro studies showed that

flurbiprofen was released slowly from β-CD nanosponges [37],

reaching a percentage of less than 10% after 130 minutes. A

similar result was obtained with the incorporation of doxoru-

bicin in nanosponges. In in vitro tests, doxorubicin was released

very slowly at pH 1.2 (about 1% after 120 minutes) and the

percentage increased with pH values. Doxorubicin release of

about 29% was obtained at pH 7.4. This behaviour could

suggest that the nanosponge formulation is able to protect the

drug from the gastric environment, allowing delivery in the

intestinal tract.

Vavia prepared nelfinavir mesylate loaded nanosponges to

enhance the solubility of the drug [38]. Nelfinavir is a protease

inhibitor with low bioavailability, used to treat HIV infections.

In this case, the drug was released more slowly from

nanosponges than from a β-CD complex. This behaviour shows

that nanosponges are able to prolong drug release over time and

consequently could also be proposed as a sustained drug-

delivery system for oral administration.

Acyclovir is a medium polarity drug with a solubility in water

of 1.5 mg/mL. Special carboxylated nanosponges, containing

dissociable carboxylic groups in their structure were developed

for its encapsulation. They represent a further electrostatic

contribution for drug encapsulation, in addition to the cyclodex-

trin cavities. Electrostatic interactions may occur between the

carboxylic groups present in the nanosponge structure and the

amino group of acyclovir.

In vitro, acyclovir-loaded carboxylated nanosponges [39]

showed prolonged release of the drug without the initial burst

effect, and 20% drug release was obtained after three hours.

Protection from light or degradation
Nanosponges can also be used as carriers to protect encapsu-

lated molecules from light or from chemical- and enzyme-

induced degradation. To evaluate the potential protection appli-

cation, 5-fluorouracile was used as a light-sensitive model drug.

β-CD nanosponges were able to incorporate up to 30% of

5-fluorouracile [40]. The in vitro release of 5-fluorouracile,

determined by using the dialysis-bag technique at pH 7.4, was

about 60% of the encapsulated amount after 2 h showing an

interaction between the drug and the nanosponge structure,

despite the hydrophilicity of the drug. Moreover, encapsulation

of 5-fluorouracile in nanosponges protected the drug and main-

tained its cytotoxicity against MCF-7 cells. Another paradig-

matic example was established with the incorporation of camp-

tothecin in cyclodextrin nanosponges.

The anti-tumour activity of camptothecin has been extensively

investigated in both hematological and solid malignancies;

however, its use is still limited due to its poor solubility and

high chemical instability since the lactone ring of the molecule

is very susceptible to hydrolysis under physiological conditions.

The encapsulation of camptothecin in nanosponges was used to

prolong the shelf life and release of the drug [41]. The

nanosponges solubilised large amounts of the drug and

protected the lactone ring from opening due to its high inclu-

sion abilities, thereby increasing stability.

Three types of nanosponges, i.e., β-CD-1/2 nanosponges, β-CD-

1/4 nanosponges and β-CD-1/8 nanosponges, characterised by

an increasing cross-linker/β-CD molar ratio, have been used as
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delivery systems for camptothecin. All proved to solubilise

camptothecin, thereby increasing its aqueous solubility, and

formed inclusion complexes. FTIR, DSC and XRPD analyses

confirmed the drug interaction with nanosponges. Moreover

camptothecin loaded in nanosponges was seen to be more effec-

tive than the plain drug on HT29 cells.

The same formulation was recently shown to be an effective

nanotechnology for the treatment of both androgen-sensitive

and castrate-refractory prostate cancer in cell-line experiments

[42].

Nanosponges can be used to store and prolong the release of

volatile molecules, such as essential oils, following their encap-

sulation. Linalool, a liquid component of many essential oils

and fragrances with a boiling point of 198 °C, was encapsu-

lated in different types of nanosponges as a liquid oil model

[43]. β-CD-1/4 nanosponges can incorporate 8% w/w of

linalool within their structure. The entrapment of linalool in the

nanosponge matrix was confirmed by DSC analysis. In vitro

release studies were carried out by using the linalool

β-cyclodextrin complex for comparative purposes. After 2

hours, linalool release from nanosponges was half that from the

β-cyclodextrin complex, thereby showing that nanosponges

stabilise the molecule in their structure.

Protein delivery
Swellable cyclodextrin-based nanosponges were purposely

prepared for protein delivery by using a different synthetic

route. New swellable cyclodextrin-based poly(amidoamine)

nanosponges (PAA-NS) [44], named NS 10 and NS 11, were

synthesised by cross-linking β-cyclodextrins with either 2,2-

bis(acrylamidoacetic acid) or a short polyamido-amine chain

der iv ing  f rom 2 ,2-b is (acry lamidoacet ic  ac id)  and

2-methylpiperazine, respectively. These swellable nanosponges

were shown to be sensitive to the pH of the surrounding media.

PAA-NS were reduced in nanosuspensions by using the high-

pressure-homoginisation technique. Bovine serum albumin

(BSA) was used as a model protein to study the encapsulating

capacity of these new β-cyclodextrin-based nanosponges. High

protein-complexation capacity was achieved for both the

nanosponges with a BSA-encapsulation efficiency greater than

90%. In vitro release studies were carried out, showing a

prolonged release of albumin from the two swellable β-CD-

nanosponges over a period of 24 h. The encapsulation of

albumin and its prolonged release was also obtained with

carbonate nanosponges (unpublished data).

NS10 and NS11 were recently used to incorporate lysozyme

and showed a high loading capacity. The encapsulation effi-

ciency and loading percentages were 89% and 17% for NS10

and 96% and 19.6 for NS11. These lysozyme-loaded

nanosponges released the enzyme at a pH-dependent rate with

prolonged kinetics, whilst maintaining its biological activity

[44].

Oral delivery systems
The dissolution rate of a solid drug is a limiting factor for oral

bioavailability. For hydrophobic drugs the dissolution process

acts as the rate-controlling step and, therefore, determines the

rate and degree of absorption. As a consequence, many

hydrophobic drugs show erratic and incomplete absorption from

the gastrointestinal tract.

The Biopharmaceutics Classification System (BCS) was devel-

oped by Amidon [45] in 1995 as a tool for predicting the extent

of drug absorption after oral administration. This system divides

drugs into four categories according to their solubility and

intestinal permeability. Formulation strategies can be used to

shift a drug from one class to another by improving their phar-

maceutical characteristics.

Acetylsalicylic acid (ASA), a nonsteroidal anti-inflammatory

drug belonging to BCS class III, was formulated into pyromel-

litic dianhydride cross-linked β-cyclodextrin nanosponges [36].

TEM studies showed that the particle sizes of ASA-loaded

nanosponges have average diameters ranging from 40 to 60 nm

and they were seen to have a regular spherical shape. Zeta

potential was high enough to obtain a stable colloidal formula-

tion. In vitro and in vivo studies indicated a slow and prolonged

ASA release from pyromellitic cross-linked β-cyclodextrin

nanosponges over a long period, i.e., 24 hours. In carrageenan-

induced rat paw edema, administration of ASA as a nanosponge

formulation administered by oral gavage reduced inflammation

significantly (P < 0.01 and P < 0.05) compared to plain ASA

and the control group. These results indicate that the ASA

nanosponge formulation may be used for oral delivery of the

drug.

Paclitaxel-loaded nanosponges were administered to rats by oral

gavage using commercially available TAXOL® as the control.

The oral bioavailability of the drug was increased about 3-fold

after the administration of paclitaxel-loaded nanosponges, in

comparison to the control [46].

More recently, Rao et al. studied the influence of carbonate

nanosponges on telmisartan, an antihypertensive BCS class II

drug characterised by an estimated solubility in water of just

9.9 μg/ml resulting in low bioavailability. The formation of a

ternary complex of telmisartan with nanosponges and NaHCO3

was seen to synergistically enhance the dissolution rate of

telmisartan [47].



Beilstein J. Org. Chem. 2012, 8, 2091–2099.

2098

Topical delivery systems
Nanosponges can be used in gels or creams for topical applica-

tion. In one recent work, resveratrol, a polyphenolic phytoalexin

present in different plant sources and which plays an important

role in the prevention of many human diseases, particularly due

to its antioxidant properties, was encapsulated in nanosponges.

Incorporation markedly increased the solubility and stability of

the molecule.

Resveratrol-loaded nanosponges were seen to enhance drug

permeation in in vitro studies on porcine skin. Enhanced perme-

ation of resveratrol was also observed by using rabbit buccal

mucosa [48].

Gamma-oryzanol is a ferulic acid ester mixture, used as

sunscreen in the cosmetics industry. Its application is limited by

its high instability and photodegradation. Gamma-oryzanol was

encapsulated in nanosponges, showing a good protection from

photodegradation. A gel and an O/W emulsion were formulated

with the gamma-oryzanol-loaded nanosponges [49]. In vitro

permeability and accumulation studies were then carried out on

porcine skin. A high skin accumulation of gamma-oryzanol was

observed over time. The ability of nanosponges to increase the

uptake of the guest molecule by the skin can be attributed to the

capacity to increase solubility at the surface of the skin, as

already reported for cyclodextrins.

Gas delivery
Gas storage and delivery play an important role in biology,

medicine, cosmetics and pharmaceuticals. The molecular encap-

sulation of gases in cyclodextrin cavities has already been

proven. Nanosponge formulations can act as a reservoir for

various types of gas. β-CD nanosponges have shown an ability

to store large amounts of carbon dioxide, 1-methylcyclo-

propene and oxygen [8].

Three different cyclodextrin nanosponges were synthesised

cross-linking α-, β- or γ-cyclodextrin with carbonyldiimidazole

as oxygen-encapsulating formulations [50]. The nanosponges

were able to release oxygen both in the presence and in the

absence of ultrasound (US). Oxygen permeation through a sili-

cone membrane was obtained by using a nanosponge/hydrogel

combination system

All types of nanosponges were able to encapsulate, store and

release oxygen for prolonged periods. Ultrasound enhanced the

in vitro release and permeation of oxygen. The nanosponge/

hydrogel system produces a slower sustained release of the gas.

Therefore, nanosponges could be suitable carriers for topical

oxygen delivery in the presence and in the absence of US and

could act as an oxygen reservoir.

Conclusion
Nanosponges are a new type of biocompatible cross-linked

polymer, whose production is flexible and cost-effective.

Cyclodextrin nanosponges possess particular properties in terms

of their encapsulation ability, biocompatibility and solubilisa-

tion capacity with regard to different types of molecules.

Nanosponges could broaden the range of applications of

cyclodextrins in pharmacy and medicine, as well as in other

important fields, such as agriculture, cosmetics and the environ-

ment. They could be used to delivery two active substances

simultaneously for combination therapy, or for simultaneous

therapeutic and diagnostic applications. The surface engi-

neering of nanosponges could lead to prolonged residence time

in the blood or increased efficiency and specificity with ligands

for targeting sites. In conclusion, nanosponges can be consid-

ered as multifunctional nanoscale systems suitable for the

delivery of active molecules in nanomedicine.
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Abstract
The enzymatically catalyzed synthesis of a copolymer of 4-tert-butylphenol and 4-ferrocenylphenol by horse radish peroxidase

(HRP) in the presence of H2O2 in a 1,4-dioxane/water system is described. Furthermore, polymer-analogous alkylation of the free

hydroxy groups and subsequent click reaction with mono-6-azido-6-desoxy-β-cyclodextrin (N3-β-CD) was carried out. The forma-

tion of inter- and intramolecular inclusion complexes was investigated by DLS measurement.

2118

Introduction
Polyphenols in general play an important role in nature, e.g.,

lignin and suberin. In industry, Bakelite represents the first

practically successful polyphenol resin [1]. In the latter case, the

phenol moieties are covalently connected by formaldehyde con-

densation. Alternative methods include electrochemical poly-

merization, metal catalysis or treatment with enzymes, which

lead to phenyl–phenyl connected polyphenols [2-5]. In particu-

lar, oxidoreductase enzymes have the great advantage of

nontoxicity and regioselective phenol–phenol coupling [6-8].

Several oxido-reductases and their catalytic mechanisms are

well-studied; the most common are soybean peroxidase,

bilirubin peroxidase, laccase and horse radish peroxidase (HRP)

[8-12].

Taking the latter case, horse radish peroxidase catalyzes the

oxidative polycondensation of electron-rich phenols in water/

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:h.ritter@uni-duesseldorf.de
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Scheme 1: Synthetic pathway to the desired polymer 7.

organic-solvent systems in the presence of hydrogen peroxide.

In recent studies it was demonstrated that several para-substi-

tuted phenols, i.e., 4-tert-butylphenol, can be polymerized with

HRP in high yield and relatively high molecular weights [13].

Also several polyphenols with further functional groups, such

as nitrones, double bonds and imides, have been synthetized

and investigated in our group [14-18]. There are also several

natural phenols such as flavonoides, or isoflavonoides, which

were also polymerized successfully [19].

4-Ferrocenylphenol (2) has been the subject of several studies,

especially with regard to its electrochemical properties. After

electrochemical oxidation of the Fe(II) ion to Fe(III) a one-elec-

tron transfer from the phenol moiety takes place, in which a

proton is transferred simultaneously [20]. Furthermore, 4-ferro-

cenylphenol shows an antianemic activity in mongrel rabbits

[21].

Metal-containing polymers have drawn a lot of interest in the

past decade because of their combined chemical, electrochem-

ical, magnetic and optic properties. Potential applications

include polymeric materials for light-emitting electrodes, solar

cells or field-effect transistors [22].

Attempts to polymerize 2 in the presence of enzymes have been

carried out by several research groups but lead to undesired,

electrochemically inactive products [23]. Nevertheless, the co-

polymerization of 2 and 4-tert-butylphenol (3) to obtain electro-

chemically active products has not been investigated until now.

Hence, in the present paper we report the HRP-catalyzed syn-

thesis of novel copolymers from 2 and 3. Click reaction of the

propargyl modified polyphenol 5 with mono-(6-azido-6-deoxy)-

β-cyclodextrin (6) was also investigated. Based on former

studies, host–guest structures were created [24-30].

Results and Discussion
4-Ferrocenylphenol (2) was prepared according to the literature

[31], in high purity (Scheme 1). It was then enzymatically

copolymerized with 4-tert-butylphenol (3) in the presence of

HRP and H2O2. The resulting copolymer 4 with a weight-

average molecular weight of  = 6000 g/mol and a disper-

sity of D = 2.1 (SEC) was received. The 1H NMR of the

copolymer gave a broad signal in the range of 4.54–3.86 ppm

(ferrocenyl group) and a broad signal between 1.79–0.06 ppm

originating from the protons of the tert-butyl group.

As suggested in former studies, the enzyme-catalytic polymer-

ization of phenols in general with HRP as catalyst leads to the

formation of a copolymer containing phenylene and oxyphenyl-

ene moieties [32,33].  Accordingly, in the range of

1024–1174 cm−1 IR signals of the C–O stretching vibration of

ether functionalities can be observed in the IR spectrum of
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Figure 1: Cyclic voltammetry results of (A) clicked copolymer 7, (B) clicked copolymer 7 with Ad-COOK ( ).

copolymer 4. Therefore, 4 is a copolymer comprising the

ortho–ortho- and oxy-ortho-connected phenyl moieties.

The modified copolymer 5 was synthetized from copolymer 4

by alkylation with propargyl bromide under alkaline conditions.

Then, the alkyne-functionalized copolymer 5 was combined

successfully with mono-6-azido-6-deoxy-β-cyclodextrin (6) in a

click-type reaction to give copolymer 7 (Scheme 1). ROESY

measurements show some weak interaction of the protons of

β-CD with the protons of the ferrocene (Fc) moiety and the tert-

butyl-moiety (Supporting Information File 1).

Furthermore, the behavior of polymer 7 clicked with β-CD was

studied electrochemically (Figure 1, Table 1). The cyclic

voltammetry (CV) data of copolymer 7 shows an anodic peak

potential at 0.97 V, which shifts to 1.09 V with each oxidation/

reduction cycle due to formation of a polymer layer on the elec-

trode (Figure 1A). The anodic peak potential at 0.44 V and both

cathodic peak potentials are poorly resolved. After complexa-

tion of potassium adamantylcarboxylate (Ad-COOK) in the

β-CD moieties, the CV measurements of this system show well

resolved signals at 0.74 V as the anodic and 0.58 V as the

cathodic peak potential. Other signals are poorly resolved

(Figure 1B). In comparison, the CV measurements of 2 show

anodic peak potentials of 0.66 and 0.90 V and cathodic peak

potentials of 0.58 and 0.77 V. According to the literature,

Fc-oxidation/reduction takes place at lower voltages than

phenol oxidation/reduction [20]. The shift of peak potentials of

polymerized 4-ferrocenylphenol in comparison to monomeric

4-ferrocenylphenol is +0.08 V for Fc oxidation/reduction and

+0.19 V for phenol oxidation/reduction.

In conclusion, phenol-moieties are oxidized preferably in

copolymer 7, because the ferrocenyl moieties are sterically

shielded by β-CD. Accordingly, adamantylcarboxylate as a

Table 1: Summary of peak potentials acquired by cyclic voltammetry
(ferrocenyl oxidation or reduction/phenol oxidation or reduction).

Anodic peak
potential [V]

Cathodic peak
potential [V]

2 0.66/0.90 0.58/0.77
7 0.44a/1.09 0.23a/0.87a

7 + Ad-COOK 0.74/1.00a 0.58/0.83a

apoorly resolved signals.

competing guest for β-CD-moieties disassembles the ferrocenyl

complexes. The Fc-moieties are now readily available for oxi-

dation/reduction on top of the electrode. This result implies

successful complexation and decomplexation.

In addition, hydrodynamic diameters also indicate strongly that

supramolecular structures were formed (Figure 2). The hydro-

dynamic diameter of copolymer 5 (7 nm) in DMF is much

smaller than the value of the cyclodextrin-modified copolymer

7 (70 nm). After breaking of supramolecular structures by addi-

tion of potassium adamantylcarboxylate as a competing guest

for β-CD, the observed hydrodynamic diameter reduces to

5 nm. After measurement of compound 2 with native β-CD it is

clear that self-agglomeration of the described system is a prop-

erty of the modified copolymer 7.

Experimental
Materials and Methods
All reagents used were commercially available (Sigma-Aldrich,

Acros Organics) and were used without further purification

unless stated otherwise. β-Cyclodextrin was obtained from

Wacker Chemie GmbH, Burghausen, Germany, and used after

drying overnight with the aid of a vacuum pump, over P4O10.

Dimethylsulfoxide-d6 (99.9 atom % D) and CDCl3 were
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Figure 2: DLS measurement of compound 2 with β-cyclodextrin (— •), alkylated polyphenol 4 (- -), product 7 (—) and its complex with adamantylcar-
boxylate (•••).

obtained from Deutero GmbH, Germany. 4-Ferrocenylphenol

was prepared according to synthetic routes reported in the

literature [31]. The inclusion complexes of potassium

adamantylcarboxylate were formed by stirring a solution of the

β-CD-containing polymer in DMSO with excess potassium

adamantylcarboxylate overnight. The residue was then filtered

off and the remaining filtrate was used for measurement.

NMR experiments (1H, ROESY) were performed on a Bruker

Avance DRX 200 spectrometer operating at 200.13 or 500 MHz

for protons with DMSO-d6 or CDCl3 99.9% as solvents. The

chemical shifts (δ) are given in parts per million (ppm) using

the solvent peak as an internal standard.

FTIR spectra were recorded on a Nicolet 6700 FTIR spectrom-

eter equipped with an ATR unit.

SEC measurements were performed at room temperature with

THF (HPLC grade, unstabilized - Biosolv Kat.Nr. 202220602)

as eluent and with a flow rate of 1 mL/min. The SEC system

consists of a Gastorr BG 12 degasser (Schambeck), an Intelli-

gent Pump AL-12 (FLOW), a S5200 sampler (Schambeck SFD)

and a combination of columns (MZ Analysentechnik GmbH).

The columns contain a styrene–divinylbenzene copolymer and

are distributed over three main columns of porosity 10000, 1000

and 100 Å, and one column upstream of porosity 100 Å (type:

Gel Sd plus). A 486 tunable absorbance detector (Waters) and a

SFD RI 2000 differential-refractometer (Schambeck) were used

as detectors. Calibration took place with polystyrene standards

in a range of 575 to 3,114,000 g/mol. Toluene was used as the

internal standard.

Dynamic light scattering (DLS) experiments were carried out

with a Malvern Zetasizer Nano ZS ZEN 3600 at a temperature

of 20 °C. The particle size distribution was derived from a

deconvolution of the measured intensity autocorrelation func-

tion of the sample by the general purpose method (non-nega-

tive least squares) algorithm included in the DTS software.

Each experiment was performed at least five times.

Microwave-assisted synthesis was performed by using a CEM

Discover synthesis unit (monomode system). The temperature

was measured by infrared detection with a continuous-feedback

temperature control and maintained at a constant value by

power modulation. Reactions were performed in closed vessels

under controlled pressure.

Cyclic voltammetry (CV) measurements were performed with a

computer-controlled potentiostat (SIMPOT) with a resolution in

the range <100 pA. A gold electrode and an Ag/AgCl electrode

were chosen as working electrode and reference electrode, res-

pectively. The electrochemical measurements started at −0.2 V

and the potential was reversed at 1.6 V. As electrolyte, a solu-

tion of 0.1 M tetra-n-butylammoniumhexafluorophosphate

(n-Bu4N+PF6
−) as conducting salt in DMSO was used (pH 6).

Every experiment was carried out eight times.
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Poly(4-ferrocenylphenol-co-4-tert-butylphenol) 4
15 mg HRP are dissolved in 20 mL acetate buffer (pH 7); 1.39 g

(5 mmol) 2 and 1.76 g (11 mmol) 3 are dissolved in 80 mL of

1,4-dioxane. The solutions are combined in a 250 mL one-neck

flask and stirred vigorously. Then 1 mL of 30% hydrogenper-

oxide solution is added in 20 equiv portions every 15 minutes.

The solution is stirred again for 12 h. The polymer precipitates

to give 0.83 g (30%) yield. FTIR (diamond) : 3279, 2957,

2904, 2863, 1653, 1603, 1507, 1479, 1394, 1363, 1253, 1215,

1174, 1119, 1081, 1042, 975, 872, 828 cm−1; 1H NMR

(500 MHz, CDCl3, 24 °C) δ 8.44–6.11 (m, 4H), 4.54–3.86 (m,

9H), 1.21 (s, 9H); SEC (THF)  = 6000, D = 2.1.

Poly(4-ferrocenylphenol-co-4-tert-butylphenol)-
propargyl ether 5
0.3 g of 2 (0.7 mmol) with 0.12 g (1.0 mmol) propargyl bro-

mide and 0.14 g (1.0 mmol) potassium carbonate are dispersed

in 20 mL dry THF in a one-neck flask under an argon atmos-

phere. The dispersion is stirred under reflux for 24 hours. The

product is precipitated in hexane and dried in vacuo to give

0.28 g (80% yield). FTIR (diamond) : 2962, 2864, 2361,

2334, 1635, 1593, 1447, 1394, 1362, 1264, 1218, 1172,

1065 cm−1; 1H NMR (300 MHz, DMSO-d6, 25 °C) δ 8.06–6.13

(m, 4H), 4.26–4.03 (m, 11H), 3.61 (m, 2H), 1.22 (s, 9H).

Poly(4-ferrocenylphenol-co-4-tert-butylphenol-click-
cyclodextrin) 7
In a pressure vial, 0.20 g (0.41 mmol) of 5, 0.72 g (0.62 mmol)

of 6, 0.008 g (0.03 mmol) of CuSO4∙5H2O and 0.012 g

(0.06 mmol) of sodium ascorbate are dissolved in 2 mL of

DMF. The reaction mixture is stirred in a microwave oven for

1 h at 90 °C (30–70 W). The product is precipitated in acetone

and dried in vacuo. FTIR (diamond) : 3282, 2963, 2929, 1635,

1439, 1412, 1386, 1360, 1293, 1260, 1152, 1077, 1021 cm−1;
1H NMR (300 MHz, DMSO-d6, 25 °C) δ 8.43 (H-a), 7.47–7.13

(ArH, H-c), 5.95 (OH-2, OH-3), 4.82 (H-1), 4.55 (H-b, OH-6),

4.50–3.90 (Fc, H-d), 3.90–2.98 (H-6a,b, H-3, H-5, H-4, H-2),

1.38–0.92 (br, H-e).

Conclusion
We described the enzymatic copolymerization of 4-ferro-

cenylphenol with 4-tert-butylphenol. The 4-ferrocenylphenol

obviously tolerates the oxidative environment of H2O2. Further-

more, ortho–ortho- and oxy-ortho-connected phenol monomers

were found. However, the free hydroxy groups were subjected

to alkylation with propargyl bromide and subsequent click

chemistry with N3-β-CD. The covalently bound cyclodextrin

moiety and the covalently bound Fc or tert-butyl group form

host/guest complexes as proven by DLS measurement. The

cyclic voltammetry data shows that the central iron atom of the

Fc moiety is present in the copolymer and can be oxidized and

reduced, if a suitable competing guest for β-CD is present to

disassemble Fc complexes.

Supporting Information
The Supporting Information features a copy of the ROESY

NMR spectrum of ferrocene- and β-cyclodextrin-containing

copolymer 7.

Supporting Information File 1
ROESY of copolymer 7.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-8-238-S1.pdf]
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Abstract
Triton® X-100 (poly(ethylene glycol) tert-octylphenyl ether) was (meth)acrylated and polymerized in the absence and presence of

randomly methylated β-cyclodextrin (RAMEB-CD). Triton®-polymers that were polymerized with RAMEB-CD in water were

compared with polymers that were synthesized in organic solvents after the addition of RAMEB-CD. The polymers were character-

ized by 1H NMR and FTIR spectroscopy, matrix-assisted laser desorption ionization mass spectrometry (MALDI-TOF MS),

dynamic light scattering (DLS), gel-permeation chromatography (GPC) and turbidity measurements. Additionally, the viscosity

change of the methacrylic homopolymer with RAMEB-CD was evaluated.
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Introduction
Triton® X-100 (1) is a macromolecular, nonionic surfactant

with an average number of ethylene oxide units of 9.5. The tert-

octylphenyl group is a hydrophobic moiety whereas the

poly(ethylene glycol) substituent is hydrophilic. Because of this

amphiphilic character, Triton® X-100 can be described as a

short AB block co-oligomer [1]. Long amphiphiles are rela-

tively flexible and provide a lower critical micelle concentra-

tion (CMC) [2]. The CMC of Triton® X-100 is 0.22 mM [3].

Accordingly, below this concentration isolated molecules can

be found; above this concentration micelles are formed.

Equilibrium constants of β-CD and Triton® X-100 complexes

listed in the literature span a range of 145–171000 M−1.

Different methods, e.g., surface tension, isothermal titration

calorimetric, and fluorescence studies, were used to determine

the equilibrium constant [4-12]. The results also differ in the

stoichiometry of the formed complexes [4,7,9-11]. Host/guest

ratios of 1:1 [4,7], 2:1 [9] and the coexistence of 1:1 and 2:1

[10,11] complexes of β-CD and Triton® X-100 are reported in

literature. In our previous paper, the coexistence of a 1:1 and

2:1 complex with an extraordinary high (K1 = 1.71 × 105 M−1)

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:h.ritter@uni-duesseldorf.de
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Figure 2: Solubility in water of 0.2 wt % Triton® X-100 (1) and its different assumed complexes with RAMEB-CD (1a and 1b) according to the trans-
parence measurement.

and a lower equilibrium constant (K2 = 260 M−1) was described

[12]. Due to the fact that the tert-octyl group represents the

preferred binding site of the molecule it can be assumed that

complexation takes place at this position first. In excess of

β-CD an additional complexation of the phenyl ring occurs.

The synthesis and polymerization of methacrylic Triton® has

already been described in the literature [2]. It was found that the

reactivity of the methacrylic double bond was not affected by

the length of the poly(ethylene oxide) side chain [13].

In the present work, we depict the homopolymerization and

characterization of methacrylic and acrylic Triton® in the

absence and presence of RAMEB-CD for the first time. The

dissociation of the polymer-CD-complex was monitored by

viscosity measurements.

Results and Discussion
Complexation study of Triton® X-100 with
RAMEB-CD
The complexation behavior of Triton® X-100 (1) with

RAMEB-CD was investigated by means of an ITC experiment

(Supporting Information File 1, Figure S1). Assuming the

sequential-binding model with two binding sites, values of

K1 = 6.08 × 104 M−1 and K2 = 445 M−1 were obtained, which

are extremely high compared to the other CD-complexes which

show K-values rarely higher than 5 × 104 M−1 [14].

1H NMR spectroscopy experiments indicate that Triton® is

complexed at its hydrophobic tert-octyl-moiety as expected.

The 1H NMR signals of the aliphatic protons a and c at 0.66 and

1.24 ppm (Figure 1) shifted strongly after the addition of a

small amount of RAMEB-CD. With increasing amount of

RAMEB-CD, the signals of the aromatic protons d and e also

shifted from 7.16 and 6.78 ppm to 7.34 and 6.93 ppm. Assum-

ingly, the hydrophobic tert-octyl group is complexed first;

secondly the aryl group is complexed by RAMEB-CD [12].

Figure 1: Chemical structure of Triton® X-100 (1).

To evaluate the size of Triton® X-100 (1) and its supra-

molecular complexes with CD in water, DLS measurements

were carried out. The number-average hydrodynamic diameter

(dh) increased from 0.7 nm at concentrations lower than

0.22 mM up to 106 nm indicating the formation of micelles

above the CMC. The formation of micelles was inhibited by the

addition of RAMEB-CD to the Triton® solution, because the

hydrophobic component of 1 slips into the cavity of RAMEB-

CD. The addition of 1 equiv of RAMEB-CD to 1 exhibited a

hydrodynamic diameter of 1.4 nm and the diameter of the 1:2

complex was determined to 2.1 nm. The different hydrody-

namic diameters of the complexes indicate that different

complexes are formed.

Triton® X-100 (1) as a macromolecular surfactant becomes

insoluble above 66 °C due to a typical LCST effect. By addi-

tion of 1 equiv of RAMEB-CD (1a) the cloud point is shifted

from 66 to 71 °C. This can be attributed to the increasing

hydrophilicity. Figure 2 shows the changes of the transmittance
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Scheme 1: Idealized reaction of the complexation of the (meth)acrylic monomer derived from Triton® (2 and 3) with one and 2 equiv of RAMEB-CD.

Table 1: Comparison of the hydrodynamic diameters and the LCSTs of 1, 2 and 3 and their complexes with 1 and 2 equiv of RAMEB-CD.

compound
hydrodynamic diameter (nm) in DMF LCST (°C) in water

without
RAMEB-CD

with RAMEB-CD without
RAMEB-CD

with RAMEB-CD
1 equiv 2 equiv 1 equiv 2 equiv

1 106 1.4 2.1 66 71 not measurable
2 1.3 1.8 2.5 insoluble 10 27
3 1.2 1.8 2.5 insoluble 18 63

as a function of the temperature. After the addition of a second

equiv of RAMEB-CD (1b) no LCST behavior could be ob-

served over the whole temperature range from 5 to 95 °C. This

was due to the much more hydrophilic character of the com-

plex, which is a result of coverage of the hydrophobic part of 1.

Complexation of the (meth)acrylic monomer
derived from Triton® (2 and 3) with RAMEB-
CD
The reaction of Triton® X-100 (1) with methacryloyl chloride

and acryloyl chloride gave the corresponding methacrylic ester

2 [2] and acrylic ester 3, respectively. Both monomers 2 and 3

were insoluble in water, but readily formed water-soluble

host–guest complexes with RAMEB-CD (4 to 7) within a few

minutes (Scheme 1).

In the solid state, the complex formation could be proved by

FTIR, as the ether-band shifted from 1102 to 1033 cm−1. By

using 2D-ROESY NMR, the interactions between the inner

protons H-3 and H-5 of 2,6-dimethyl-β-cyclodextrin (DIMEB-

CD) and the protons of the tert-octyl and aryl group of 3 were

analyzed (Supporting Information File 1, Figure S2). DIMEB-

CD was used with the intention to gain information on the

orientation of the RAMEB-CD molecules on Triton®. However,

after the complexation, the signals of the inner protons were

superimposed and no conclusions about the orientation of the

CD ring could be drawn. An interaction between CD and the

(meth)acrylic group could not be detected.

In the course of DLS experiments with dimethylformamide

(DMF) as solvent a hydrodynamic diameter of 1.4 nm for pure

RAMEB-CD and 1.2 nm for 3 was found. For each complexed

RAMEB-CD the diameter increased by about 0.6 nm. There-

fore, it can be concluded that RAMEB-CD forms stable

complexes with the modified (2 and 3) and unmodified Triton®

X-100 (1) even in DMF as solvent (Table 1).

Furthermore, the water-insoluble monomers 2 and 3 can be

transferred into the aqueous phase by addition of RAMEB-CD.

Above 27 °C the 2:1 complex of RAMEB-CD with the

methacrylic monomer 2 precipitates as a result of slipping off

the RAMEB-CD. If the solution is cooled down the complex is

reformed and the dispersion became completely transparent

again. With increasing concentration of RAMEB-CD and

decreasing hydrophobicity of the modified monomers 2 and 3

the LCST increases significantly (Table 1).
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Scheme 2: Homopolymerization of the uncomplexed monomers 2 and 3 to the polymers 8 and 9 in DMF with AIBN as initiator.

Table 2: The hydrodynamic diameters and molecular weights of the polymers 8 and 9 and their complexes with RAMEB-CD in DMF.

compound
hydrodynamic diameter (nm) in DMF GPC (DMF)

without RAMEB-CD
with RAMEB-CD

D
1 equiv 2 equiv

8 10.4 11.4 18.4 80900 4.9
9 11.7 12.5 16.3 46800 6.5

Homopolymerization of the uncomplexed
(meth)acrylic monomers 2 and 3 in DMF
The macromonomers 2 and 3 respectively were homopolymer-

ized in DMF with 2,2′-azobis(2-methylpropionitrile) (AIBN) as

initiator (Scheme 2). The glass-transition temperature (Tg) of

the methacrylic polymer 8 was found to be −40 °C, which is

similar to the value that can be found in the literature [2]. Due

to higher flexibility of the new acrylic polymer 9, a lower Tg of

−50 °C was detected.

According to DLS measurements, the addition of 1 equiv of

RAMEB-CD to the dissolved polymer does not significantly

influence the hydrodynamic diameter of 10.4 nm (8) and

11.7 nm (9) (+1 nm) in DMF. In contrast, the complexation

with 2 equiv of RAMEB-CD induces a remarkable shift in dh

from 10.4 up to 18.4 nm (Table 2). This observation indicates

that a total complexation of the hydrophobic component is

required to prevent the intermolecular aggregation of the coil,

which results in a higher rigidity of the polymer chain.

The addition of 2 equiv of RAMEB-CD to 8 leads to a water

soluble polymer with a cloud point of 11 °C. For the single and

double RAMEB-CD-complexed acrylic polymer 9 no cloud

points could be observed over the whole temperature range,

probably because the complexes are too stable in water.

Homopolymerization of RAMEB-CD
complexed (meth)acrylic monomer derived
from Triton® (4 to 7) in water
A solution polymerization in water was possible after the com-

plexation of (meth)acrylated Triton® X-100 (2 and 3) with

RAMEB-CD (Scheme 3). The polymers 10 and 12 complexed

with 1 equiv of RAMEB-CD precipitated during the polymer-

ization, whereas the double complexed polymers 11 and 13 did

not precipitate, as a consequence of the stronger host–guest

interactions.

The successful polymerization of 10–13 was demonstrated, e.g.,

by 1H NMR spectroscopy. The signals of the olefinic protons

between 5.5 and 6.2 ppm vanished; whereas the signals of the

polymer backbone at 0.67 ppm were clearly visible. As

expected, the signals of the protons of the tert-octyl group were

broader after the polymerization. The 2D-ROESY spectrum

indicates that the complex was still intact after the polymeriza-

tion (Supporting Information File 1, Figure S3).

DSC measurements of the dried samples indicate a high influ-

ence of RAMEB-CD. The Tg value was found to be about 52 °C

for the single complexed acrylic polymer 12 and about 85 °C

for the double complexed acrylic polymer 13. Compared to this

a Tg value of −50 °C was found for the model polymer 9. Obvi-

ously, RAMEB-CD reduces the mobility of the system, as

suggested above. A similar behavior was observed for the single

complexed methacrylic polymer 10. The hydrodynamic diame-

ters of the complexed, modified monomers are between 1.4 and

2.5 nm. For the polymers 10–13, which were first complexed

with RAMEB-CD and then polymerized in water, and the poly-

mers 8 and 9, which were homopolymerized in DMF and then

complexed with RAMEB-CD, similar hydrodynamic diameters

were observed (Supporting Information File 1, Table S1). To

determine the molecular weight of the polymers RAMEB-CD

had to be removed first. This was achieved by a dialysis at

45 °C (Table 3). The molecular weights of the polymers 11 and

13 derived from the double-complexed monomers 6 and 7 are
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Scheme 3: Polymerization of the RAMEB-CD complexed monomers 4, 5, 6 and 7 to the homopolymers 10, 11, 12 and 13 in water with VA-044 as
initiator.

higher than the molecular weights of the polymers 10 and 12,

which were prepared from the single-complexed monomers 4

and 5. This may be a result of the increasing solubility of the

monomers 2 and 3 if CD is added in molar excess.

Table 3: Molecular weights of the polymers 10–13 after dialysis at
45 °C.

compound D

10 119200 7.3
11 175300 3.4
12 54700 3.3
13 68400 3.2

Temperature-dependent behavior of the
RAMEB-CD-double-complexed methacrylic
homopolymer (8)
The rheological experiments were performed in a temperature

range of 25 to 85 °C for constant shear rates. Below 30 °C the

viscosity of an aqueous polymer solution decreases with

increasing temperature (Figure 3, I). Surprisingly, above 30 °C

the viscosity increases (Figure 3, II). Probably this result is

caused by a gradual decomplexation of the polymer. Some

RAMEB-CD molecules slip off from the polymer side chain

and aggregates are formed. The agglomeration causes an

increase in the viscosity, with its maximum at about 60 °C.

Above this temperature, the polymer precipitates (Figure 3, III).

Similar curves were determined for different shear rates and the

solution showed shear-thinning behavior. The results found by

rheometer were confirmed by DLS and turbidity measurements.

The cloud point was around 56 °C. Figure 3 shows the transmit-

tance and the zero-shear-viscosity as a function of the tempera-

ture in a range of 25 and 85 °C for a 50 wt % aqueous solution

of 8. Approaching the LCST, the hydrodynamic diameters

increase (16 nm at 25 °C, 29 nm at 30 °C, 62 nm at 35 °C,

77 nm at 40 °C and 95 nm at 45 °C). The results of hydrody-

namic diameters and the transmittance support the described ex-

planation for the viscosity curve on the rheometer.

Figure 3: Transmittance [%] and zero-shear-viscosity [Pas] as a func-
tion of temperature for a 50 wt % solution of polymer 8. (I → II:
Viscosity decreases with higher temperature; II → III: Gradual decom-
plexation of the polymer, RAMEB-CD molecules slip off from the
polymer side chain, aggregates are formed; III: Precipitation of the
polymer).

Conclusion
It was possible to polymerize (meth)acrylated Triton® as a

stable complex with RAMEB-CD in water (10 to 13). Even

after the polymerization, the complex with RAMEB-CD still

existed. Water is an environmentally friendly and favorable

solvent. The molecular weights, LCSTs and hydrodynamic

diameters of the resulting polymers prepared in water are

similar to those of the uncomplexed model polymers, which
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were synthesized in DMF (8 and 9). As an important result, it

was possible to follow the decomplexation of double-

complexed polymer 8 above 30 °C by DLS, turbidity measure-

ments and also by viscosity changes.

Experimental
Materials
Triton® X-100 was purchased from Acros Organics and was

used as received. RAMEB-CD was bought from the Wacker

Chemie AG, and DIMEB-CD was bought from Acros Organics.

They were dried in a microwave drying system SAM 255

(CEM). Methacryloyl chloride (Fluka), acryloyl chloride

(Fluka), triethylamine (Acros Organics), AIBN (Sigma-

Aldrich), VA-044 (Wako Chemicals) and DMF (VWR) were

used as received.

Measurements
Isothermal titration calorimetry experiments were performed on

a VP-ITC MicroCalorimeter from MicroCal, Northampton MA,

and were controlled by MicroCal VP viewer 2000 ITC soft-

ware. Experiments were conducted at 25 °C. A 2.5 mM solu-

tion of RAMEB-CD was titrated against a 0.2 mM solution of

Triton® X-100. Titration was carried out by 30 injections of

5 × 1 μL, 5 × 2 μL, 5 × 5 μL, 15 × 15 μL with a spacing time of

180 s. The stirring speed was set to 300 min−1. In a separate

experiment the heat of dilution was measured and was

subtracted from the binding isotherm. The results were calcu-

lated with Origin 7.0 and the MicroCal LLC ITC software.

2D-ROESY and 1H NMR measurements were performed on a

Bruker AVIII-300 spectrometer at 300.13 MHz. The δ scale

relative to tetramethylsilan was calibrated to the solvent value δ

7.26 ppm for CDCl3 and δ 4.79 ppm for D2O.

Infrared (IR) spectra were determined on a Nicolet 6700 FTIR

spectrometer equipped with an ATR unit at rt. The measure-

ments were performed in the range of 4000–300 cm−1.

DLS data were recorded in backscattering mode on a Malvern

Zetasizer Nano ZS ZEN 3600 at a temperature of 20 °C with a

laser wavelength of 633 nm and a detection angle of 173°.

Measured solutions contained 5 mg/mL substance in DMF and

were performed in a glass cuvette with a layer thickness of

1 cm. Each experiment was performed at least ten times to

obtain statistical information and the number-averaged diame-

ters were used for characterization.

For turbidity measurements a TP1 turbidity photometer within a

temperature range of 5 to 95 °C was used. Measured solutions

contained 20 mg/mL substance in water. During continuous

stirring the transparency of the sample was determined. The

values of the LCST were taken as the temperature where the

transmission decreases by 50%.

GPC measurements were performed by using a Viscotek

GPCmax VE2001 system. The system has a column set with

one Viscotek TSK guard column HHR-H 5.0 mm (ID) × 8 cm

(L) and two Viscotek TSK GMHHR-M 7.8 mm (ID) × 30 cm

(L) columns. The columns were constantly heated at a tempera-

ture of 60 °C. DMF (0.1 M LiCl) was used as eluent at a flow

rate of 1 mL/min. For detection a Viscotek VE 3500 RI detector

was used. The system was calibrated with polystyrene stan-

dards within a molecular range from 575 to 3,114,000 g/mol.

On a Mettler Toledo DSC 822 instrument the DSC measure-

ments were determined in a range of −50 to 200 °C at the

heating rate of 10 °C/min. The Tg values were estimated as the

average of three measurements by using the midpoint method.

Viscosities were measured with a rotational viscometer model

Haake MARS II rheometer equipped with plate–plate (PP35Ti)

and cone–plate (DC60/2°) configuration. A temperature control

system DC30/K10 from Thermo scientific was used to ensure

constant temperatures with deviations of 1 °C. Measured solu-

tions contained 50 wt % aqueous solution of the polymer. To

determine the viscosity a temperature range of 25 to 85 °C

(∆T = 5 °C) for constant shear rates (10, 20, 100 and 200 s−1)

was applied. For the zero-shear viscosity, different shear rates

(10−5–0.1 s−1) at constant temperatures from 25 to 85 °C

(∆ = 5 °C) were used.

Syntheses
Monomer syntheses
The methacrylic derivate of Triton® X-100 (2) was synthesized

in a similar way as already described by San Román et al. [2].

To a solution of 9 g (14 mmol) Triton® X-100 (1) in methylene

chloride with a 20% excess triethylamine (1.7 g, 16.7 mmol), a

solution of 20% excess methacryloyl chloride (1.75 g,

16.7 mmol) was added dropwise at 0 °C under stirring. After

being stirred for 24 h at rt, the solution was washed with

aqueous NaOH (5 wt %) several times. The solvent was

removed under reduced pressure. The acrylic derivate of

Triton® X-100 (3) was synthesized in the same way; instead of

methacryloyl chloride, acryloyl chloride (1.5 g, 16.5 mmol) was

used.

Methacrylic derivate of Triton® X-100 (2)
Yield: 82%; FTIR (diamond, cm−1): ν 2949/2868 (-CH3,

-CH2-), 1718 (-COOR), 1638 (-C=C-), 1610/1511 (-aryl), 1454,

1365, 1349, 1319, 1296, 1245 (aryl-C-O-C), 1103 (-C-O-C-),

1039, 942 (R2C=CH2), 829/732 (1,4-disubstitute aromatic),

683, 659, 589, 522; 1H NMR (300 MHz, CDCl3) δ 7.25 (dd, 3J
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= 8.83 Hz, 4J = 2.18 Hz, 2H, aryl-CH), 6.82 (dd, 3J = 8.83 Hz,
4J = 2.18, 2H, aryl-CH), 6.13 (m, 1H, -CH3), 5.57 (m, 1H,

=CH2), 4.29 (t, 3J = 4.86 Hz, 2H, -CH2-), 4.10 (t, 3J = 4.86 Hz,

2H, -CH2-), 3.64 (s, polyethoxy, 37H), 1.94 (t, 4J = 1.13 Hz, 4J

= 1.33 Hz, 3H, =CH2), 1.69 (s, 2H, -CH2-), 1.33 (s, 6H,

-(CH3)2), 0.70 (s, 9H, -(CH3)3); MALDI-TOF (CHCl3, n =

number of ethoxy groups) m/z: 561 (n = 6), 605 (n = 7), 649 (n

= 8), 693 (n = 9), 737 (n = 10), 781 (n = 11), 825 (n = 12), 869

(n = 13), 913 (n = 14), 957 (n = 15), 1001 (n = 16), 1045 (n =

17), 1089 (n = 18).

Acrylic derivate of Triton® X-100 (3)
Yield: 97%; FTIR (diamond, cm−1): ν 2952/2868 (-CH3,

-CH2-), 1724 (-COOR), 1636 (-C=C-), 1610/1511 (-aryl), 1455,

1407, 1365, 1350, 1319, 1295, 1245 (aryl-C-O-C), 1188, 1102

(-C-O-C-), 1066, 942 (R2C=CH2), 829/732 (1,4-disubstitute

aromatic), 683, 659, 589, 522; 1H NMR (300 MHz, CDCl3) δ

7.24 (dd, 3J = 8.83 Hz, 4J = 2.16, 2H, aryl-CH), 6.80 (dd, 3J =

8.87 Hz, 4J = 2.16, 2H, aryl-CH), 6.41 (dd, 2J = 1.50 Hz, 3J =

17.39 Hz, 1H, -H), 6.14 (dd, 3J = 17.39 Hz, 3J = 10.44 Hz, 1H,

=CH2), 5.82 (dd, 2J = 1.50 Hz, 3J = 10.44 Hz, 1H, =CH2), 4.30

(t, 3J = 4.86 Hz, 2H, -CH2-), 4.10 (t, 3J = 4.93 Hz, 2H, -CH2-),

3.63 (s, 37H, polyethoxy), 1.68 (s, 2H, -CH2-), 1.32 (s, 6H,

-(CH3)2), 0.69 (s, 9H, -(CH3)3); MALDI-TOF (CHCl3, n =

number of ethoxy groups) m/z: 547 (n = 6), 591 (n = 7), 635 (n

= 8), 679 (n = 9), 723 (n = 10), 767 (n = 11), 811 (n = 12), 855

(n = 13), 899 (n = 14), 943 (n = 15), 987 (n = 16), 1031 (n =

17), 1075 (n = 18), 1119 (n = 19).

Homopolymerization in the absence of RAMEB-CD
in DMF
The (meth)acrylic derivate of Triton® X-100 (2 = 10 g,

13.99 mmol; 3 = 10 g, 14.27 mmol) was homopolymerized

at 70 °C in a thermostatic bath, with 1 mol % AIBN

(0.14 mmol) as radical initiator and 50 wt % dimethylfor-

mamide as solvent for 24 h. The polymerization reactions

were carried out under an oxygen-free N2 atmosphere.

The polymer was precipitated in methanol, filtered off and

vacuum dried at room temperature until a constant weight was

reached.

Methacrylic polymer 8
Yield: 65%; FTIR (diamond, cm−1): ν 2948/2868 (-CH3,

-CH2-), 1728 (-COOR), 1609/1512 (-aryl), 1455, 1394, 1364,

1349, 1325, 1294, 1245 (aryl-C-O-C), 1149, 1101 (-C-O-C-),

1038, 947, 829/748 (1,4-disubstitute aromatic), 732, 683, 588,

554, 521; GPC (DMF):  = 80,900,  = 396,700, D = 4.9.

Acrylic polymer 9
Yield: 74%; FTIR (diamond, cm−1): ν 2946/2868 (-CH3,

-CH2-), 1733 (-COOR), 1610/1512 (-aryl), 1455, 1391, 1365,

1349, 1294 (aryl-C-O-C), 1245, 1185, 1103 (-C-O-C-), 1039,

948, 829 (1,4-disubstitute aromatic), 683, 588, 522; 1H NMR

(300 MHz, CDCl3) δ 7.24 (d, 3J = 8.76 Hz, 2H, aryl-CH), 6.80

(d, 3J = 8.76 Hz, 2H, aryl-CH), 4.09 (t, 3J = 4.87 Hz, 2H,

-CH2-), 3.83 (t, 3J = 4.87 Hz, 2H, -CH2-), 3.63 (s, 37H, poly-

ethoxy), 2.21 (d, 3J = 8.58 Hz, 2H, backbones), 1.68 (s, 2H,

-CH2-), 1.32 (s, 6H, -(CH3)2), 0.70 (s, 9H, -(CH3)2); GPC

(DMF): = 46,800,  = 303,800, D = 6.5.

Homopolymerization in the presence of RAMEB-CD
in water
The (meth)acrylic derivate of Triton® X-100 (2 = 1 g,

1.4 mmol; 3 = 1 g, 1.43 mmol) and 1 or 2 equiv of

RAMEB-CD were dissolved in water (20 wt % with

reference to the monomer) and stirred until the solution

became clear. The complexed monomers were homopolymer-

ized at 40 °C in a thermostatic bath, with 1 mol % VA-044

(for 2 4.6 mg, 0.014 mmol; for 3 4.8 mg, 0.015 mmol) as

radical initiator for 24 h. The polymerization reactions

were carried out under an oxygen-free N2 atmosphere. The

polymers were purified by dialysis for two days.

Methacrylic polymer with 1 equiv of RAMEB-CD
(10) and 2 equiv of RAMEB-CD (11)
Yield 10: 37%; yield 11: 89%; FTIR (diamond, cm−1): ν 3404

(-OH), 2924/2886/2832 (-CH3, -CH2-, -OCH3), 1728 (-COOR),

1610/1512 (-aryl), 1454, 1407, 1364, 1325, 1299, 1246 (aryl-C-

O-C), 1188, 1147, 1083, 1034 (-C-O-C-), 965, 858/757 (1,4-

disubstitute aromatic), 701, 571; 1H NMR (300 MHz, D2O, 10

and 11 have identical chemical shifts, but the integral of

RAMEB-CD for 11 is a 1.8 times bigger than for 10) δ 7.35 (d,

2H, 3J = 8.43 Hz, aryl-CH), 6.95 (d, 3 J = 8.43 Hz, 2H, aryl-

CH), 5.20 (2s, RAMEB-CD), 4.34 (m, 2H, -CH2-), 4.23 (m, 2H,

-CH2-), 3.88 (s, RAMEB-CD), 3.81 (s, RAMEB-CD), 3.69 (s,

37H, polyethoxy), 3.67 (s, RAMEB-CD), 3.58 (s, CH3-

RAMEB-CD), 3.54 (s, RAMEB-CD), 3.40 (s, CH3- RAMEB-

CD), 2.07 (s, 1H, -CH3), 1.77 (s, 2H, -CH2-), 1.68 (s, 2H, back-

bones), 1.51 (s, 6H, -(CH3)2), 0.85 (s, 9H, -(CH3)2); GPC (10,

DMF):  = 119,200,  = 876,100, D = 7.3; GPC (11,

DMF):  = 175,300,  = 593,500, D = 3.4.

Acrylic polymer with 1 equiv of RAMEB-CD (12) and
2 equiv of RAMEB-CD (13)
Yield 12: 45%; yield 13: 84%; FTIR (diamond, cm−1): ν 3405

(-OH), 2924/2896/2832 (-CH3, -CH2, -OCH3), 1731 (-COOR),

1610/1512 (-aryl), 1453, 1404, 1364, 1325, 1299, 1246 (aryl-C-

O-C), 1189, 1150, 1083, 1033 (-C-O-C-), 1002, 965, 857/758

(1,4-disubstitute aromatic), 701, 571; 1H NMR (300 MHz, D2O,

12 and 13 have identical chemical shifts, but the integral of

RAMEB-CD for 11 is 1.8 times larger than for 10) δ 7.35 (d, 3J

= 8.73 Hz, 2H, aryl-CH), 6.94 (d, 3J = 8.73 Hz, 2H, aryl-CH),
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5.27 (2s, RAMEB-CD), 4.34 (m, 2H, -CH2-), 4.23 (m, 2H,

-CH2-), 3.87 (s, RAMEB-CD), 3.70 (s, RAMEB-CD), 3.67 (s,

37H, polyethoxy), 3.67 (s, RAMEB-CD), 3.59 (s, CH3-

RAMEB-CD), 3.53 (s, RAMEB-CD), 3.40 (s, CH3- RAMEB-

CD), 1.77 (s, 2H, -CH2-), 1.68 (s, H, backbone), 1.50 (s, 6H,

-(CH3)2), 1.27 (s, 3H, -H), 1.27 (s, H, backbone), 0.87 (s, 9H,

-(CH3)2); GPC (12, DMF):  = 54700,  = 182,700, D =

3.3; GPC (13, DMF):  = 68,400,  = 218,700, D = 3.2.

Supporting Information
Supporting Information File 1
Additional ITC results, 2D NMR ROESY and

hydrodynamic diameters.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-8-245-S1.pdf]
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Abstract
The synthesis of the β-cyclodextrin/propiconazole nitrate inclusion complex and the advantages of the encapsulation of this drug

were recently reported, but the experimental data only partially revealed the structure of the supramolecular complex due to the

limitations in understanding the intermolecular association mechanism. The present work describes the equilibrium molecular

geometries of β-cyclodextrin/propiconazole and β-cyclodextrin/protonated propiconazole, established by the AM1 and PM3 semi-

empirical methods. The affinity between different parts of the guest molecule and the cyclodextrin cavity was studied considering

that propiconazole possesses three residues able to be included into the host cavity through primary or secondary hydroxyl rims.

The results have revealed that the most stable complex is formed when the azole residue of the propiconazole enters the cavity of

the cyclodextrin through the narrow hydroxyl’s rim.

2191

Introduction
The occurrence of fungal diseases has dramatically increased

during the past 20 years. Extremely rare ten years ago, nowa-

days, antifungal drug resistance has become an important

problem in treatment of fungal diseases for various categories

of patients, especially those infected with HIV. Excessive and

prolonged treatment with azole-containing medicines has led to

fungal resistance to this class of compounds, especially in the

case of HIV patients with repeated recurrent episodes [1,2].

Today, the number of reported cases of clinic resistance to anti-

fungal drugs is growing and mycologists have warned about an

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:pinteala@icmpp.ro
http://dx.doi.org/10.3762%2Fbjoc.8.247
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increasingly large-scale expansion of this phenomenon [3].

Consequently, the development of new therapeutic conjugates

able to combine new antifungal properties with water solubility

of the drug has become a major direction of research in the field

of antifungal therapy. In this respect, one of the expected

methods consists of the complexation of antifungals with

cyclodextrins and/or with soluble polymers.

Propiconazole (PP) is a triazole derivative effective as a fungi-

cide, with a broad spectrum, designed and launched by Janssen

Pharmaceutics (Belgium). It is widely used in agriculture as a

systemic foliar fungicide and, lately, for its fungistatic action.

Propiconazole nitrate was tested in order to reduce the toxicity

of the unmodified PP, but little information is available on this

topic. Recently synthesized positively charged protonated

propiconazole (PPH+) showed an increased antifungal activity

compared to unmodified PP. The inclusion compound based on

β-cyclodextrin (β-CD) and PPH+ (further abbreviated as β-CD/

PPH+) was preliminarily investigated in vitro, and its anti-

fungal activity was reported [4].

Cyclodextrins (CDs) are macrocyclic oligosaccharides

consisting of six to twelve glucopyranose units joined in a trun-

cated cone-shaped structure [5]. They exhibit a hydrophobic

cavity delimited by two rims, a wide and a narrow one,

composed of secondary and primary hydroxy groups. By virtue

of this structure, CDs are able to generate inclusion complexes

with a wide variety of hydrophobic organic compounds in

aqueous solution. The driving forces leading to complexation

are numerous, varying from van der Waals to hydrophobic and

to dipole–dipole interactions [6,7]. Since CDs and their

complexes are widely used in pharmaceutical sciences and syn-

thesis, there is currently a great interest in the theoretical study

of their supramolecular associates.

Accurately representing the size of CD cavities and their chain

flexibility represents a challenge for molecular simulation when

quantum methods are employed. Since the ab initio approach is

time consuming for this kind of molecule, quantum semi-empir-

ical methods, such as CNDO, AM1 and PM3 were widely used

in the theoretical investigation of CDs. The PM3 method has

proved to be a powerful tool in the conformational study of

supramolecular systems, such as CD inclusion compounds and

provides better performance compared to the AM1 method for

molecular geometry optimization, due to its improved descrip-

tion of hydrogen bonds and steric effects [8-10]. Advanced

methods, such as Hartree–Fock (HF) and density functional

theory (DFT), were also applied in cyclodextrin chemistry to

explain experimental data [11,12]. Very often, ab initio methods

are used in tandem with the semi-empirical PM3 method [13-

17].

Figure 1: Schematic representation of the β-cyclodextrin (a) and
propiconazole (b) molecules.

Because of the experimental limitations, the geometric details

and the interactions that stabilize the molecular architecture of

β-CD/PPH+ inclusion compounds are still poorly understood.

For this reason the present study theoretically investigates the

interaction between PP, PPH+ and β-CD molecules by means of

AM1 and PM3 semi-empirical quantum-mechanical calcula-

tions, to examine in detail the insertion pathways and to deter-

mine the intimate configurations of the β-CD/propiconazole

(β-CD/PP and β-CD/PPH+) inclusion complexes. Bearing in

mind that the CD cavity cannot fully incorporate the guest

molecule, the aim of this work is to identify the part of the

molecular cavity that is more suitable for complexation with the

PPH+. This information can be useful to predict which of the

hydroxy groups of cyclodextrin can be chemically modified (by

pegylation for example) in order to avoid the shielding of the

cavity during the inclusion process, and, as a consequence, to

improve the systemic bioavailability and pharmacokinetics of

the inclusion complexes.

Results and Discussions
The most stable conformations of the β-CD/PP and β-CD/PPH+

inclusion compounds were selected by considering the binding

energy as being the difference between the heat of formation of

the complex and the heat of formation of the involved free

molecules:

(1)

where ECD/PP, EPP and ECD represent the heat of formation of

the complex, of the free β-CD, and of the free guest molecule,

respectively. The higher the negative value of the stabilization

energy, the more thermodynamically favorable is the pathway

of inclusion-complex formation. The particular shape of the PP

molecule allows its inclusion into the β-CD cavity following

three different ways. Additionally, each residue of PP can be

well accommodated either by the secondary or the primary face

of the β-CD cavity (Figure 1a). Therefore, six configurations

must be considered in pursuing the most stable molecular struc-
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ture of the inclusion complex. For simplicity, let us note each

PP residue as it is shown in Figure 1b. The orientation of PP

toward β-CD will be named according to the PP residue that is

first included through the wider (A) or narrower (B) cavity rim

(e.g., aliphatic A, aliphatic B, if the aliphatic residue is included

through the wider or narrower hydroxy rim of the cyclodextrin).

A suitable methodology for finding the equilibrium molecular

geometry of cyclodextrin inclusion complexes is to place the

guest on the cavity axis and to move it through the cavity in

steps, simultaneously optimizing the conformations. Since there

are six possible configurations, it is crucial to find which

propiconazole residue has maximum compatibility with the

cyclodextrin cavity. To save computational resources, this can

be achieved by the methodology described in the computa-

tional method section of the paper. The first step in attaining

this goal involves the setting of some conformational

constraints, followed by the energetic minimization of the

resulted conformation. Hence, the optimized molecular geome-

tries will contain the guest molecule inside or outside of the

β-CD, depending on the molecular hindrance and on the affinity

between the guest residues and CD cavities. Finally, the struc-

tures are to be subjected to PM3 calculations, without any

constraints, to obtain the heats of formation and to compare the

stability of the conformers.

Looking at Figure 2 it is obvious that all structures are stable

since, in all cases, negative binding energies were obtained. It

can also be observed that the PP deeply entered into the cavity

during the calculation, demonstrating a high probability of com-

plex formation. The binding energy is not very high, which

could be explained by the absence of hydrogen bonds that

strongly stabilize the molecular association. Analyzing the

numerical values summarized in Figure 2, one can see that the

stability of the complexes is inversely related to their global

electric dipoles. There is an obvious correlation between the

global electric dipole moments (p) of the complexes and their

binding energies, for each paired situation including the PP

residues. Such a fact suggests that a dipole–dipole coupling

mechanism could be involved in the complex formation. The

inclusion of the triazole ring is energetically favored, since the

resulting binding energy is the lowest. The obtained theoretical

results confirm the experimental data published on complexa-

tion of β-CD and PP, which highlights the inclusion of the tri-

azole ring in the cyclodextrin cavity [4]. Hence, the developed

interaction model is accurate.

Inclusion compounds with non-protonated
propiconazole (β-CD/PP)
In order to determine the exact structure of the obtained com-

plex, further calculations were carried out. Taking into account

previous theoretical and experimental results, we assumed that

the β-CD/PP complex is formed by triazole ring inclusion into

the cyclodextrin cavity. The further study was performed

considering two orientations of the triazole ring in relation to

the CD cavity: one with the triazole ring pointing toward the

negative sense of the z axis, denoted by A (Figure 3a), and the

other with the triazole ring pointing toward the positive sense of

the cavity axis, denoted by B (Figure 3b). The intermolecular

distance was measured between the cavity center and the

“dummy” atom of the triazole ring (marked with an asterisk).

Initially, the triazole ring was placed in the center of the cavity

and a complete rotation was performed to establish the

preferred angular orientation of PP during the inclusion process.

Keeping constant the resulting angular orientation, PP was then

moved along the z axis simultaneously with geometry optimiz-

ation, in the absence of any symmetry constraints (Figure 3a

and Figure 3b) as discussed above.

Scanning the binding energy during the movement along the z

axis, by using the PM3 method, always provided negative

values for both A and B configurations (Figure 4a and

Figure 4b).

The most stable equilibrium molecular geometry is obtained

when PP is deeply included in the β-CD cavity, suggesting an

enthalpically driven process (Figure 5a and Figure 5b). The

obtained results confirm that PP penetration through the rim of

the primary hydroxy is thermodynamically favored, and that the

complex is stabilized in the B orientation, which has a stabiliza-

tion energy about ~20 kJ smaller as compared to the A con-

figuration (Table 1). These facts are in good agreement with

those exposed in Figure 2, confirming a higher probability of

azole ring inclusion into the β-CD cavity through the narrow

rim, according to the B configuration. The results are also

consistent with the DFT single-point computations applied on

the PM3 equilibrium geometries.

The results are similar to those reported by Fatiha [18], where

the imidazole ring of sulconazole enters through the narrow rim

into the β-cyclodextrin cavity. The β-CD/sulconazole is stabi-

lized by van der Waals interactions and hydrogen bonds. In fact,

the author explained the difference between the A and B orien-

tations in the case of sulconazole by the occurrence of hydrogen

bonds. In the present case, no hydrogen bonds were evidenced

and, since there are no steric constraints to explain the differ-

ence between the A and B orientations in terms of stability,

other forces must be considered. It is already known that

cyclodextrin molecules have a rather high electric dipole

moment; the correlation between this parameter and the com-

plex stability by means of quantum-mechanical calculations has

been previously reported [19,20]. The PP molecule has a

permanent electric dipole, and the dipole–dipole interaction can
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Figure 2: PM3 optimized molecular geometries of the β-CD/PP inclusion compounds involved in the assessment of PP inclusion into the β-CD cavity
by each of its residues.
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Figure 3: Molecular coordinates used to describe the relative position between the β-CD and guest molecules.

Figure 4: Evolution of the stabilization energy during the movement along the z axis in the case of (a) A and (b) B orientations of PP relative to the
cavity of β-CD (PM3 calculation).

Table 1: Molecular parameters of the most stable β-CD/PP inclusion compounds in both A and B configurations, as given by AM1 and PM3 calcula-
tions and by B3LYP/6-31G(d)+ single-point calculations applied on the PM3 optimized geometries.

Parameter Method of
calculationa

β-CD
(kJ/mol)

PP
(kJ/mol)

β-CD/PP
A configuration

β-CD/PP
B configuration

E
(kJ/mol)

AM1 −6895.59 21.08 −6879.92 −6889.54
PM3 −6091.27 −91.71 −6209.44 −6229.34
DFT −11224754.47 −4770267.2 – –

ΔE
(kJ/mol)

AM1 – – −5.40 −15.02
PM3 – – −26.45 −46.35
DFT – – −29.39 −49.64

p
(D)

AM1 5.028 3.613 7.36 1.037
PM3 6.915 3.945 9.633 4.644
DFT 8.181 4.034 10.987 5.521

aIn the case of DFT calculations, total energies were taken into account.
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Figure 5: PM3 optimized molecular geometry of the β-CD/PP inclu-
sion compounds in (a) A configuration and in (b) B configuration.

make the difference between the A and B configurations. The

decrease of the global dipole moment together with the increase

of the binding energy (see Table 1), points to the dipole–dipole

interactions as a major contributor to the stabilization of the B

structure.

As depicted in Figure 6a and Figure 6b, the molecular geom-

etry of the AM1 optimized inclusion compounds shows that the

PP molecule is deeply inserted in the cavity of β-CD for both A

and B configurations.

In terms of binding energy, the difference between the A and B

orientations was found to be 9.62 kJ. Similarly to the preceding

PM3 calculation, the AM1 optimized B configuration of the

β-CD/PP complex has a higher stability and no hydrogen bonds

where identified. After AM1 optimization too, the same correla-

tion between the stabilization energies and dipole moments of

the inclusion compounds was revealed (Table 1).

Inclusion compounds with protonated
propiconazole (β-CD/PPH+)
In order to study the complex formation between β-CD and the

positively charged guest molecule, a model of PPH+ was built.

The proton affinity (PA) was calculated for each of the five

protonation sites of the azole ring (according to the notation

scheme shown in Figure 1b). According to reference [21,22],

Figure 6: AM1 optimized molecular geometry of the β-CD/PP inclu-
sion compounds, for both (a) A and (b) B configurations.

PA was defined as the energy variation in the proton-addition

equilibrium:

(2)

In this model the heat of formation of the proton was taken to

be zero because of the lack of electrons, and the reaction system

was considered in vacuo, at 0 K. The method does not provide

the exact value of the PA parameter, but the calculation is

useful to compare the stability of different protonation forms of

the PP molecule. Table 2 shows that the PA values are consider-

ably higher when PP is protonated at the iminic nitrogen atom

(in the c position), this position being therefore the best proto-

nation site.

Table 2: The calculated values of the proton affinity of the denoted
atoms in the PP molecule (see Figure 1b).

PPH+ PA (kJ/mol)

PPH+ a 758.05
PPH+ b 848.22
PPH+ c 907.99
PPH+ d 734.36
PPH+ e 760.32
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Figure 7: Variation of the stabilization energy during the movement along the z axis, in the case of (a) A and (b) B orientations of PPH+ relative to the
β-CD cavity (PM3 calculations).

Table 3: Molecular parameters of the most stable β-CD/PPH+ inclusion compounds in both A and B configuration, as given by AM1 and PM3 calcula-
tions and by B3LYP/6-31G(d)+ single-point calculations applied on the PM3 optimized geometries.

Parameter Method of
calculationa

β-CD PPH+ β-CD/PPH+

A orientation
β-CD/PPH+

B orientation

E
(kJ/mol)

AM1 −6895.59 150.66 −6308.95 −6352.23
PM3 −6091.27 537.16 −5606.27 −5620.07
DFT −11224754.47 −4771227.68 – –

ΔE
(kJ/mol)

AM1 – – −44 −87.28
PM3 – – −52.16 −65.96
DFT – – −28.63 −38.61

p
(D)

AM1 5.028 13.077 17.476 1.09
PM3 6.915 12.086 19.531 7.123
DFT 8.181 10.898 10.987 7.145

aIn the case of DFT calculations, total energies were taken into account.

To find the energy-minimized molecular geometry of the β-CD/

PPH+ complex, only the inclusion of the protonated azole ring

into the β-CD cavity was considered. The procedure was similar

to that used in the case of the β-CD/PP inclusion complex, the

azole ring being progressively introduced into the β-CD cavity.

Also, similar to the β-CD/PP complex, two orientations of the

guest molecule relative to the β-CD cavity were taken into

account and the same notations are kept.

Scanning the binding energy by using the PM3 method revealed

that, for all step intervals along the z axis, the energy of the

complex is substantially lower compared with the sum of the

energies of the isolated host and guest molecules (Figure 7a and

Figure 7b). According to the values of the energy of the two

configurations, it results that the B orientation of the PPH+

molecule relative to the β-CD cavity provides the most stable

inclusion complex, the difference being about 13.8 kJ/mol when

compared to the A configuration (Table 3). Results are also

consistent with the DFT single point computations applied on

the PM3 equilibrium geometries.

As depicted in Figure 8a and Figure 8b, the equilibrium molec-

ular geometries of the A and B PM3 optimized inclusion com-

pounds are quite different. In the A orientation, the stable com-

plex is formed with the protonated azole ring located outside of

the β-CD cavity (Figure 8a), while in the B orientation, the

azole ring is completely included in the cavity (Figure 8b).

The AM1 method shows the same trend as the PM3 regarding

the inclusion pathway of PPH+ in the β-CD cavity, where the
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Figure 8: PM3 optimized molecular geometry of β-CD/PPH+ inclusion
compounds in the (a) A and (b) B configurations.

complex has the highest stability in the B configuration. The

binding energy of the B configuration is 43.28 kJ/mol lower

than that in the A configuration (Table 3). The significant

difference between stabilization energies leads to a rather big

difference between molecular structures. Thus, while in the

more stable B configuration the PPH+ is included with the azole

ring in the β-CD cavity, at the level of the wider rim

(Figure 9a), in the A configuration, the PPH+ molecule is

completely outside of the cavity (Figure 9b). Both AM1 and

PM3 calculations indicate a strong correlation between the

stabilization energy and the electric dipole moments (Table 3).

Modeling the inclusion pathway of PP and PPH+ by means of

semi-empirical PM3 and AM1, a strong correlation between the

values of binding energy and electric dipole moments is

revealed, which indicates a major contribution of dipole–dipole

coupling to the molecular stability of the inclusion complexes.

The energy minimization of the β-CD/PP and β-CD/PPH+

inclusion compounds with the PM3 and AM1 methods leads to

equilibrium geometries with the guest molecules partially

inserted in the β-CD cavity for both A and B orientations of the

guests. When the protonated form of PP is considered, the

process minimization generates very different molecular archi-

tectures for the A and B starting configurations. While the com-

plex in the A configuration contains the PPH+ molecule

completely outside of the β-CD cavity, in the case of the B con-

figuration, PPH+ is deeply inserted in the cavity with the proto-

Figure 9: AM1 optimized molecular geometry of the inclusion com-
pounds β-CD/PPH+ in the (a) A and (b) B configurations.

nated azole ring entering through the narrow rim. By proto-

nating the PP, a regional selectivity of the inclusion process

relative to the β-CD cavity was noticed, with the complexation

path through the narrow rim being the favored one.

As Table 4 shows, PP and PPH+ experience some con-

formational transformations during the complexation process.

The variation of molecular parameters is not significant, but it

seems that the PP molecule changes its shape in order to

augment the complex stability. The magnitude of the variation

is higher for the β-CD/PP complex than for the β-CD/PPH+ one,

and is significant at the level of dihedral angles of the mole-

cules. In the case of the β-CD/PP complex, the magnitude of the

variation of the molecular parameters is higher for the A orien-

tation, while in the case of β-CD/PPH+ the trend is reversed.

Since for both PP and PPH+, the most stable complex occurs in

the B orientation, and because the magnitude of the con-

formational change is not correlated with any of the two config-

urations, we suppose that regional selectivity of cyclodextrin

complexation is not governed by steric driving forces or by con-

formational effort of the PP during the inclusion process.

The effect of solvent on the orientation of a
guest molecule toward the β-CD cavity
Since all the previously discussed molecular geometries were

optimized in vacuo, it is important to know if the orientation of

the guest molecules toward the β-CD cavity remains the same in

the presence of water molecules. In this respect, the geometries



Beilstein J. Org. Chem. 2012, 8, 2191–2201.

2199

Table 4: Relevant geometric parameters of the PP and PPH+ molecules in their inclusion compounds with β-CD, as given by PM3 calculations.

Molecular
parameter

PP β-CD/PP
A

β-CD/PP
B

PPH+ β-CD/PPH+

A
β-CD/PPH+

B

Bond
Na–Cf

1.47 1.47 1.47 1.47 1.47 1.47

Cf–Cg 1.56 1.56 1.56 1.57 1.57 1.57
Cg–Ch 1.52 1.52 1.52 1.52 1.52 1.523

Angle
Na–Cf–Cg

114.18 114.23 114.27 113.90 113.85 114.31

Cf–Cg–Ch 110.82 111.25 110.68 111.1 111.01 111.77
Cf–Cg–Od 110.81 110.29 110.89 108.17 108.68 107.84
Cg–Ch–Ci 120.46 120.34 120.80 120.54 120.50 120.27

Dihedral angle
Na–Cf–Cg–Ch

74.68 86.61 71.29 73.60 72.08 78.69

Na–Cf–Cg–Od −48.92 −37.25 −52.19 −50.31 −51.77 −45.52
Cf–Cg–Ch–Ci −110.26 −112.83 −110.56 116.23 −114.14 −119.59

of the complexes were optimized in aqua, by combining tech-

niques of molecular mechanics and quantum mechanics [23].

The results given in Table 5 shows that, as solvent, water does

not affect the most stable orientation of PP and PPH+ toward

the β-CD cavity, and that the binding energy permanently

remains negative. Likewise with the case of in vacuo calcula-

tions, the B orientations of the guests are favored for both

β-CD/PP and β-CD/PPH+ inclusion complexes. It is important

to note that both in vacuo and in aqua, the guest molecules are

deeply inserted in the β-CD cavity, according to the B configu-

rations (Figure 10), and no hydrogen bonds can be evidenced.

The decrease of the global dipole moment by the increase of

binding energy, suggests again that dipole–dipole interactions

are the major contributor to the stabilization of the B structure.

Table 5: Molecular parameters of the most stable β-CD/PP and β-CD/
PPH+ inclusion complexes in A and B configurations, as given by the
in aqua PM3 calculations.

Parameter
β-CD/PP β-CD/PPH+

A
orientation

B
orientation

A
orientation

B
orientation

ΔE
(kJ/mol) −11.4 −17.1 −12.15 −34.44

p (D) 10.587 4.278 20.429 4.559

Conclusion
The molecular geometry of the inclusion complexes of β-CD

with PP and PPH+ as guests was studied by using the MM+,

AM1 and PM3 methods. The results have revealed that the PP

Figure 10: MM+ optimized molecular geometry of the (a) β-CD/PP and
(b) β-CD/PPH+ inclusion complexes, in both A and B configurations.
For clarity, water molecules have been removed.

and PPH+ azole rings were included into the cavity of the β-CD

through the narrower hydroxy rim. A strong correlation

between the binding energy and the global dipole moments was

proved, pointing to the fact that dipole–dipole coupling acts as a

major force in stabilizing the complexes.
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The presence of water molecules as a solvent does not affect the

orientation of PP and PPH+ toward the β-CD cavity: both guests

penetrating through the narrow rim is always favored. The

strong correlation between the binding energy and the global

dipole moment is obviously maintained, no matter if the inclu-

sion process is simulated in vacuo or in the presence of water

molecules.

Experimental
Computational method
The starting molecular conformations of β-CD, PP and PPH+

were built by using the graphical tool of the HyperChem 7.52

software application [24]. β-CD was built up starting from α-D-

glucopyranose residues (found in HyperChem data base) by

interconnection with α-(1,4)-glycosidic oxygen bridges. The

resulting molecular geometries where fully optimized by AM1

and PM3 quantum-mechanics semi-empirical methods, under

HyperChem software application. DFT single-point calcula-

tions were performed using GAUSSIAN 09 software package

[25], at the level of B3LYP/6-31G(d)+. The equilibrium molec-

ular geometries were validated by comparing the obtained

molecular parameters with those reported in the literature [10].

It is known that the calculation of the entire potential surface of

CD inclusion complexes requires large computational resources

and is time consuming. Because the three entering pathways of

the PP molecule into the molecular cavity of the β-CD take

place according to complexation mechanisms, several methods

were developed to prove the compatibility of the molecular

residue of the guest with the host cavity [26-29].

A molecular coordinate system was defined having the glyco-

sidic oxygen atoms in the xOy plane, and with the z axis orthog-

onal to xy plane, so that z axis becomes the cavity axis. The pri-

mary hydroxy groups of cyclodextrin are therefore oriented

toward the negative sense of z, while the secondary ones are

directed toward the positive sense of the axis. In our approxima-

tion, the inclusion processes take place with the guest molecule

moving along the cavity axis. To determine which PP residue

has the highest affinity for the β-CD cavity, the PP molecule

was placed on the cavity axis with one of the residues (either

aromatic, aliphatic or azole ring) in front of the β-CD cavity. As

a first stage, a MM+ calculation was applied to the guest PP

molecule, while keeping the β-CD conformation frozen. The

result was a deep insertion of the PP into the cavity, along with

the advance of the calculation process. In the next stage, the

whole system was fully optimized by using the PM3 quantum

method, without any conformational constraints.

The molecular equilibrium geometries of the β-CD inclusion

compounds with PP and PPH+ were calculated by placing the

drug molecule on the cavity axis. To find the favorable angular

orientation, the guest molecule was placed in the center of the

cavity and a complete rotation was performed, optimizing the

molecular geometry by PM3 methods at equal intervals of 20°,

in the absence of any conformational constraints. While keeping

the favorable angular orientation constant, the guest was moved

along the cavity axis through the β-CD cavity, and complete

geometry-optimization calculations were performed for equal

intervals of 1 Å, by the PM3 method.

To compare the results delivered by the two semi-empirical

methods, the molecules with initial coordinates corresponding

to their PM3 minimum energy were subjected to AM1 calcula-

tions and also to B3LYP/6-31G(d)+ single-point investigations.

The most stable inclusion complexes found by PM3 computa-

tions were placed in a cubic box with 36 × 36 × 36 Å,

containing 1541 water molecules. The systems were firstly

equilibrated by optimizing water molecules with the MM+

method, keeping the inclusion complexes frozen. Then a

complete optimization of the whole system was performed for

each system, without any constraints [23]. The resulting molec-

ular geometries were finally subjected to singlepoint calcula-

tion by the PM3 method, in order to extract the heat of forma-

tion, after the removal of water molecules. A full optimization

of the equilibrium geometries after removing water molecules

would have led to a complete loss of information concerning the

solvent effect.
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Abstract
An anhydrous 1:1 crystalline inclusion complex between the organophosphorus insecticide fenitrothion [O,O-dimethyl O-(3-

methyl-4-nitrophenyl)phosphorothioate] and the host compound heptakis(2,6-di-O-methyl)-β-cyclodextrin (DIMEB) was prepared

and its structure elucidated by single-crystal X-ray diffraction. This revealed two independent host molecules in the asymmetric

unit. In one of these, the cavity is occupied by two disordered guest components (distinguishable as rotamers with respect to the

P–OAr bond) while in the other, three distinct guest components with site-occupancies 0.44, 0.29 and 0.27 appear, the last having a

reversed orientation relative to all the other components. Kinetic studies of the alkaline hydrolysis of fenitrothion in the presence of

DIMEB showed a remarkable reduction of 84% in the rate of this reaction relative to that for the free substrate, a value exceeding

those previously attained with the native hosts, β- and γ-cyclodextrin, and fully methylated β-cyclodextrin.
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Introduction
Whereas cyclodextrins (CDs) have been employed for many

years in the pharmaceutical industry to modify drug-delivery

properties, the application of CD technology to the improve-

ment of agrochemicals is a more recent innovation [1,2]. Never-

theless, very significant advantages of encapsulating agrochem-

icals such as pesticides (insecticides, herbicides, fungicides) in

CDs may be gained [1], including, e.g., the conversion of toxic

volatile liquids into solids, more localised pesticide application

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:elba@fcq.unc.edu.ar
mailto:Mino.Caira@uct.ac.za
mailto:ritah@fcq.unc.edu.ar
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to improve delivery and reduce wastage, and stabilisation of the

included pesticide against undesired degradation reactions.

Fenitrothion [O,O-dimethyl O-(3-methyl-4-nitrophenyl)phos-

phorothioate] (1, Figure 1) is an organophosphorus insecticide

and acaricide [3]. It is effective against a wide range of pests

that damage forests and various crops and it can also be used in

the form of a residual contact spray to control flies, mosquitoes

and cockroaches. Fenitrothion has also been employed in anti-

malarial programmes, where spraying of houses and animal

shelters with this insecticide over extended periods signifi-

cantly reduced the incidence and prevalence of the disease [4].

Figure 1: Chemical structure of fenitrothion (1).

In our recent reports on the interaction between CDs and the

organophosphorus insecticide 1 we gave an account of the

X-ray crystal structures and thermal decomposition profiles of

two solid inclusion complexes between permethylated α- and

β-cyclodextrins, hexakis(2,3,6-tri-O-methyl)-α-CD (TRIMEA)

and heptakis(2,3,6-tri-O-methyl)-β-CD (TRIMEB) and the

guest [5]. We have also described the results of solution-based

kinetic studies aimed at determining the effect of the presence

of various CDs on the rate of alkaline hydrolysis of fenitrothion

in aqueous solution containing 2% dioxane at 25 °C [6]. A crys-

talline inclusion complex (TRIMEA)2·1 was isolated and shown

by X-ray analysis to contain a novel capsule formed by head-to-

head contact of the secondary rims of two TRIMEA molecules

[5]. The encapsulated fenitrothion molecule showed minor

disorder in the form of two rotamers (with respect to the P–OAr

bond). In contrast, with the host TRIMEB, a monomeric inclu-

sion complex TRIMEB·1 was obtained, the guest molecule

being statistically disordered over two positions [5]. In both

crystalline complexes, however, the sensitive phosphate ester

moiety was found to be buried deep within the CD cavity and

we suggested that if this feature were to be obtained in solution,

it would account for earlier observations that the rate of alka-

line degradation of the ester is retarded in the presence of CDs

[7,8].

Subsequently, a study of the kinetics of hydrolysis of the insec-

ticide 1 in aqueous solution containing 2% dioxane at 25 °C and

in the presence of the native cyclodextrins α-CD, β-CD, γ-CD

as well as the permethylated derivatives TRIMEA and

TRIMEB, was performed [6]. This revealed weak host–guest

association in the case of α-CD and insoluble complex forma-

tion in the case of the host TRIMEA [9], whereas for β-CD,

γ-CD and TRIMEB the association constants for the inclusion

complexes of 1 had the respective values 417, 99 and 511 M−1

[6], the hydrolytic decomposition of 1 being significantly

retarded by all three CDs.

The present study relates to the interaction between 1 and

heptakis(2,6-di-O-methyl)-β-CD (DIMEB), the latter molecule

having properties intermediate between those of the native and

fully methylated counterparts [10]. The preparation and

physicochemical characterization of the crystalline inclusion

complex DIMEB·1 are presented, this complex crystallizing in a

novel arrangement and showing severe guest disorder, which

was eventually resolved and successfully modelled. In addition,

the results of a kinetic study of the hydrolytic degradation of 1

in the presence of DIMEB are reported and compared with

those observed for the other CDs under the same reaction condi-

tions.

Results and Discussion
Thermal analysis
Figure 2 shows representative thermogravimetric (TGA) and

differential scanning calorimetric (DSC) traces for the novel

inclusion complex DIMEB·1. Three reproducible thermal

events occur in the DSC trace, the first of which is a small

endotherm at 132 °C, which we interpret as a minor solid–solid

phase change, based on supporting hot stage microscopic

(HSM) observations that show the initially colourless crystals

turning opaque in this temperature region. A significantly larger

endotherm follows at 158 °C accompanying the major phase of

guest loss, while the broad exotherm at ~230 °C is interpreted

as indicating the onset of host decomposition. The latter event is

also confirmed by HSM showing the opaque crystals turning

brown in the temperature region following guest loss. In the TG

trace, major host decomposition is seen to occur above 300 °C.

Figure 2: Representative TGA (top) and DSC (bottom) traces for
DIMEB·1.
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Table 1: Integrals of the NMR signals for the protons of solid complex DIMEB·1 dissolved in CDCl3 used to confirm the complex stoichiometry.

[Theoretical number of
protons](DIMEB·1)

δ (ppm) Experimental integration of
peaks

Experimental peak integral/theoretical proton
number

[7 × H1] (DIMEB) 4.952 9.02 1.3
[7 × H2] (DIMEB) 3.271 8.47 1.2
[3 × CH] (Ar-CH3, 1) 2.621 3.00a 1

aReference integral.

Complete loss of the guest from the inclusion complex resulted

in an estimated 17.9 ± 0.3% (n = 2) mass loss, which is in good

agreement with the theoretical value of 17.2% for a 1:1

host–guest complex. The complex stoichiometry deduced from

thermal analysis was subsequently confirmed by NMR spec-

troscopy, as described below.

NMR spectroscopy
From the 1H NMR spectrum of the solid complex dissolved in

CDCl3, a 1:1 DIMEB·1 stoichiometry was calculated. Table 1

lists the relevant host and guest proton integrations, showing

however, that a small excess of DIMEB, cocrystallized with the

complex, was present in the sample.

Fenitrothion is known to decompose at elevated temperature

[11]. Since the complex crystals had been isolated at 60 °C, the

possibility that the fenitrothion may have degraded thermally

was checked by 31P NMR spectroscopy. Pure, uncomplexed

fenitrothion dissolved in CDCl3 shows a single peak at

65.60 ppm. The complex crystals dissolved in CDCl3 also

showed the presence of only one signal at 65.47 ppm

confirming the structural integrity of the included insecticide

molecule.

The 31P NMR spectrum of a solution of 1 (2 mM) in 2%

dioxane-d8/D2O gave a single peak at 65.14 ppm, while in the

same solution but in the presence of DIMEB (2 mM) the signal

appears at 66.82 ppm, in agreement with data reported for 1 in

water [6,12-14]. The shift observed indicates that a complex is

formed.

The 1H NMR spectrum shows that the protons H3 and H5 of

the cyclodextrin rings that are located inside the cavity are

slightly shifted downfield, confirming the inclusion of the guest

into the cavity.

X-ray analysis
Table 2 lists the crystal data and data-collection parameters for

the complex. No DIMEB-containing crystals with similar unit

cell dimensions and the same space group as those of the

Table 2: Crystal data and data-collection parameters.

Compound DIMEB·1

Chemical formula C56H98O35·C9H12O5NPS
Formula weight / (g mol−1) 1608.57
Crystal system Monoclinic
Space group P21
A / (Å) 19.626(2)
B / (Å) 15.049(2)
C / (Å) 26.854(3)
α / (°) 90
β / (°) 96.451(2)
γ / (°) 90
V / (Å3) 7881.0(15)
Z 4
Dc / (Mg m−3) 1.356
μ[MoKα] (mm−1) 0.156
F(000) 3432
Temperature of data collection /
(K) 173(2)

Crystal size / (mm) 0.46 × 0.35 × 0.26
Range scanned θ/ (°) 2.04–28.39
Index ranges ±h, ±k, ±l −26, 26; −20, 19; −35, 35
Φ and ω scan angles / (°) 0.5
Total no. of frames 2494
Crystal to detector distance /
(mm) 50.00

Total no. of reflections collected 125785
No. of independent reflections 20368
No. of reflections with I > 2σ(I) 17090
Rint 0.0383
No. of refined parameters 1636
No. of least-squares restraints 75
Goodness-of-fit, S 1.019
R1 [I > 2σ(I)] 0.0770
No. of reflections omitted 34
wR on F2 0.2129
Weighting scheme parameters a = 0.144 and b = 7.338
(Δ/σ)mean <0.001
Δρ excursions (eÅ−3) 1.30 and −0.98
CCDC no. 898328
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DIMEB·1 crystals were identified in the Cambridge Crystallo-

graphic Database [15], which necessitated its ab initio struc-

tural solution by using direct methods. Density considerations

indicated an asymmetric unit containing two complex mole-

cules. In addition, prior to structural solution, a special feature

was evident from the X-ray diffraction pattern, namely the

general alternation of strong and weak intensities for the recip-

rocal lattice levels hkl with h even and odd, respectively. This

immediately indicated that the unit cell contents at x, y, z and

x + 1/2, y, z are quite similar and that the correct direct-methods

solution should be consistent with this prediction.

This pseudo-translational symmetry was indeed a feature of the

structural solution and is illustrated in Figure 3, where it relates

the two complex units A and B in the crystal asymmetric unit of

DIMEB·1.

Figure 3: The asymmetric unit in DIMEB•1 viewed along [010] (top)
and [100] (bottom). H atoms are omitted for clarity.

While the gross structures of the independent complex units

appear similar, there are obvious differences in the conforma-

tions of the two independent host molecules, and in particular,

the images of the respective guest molecules are very different,

as described further below. This is due to an unusually high

level of guest disorder occurring in this complex, despite the

low temperature of the data collection. Figure 4 shows the

structures and atomic numbering of the two independent host

molecule A and B, whose conformational parameters are listed

in Table 3.

Figure 4: The host molecules in the asymmetric unit of DIMEB·1 with
the labelling of both residues and atoms indicated. H atoms are
omitted for clarity.

The parameters in Table 3 that define the host structures include

commonly employed descriptors of the O4-heptagon of each

cyclodextrin molecule as well as the inclinations of the indi-

vidual dimethylglucose residues (A1–A7, B1–B7, headed Res

in Table 3) relative to the mean plane of the O4 atoms. These

parameters are defined as follows: l, the distance of each O4

atom from the centroid of the O4-polygon; D, the glycosidic

O4···O4 ′ distance; Φ the O4···O4 ′···O4 ′ ′ angle; d, the

O4···O4′···O4′′···O4′′′ torsion angle; α, the deviation of each O4

atom from the O4 mean plane; D3, the O2···O3′ intramolecular

hydrogen bond distance; tilt angle τ1, the angle between the six

atoms of the glucopyranose ring (C1, C2, C3, C4, C5, O5) and

the line orthogonal to the O4 mean plane; tilt angle τ2 between

the O4 plane and the mean plane through atoms O4, C4, C1 and

O4′ of a given glucose ring.

All the dimethylglucose rings of host molecules A and B adopt

the 4C1 chair conformation. On their primary sides, with few

exceptions, the values of the torsion angles ω (O5–C5–C6–O6)

indicate (−)-gauche conformations, with the C6–O6 bonds thus

directed away from the centres of the respective cavities. This
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Table 3: Conformational parameters of the host molecules.a

Res l (Å) D (Å) Φ (°) d (°) α (Å) D3 (Å) τ1 (°) τ2 (°)

A1 5.18 4.35 123.6 −11.0 −0.240 2.864 18.5 18.1
A2 4.74 4.51 135.9 0.3 0.122 2.849 14.7 19.7
A3 5.09 4.32 125.2 7.8 0.169 3.049 6.1 6.6
A4 5.20 4.34 125.7 0.4 −0.171 2.831 19.8 19.1
A5 4.97 4.40 128.7 −13.5 −0.134 2.744 15.9 17.0
A6 4.80 4.37 132.3 9.5 0.268 2.715 8.8 12.6
A7 5.11 4.22 126.8 5.5 −0.014 2.954 11.3 12.3

B1 5.31 4.42 121.1 −6.5 −0.078 2.991 15.5 16.5
B2 4.65 4.56 137.7 4.7 0.147 2.925 14.5 17.0
B3 5.03 4.23 127.4 3.3 0.018 2.906 13.9 13.4
B4 5.33 4.32 123.1 −2.6 −0.137 2.841 17.4 17.5
B5 4.97 4.47 129.4 −6.8 0.009 2.796 10.1 11.5
B6 4.72 4.42 134.0 10.7 0.174 2.755 9.9 11.9

B7 5.18 4.16 126.5 −2.5 −0.132 2.887 2.0 4.1
aThe mean e.s.d.s for α, D3, τ1 and τ2 are 0.003 Å, 0.005 Å, 0.1° and 0.2° respectively.

Figure 5: The rotamers of 1 occupying the cavity of host molecule A. Common atoms have labels with suffix A, while in the component on the right
the alternative sulfur and methoxy group positions are labelled with suffix D. These disordered guest components (labelled A, D) have site occupan-
cies 0.70 and 0.30, respectively.

results in relatively open cavities, contrary to the usual situa-

tion in inclusion complexes of the fully methylated host

analogue TRIMEB, where the primary methoxy groups typi-

cally act as a “lid”, sealing that side of the macrocycle. In the

DIMEB·1 complex, there is thus no distinct “boundary” sepa-

rating the guest molecules within the cavity of host molecule A

from those within host molecule B.

The tilt angles (τ1 and τ2) are all positive indicating that each

ring has its primary side tipped towards the centre of the cavity.

The slight ellipticity in the host conformations, reflected in the

values of l, D and Φ (Table 3) is a compromise between the ten-

dency for “roundness” (induced by the intramolecular O2···O3′

hydrogen bonds with lengths D3) and slight distortion due to

guest inclusion. The O4 mean planes of host molecules A and B

are slightly offset from one another but are nearly parallel

(interplanar angle 2.65(2)°).

Details of the guest disorder within the host A cavity are illus-

trated in Figure 5.

Here, a single molecule of fenitrothion occupies the cavity,

being present as two rotamers whose phosphorothioate groups

are related by a rotation of 126° around the O11–P12 bond. The

phosphorothioate group of each disordered component of the

guest 1 is located near the primary side of the host molecule.

Instead, within the cavity of host molecule B, as many as three

disordered guest components (B, C, E) were observed and

modelled, as shown in Figure 6. These disordered components

(B, C, E) are shown in green, blue and pink, respectively, in the

stereoview of Figure 6.

The major disordered guest components B and C, with respec-

tive site-occupancy factors (sofs) 0.44 and 0.29, adopt the same
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Figure 7: Space-filling diagrams showing the relative orientations of guest molecules within the cavities of the independent DIMEB molecules. Side-
views of the complexes and cross-sectional views showing guest molecules (a) A and B, and (b) guest molecules A and E, encapsulated by their
respective host molecules.

Figure 6: Stereoview of the three disordered guest components that
occupy the cavity of host molecule B. Guest components B (green)
and C (blue) have similar orientations while component E (pink) adopts
the opposite orientation.

orientation, their phosphorothioate groups being located near

the primary side of host molecule B (analogous to the situation

in host molecule A). However, the third guest component E,

with the lowest sof (0.27), adopts the opposite orientation to

those of components B and C. This low sof indicates that the

guest orientations adopted by the other four disordered compo-

nents (A–D) is the preferred one in the solid state.

Host molecules A and B have slightly different geometries (e.g.,

extents of ellipticity), as indicated by the parameters in Table 3.

More detailed analysis shows that these differences are attribut-

able to their accommodation of different assemblies of disor-

dered guest components.

An analysis of hydrogen bonding in the crystal of DIMEB·1

revealed several types of interactions. These can be summarised

as follows: (a) For the two independent host molecules A and B,

a total of 14 intramolecular H-bonds O2n···H–O3(n−1) charac-

teristic of the DIMEB molecule (O···O distances in the range

2.715(5)–3.049(5) Å), linking contiguous glucose residues and

thus inducing a “round” host conformation (parameter D3 in

Table 3); (b) intramolecular H-bonds C6–H6···O5′/O6′ and

C7–H7···O3′, which also contribute to stabilisation of the host

conformation; and (c) 10 unique host–host intermolecular

C–H···O hydrogen bonds that stabilise the host framework.

All guest molecules are fully encapsulated by the host mole-

cules and there are no close contacts between the disordered

guest molecules and host molecules. Figure 7 shows space-

filling diagrams that illustrate representative modes of guest

inclusion.

Crystal packing is shown in Figure 8. The complex units stack

head-to-tail in infinite columns parallel to the x-direction.
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Figure 8: Packing diagrams of the DIMEB·1 structure, viewed along [100] (left) and [010] (right). The symmetry related molecules are distinguished
by the reverse green and black host and guest molecules. For clarity, only guest molecules A and B are shown and the hydrogen atoms have been
omitted.

Owing to the twofold screw axis parallel to the b-axis, the adja-

cent columns are antiparallel. The slight ellipticity of the host

molecules and the extension of the primary methoxy groups

into the interstitial sites assist in the close packing of the com-

plex units.

UV–vis and ICD studies
Spectroscopic methods are frequently used to determine associ-

ation constants between cyclodextrins and different guests [16].

We attempted to determine the binding constant of 1 with

DIMEB by UV–vis spectroscopy; however, when we recorded

the spectra of 1 in the presence of DIMEB, only a small

hypsochromic shift was noted and the change in absorbance

was not large enough for an accurate determination of the

binding constant.

The induced circular dichroism (ICD) spectrum of DIMEB and

1 is shown in Figure 9a, where the spectrum recorded for β-CD

and TRIMEB with 1 is also shown for comparison.

It can be seen that the native β-CD and DIMEB show a nega-

tive and a positive peak (Figure 9a). The negative peaks appear

at 320 and 324 nm and the positive ones at 260 and 265 nm for

β-CD and DIMEB, respectively. The positive peak in the

circular dichroism spectrum is slightly displaced from the

maximum of the UV–vis spectrum as was observed in other

cases where cyclodextrin was the chiral component [17-20].

The ICD spectrum of fenitrothion in the 200–300 nm wave-

length range in the presence of β-CD was reported in the litera-

ture [21] and the spectrum shows a negative peak at ≈220 nm

and a positive peak at ≈280 nm. This spectrum was measured

for a basic solution and in the paper it is not stated what time

had elapsed between the preparation of the solution and the

running of the spectrum. We suspect that the spectrum reported

corresponds to that of the hydrolysis product, namely 3-methyl-

4-nitrophenol 2. We carried out measurement of the ICD spec-

trum of 2 in a 3% dioxane–water solution, and the spectrum

obtained was similar to that reported by Kamiya et al. [21] for

fenitrothion (1).

It is remarkable that the sign of the peaks in the ICD spectrum

of 1 in the presence of TRIMEB is inverted when compared

with the spectra of β-CD and DIMEB with 1. As suggested

previously [6,8,22], the change in the sign of an ICD spectrum

may indicate extrusion of the guest or a change in orientation of

the guest in the cavity.

There are two possible modes of inclusion of the insecticide

molecule in the cavity of a CD, either with the phosphoro-

thioate moiety (type A) or with the aromatic moiety (type B)

inside the cavity [6]. For most of the esters having an aromatic

group it is proposed that this residue is included in the cavity of

the CDs. This was suggested for parathion, methyl parathion,

and paraoxon [17,21,23]. Theoretical calculation of the ener-
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Scheme 1: Reaction of fenitrothion in basic media.

Figure 9: Induced circular dichroism (a) and UV–vis (b) spectra of 1 in
the presence of β-CD (10 mM, green), DIMEB (2.5 mM, pink) and
TRIMEB (10 mM, blue).

gies of the two types of complexes in the gas phase indicates

that there is no significant difference in their values [24].

Single-crystal X-ray analysis shows that for β-CD and

TRIMEB, complexes of type A are formed while for DIMEB

(see above) in the unit cell a small percentage of the inclusion

complexes exhibit the type B orientation.

By comparing the ICD spectra of the three complexes it seems

that, in solution, the fenitrothion molecule adopts the same

orientation in the β-CD and DIMEB cavities, which is different

Figure 10: Plot of kobs versus [DIMEB] for the hydrolysis reaction of
fenitrothion with HO– at different concentrations of DIMEB. T = 25 °C,
[NaOH] = 0.5 M, ionic strength = 1 M (NaCl). Solvent: water with 2%
1,4-dioxane. The line was drawn by using the data calculated for k0, k2
and K2 in Equation 1.

from that in the complex with TRIMEB. It appears that the

presence of OH in the rim of the cavity has an important role in

determining the orientation of the included guest molecule.

Based on the fact that the ICD spectra of p-nitrophenol and

fenitrothion are similar, Kamiya [21] suggested that the inclu-

sion of both compounds should be similar. This is not the case

under our reaction conditions; therefore we think that the type A

complex is predominant for β-CD and DIMEB.

Kinetic studies
The hydrolysis reaction of fenitrothion takes place with P–O

bond fission as shown in Scheme 1 [12] and it was studied in

the presence of constant HO− and variable DIMEB concentra-

tions, as reported previously with other CDs [6].

In Figure 10 a plot of the observed pseudo-first-order rate

constants kobs as a function of the concentration of DIMEB is
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shown. The highest concentration of DIMEB used was

0.005 M. At a cyclodextrin concentration higher than this,

precipitation of the DIMEB occurred under the conditions of

our studies (ionic strength 1 M, NaOH 0.5 M aqueous solution

with 2% 1,4-dioxane). This was confirmed by performing an

experiment with DIMEB at a concentration of 0.01 M without

the addition of substrate; a day later there was a solid precipi-

tate at the bottom of the flask, which was confirmed by
1H NMR spectroscopy to be DIMEB.

The reaction of 1 with NaOH in the presence of DIMEB may

take place as shown in Scheme 2 [7,8], where k0 and k2 repre-

sent the reactions of the free substrate and of the substrate

complexed with ionized cyclodextrin (DIMEB–), respectively

[25]. The observed rate constant for Scheme 2 is shown in

Equation 1.

Scheme 2: Mechanism of the hydrolysis reaction of 1 mediated by
DIMEB.

(1)

The values of the rate and equilibrium constants were obtained

by treating the kinetic data as previously published [6] and they

are (1.20 ± 0.01) × 10–3 s–1, (0.24 ± 0.04) M–1 s–1 and (1.69 ±

0.09) × 103 M–1, for k0[HO–], k2K2[HO–], and K2, respectively.

From these data k2 = 0.14 × 10–3 s–1 can be obtained and this is

a measure of the rate of the reaction taking place within the

DIMEB cavity.

The association constant determined for DIMEB and 1, viz.

(1.69 ± 0.9) × 103 M–1 is significantly higher than the values

previously measured for complexation of 1 with β-CD and

TRIMEB, namely 417 and 511 M–1 [6]. Furthermore, the inhi-

bition effect as measured by the ratio k0/k2 is also significantly

higher, namely 7.5, 8.6 and 5.0 for TRIMEB, DIMEB and

β-CD, respectively, indicating that DIMEB is more effective in

terms of protecting the substrate against the reaction with the

nucleophile. The value of K2 obtained by other authors under

similar but not equal reaction conditions is 189 M–1 [21]. Part

of the discrepancy with our results can be attributed to the

different reaction conditions, but we think that the main differ-

ence may come from the sample of DIMEB used in each work.

It is remarkable that the kinetic data obtained for β-CD are in

much better agreement.

The large difference in the inhibitory effect when compared to

the native CDs may be due to the methyl groups present on

DIMEB and TRIMEB, which elongate the cavity of the CD

molecules and provide a slightly larger pocket in which the

fenitrothion molecules can situate themselves. Furthermore, the

methyl groups have the ability to block the entering hydroxide

ions, thereby preventing nucleophilic attack at the phosphorus

atom. From the X-ray crystal structures of the CD complexes of

fenitrothion with TRIMEB [6] and DIMEB (see above), it is

clear that the major components of the fenitrothion molecules

have their reactive phosphorothioate moieties positioned at the

narrower primary rims of the cyclodextrin cavities. The stronger

inhibition of fenitrothion hydrolysis in the presence of DIMEB

in comparison with TRIMEB may indicate that the phosphoro-

thioate unit is more protected from nucleophilic attack when it

is in the cavity of DIMEB. A DIMEB molecule has a more

rounded shape when compared to TRIMEB, due to the

intramolecular O2···H–O3' hydrogen bonds that link neigh-

bouring methylglucose residues. As a result, there is more avail-

able space in the cavity of a DIMEB molecule than in that of a

TRIMEB molecule, and therefore the guest fenitrothion can

penetrate further into the cavity.

Conclusion
Single-crystal X-ray analysis of the 1:1 DIMEB fenitrothion

inclusion complex revealed that the mode of inclusion of the

disordered guest molecules is predominantly of type A (phos-

phorothioate group near the host primary side). ICD spectra of

the DIMEB and β-CD complexes indicated that analogous

type A inclusion prevails in solution. The significantly higher

association constant reported here for fenitrothion complexa-

tion with DIMEB in aqueous solution compared with previous

data for its complexation with β-CD and TRIMEB results in

more effective protection of the insecticide molecule from

hydrolytic degradation.

Kinetic data of the type established in this and previous studies

that we have undertaken, give indications of which type of

cyclodextrin may be best suited in an agrochemical formulation

to ensure resistance of sensitive bioactive compounds to chem-

ical degradation, thus maximising their intended biological

effect. Thermodynamic data, such as complex association

constants, are also relevant parameters, especially in the context

of CD-mediated remedial treatment of soils that are contami-

nated by persistent pesticides. As regards fenitrothion, a periph-

eral but important advantage of its inclusion in CDs is the

significant reduction in its volatility (and hence toxicity) by

conversion of the liquid pesticide into a solid phase.
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Experimental
The compounds used in this study were purified as indicated

before [6].

Crystal preparation and X-ray diffraction
analysis
Fenitrothion (1, 20 mg, ~0.072 mmol) was added to a saturated

aqueous solution of DIMEB (96 mg, 0.072 mmol) at 20 °C.

Continuous stirring for 6 h, as well as several heating and

cooling cycles between 20 and 60 °C led to formation of a clear

solution, which was then filtered into a clean vial, capped and

placed in an oven at 60 °C. Colourless single crystals of the

complex DIMEB·1 appeared over a 24 h period.

Collection of intensity data was performed on a Bruker KAPPA

APEX II DUO diffractometer with the crystal cooled in a

constant stream of nitrogen vapour (Oxford Cryostream, UK).

Upon inspection of the reciprocal lattice layers with the

program LAYER [26], the X-ray diffraction pattern revealed

Laue symmetry 2/m, corresponding to the monoclinic crystal

system. The intensity-weighted reciprocal lattice also revealed

alternation in intensity of the layer lines perpendicular to a*,

from which it was deduced that the structural motif at x, y, z

repeats itself at approximately x + ½, y, z. The space group P21

was identified from the reflection conditions hkl: none; h0l:

none; 0k0: k = 2n (the alternative, centric space group P21/m

was eliminated since it could not accommodate the chiral

cyclodextrin host). Owing to the alternating strong and weak

reflections it was possible to deduce the presence of two

DIMEB molecules in the asymmetric unit.

As no isostructural DIMEB complex could be found in the

literature, the program SHELXD [27] was employed to solve

the structure by ab initio direct methods. The initial structural

solution (correlation coefficient = 84.9) revealed most of the

nonhydrogen host atoms of the two DIMEB molecules and a

partial guest molecule in one of the DIMEB host cavities.

Before the first refinement in SHELXH-97 [28] the carbon and

oxygen atoms of the host were correctly assigned, as were the

atoms of the first guest molecule. The remaining host atoms

were located in the initial and subsequent difference Fourier

maps. The methyl glucose moieties of two independent CD

molecules in the asymmetric unit were labelled A1–A7 and

B1–B7.

One primary methoxy group per host molecule was disordered

over two positions (on glucose residues B1 and A4). In the case

of the primary methoxy group on methyl glucose unit B1, all

three atoms (C6, O6 and C8) were disordered and the major

component refined with a sof of 0.53, while methyl glucose unit

A4 contained only atom O6, which was disordered over two

positions (sof = 0.69) while C8 was shared. All ordered host

atoms were refined anisotropically, except atoms C7A3, C7A7,

C8B4 and C8B5, which had reasonable isotropic thermal para-

meters but unacceptable thermal ellipsoids when refined

anisotropically.

The host hydrogen atoms were placed by using a riding model

and were refined isotropically with thermal displacement para-

meters 1.2 times those of their parent atoms. For the hydroxy

groups on each methyl glucose unit a hydrogen-bond searching

model (AFIX 83) was used to place the hydrogen atoms in

geometrically reasonable hydrogen-bonding positions.

However, this procedure was not suitable for all the hydroxy

groups, and thus, distance restraints were applied between the

hydrogen atom of the hydroxy group and the hydrogen-bond-

acceptor oxygen atom on the adjacent glucopyranose unit. This

was necessary for hydroxy groups on methyl glucose units A4,

A5, A6, A7, B6 and B1.

When both host molecules had been located, the first guest

molecule that resulted from the initial SHELXD solution was

modelled, followed by another in the second crystallographi-

cally independent DIMEB molecule. After refinement, the

thermal displacement parameters of the guest in host molecule

A were reasonable, with the exception of those of the atoms

belonging to the O,O-dimethyl phosphorothioate moiety. The

two disordered guest molecules were found to be rotamers that

result from rotation of substituents around the O11–P12 bond.

Distance restraints were applied to atoms of the phosphoro-

thioate moiety and an AFIX 66 instruction was applied to the

phenyl group, which constrained the ring as a rigid hexagon.

The common atoms of the guest molecule were labelled A

while the second sulfur and methoxy group were labelled D.

The refined values of the sofs of the two rotamers were 0.70

and 0.30. All the ordered atoms of guest molecule A were

refined anisotropically, with the exception of atoms O9A, O10A

and C17A.

The first disordered guest component molecule modelled in host

molecule B had many additional high electron-density peaks

surrounding it and the entire molecule had unacceptably high

thermal displacement parameters. There was an abnormally

large peak situated close to the phenyl ring but it was not in the

plane of the phenyl group. Two additional hexagonal rings were

discerned in the difference Fourier map, suggesting two other

guest-molecule positions. After many attempts at modelling the

disorder, three disordered components within host molecule B

were evident. The relative population of each was unknown and

required an analysis of the initial electron-density peak heights

for the phosphorus atoms of each component. Guest compo-

nents B, C and E had initial phosphorus electron-density peaks
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of 4.66, 3.07 and 2.86 eÅ−3, respectively, which resulted in

fixed sof values of 0.44, 0.29 and 0.27 being applied to the three

disordered components. Owing to the excessive and unusual

type of disorder of the guests present in this particular structure,

many distance restraints and three AFIX 66 commands were

applied to maintain reasonable geometries. Global isotropic

thermal displacement parameters were assigned to each compo-

nent and these refined to values of 0.10, 0.07 and 0.13 Å2 for

guest molecules B, C and E, respectively. The guest hydrogen

atoms were placed in idealised positions in a riding model with

isotropic thermal displacement parameters in the range 1.2–1.5

times those of their parent atoms.

CCDC 898328 contains the supplementary crystallographic data

for this paper. These data can be obtained free of charge at

http://www.ccdc.cam.ac.uk/products/csd/request/ [or from the

Cambridge Crystallographic Data Centre (CCDC), 12 Union

Road, Cambridge CB2 1EZ, UK; fax: +44(0)1223-336033;

email: deposit@ccdc.cam.ac.uk].

Thermal analysis
Mass loss on heating the crystals of DIMEB·1 was measured on

a TA-Q500 Thermogravimetric Analyzer, TA instruments,

equipped with Universal Analysis 2000 software. The differen-

tial scanning calorimetric trace was recorded on a DSC-Q200

calorimeter, TA instruments. For both techniques, a heating rate

of 10 K min−1 and dry nitrogen purge gas flowing at a rate of

30 mL min−1 were employed. Crystals were transferred to an

open alumina or aluminium crucible in the case of TG measure-

ments and closed vented aluminium pans for DSC measure-

ments. Sample masses were between 0.5 and 2.0 mg for DSC

measurements and between 2 and 8 mg for the TG runs.

Kinetic procedures
The kinetic procedures were described previously [6].

The DIMEB molecule has hydroxy groups that can be deproto-

nated by hydroxide ions in basic media; therefore, when calcu-

lating the NaOH concentration required for preparation of the

solutions it is necessary to take this fact into account. Since we

did not find values for the pKa of DIMEB in the literature, we

used the pKa value of β-CD, viz. 12.20 [29,30].
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Abstract
Four highly ordered hydrogen-bonded models of β-cyclodextrin (β-CD) and its inclusion complex with benzene were investigated

by three different theoretical methods: classical quantum mechanics (QM) on AM1 and on the BP/TZVP-DISP3 level of approxi-

mation, and thirdly by classical molecular dynamics simulations (MD) at different temperatures (120 K and 273 to 300 K). The

hydrogen bonds at the larger O2/O3 rim of empty β-CDs prefer the right-hand orientation, e.g., O3-H…O2-H in the same glucose

unit and bifurcated towards …O4 and O3 of the next glucose unit on the right side. On AM1 level the complex energy was

−2.75 kcal mol−1 when the benzene molecule was located parallel inside the β-CD cavity and −2.46 kcal mol−1 when it was posi-

tioned vertically. The AM1 HOMO/LUMO gap of the empty β-CD with about 12 eV is lowered to about 10 eV in the complex, in

agreement with data from the literature. AM1 IR spectra displayed a splitting of the O–H frequencies of cyclodextrin upon com-

plex formation. At the BP/TZVP-DISP3 level the parallel and vertical positions from the starting structures converged to a struc-

ture where benzene assumes a more oblique position (−20.16 kcal mol−1 and −20.22 kcal mol−1, resp.) as was reported in the litera-

ture. The character of the COSMO-RS σ-surface of β-CD was much more hydrophobic on its O6 rim than on its O2/O3 side when

all hydrogen bonds were arranged in a concerted mode.

This static QM picture of the β-CD/benzene complex at 0 K was extended by MD simulations. At 120 K benzene was mobile but

always stayed inside the cavity of β-CD. The trajectories at 273, 280, 290 and 300 K certainly no longer displayed the highly

ordered hydrogen bonds of β-CD and benzene occupied many different positions inside the cavity, before it left the β-CD finally at

its O2/O3 side.

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:jutta.koehler@wacker.com
http://dx.doi.org/10.3762%2Fbjoc.9.15
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Figure 1: Crystal structure of heptakis(6-O-triisopropylsilyl)-β-cyclodextrin benzene pyrene solvate; [C105H210O35Si7,0.5(C16H10),3.5(C6H6)], taken
from The Cambridge Crystallographic Data Centre CCDC [9]. Colour code: benzene: red; pyrene: magenta; cyclodextrin corpus: light green;
cyclodextrin side chains: dark green; hydrogen bonds: light blue, dotted lines.

Introduction
Cyclodextrins (CD) are a family of conical shaped cyclic

oligosacharides consisting of 6–8 (or up to 10) glucopyranose

units linked by α-(1→4) glycosidic bonds. At the narrower rim

of the truncated cone (O6 side) there is one primary hydroxy

group per glucose unit whereas at the wider rim there are two

secondary hydroxy groups (O2/O3 side) [1]. Cyclodextrins have

many possibilities of forming hydrogen bonds [2]: firstly,

cyclodextrin monomers form some intramolecular hydrogen

bonds or closed rings of hydrogen bonds at both rims of the

cone; secondly, they form intermolecular hydrogen bonds with

water molecules in aqueous solution or with included guest

molecules that fit into their cavity. This fit is extremely specific:

the orientation of one and the same guest molecule inside the

cyclodextrin cavity may be opposite in solution and in crys-

talline state, as was found for 4-fluorophenol in α-CD [3]. The

reactivity of aromatic guest molecules, radicals or excited

states, was found to be altered because of complex formation

with cyclodextrins [4].

Cyclodextrins form three types of dimers, O2/O3 to O2/O3, O2/

O3 to O6, and O6 to O6. They can also associate to extended

stacks in crystalline state or solution, with guest and solvent

molecules located inside the cavities, between dimers, or in the

channels next to the stacks [5]. The influence of cyclodextrin on

a broad variety of molecules was reported: from changes of α-/

β-sheet ratio upon complex formation of cyclodextrins with side

chains of proteins [6], to size control of the electrostatic self

assembly of nanoparticles [7]. Also a pH-controlled release of

many cyclodextrins in long stacks on polymers, such as polyro-

taxanes, combined with mesoporous silica particles was

observed [8].

Complex formation with solvent molecules can take place at the

same time in different positions: the crystal structure of

heptakis(6-O-triisopropylsilyl)-β-CD benzene pyrene solvate is

a nice example for competing solvents that intercalate in the

cavity of one β-CD (benzene), between β-CD dimers (pyrene),

and in channels outside β-CDs (benzene). The β-CD dimers are

connected with hydrogen bonds on their O2/O3 sides

(Figure 1).

Investigations of such “flat energy hypersurfaces” due to

hydrogen bonds and noncovalent interactions demand several

theoretical methods to capture the entire network of forces on
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which they rely. Molecular dynamics simulations displayed

different hydrogen bond patterns of cyclodextrins in crystal and

in solution and confirmed the experimental findings of soluble

cyclodextrin complexes of cholesterol type versus precipitates

of cis/trans-cyclohexadecenone//CDs [10-12]. MD with

λ-dynamics and calculation of the solvation-free-energy differ-

ences was used to distinguish amylose helices from cellulose

sheets by analysing the different reactivity of oxygen atoms O2,

O3 and O6 of the sugar units with and without methylation, in

line with experimental data [13]. Cyclodextrin-complex forma-

tion with substituted benzenes shows multiple topologies/

configurations (guest up/down) in MD with λ-dynamics [14].

The association constant Ka for α- and β-CD inclusion

complexes with several benzene derivatives was investigated by

a genetic algorithm [15] and neuronal networks [16]. An

overview of quantum mechanical methods to study cyclodex-

trin chemistry is given in [17]. The COSMO-RS solvation

model [18] allows for calculations of several thermodynamic

properties [19] once the polarisation charge surface of mole-

cules has been determined by DFT calculations. With the

current implementation of COSMO-RS, hydrogen-bond ener-

gies are predicted within 0.36 kcal mol−1 relative to QM dimer

calculations [20].

The necessity to understand the function of cyclodextrins in all

details arises from their many applications in industry [21],

agriculture, food [22] and health care [23]. Cyclodextrins and

their complexes are produced in large industrial processes [24-

26]. Our intention for this study was to find a “modular, robust

molecular-modelling workflow” for how to analyse the forma-

tion of cyclodextrin complexes for many guest molecules in

general, before extensive experimental work is carried out.

Lemon grass oil [27] or retinol [23] can serve as typical molec-

ular examples of the “practical industrial workbench”. To reach

reasonable structures of these complexes we need to construct

several models because of (a) isomers, (b) n:m guest/host stoi-

chiometry, (c) preferred cyclodextrin cavity size, etc. We start

here with the first step, the empty β-CDs, their subtle but

strongly influential hydrogen bonds, and their complex forma-

tion with the simplest aromatic molecule of highest symmetry

without substituents, i.e., benzene [28].

Methods
While calculating several cyclodextrin complexes with molec-

ular dynamics [29], semi-empirical AM1, classical quantum

mechanics [30] and COSMO-RS (Turbomole) [31], we

observed that the orientation of all hydrogen bonds of the

cyclodextrins already played a crucial role when the initial

structures were constructed. It was not sufficient just to take the

“normal route” of using the energetically lowest-lying struc-

tures from MD trajectories, and then proceed to AM1 and

further to QM optimizations; on the contrary, these structures

turned out not to be the best ones possible. The best ones in QM

finally were those that had hydrogen bonds oriented as symmet-

rically as possible. Therefore, we started with such manually

constructed models and their AM1 optimisations.

Step 1: Our four β-CD models are conformers; all the hydrogen

bonds of each rim are oriented in the same direction. We named

them BCDO23lO6l, BCDO23rO6l, BCDO23lO6r and

BCDO23rO6r, referring to their manually constructed

hydrogen-bond orientations when looking either at their O2/O3

or O6 rim (l = left hand, r = right hand orientation) by using

GaussView [30]. Each model was optimised until convergence

was reached “AM1 (opt=calcall, verytight)” by using the

Gaussian9W program [30]. Molecular properties, such as

energy, dipole moment, HOMO/LUMO molecular orbitals and

IR spectral data, were analysed with GaussView.

Step 2: The four AM1 optimised β-CD models were used as

starting structures in our QM calculations by using Turbomole

v. 6.4 with COSMO-RS [31]. Two models were calculated for

each structure, i.e., the structure in vacuo (.energy files) and the

COSMO-RS structure (.cosmo files), the latter being optimised

in a dielectric field with the dielectric constant of water (the

value of the dielectric constant is a variable in the COSMO-RS

program and can be chosen by the user). Up to now it was

possible to calculate molecular structures with COSMO-RS on

DMOL, BP/SVP or BP/TZVP level of approximation. Our trial

to optimise the β-CD complexes with BP/TZVP failed: not

always but in several cases, here, for example, the benzene

guest was expelled for the BCDbenzeneO23lO6r conformers.

Now, however, the current version of Turbomole allows the

calculation of more detailed energy hypersurfaces especially for

hydrogen bonds (keyword BP-TZVP-DISP3) since Grimme’s

dispersion corrections for nonbonded interactions were imple-

mented recently [32]. The current release of COSMO-RS

C30_1201 allows, for the first time, a more detailed σ-surface to

be calculated (BP/TZVPD-FINE), but for the time being as

single points (SP) only. COSMO-RS structures are saved in

COSMO databanks to perform graphical and thermodynamic

analysis with COSMOthermX [19]. In this study we used the

BP/TZVP-DISP3 method to calculate the β-CD models, and

with this method no benzene molecule was expelled from the

β-CD cavity any more.

Step 3: Starting from the neutron diffraction study of β-CD [33]

we constructed one model named “BCDcry” of one β-CD by

adding hydrogen atoms using the Visualizer of Materials Studio

v. 5.5 [29]. Additionally, we used the four empty β-CDs of the

in vacuo runs (BP/TZVP optimised .energy files) and the two

best structures from the AM1 optimisations, BCDO23rO6l/
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Table 1: AM1 results for the four empty β-CD conformers. AM1 optimised energies [a.u.], relative energies [kcal mol−1], dipole moments [D], LUMO/
HOMO energies [a.u.] and gap [eV], and averaged Mulliken partial atomic charges of oxygen atoms. Benzene molecule with D6h symmetry in vacuo.
ΔE is the energy of each conformer with respect to the lowest conformer in this table, which is O23rO6l (bold).

AM1
β-CD
emptya

abs. E
[a.u.]

ΔE
[kcal mol−1]

μ
[D]

LUMO/HOMO
[a.u.];

gap [eV]

O2
atomic
charge

O3
atomic
charge

O4
atomic
charge

O6
atomic
charge

O23lO6l

−2.653658 7.06 1.0687

+0.06271
−0.38469

12.17 −0.335 −0.347 −0.291 −0.348
O23lO6r

−2.644708 12.68 2.4223

+0.06083
−0.38424

12.11 −0.334 −0.346 −0.293 −0.346
O23rO6l

−2.664914 0.00 0.5618

+0.06072
−0.38650

12.17 −0.325 −0.337 −0.297 −0.348
O23rO6r

−2.655373 5.99 2.5639

+0.05835
−0.38786

12.14 −0.325 −0.337 −0.301 −0.344
benzeneb

+0.034953 0.0000

+0.02039
−0.35474

10.21
aAll four β-CD conformers reached a RMS gradient norm of 0.00000001 [a.u.] in the geometry optimisations.
bBenzene reached a RMS gradient norm of 0.00000002 [a.u.].

benzene parallel and vertical. With Materials Studio molecular

dynamics (Forcite plus program and Compass force field) we

simulated their trajectories at 300 K. In detail: After force-field

geometry optimisations the structures were heated up each from

0 to 3 K, to 100 K, to 200 K, and to 300 K. Finally at 300 K a

trajectory of 6000 ps length was calculated using an integration

step of 1 fs. From the last 2000 ps of the trajectories the aver-

aged total energy Etot <4000–6000>, averaged hydrogen-bond

energy EHB <4000–6000>, and the averaged hydrogen-bond

distance and angle were calculated.

Next, the energetically two best optimised AM1 structures

(BCDO23rO6l with benzene included in parallel and vertical

positions) were used as starting structures and simulated at 300,

290, 280, and 273 K for 500 ps each, and their release of the

guest was analysed from these trajectories.

Results and Discussion
AM1 Calculations
The four conformers of empty β-CD
The BCDO23rO6l structure turned out to be the lowest energy

conformer, also having the lowest dipole moment of only

0.5618 Debye (dipole-moment components x = 0.0; y = 0.0;

−z = 0.5618) pointing from the O6 rim towards the O23 rim of

the cone. This structure is so symmetric that all its Mulliken

partial atomic charges on all types of oxygen atoms were iden-

tical, e.g., equal to each average number (Table 1). Second, with

about 6 kcal mol−1 above, was conformer BCDO23rO6r. This

oval structure has the highest dipole moment of 2.5639 D (x =

+0.0268; y = +0.0236; z = −2.5637) and its O6 atomic charges

display a range from −0.340 to −0.349 (average −0.344), but all

O2 atoms still have the same charge of 0.325, and O3 and O4

oxygen charges vary very little (−0.337 to −0.338 and −0.300 to

−0.301, respectively). The third conformer BCDO23lO6l, lying

about 7 kcal mol−1 above, was again total symmetric as shown

by its dipole moment components of x = 0.0; y = 0.0; z =

−1.0687 and also with respect to all its oxygen charge values.

The fourth conformer, BCDO23lO6r, had the highest energy of

about 12.7 kcal mol−1 compared to the ground state

BCDO23rO6l and the second largest dipole value of 2.4223 D

(x = +0.5806; y = −0.0872; z = −2.3501). Its O6 oxygen atoms

display a broad range of Mulliken partial charges from −0.338

to −0.360, although their average hardly differs from the

average values of the other O6 types (see Table 1); O2 and O3

have small ranges (−0.333 to −0.335 and −0.345 to −0.347) but

some differences can be observed in the O4 values, i.e., −0.288

to −0.296. These subtle differences were just given as a few

examples here in the text (e.g., they are not given in Table 1)

since they may be of importance during guest inclusion or re-

activity. The Mulliken partial atomic charges of the benzene

molecule in D6h symmetry were C: −0.130 and H: +0.130.

The four conformers of the β-CD complexes with
benzene in a parallel or vertical position
All four conformers of the complexes preferred the inclusion of

benzene in a parallel position (Table 2). The energetic order of

the benzene complexes and their sequence of dipole moments

was qualitatively the same as for the empty ones: BCDO23rO6l,
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Table 2: AM1 results for the four β-CD conformers with benzene placed in a parallel or vertical position. AM1 absolute energies, relative energies and
dipole moments for the complexes: columns 1–3; for benzene alone: columns 4 and 5.

AM1
β-CD/benzene complexa

complex
abs. E [a.u.]

complex
ΔE [kcal mol−1]

complex
μ [D]

benzene
abs. E [a.u.]

benzene
μ [D]

O23lO6l
parallel
vertical

−2.62313280
−2.62266055

7.0374744
7.3338160

0.9544
0.7084

0.03501077
0.03499769

0.0446
0.0092

O23lO6r
parallel
vertical

−2.61493920
−2.61452474

12.1790404
12.4391182

2.9750
1.5541

0.03499519
0.03500111

0.0174
0.0104

O23rO6l
parallel
vertical

−2.63434772
−2.63388503

0.00000000
0.29034260

0.4399
0.1579

0.03502037
0.03499812

0.0543
0.0096

O23rO6r
parallel
vertical

−2.62574636
−2.62459809

5.39743941
6.11799032

2.5365
1.9127

0.03499903
0.03499288

0.0256
0.0138

aAll four complexes reached a RMS gradient norm ≤ 3 × 10−8 [a.u.] in the geometry optimisations.

Figure 2: The two AM1-optimised stable conformers of BCDO23rO6l with benzene in a parallel (a and b) and vertical position (c and d). Top view
from the O6 side.

BCDO23rO6r, BCDO23lO6l, and BCDO23lO6r. Benzene was

slightly distorted in each cavity, as can be seen from its energy

and dipole moment inside the complex. Inside the β-CD/

benzene complex the benzene neither in a parallel position nor

in vertical position adopted an exact central position as

displayed in Figure 2.

Our calculated AM1 HOMO/LUMO gaps of empty β-CD

conformers, of benzene D6h (Table 1) and the eight complexes

(Table 3) are of the same order of magnitude as the values

calculated with PM3 in the literature [34] where they found for

β-CD 12.44 eV, for benzene 10.15 eV and for the β-CD/

benzene complex 10.15 eV. These authors found β-CD/benzene
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Table 3: AM1 results for the four β-CD/benzene complex conformers with benzene placed in a parallel or vertical position. LUMO/HOMO energies
and band gaps: columns 1–3. Absolute energies of complex formation ΔEcomplexation: columns 4,5. Data of column 5 are given in kilojoules per mole
(kJ mol−1) for easy comparison to the text above and [34].

AM1
β-CD/benzene
complex

HOMO
[a.u.]

LUMO
[a.u.]

HOMO/LUMO gap
[eV] ΔEcomplexation

[kcal mol−1]
ΔEcomplexation

[kJ mol−1]

O23lO6l
parallel
vertical

−0.34409
−0.34163

0.03063
0.03241

10.196
10.178

4.29
4.58

17.93
19.17

O23lO6r
parallel
vertical

−0.35373
−0.34592

0.02092
0.02861

10.195
10.192

9.43
9.69

39.44
40.53

O23rO6l
parallel
vertical

−0.34784
−0.34530

0.02688
0.02866

10.197
10.176

−2.75
−2.46

−11.52
−10.30

O23rO6r
parallel
vertical

−0.35776
−0.35353

0.01689
0.02046

10.195
10.177

2.65
3.37

11.07
14.08

Table 4: AM1 results for benzene and the two stable O23rO6l β-CD conformers with benzene placed in a parallel or vertical position. All IR bands
[cm−1] and relative intensities are listed for benzene; in the case of β-CD, single bands are included only if their relative intensity is >200 or for “very
close frequency clusters” (bold)a.

AM1
IR freq.
[cm−1]

rel. intensity
benzene
D6h sym.

rel. intensity
β-CD

O23rO6l
empty

rel. Intensity
β-CD

O23rO6l
parallel

rel. Intensity
β-CD

O23rO6l
vertical

comment

443 H(O6) up/d
444 729 713 H(O6) up/d
445 741 H(O6) up/d

511 276 H(O2) up/d
513 2 × 346 286 H(O2) up/d
514 240 H(O2) up/d
516 335 230 H(O2) up/d

of 1:1 inclusion type in aqueous solution by experimental UV

absorption spectra with various concentrations of β-CD. From

their UV plots they calculated their stability constants Ks at

three temperatures to be 116 L mol−1 at 291 K, 86 L mol−1 at

298 K and 68 L mol−1 at 303 K. According to the equation

ΔG = −RT ln Ks they obtained the corresponding three free

energy values ΔG of −11.5 kJ mol−1, −11.0 kJ mol−1 and

−10.6 kJ mol−1, indicating rather weak interactions between the

guest and host molecule, but still a thermodynamically

exothermic reaction of complex formation.

Here, our best conformer, BCDbenzeneparallelO23rO6l,

displays an energy of complex formation

(1)

of −2.75 kcal mol−1 (Table 3), followed by the complex

conformer BCDbenzeneverticalO23rO6l with −2.46 kcal mol−1.

This is in very good agreement with the experimental value

from [34]. All our other complex conformers have positive

ΔEcomplexation values, up to BCDbenzeneverticalO23lO6r with

+9.69 kcal mol−1, and thus are endothermic, Table 3.

IR spectra of empty β-CD conformers and their
inclusion complexes
The most important lines of the calculated AM1 IR spectra are

given in Table 4. The IR bands of benzene at 744, 1145, 1579

and 3194 cm−1 were characteristically shifted in the parallel

versus the vertical complex. Especially the 3194 cm−1 H–C

benzene stretch was split into a range from 3150 to 3199 cm−1.

Very interesting and easy to see was the concerted movement of

all hydrogen bonds at the O23 and O6 rim: the empty β-CD’s
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Table 4: AM1 results for benzene and the two stable O23rO6l β-CD conformers with benzene placed in a parallel or vertical position. All IR bands
[cm−1] and relative intensities are listed for benzene; in the case of β-CD, single bands are included only if their relative intensity is >200 or for “very
close frequency clusters” (bold)a. (continued)

744 127 H–C up/d
757 122 H–C up/d
760 73 H–C up/d

1145 2 x 1.08 H–C in plane
1148 1.32 H–C in plane
1150 1.74 H–C in plane
1150 1.51 H–C in plane
1152 0.54 H–C in plane

1346 344 O4 and O5
1347 471 491 O4 and O5
1347 471 355 O4 and O5
1348 291 O4 and O5

1351 2 × 285 C-O6 frame
1356–1357 534(3)a C-frame

1357 2 × 312 C-frame
1357–1358 562(3)a C-frame

1418 346 338 H–C up/d
1419 339 H–C up/d

1577 14 C=C
1578 15 C=C
1579 2 × 12 15 10 C=C

3150 16 H–C benz.
3158 22 H–C benz.
3165 91 H–C benz.
3170 35 H–C benz.
3171 107 H–C benz.
3175 2 × 88 75 H–C benz.
3186 12 H–C benz.
3189 20 H–C benz.
3194 H–C benz.
3199 17 H–C benz.

3414–3421 879(7)a H–O2 stretch
3418–3421 861(7)a H–O2 stretch

3419 2 × 425 H–O2 stretch

3447–3455 733(5)a H–O6 stretch
3449–3451 1004(7)a H–O6 stretch

3453 2 × 536 H–O6 stretch

3455–3456 563(7)a H–O3 stretch
3457 532(3)a H–O3 stretch

3456–3461 832(9)a H–O6/H–O3 stretch
aSum of (n) intensities within the given frequency range for a cluster of the same type (bold).
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Figure 3: (a) AM1 calculated IR spectra of BCDO23rO6l empty and (b) the BCDO23rO6l/benzene inclusion complex with benzene in a parallel orien-
tation.

H–O2 stretch at 3419 cm−1 was spread out to a range from 3414

to 3421 cm−1, the H–O6 stretch at 3453 cm−1 was spread out

from 3447 to 3453 cm−1, and the β-CD’s H–O3 stretch at

3457 cm−1 from 3455 to 3456 cm−1 as a result of the interaction

with the guest molecule. In general, the shifts were subtle; it

seemed that the benzene itself was influenced very little if at all,

the cyclodextrin on the contrary was substantially influenced in

its frame vibrations over a wider range, its splitting most prob-

ably being caused by the “rigid benzene wheel” it had included,

see Figure 3. Interestingly, the concerted hydrogen-bond move-

ments at the rims of β-CD rims were easily identified, for

example in the BCDbenzeneparallelO23rO6l complex. Here, at

445 cm−1, all hydrogen atoms bound to O6 atoms concertedly

moved up and down the almost perfect plane of O6 oxygen

atoms (marked H(O6) up/d in Table 4).

Since our two stable β-CD/benzene complex conformers

(parallel and vertical) were energetically close neighbours with
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Table 5: Optimised BP/TZVP-DISP3 energies in vacuo. Lowest energy conformer of each group in bold.

BP/TZVP-DISP3 in vacuo Eabs. [a.u.] Erel. [a.u.] Erel. [kcal mol−1]

BCDO23lO6l −4277.4641711793 0.0004226810 0.2652365729
BCDO23lO6r −4277.4609298546 0.0036640057 2.2992002354
BCDO23rO6l −4277.4645938603 0.0000000000 0.0000000000
BCDO23rO6r −4277.4611238596 0.0034700007 2.1774601643
Benzene −232.3358156576 0.0071740456 4.5017853670
parallelO23lO6l −4509.8320598074 0.0005758687 0.3613633618
parallelO23lO6r −4509.8289075499 0.0037281263 2.3394365033
parallelO23rO6l −4509.8325394613 0.0000962148 0.0603757489
parallelO23rO6r −4509.8291543743 0.0034813018 2.1845516926
verticalO23lO6l −4509.8321043279 0.0005313482 0.3334263276
verticalO23lO6r −4509.8289158257 0.0037198504 2.3342433180
verticalO23rO6l −4509.8326356761 0.0000000000 0.0000000000
verticalO23rO6r −4509.8291521426 0.0034835335 2.1859520815

only 0.29 kcal mol−1 energy difference calculated at 0 K, the

experimental spectrum at room temperature should display all

cyclodextrin absorptions, i.e., both our conformers exist at the

same time.

Summarised result of the AM1 calculations
AM1 energy/geometry optimisations in vacuo at 0 K showed

that the β-CD/benzene complex with all hydrogen bonds at the

O2/O3 rim in a right-hand orientation and at the narrower O6

rim in a left-hand orientation can include benzene in a parallel

(best energy) or vertical position (higher in energy by only

0.29 kcal mol−1); both conformers were thermodynamically

allowed. The HOMO/LUMO gap of the empty β-CD with about

12 eV was lowered to about 10 eV in the complex. The β-CD/

benzene inclusion complex was formed only by weak noncova-

lent interactions, which influence the IR lines of the β-CD most

at its frame frequencies and at highly ordered concerted move-

ments of its hydrogen bonds. The IR frequencies of benzene

were influenced only marginally upon inclusion.

COSMO-RS calculations with Turbomole
Quantum mechanical geometry/energy
optimisations
For the four empty β-CD models, for benzene in D6h geometry,

and for all eight BCD/benzene complexes, quantum mechan-

ical geometry/energy optimisations with Turbomole and the

implemented COSMO-RS method were performed at 0 K. For

all starting structures the AM1 optimised geometries were used,

and the results are given in Table 5 for the calculations in

vacuo, and in Table 6 for the calculations in the COSMO-RS

dielectric field of water (no explicit water molecules, but

instead dipoles that model the dielectric field of the solvent are

used by this method [18]).

The empty BCDO23rO6l model is still the lowest energy

conformer among the four in vacuo (Table 5), but now

the BCDO23lO6l is second and energetically close

(0.26 kcal mol−1), followed by BCDO23rO6r with 2.17 kcal

mol−1 and BCDO23lO6r with 2.3 kcal mol−1 higher. In aquo

(Table 6) the empty hydrogen bond model BCDO23rO6l was

again the most preferred (Figure 4).

Although all optimisations were started from the AM1-opti-

mised parallel and vertical geometries (from which the naming

stems), the BP/TZVP-DISP3 method with its enhanced descrip-

tion of dispersion forces led in general to structures in which the

benzene molecule adopts a more oblique position [14,20,32].

The whole energy hypersurface of β-CD complexes is rather

flat, and therefore it is difficult to identify the many local

minima [17]. Therefore, geometry optimisations of β-CD

complexes still remain a multiple-minimum problem in general.

The COSMO-RS method combines these identified multiple-

minima structures as a set of conformers in a databank (which is

updated principally when new minima are identified by more

sensitive theoretical methods). From these sets the thermody-

namic properties of the material at various temperatures can be

calculated (by analytical formulas with COSMOthermX) more

realistically than for one structure only [18-20]. Molecules

adopt many conformers at temperatures higher than 0 K, which

will be shown for the β-CD/benzene complex by MD simula-

tions in the next section. The energetically best structure of the

BCD/benzene complex in vacuo due to the BP/TZVP-DISP3

method resulted from the BCDO23rO6l/benzenevertical starting

structure. The AM1 favourite BCDO23rO6l/benzeneparallel

model followed second with 0.06 kcal mol−1 above, and the

others were higher up to a maximum of 2.34 kcal mol−1

(BCDO23lO6r/benzeneparallel), Table 5. All optimised BP/
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Table 6: Optimised BP/TZVP-DISP3 COSMO-RS energies in aquo. Lowest energy conformer of each group in bold.

BP/TZVP-DISP3 in aquo Eabs. [a.u.] Erel. [a.u.] Erel. [kcal mol−1]

BCDO23lO6l −4277.5397933200 0.0044818408 2.8123999202
BCDO23lO6r −4277.5390925770 0.0051825838 3.2521231603
BCDO23rO6l −4277.5442751608 0.0000000000 0.0000000000
BCDO23rO6r −4277.5432219210 0.0010532398 0.6609185069
Benzene −232.3408624099 0.0021272933 1.3348978187
parallelO23lO6l −4509.9064609135 0.0041674010 2.6150858014
parallelO23lO6r −4509.9056675976 0.0049607169 3.1128994621
parallelO23rO6l −4509.9106283145 0.0000000000 0.0000000000
parallelO23rO6r −4509.9096646704 0.0009636441 0.6046963092
verticalO23lO6l −4509.9004752425 0.0101530720 6.3711542109
verticalO23lO6r −4509.9055329919 0.0050953226 3.1973658847
verticalO23rO6l −4509.9106053475 0.0000229670 0.0144120224
verticalO23rO6r −4509.9095882112 0.0010401033 0.6526752221

Figure 4: The lowest energy empty conformer BCDO23rO6l, COSMO-RS structure optimised with BP/TZVP-DISP3 (solvent = water), σ-surface with
charge code: oxygen red, hydrogen blue, hydrophobic area yellow and green. View a: from O2/O3 side, view b: from O6 side, view c: from O2/O3
side.

TZVP-DISP3 COSMO-RS energies in aquo were lower than

the corresponding ones in vacuo, which is reasonable (Table 6).

Here the BCDO23rO6l hydrogen-bond starting models

remained the best ones after energy/geometry minimisations,

for the empty β-CD and for the complex as well.

The BP/TZVP-DISP3 energies of complex formation were

calculated from the data of Table 5 and Table 6 by Equation 1

and are shown in Table 7. All energies of complex formation

ΔEComplexation in vacuo and in aquo were negative, indicating

that the complexes will be formed. The complex structures of

the reactions with the lowest energies were BCDO23rO6l/

benzeneparallel in aquo and BCDO23rO6l/benzenevertical in

vacuo.

Figure 4a–c and Figure 5a–c display different views of the best

BCDO23rO6l empty model and the BCDO23rO6l/benzene

complex with their COSMO-RS σ-surfaces. Hydrophilic areas

are coloured in red (negative charge of oxygen atoms) or blue

(positive charge of hydrogen atoms), which were mostly located

at the O23 rim. Hydrophobic areas (coloured green/yellow) can

be observed easily inside the BCDO23rO6l empty model

(caused by its O6 highly ordered hydrogen-bond rim) and the

whole surface of benzene while sitting inside the cyclodextrin

cavity.

Consequences for thermodynamic analysis
The basis of thermodynamic analysis with COSMOthermX [18-

20] is the so called σ-profiles and σ-potentials of each molecule,
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Table 7: BP/TZVP-DISP3 energies of complex formation in vacuo and in aquo, calculated with the absolute data of BCDO23rO6l for EBCDempty. Rela-
tive ΔEComplexation with respect to the energetically lowest complex conformer, column 2 and column 4.

BP/TZVP-DISP3 abs. ΔEComplexation
in vacuo

[kcal mol−1]

rel. ΔEComplexation
in vacuo

[kcal mol−1]

abs. ΔEComplexation
in aquo

[kcal mol−1]

rel. ΔEComplexation
in aquo

[kcal mol−1]

parallelO23lO6l −19.861 0.361 −13.381 2.615
parallelO23lO6r −17.883 2.339 −12.883 3.113
parallelO23rO6l −20.162 0.060 −15.996 0.000
parallelO23rO6r −18.038 2.184 −15.391 0.605
verticalO23lO6l −19.889 0.333 −9.625 6.371
verticalO23lO6r −17.888 2.334 −12.798 3.198
verticalO23rO6l −20.222 0.000 −15.981 0.015
verticalO23rO6r −18.036 2.186 −15.343 0.653

Figure 5: The lowest energy complex conformer BCDO23rO6l/benzene; benzene occupies an oblique position inside the cavity. COSMO-RS struc-
ture optimised with BP/TZVP-DISP3 (solvent = water), a: no surface, b,c: σ-surface with charge code: oxygen red, hydrogen blue, hydrophobic area
yellow and green. All views from O2/O3 side.

which show the characteristic differences in the electrostatic

molecular surfaces that are calculated quantum mechanically at

0 K for molecular conformers of up to 10 kcal mol−1 in the

standard COSMO databases. These σ-profiles and σ-potentials

were calculated with COSMOthermX for the empty β-CD

models and are displayed in Figure 6 and Figure 7. Especially

the σ-potentials (Figure 7) showed that the empty β-CD models

were split into two groups. One group had the two hydrogen-

bond models with all hydrogen bonds in the left-hand orienta-

tion (O23l), the other one with the two models with right-hand

(O23r) orientation. This mirrored quantitatively the result of

how much the two energetically preferred O23r models were

closer to each other and were most different from the two O23l

models, regardless of which orientation the hydrogen bonds had

at the O6 rim. By the time these four empty β-CD models have

been combined into one set of β-CD conformers and stored like

this in the COSMO database, thermodynamic analysis with

COSMOthermX will take into account these differences and

give more accurate results for many material properties over a

wider temperature range than with simple “one-molecule sets”

[18-20].

Summarised result of the COSMO-RS calculations
In aquo the hydrogen-bond model BCDO23rO6l was again the

most preferred, not only among the empty β-CD conformers but

also as the BCDO23rO6l/benzene parallel complex model.

According to the quantum mechanical COSMO-RS calcula-

tions, all empty β-CD and all complex conformers of β-CD/

benzene were thermodynamically allowed, i.e., the complexes

should be formed. The highest relative energy of all conformers

was less than 2.4 kcal/mol−1 in vacuo and less than

6.4 kcal mol−1 in aquo. The benzene molecule adopted an

oblique position in the inclusion complex. The σ-surface of the

empty β-CD “looked” more hydrophilic from the outside at its

O2/O3 side (red and blue) than from the O6 side (only red and

yellow/green). From the inside, the O6 rim of β-CD “looked”

hydrophobic.

Molecular-dynamics simulations
The empty cyclodextrin at 300 K
The “highly ordered hydrogen bonds” of the BCDO23lO6l,

BCDO23rO6l, BCDO23lO6r and BCDO23rO6r models cannot

be observed at 300 K where the temperature is high enough to
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Figure 6: σ-Profiles of the COSMO-RS method for the four empty β-CD models and benzene (BP/TZVP-DISP3 method).

Figure 7: σ-Potentials of the COSMO-RS method for the four empty β-CD models and benzene (BP/TZVP-DISP3 method).
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Figure 8: a: BCDcry (MD starting structure with Compass-Etot = 389.99 kcal mol−1 and 14 hydrogen bonds with averaged Dreiding-EHB =
−3.04 kcal mol−1 => −42.56 kcal mol−1) and b: BCDcry fr1662 (best frame from the last 2000 ps of the analysed MD-trajectory with Compass-Etot =
308.01 kcal mol−1 and 11 hydrogen bonds with averaged Dreiding-EHB = −0.93 kcal mol−1 => −10.23 kcal mol−1).

Figure 9: a: BCDO23rO6l (MD starting structure with Compass-Etot = 221.52 kcal mol−1 and 28 hydrogen bonds with averaged Dreiding-EHB =
−4.71 kcal mol−1 => −131.88 kcal mol−1) and b: BCDO23rO6l fr4739 (best frame from the last 2000 ps of the analysed MD-trajectory with Compass-
Etot = 292.47 kcal mol−1 and 13 hydrogen bonds with averaged Dreiding-EHB = −0.63 kcal mol−1 => −8.19 kcal mol−1).

make the β-CDs flexible and the energy barriers of hydrogen

bonds are overcome. As was observed in the neutron diffrac-

tion studies of β-CDs at 300 K [33] and 120 K [35] the tempera-

ture determined the hydrogen-bond distribution. In the MD

simulations started from the “highly ordered” 0 K AM1 models

the hydrogen bonds switched to more disordered arrangements.

For comparison the crystal structure model of 300 K was added.

The starting structures and the energetically best frame from the

last 2000 ps of the 6000 ps trajectories are displayed in

Figure 8, Figure 9 and Figure 10. Only the two energetically

best models are shown: BCDO23rO6l and BCDO23rO6r. The

Compass-Etot energy of BCDcry was higher in the starting

structure than in the best frame of the trajectory at 300 K, which

accounts for the number of packing forces in the crystal that

deformed the cyclodextrin monomer in vacuo. For the two other

models BCDO23rO6l and BCDO23rO6r this was reversed;
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Figure 10: a: BCDO23rO6r (MD starting structure with Compass-Etot = 217.25 kcal mol−1 and 28 hydrogen bonds with averaged Dreiding-EHB =
−4.59 kcal mol−1 => −128.52 kcal mol−1) and b: BCDO23rO6r fr5418 (best frame from the last 2000 ps of the analysed MD-trajectory with Compass-
Etot = 290.26 kcal mol−1 and 14 hydrogen bonds with averaged Dreiding-EHB = −0.65 kcal mol−1 => −9.1 kcal mol−1).

their “highly ordered hydrogen-bond structures” in vacuo from

the start were energetically lower than their structures from

their best frames of the trajectories at 300 K, because they “lost

their hydrogen-bond stabilisation” and became flexible instead.

All starting structures had much higher hydrogen-bond ener-

gies (analysis using Dreiding force field) than the best struc-

tures from their trajectories.

The five MD trajectories of the empty β-CD models had the

following averaged energies (Compass force field): BCDcry

311.15 kcal mol−1 ,  BCDO23lO6l 304.26 kcal mol−1 ,

B C D O 2 3 l O 6 r  3 0 4 . 0 2  k c a l  m o l− 1 ,  B C D O 2 3 r O 6 l

295.14 kcal mol−1 and BCDO23rO6r 291.22 kcal mol−1.

According to this the BCDO23rO6r model was the lowest

energy conformer, closely followed by the BCDO23rO6l

model, which was the best conformer in the AM1 method. This

means, that the hydrogen bonds at the larger O2/O3 rim of

empty β-CDs preferred the right-hand orientation, i.e.,

O3–H…O2–H in the same glucose unit and bifurcated towards

O4 and O3 of the next glucose unit on the right side.

The β-CD/benzene complex at different tempera-
tures from 300 K to 120 K
The MD trajectories of the parallel and vertical BCDO23rO6l

model were practically the same since the benzene guest

changed its position already in the first few pico seconds, and

later a significant difference could not be observed any more. It

was observed that the benzene guest left the cyclodextrin host at

slightly different times, depending on the temperature,

(Figure 11). At 120 K benzene was always inside the cyclodex-

trin cavity. “Inside the cavity” was defined by a distance of up

to 2 Å between the centre of mass of benzene and the seven O4

oxygen atoms of the β-CD that define a plane in the middle of

the torus. At 273 K this distance extended up to 3 to 4 Å

starting at about 140 ps, and at about 320 ps it became longer

than 5 Å indicating that now benzene had left the cavity without

return. At 280 K and 290 K these events appeared earlier, at

140 ps/160 ps and 50 ps/125 ps, respectively. This was in good

qualitatively agreement with the complex formation constants

that were experimentally determined from UV spectra in [34]

and showed that the complex was more stable at lower tempera-

tures. At 300 K benzene tried to leave the cavity early at the O6

side, but always returned. It spent most of the time at a greater

distance of about 4 to 5 Å to the O4-plane of β-CD and finally

left the cavity on the O2/O3 side as all the others did, but later

at 2400 ps. Benzene had a high mobility in many geometrical

positions in these trajectories, and the most characteristic ones

from the trajectory at 300 K are shown in Figure 12. Figure 13

displays how different the energies of the β-CD/benzene com-

plex were during the MD trajectory at 290 K.

Summarised result of the molecular dynamics simu-
lations
Molecular dynamics simulations at different temperatures

(120 K to 300 K) displayed qualitatively correctly the dynamics

of the β-CD/benzene complex. Benzene accepted many

different positions inside the β-CD cavity before it finally left at

the O2/O3 side. The highly ordered hydrogen bonds at the O6

or O2/O3 rim were not existent at these temperatures and thus

were a phenomenon of very low temperatures.
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Figure 11: Distance plots from the MD trajectories of 500 ps each (x axis) for β-CD/benzene complex at different temperatures: a: 300 K, b: 290 K,
c: 280 K, d: 273 K and e: 120 K. Distance [Å] (y axis) between the centres of mass of benzene and the seven O4 oxygen atoms of β-CD; horizontal
red lines at distances of 2 Å and 5 Å, see text; vertical red lines indicate the time when the benzene left the β-CD cavity without return.
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Figure 13: β-CD/benzene complex energy diagram (Forcite analysis – Hamiltonian) of the MD trajectory at 290 K.

Figure 12: Three structures from the MD trajectory at 300 K:
a: benzene left the β-CD at the O23 side; b: β-CD/benzene complex;
c: benzene tried to leave the β-CD at the O6 side early, but always
returned. Benzene finally left the cyclodextrin cavity also at the O23
side.

Since quantum-mechanical calculations lead to these highly

ordered optimised structures, they represent the lowest energy

conformers in vacuo at 0 K. Nevertheless, they will be the basis

for the assumptions of the COSMO-RS method and its thermo-

dynamic formulas and calculations/extrapolations based on the

energetically lowest single-molecular states, plus conformers on

top of that, up to 10 kcal mol−1. These conformer ensembles

will make it possible to calculate several thermodynamic prop-

erties at room temperature and above, not only for the gas phase

but also for the liquid and solid states of matter made from these

molecules.

Conclusion
The β-CD/benzene AM1 energies of complex formation after

geometry optimisations for both positions of the guest, parallel

and vertical were −2.75 kcal mol−1 and −2.46 kcal mol−1, res-

pectively. The concerted highly ordered hydrogen bonds at the

O2/O3 and O6 rims of cyclodextrin had a strong influence on

the structures. This was confirmed by the calculated AM1 IR

spectra, which showed that the β-CDs O–H frequencies were

mostly split up upon complex formation with benzene. The

HOMO/LUMO gap of the empty cyclodextrin with about 12 eV

was lowered to about 10 eV in the complex, in agreement with

other calculations (PM3) from the literature. All four hydrogen-

bond models studied here (BCDO23lO6l, BCDO23rO6l,

BCDO23lO6r and BCDO23rO6r) were energetically advanta-

geous after geometry optimisations with BP86/TZVP-DISP3 in

vacuo and in aquo, their relative energies were, all but one, less

than 3.2 kcal mol−1. The character of the COSMO-RS σ-surface

of β-CD was much more hydrophobic on its O6 rim than on its

O23 side when all hydrogen bonds were arranged in a concerted

mode. COSMO-RS BP/TZVP-DISP3 calculations in vacuo and

in aquo (dielectric field approximation) preferred an oblique

position (over parallel or vertical) of benzene inside the β-CD

cavity and suggested energies of complex formation up to

20.2 kcal mol−1 in vacuo and of about 16 kcal/mol−1 in aquo.
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The static picture of these energetically lowest structures of the

β-CD/benzene complex at 0 K was extended by the molecular

dynamics simulations at different temperatures (120 K to

300 K). They displayed qualitatively correctly the dynamics of

the β-CD/benzene complex, which was more stable at lower

temperatures, especially at 120 K. Benzene accepted many

different positions inside the β-CD cavity before it finally left at

the O2/O3 side (273 to 300 K). The highly ordered hydrogen

bonds at the O6 or O2/O3 rim were a subtle phenomenon at

very low temperatures. Still, we assume that hydrogen bonds of

cyclodextrins nevertheless play a crucial role in all their special

properties, i.e., their many inclusion complexes and remarkable

influence on reactions, catalysis and supramolecular structures.
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Abstract
Mono-(6-azido-6-deoxy)-β-cyclodextrin (CD) was covalently attached to an alkyne-modified 5-methyl-2-(pyridin-2-yl)thiazol-4-ol

yielding a fluorophore containing CD in a click-type reaction. Intermolecular complexes were formed by poly(host–guest)-interac-

tions. The supramolecular structures were characterized by 1H NMR-ROESY spectroscopy, dynamic light scattering, UV–vis spec-

troscopy, fluorescence spectroscopy, and asymmetric flow field-flow fractionation. By adding potassium adamantane-1-carboxy-

late, the thiazol dye is displaced from the CD-cavity and the elongated noncovalent polymeric structures collapse.

827

Introduction
Most small heterocyclic molecules show low fluorescence.

However, as we reported earlier, substituted 4-hydroxy-

thiazoles have a high fluorescent nature [1,2]. These optical

properties can be used for the development of sensor molecules,

blue emitting dyes, luminescent materials or as donor–(π-conju-

gated-bridge)–acceptor-type dyes in dye-sensitized solar cells

[3-5]. The etherification of 4-hydroxythiazole by using

propargyl bromide opens up a wide field of modification

through click chemistry with azides or thioles [6,7]. Accord-

ingly, following our former work with mono azide modified

CD, we were encouraged to combine the fluorescent hydroxy-

thiazole dye with CD [8-10]. Such water soluble spectroscopi-

cally active hosts can be used as potentially biological markers,

as molecular sensors, or for chiral recognition in aqueous solu-

tion [11-13]. Thus, in this present paper we describe the spec-

troscopic and structural behavior of a “CD-Click-Fluorophore”

in the absence and presence of a competitive guest in water.

Results and Discussion
The water-soluble fluorescent cyclodextrin was synthesized via

copper-catalyzed cycloaddition (Scheme 1). The existence of

the resulting product was confirmed by MALDI–TOF spec-

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:h.ritter@uni-duesseldorf.de
mailto:c6bera@uni-jena.de
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Scheme 1: Synthesis of fluorescent cyclodextrin 3 by click-chemistry.

Figure 1: 1H NMR-ROESY spectrum of the modified CD 3.

trometry, 1H NMR and IR spectroscopy. The formation of

host–guest structures between the thiazole functionality and

β-CD was proven by 1H NMR rotating-frame Overhauser effect

spectroscopy (ROESY) (Figure 1). NOE correlation signals of

the β-CD cavity protons between 4 and 3.5 ppm and the

aromatic protons of the pyridine moiety 8.6–7.4 ppm were

observed, clearly proving the formation of complexes.

However, no NOE interaction between protons of the methyl

group of the thiazole and the triazole proton itself with CD is

noticed. This indicates that only the inclusion of the pyridine

moiety in the hydrophobic cavity of the CD takes place.

The formation of supramolecular structures was also proven by

UV–vis spectroscopy and fluorescence spectroscopy. Figure 2
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Figure 2: UV–vis spectrum of 3 (4 × 10−4 M) with and without a 10-fold excess of potassium adamantane-1-carboxylate.

shows the UV–vis absorption spectra of 3 in water with the

characteristic band at λmax= 340 nm. The addition of a 10-fold

excess of potassium adamantane-1-carboxylate, as competitive

guest for CD leads to a hypsochromic shift with λmax = 336 nm,

through the exclusion of the fluorophore moiety from the

hydrophobic cavity of CD. This exchange causes a change in

the HOMO–LUMO gap [14,15].

Figure 3 shows the fluorescence spectra of 3 in aqueous solu-

tion. Upon addition of potassium adamantane-1-carboxylate the

maximum wavelength changes from 417 to 442 nm and the

fluorescence intensity decreases. The inclusion of the fluo-

rophore in the CD cavity causes an increase in the fluorescence

intensity resulting from the decrease of the intramolecular rota-

tional degrees of freedom of the molecule, compared to a sol-

vent-accommodated fluorophore outside the cavity [12,14,16].

Figure 3: Fluorescence spectrum of 3 (4 × 10−4 M) with and without a
10-fold excess of 1-adamantanecarboxylic acid.

To investigate the expected intermolecular formation of supra-

molecular structures in aqueous solution, dynamic light scat-

tering (DLS) experiments were performed (Figure 4). Hydrody-

namic diameters up to 200 nm indicate the postulated forma-

tion of intermolecular complexes. Thus, repeating complexa-

tion of one rigid fluorophore moiety through the CD-function of

the next monomer molecule takes place [17,18]. Accordingly,

the formation of linear polymers via supramolecular monomer

linkages can be claimed. Besides, intermolecular chain interac-

tions may also take place due to hydrogen-bond interactions

between the CD units.

Figure 4: DLS measurement of 3 with and without a 10-fold excess of
potassium adamantane-1-carboxylate; black: hydrodynamic diameter
of randomly methylated β-CD, blue: mixture of monomer and oligomer
after adding potassium adamantane-1-carboxylate, red: supra-
molecular polymer of 3.

By adding potassium adamantane-1-carboxylate the pyridine

moiety is displaced from the cavity. As a consequence, the

noncovalent structures collapse to monomeric and oligomeric
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CD units and the hydrodynamic diameter decreases by as much

as 5 nm. Asymmetric flow field-flow fractionation experiments

coupled with a three-angle light scattering detector confirm also

the formation of intermolecular superstructures (Figure 5).

Structures with a molar mass of Mn up to 100,000 g/mol and

also a hydrodynamic diameter up to 200 nm were detected. The

conformation plot, i.e., the plot of the log of the radius as a

function of the log of the molar mass, with a value of 0.7 esti-

mates an elongated shape of the noncovalent structures. Upon

addition of potassium adamantane-1-carboxylate no signals of

the polymeric structure were detected.

Figure 5: AF4 elution diagram of 3.

Conclusion
In summary, we have presented the synthesis of a fluorescent

cyclodextrin via click reaction. The changes in the spectro-

scopic properties of the fluorescent cycloadduct were investi-

gated in the presence and absence of the competitive guest

potassium adamantane-1-carboxylate. The intermolecular for-

mation of polymeric structures with elongated shape, through

poly(host–guest)-interactions, was found. Furthermore, we were

able to show the collapse of the supramolecular polymers upon

addition of potassium adamantane-1-carboxylate.

Experimental
General remarks
All reagents used were commercially available (Sigma-Aldrich,

Acros Organics) and used without further purification. β-CD

was obtained from Wacker Chemie GmbH, Burghausen,

Germany and was used after drying overnight with a vacuum oil

pump over P4O10. N,N-Dimethylformamide (DMF) was

purchased from Fluka, Germany. Dimethyl sulfoxide-d6

(99.9 atom % D) and deuterium oxide, D2O, were obtained

from Deutero GmbH, Germany. 1H NMR spectra were recorded

on a Bruker Avance DRX 300 at 20 °C, shifts (δ) are given rela-

tive to signals arising from the solvent.

FT IR spectra were recorded on a Nicolet 6700 FT IR spectrom-

eter equipped with an ATR unit. Matrix-assisted laser desorp-

t i on / i on i za t i on - t ime -o f - f l i gh t  mass  spec t rome t ry

(MALDI–TOFMS) was performed on a Bruker Ultraflex TOF

mass spectrometer. Ions were formed with a pulsed nitrogen

laser (25 Hz, 337 nm) and the molecular masses were recorded

in linear mode. 2,5-Dihydroxybenzoic acid (DBH) in aceto-

nitrile/water was used as a matrix.

Mass spectrometric experiments (MS) were performed on a

Thermo Finnigan Trace DSQ (Dual-Stage Quadrupole) mass

spectrometer. Ionization was carried out by electron ionization

(EI). The absorption spectra were measured on a Specord 210

Plus UV–visible spectrophotometer. Fluorescence spectra were

recorded on a Perkin Elmer LS55 luminescence spectrometer.

AF4 measurements in ultrapure water were carried out on a

combined system comprising the following elements: refractive

index detector Optilabrex (Wyatt Technologies, laser wave-

length 658 nm), three angle light scattering detector miniDawn

TREOS (Wyatt Technologies, laser wavelength 658 nm,

detector angles at 43.5°, 90.0° and 136.5°), UV detector Waters

486 (Waters), pump, degasser and autosampler (Agilent 1200,

Agilent technologies). The molecular weight was calculated

with Astra5 software from static light scattering data, by using

the Zimm model. As concentration source, the refractive index

was used. Calibration of the system was performed with bovine

serum albumin. Dynamic light scattering (DLS) experiments

were carried out with a Malvern Zetasizer Nano; ZS ZEN 3600

at a temperature of 20 °C. The particle size distribution is

derived from a deconvolution of the measured intensity autocor-

relation function of the sample by a General Purpose Method

(non-negative least squares) algorithm included in the DTS soft-

ware. Microwave-assisted synthesis was performed using a

CEM Discover Synthesis Unit (monomode system). The

temperature was measured by infrared detection maintained at a

constant value by power modulation. Reactions were performed

in closed vessels.

Synthesis of mono-(6-azido-6-deoxy)-β-CD (1): Mono-(6-

azido-6-desoxy)-β-cyclodextrin was synthesized according to

the known procedure [8].

Synthesis of 2-[5-methyl-4-(prop-2-yn-1-yloxy)-1,3-thiazol-

2-yl]pyridine (2): The alkyne modified thiazol was synthe-

sized according to the literature procedure [2].

Synthesis of fluorescent β-cyclodextrin 3: 1.3 g (1.15 mmol)

of mono-(6-azido-6-desoxy)-β-cyclodextrin (1), 396 mg
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(1.73 mmol) 2-[5-methyl-4-(prop-2-yn-1-yloxy)-1,3-thiazol-2-

yl]pyridine (2), 29 mg (147 µmol) sodium ascorbate and 18 mg

(73.5 µmol) copper(II) sulfate pentahydrate were suspended in

5 mL dimethylformamide in a pressure-resistant microwave test

tube provided with a magnetic stirring bar. The tube was sealed

and placed in the microwave and irradiated at 140 °C and

100 W for 30 min. The product was precipitated in cold ace-

tone, filtered and washed three times with acetone.

1H NMR (300 MHz, DMSO-d6, rt) δ 8.57 (br, 1H, ArH),

8.16–8.01 (br, 2H, CH, ArH), 7.98–7.86 (br, 1H, ArH),

7.47–7.38 (br, 1H, ArH), 5.79–5.68 (br, 14H, OH), 5.40 (br,

2H, CH2), 4.89–4.79 (br, 7H, CH), 4.51–4.44 (br, 6H, OH),

3.75–3.53 (br,  28H, CH), 2.22 (br,  3H, CH3) ppm;

IR:  3301  (OH) ,  2923  (C-H) ,  1653  (C=C) ,  1548

(ring vibr.),  1329 (OH), 1153 (COH), 1078 (COC),

1027 (COH) cm−1; MS (MALDI–TOF) (acetonitrile/water

1:10): m/z = 1412 [M + Na]+.
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Abstract
The inclusion of volatile derivatives of benzene and cyclohexane in β-cyclodextrin (β-CD), hydroxypropyl-β-CD, and hydrophilic

β-CD-thioethers was investigated by static headspace gas chromatography (HS-GC) and molecular modelling. The obtained

binding constants strongly increase with the amount of space filling of the CD cavity and the salt concentration. β-CD thioethers

show a 3–10 times higher binding potential than native β-CD.

1185

Introduction
β-Cyclodextrin (β-CD, 1), the cyclic α(1→4) heptamer of

glucose, is known to form inclusion compounds with a great

variety of guests [1], such as derivatives of benzene [2,3],

cyclohexane [4], adamantane [5,6], other alicyclic guests [7],

and also inorganic molecules or ions [1,8].

Generally, the binding constant K increases with the degree of

space filling of the β-CD cavity. The volume of the guest is

often expressed by the number of carbon atoms n of its

hydrophobic part. The Gibbs free enthalpy ΔG° of binding

decreases nearly linearly with n by δΔG0/δn = −3.1 kJ mol−1 for

linear alkanols [1]. Similar values were found for cyclic and

polycyclic alkanoic acids δΔG0/δn = −3.3 kJ mol−1 [7]. We

found an even higher slope for a series of p-substituted benzoic

acids δΔG0/δn = −4.2 kJ mol−1, where the binding constant

remarkably increased from K = 20 L mol−1 for benzoate to

K = 18,400 L mol−1 for p-tert-butylbenzoate [3].

The observed increase of complex stability with increasing size

of the hydrophobic part of the guest can be explained by the

increase of hydrophobic interactions as well as other nonpolar

interactions, e.g., van der Waals and dispersive interactions [9].

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:g.wenz@mx.uni-saarland.de
http://dx.doi.org/10.3762%2Fbjoc.9.133
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Figure 1: Chemical structures of β-CD 1, hydroxypropyl-β-CD 2, and
β-CD-thioethers 3 and 4.

The molecular origin of hydrophobic interactions in general was

already discussed controversially for many years [10-13]. Reli-

able quantitative predictive models are still missing [14]. Expul-

sion of “high energy water” from a cavity during space filling

by a hydrophobic guest appears to be the main contributor to

the driving force of complex formation [15]. The accumulation

of basic understanding is essential for the formulation of precise

docking programs, which estimate and screen the binding of

drug candidates for biological receptors [16,17].

Practical applications of native β-CD, such as drug delivery

[18,19], extraction of pollutants from soil [20-23], homogenous

catalysis [24], and microbial degradation [25] are limited by

both its low aqueous solubility (1.8 wt % at 25°C) and its

moderate complexing ability. Especially hydrophobic guests

form channel inclusion compounds with β-CD [26,27], which

are nearly insoluble in water [28]. For instance the solubility of

toluene in water is only 1.7 mM as a complex in β-CD

compared to 5 mM in the free state.

Several β-CD derivatives have been synthesized to overcome

these drawbacks. For instance, the statistical derivative

hydroxypropyl-β-CD 2 was often employed, because it is much

more water soluble than β-CD and can also be produced on an

industrial scale [29,30]. Unfortunately, hydroxypropyl-β-CD 2

is not a single pure compound but a mixture of various similar

homologues and isomers [31], and does not show formation

constants superior to native β-CD. Thus, it was desirable to

work with pure β-CD derivatives showing higher affinities.

We reported recently the synthesis and use of heptafunctional

6-S-substitued CD derivatives 3 and 4 (Figure 1) for the solubi-

Figure 2: Chemical structures of the benzene and cyclohexane deriva-
tives, with their calculated molecular volumes, VG = M/dNA in Å3, with
M molecular weight, d density, NA Avogadro’s number.

lization of sparingly water-soluble drugs [32,33]. These β-CD-

thioethers are single pure compounds and they showed very

promising binding constants and very high aqueous solubility.

In continuation of our investigations into the recognition of

volatile organic compounds (VOCs) by CDs [34,35], we exam-

ined the potential of these β-CD-thioethers for the solubiliza-

tion of VOCs. To demonstrate their versatility, two homolo-

gous series of volatile hydrophobic benzene and cyclohexane

derivatives were chosen. These guests do not contain any

hydrophilic substituents, therefore no attractive or repulsive

polar interaction had to be taken into account.

Since static headspace gas chromatography (HS-GC) is a highly

sensitive technique, it allows the investigation of the complexa-

tion of volatile guests in CD at very low concentrations, where

guests, as well as their inclusion compounds, are still soluble in

water [19,34-36]. Complexation of a guest is detected indi-

rectly by the reduction of its vapor pressure due to complexa-

tion. This HS-GC method is applicable for a great variety of

volatile guests [37].

The aim of this study was to investigate the binding ability of

β-CD-thioethers toward hydrophobic VOCs in comparison to

commercial β-CDs and to interpret the complexing abilities in

terms of space filling of the cavities. Our systems are well-

defined models for reaching a better understanding of

hydrophobic interactions in general and are useful for the cali-

bration of predictive tools.

Results and Discussion
A series of commercially available monosubstituted benzenes

(Figure 2) was selected in analogy to the corresponding

benzoates investigated previously [3].



Beilstein J. Org. Chem. 2013, 9, 1185–1191.

1187

Table 1: Binding constants K of benzene and cyclohexane derivatives in β-CD and β-CD derivatives as determined from HS-GC peak areas
according to Equation 1.

guest\host 1 2 3 4 na

[M−1] [M−1] [M−1] [M−1]
benzene 128 (120b, 111c) 94 (99c) 942 226 6
toluene 158 (140b, 172c, 142d) 131 (170c, 163d) 1071 434 7
cyclohexane 341 (468c) 227 (363c) 4308 534 6
ethylbenzene 392 (330b, 289c) 303 (248c) 2285 1427 8
methylcyclohexane 295 (332c) 202 (253c) 4032 893 7
cumene 1684 (1200b) 1102 6992 6254 9
tert-butylbenzene 9503 1863 28081 24898 10
tert-butylcyclohexane 4092 2036 29345 44597 10

an total number of carbon atoms; bfrom [2], cfrom [4], dfrom [35].

These benzene derivatives were equilibrated in seated vials at

very low concentrations (1 ppm) with solutions of β-CD deriva-

tives (concentrations 1–10 mM). The partial pressures of these

guests in the gas phase were determined by HS-GC. Because of

the high separation efficiency of the GC column, all five guests

could be determined simultaneously (Figure 3). Since interfer-

ence of binding of the various guests was negligible because of

the very large excess of β-CDs compared to the guests, binding

constants could be determined for all of the five guests in

parallel. The different decays of the signal intensities of the

guests due to the complexation in β-CD are obvious in Figure 3.

Figure 3: Chromatogram obtained by HS-GC for a mixture of aromatic
guests (1 ppm) in water (black) and 10 mM solution of β-CD 1 (red).

The binding constant K was calculated from the ratio y = A0/A

of the peak area of the guest without and with CD, A0 and A,

respectively, according to Equation 1, as derived in Supporting

Information File 1 [36].

(1)

For a validation of the method, the whole concentration depend-

ence of the integrated GC signal intensity was measured as a

function of the CD concentration [CD]0 in the case of β-CD.

The data points were fitted with the standard square root equa-

tion by nonlinear regression [19,34]. Within experimental error

of ±10% the binding constant K, obtained by nonlinear regres-

sion, was identical to the value of K obtained according to

Equation 1 from one data point. The latter method allows a fast

and simultaneous determination of binding constant. The results

for β-CD and the β-CD derivatives are summarized in Table 1

in comparison with values from the literature, which were in

good agreement for β-CD 1 and in fair agreement for hydroxy-

propyl-β-CD 2 [2,4,29]. Deviations from literature values found

for the statistical derivative 2 were attributed to slightly

different substitution patterns.

The lower binding constant K of the host 2 compared to native

β-CD was attributed to hydroxypropyl substituents at the 2- and

3-positions hindering the formation of intramolecular hydrogen

bonds and thus destabilizing the β-CD framework. This destabi-

lization leads to a reduction of the binding potential, because of

an unfavorable negative binding entropy. Recently, we also

found a diminished binding potential for those β-CD deriva-

tives methylated at the 2- and 3-positions [38].

In contrast, the binding constants K of the β-CD thioethers were

significantly higher by a factor of 3–10 than those of native

β-CD. The higher binding potentials of the β-CD thioethers 3

and 4 compared to native β-CD could be attributed both to the

higher hydrophobicity of sulfur compared to oxygen and to the

exclusive localization of the substituents in position 6. This

finding is consistent with previous observations of the high
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binding potentials of CD thioethers for other guests [32,33,39].

The binding constants of the neutral thioether 3 were in most

cases higher than the ones of the anionic thioether 4. The high

hydrophilicity, introduced by the pendant sulfonate groups of 4,

seems to diminish the binding potential of the host.

Obviously, the binding constant K remarkably increased for all

CD derivatives with the size of the guest, expressed by the

number of carbon atoms n. The binding constant K = 128 M−1

for benzene in β-CD 1 was significantly higher than for

benzoate K = 20 M−1 [3]. In contrast, the binding constant for

tert-butylbenzene, K = 9,503 M−1 was lower than for

p-tert-butylbenzoate, K = 18,400 M−1 [3]. The plot of

ΔG° versus n was nearly linear (Figure 4). The slope

δΔG0/δn = −2.9 kJ mol−1 was significantly smaller than the

slope δΔG0/δn = −4.2 kJ mol−1 for the corresponding benzoate

derivatives. This means that the carboxylate group at the guest

can have either a repulsive or attractive interaction with β-CD,

depending on the position of the carboxylate group within the

β-CD cavity. The corresponding cyclohexane derivatives

showed indeed a slope similar to the benzene derivatives, but

free enthalpies more negative by ΔΔG°= 2 kJ mol−1, which was

attributed to the larger diameter of cyclohexane compared to

benzene filling the β-CD cavity more completely.

Figure 4: Gibbs free energy of formation of the inclusion compound of
benzene derivatives, and cyclohexane derivatives in host 4 as a func-
tion of the total number of carbon atoms of the guest n.

For taking the space filling of the CD cavity better into account,

the binding free energies ΔG° for host 4 were plotted as a func-

tion of the molecular volumes VG from Figure 2 of the guests

(Figure 5). A reasonable linear master plot was obtained for all

guests. The slope with the dimension of a pressure was

p = −δΔG0/δVG = 0.107 kJ mol−1Å−3 = 1.8 kbar. Hydrophobic

interactions causing high internal pressures of this magnitude

are already known to accelerate dimerization reactions, such as

the Diels–Alder addition [40]. The molecular volume of the

largest guest, tert-butylcyclohexane, VG = 280 Å3 is close to the

estimated volume of the β-CD cavity 262 Å3 [41], which means

that the β-CD cavity within host 4, extended by the thioether

substituents, is nearly completely occupied by it.

Figure 5: Gibbs free energy of formation of the inclusion compounds
of benzene and cyclohexane derivatives in host 4 as a function of the
molecular volume VG = M/dNA.

The ability of the program Macromodel (from Schrödinger Inc.)

to predict the nonpolar interactions between host 4 and benzene

derivatives was finally evaluated by means of docking simula-

tions. Measured binding free energies were plotted as a func-

tion of the simulated inclusion enthalpies (Figure 6), defined as

the enthalpy differences between the inclusion compounds and

the free species. A significant linear correlation was obtained,

confirming that the space filling of host cavity plays a domi-

nant role within such series of complexes, and that the applied

force field was reasonable. All guests fitted completely into the

cavity of host 4 without steric hindrance. The slope of the

experimental Gibbs free energy versus the simulated inter-

action enthalpy was still inferior to unity (0.69), which indi-

cated that the host–guest interactions were partially compen-

sated by reduced solvation and loss of freedom of the

host–guest system.
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Figure 6: Gibbs free energy of formation of the inclusion compounds
of benzene derivatives in host 4 as a function of the theoretical inclu-
sion enthalpy, obtained by simulation by Macromodel (slope 0.69).

One way to further improve the hydrophobic binding potential

of a host in water is to add a salt such as NaCl [42]. From

previous work we knew that –ΔG° increases linearly with the

square root of the concentration of NaCl, equivalent to the ionic

strength. We found a slope of

for binding in β-CD thioethers [43]. The investigation of the

inclusion of the benzene derivatives in host 4 for various salt

concentrations also provided a linear increase of the binding

free enthalpy with the same slope as before,

(Figure 7). Consequently, this salt effect appears to be a unique

feature of hydrophobic binding, as neither the hosts nor the

guests are expected to interact significantly with NaCl. Very

high binding constants of up to 120,000 M−1 could be reached

for tert-butylbenzene with host 4.

Conclusion
The GC-headspace technique is well suited for the determin-

ation of the stability constants of sparingly soluble inclusion

compounds of volatile hydrophobic guests in CDs and their

derivatives. β-CD thioethers 3 and 4 are good candidates for the

Figure 7: Free binding enthalpy for benzene, toluene, ethylbenzene,
cumene, and tert-butylbenzene, in host 4 as a function of the square
root of the salt concentration [NaCl].

solubilization of volatile hydrophobic compounds, because they

are soluble in water at any concentration. Very high binding

constants are obtained by attachment of hydrophobic

substituents at both host and guest. However, substitution of

CDs has to be performed at the primary positions of β-CD. Our

binding data are well described by the space filling of the

cavity, as defined either by the number of carbons n, the molec-

ular volume of the guest VG or by molecular modeling.

Experimental
Materials
Benzene and cyclohexane derivatives were purchased from

Aldrich, β-CD and hydroxypropyl-β-CD (DS 5.6) from Wacker

Chemie. β-CD derivatives 3 and 4 were synthesized from β-CD

1 following published procedures. Distilled water was used in

all experiments.

Headspace analysis
Similar to those described in [44], measurements were

conducted with an Agilent headspace autosampler. Sample

solutions of 10 mL containing 1 ppm of guest were introduced

into 20 mL headspace vials and sealed by using a silicone septa

and aluminium foil. The vials were then thermostated at

25 ± 0.1 °C. After the equilibrium had been established

(30 min), 1 mL of vapor from the above solution was with-

drawn from the vial by using a gas-tight syringe and injected

directly in the chromatographic column via a transfer line

(250 °C). Each sample was then analyzed by gas chromatog-
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raphy (Perkin Elmer Autosystem XL equipped with a flame-

ionization detector using a DB624 column). The GC settings

were set as follows: detector temperature, 280 °C; column

temperature, 120 °C during 5 min.

Full equilibrium of the chemical solute between liquid and gas

phases is required. For the chemicals tested, the equilibrium

time was 30 min. Linear response of the GC detector to the

chemical concentration range tested is another requirement for

the successful application of the method. For all compounds, we

verify that the GC detector responds linearly. The correlation

coefficients are all better than 0.998.

The determination of the Henry’s law constants were done with

four different values of the aqueous volume V (3, 5, 7 and

10 mL for benzene derivatives and 7, 10, 12 and 15 mL for

cyclohexane derivatives, respectively).

Molecular modelling
Simulations of inclusion compounds for each benzene deriva-

tive into the cavity of host 4 were realized by means of Macro-

model [45] with MMFF force field and GB/SA simulation of

water [46]. The host structure was based on a nondistorted

β-CD with C7 symmetry, on which primary hydroxyl groups

were replaced by thioether arms (with a linear conformation,

leading to a tubular extension of the cavity). Guests were

constructed manually and submitted to minimization, prior to

inclusion simulations. The docking of each guest inside host 4

was realized by means of Monte Carlo searches, with the gener-

ation of 5000 conformations (Polak–Ribiere conjugate gradient

minimization, convergence fixed to 0.05 kJ Å−1 mol−1). During

the search, host 4 was kept rigid, while the guest was freely

modified. The most stable conformation for each inclusion

compound was then completely relaxed (convergence fixed to

0.05 kJ Å−1 mol−1). Inclusion enthalpy was evaluated by the

difference between the most stable inclusion-compound con-

formation and the free species.

Supporting Information
Supporting Information File 1
Derivation of Equation 1 and determination of Henry’s law

constant.
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Abstract
We report the noncovalent linkage of terminally substituted oligo(dimethylsiloxanes) bearing α-cyclodextrins (α-CD) as host end

groups for the cyclopentadienyl rings of ferrocene. This double complexation of unsubstituted ferrocene leads to a supramolecuar

formation of the siloxane strands. Structural characterization was performed by the use of 1H NMR and IR spectroscopy and by

mass spectrometry. Electron microscopy studies and dynamic light scattering measurements show a significant decrease of the

derivative size after the complexation with ferrocene. In addition, further evidence for the successful complexation

of the end groups was verified by the shifts of the protons in the 1H NMR spectra and in the correlation signals of the

2D ROESY NMR spectra.

1278

Introduction
Polymers containing cyclodextrins (CD) covalently or supramo-

lecularly attached are of increasing interest in recent years. For

example, polymers bearing β-CD as side or terminal groups and

their interaction with classical guest groups such as adaman-

tane or azo-dyes have been intensively studied [1-4]. The char-

acterization of the inclusion complexes between cyclodextrin

and ferrocene as a representative of metallocenes has been the

subject of numerous works. Especially Takahashi and Harada

were engaged in the analysis of ferrocene complexes with

different cyclodextrins [5], which could be obtained in aqueous

solution in high yields. In addition, the crystal structure of the

α-CD:ferrocene complex has been analyzed by X-ray-diffrac-

tion [6]. These studies showed that the ferrocene molecule is

encapsulated by two α-CD rings in a tail-to-tail orientation,

where all carbon atoms of the cyclopentadienyl rings are in

close contact with the cavity of the cyclodextrin macrocycles.

The size of the ferrocene molecule is too large to penetrate

completely into the α-CD cavity. Only a single cyclopenta-

dienyl ring of the ferrocene is included. The binding mode,

thermal stability, formation constants, and dielectric properties

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:H.Ritter@uni-duesseldorf.de
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Scheme 1: Hydrosilylation of Si–H terminated poly(dimethylsiloxanes) 1 and 2 with mono-((6-N-(allylamino)-6-deoxy)-peracetylated-α-CD (3) to com-
pounds 4 (n = 1) and 5 (n = 6–37).

Figure 1: IR spectra of (a) H-terminated disiloxane (1), (b) α-CD-terminated disiloxane (α-CD-disiloxane) (4), (c) H-terminated polydimethylsiloxane
(2) and (d) α-CD-terminated polydimethylsiloxane (α-CD-PDMS) (5).

[7] of this inclusion complex were also investigated by circular

dichroism spectroscopy [8] and thermogravimetric analysis [9].

In addition, the complex of ferrocene and α-CD could be

detected in the gas phase by mass spectrometry [10]. Recently,

there have been many reports focusing on the use of α-CD in

aqueous solution as a mobile phase for optical resolution of

ferrocene derivates [11,12]. α-CD-functionalized siloxanes,

however, have rarely been described in the literature. There are

many reports on siloxanes bearing β-CD attached on the

surface, which are used as stationary phases for chromatog-

raphy and for drug-release systems [13-22]. In a previous

paper we described the noncovalent AA–BB-type linkage

of poly(dimethylsiloxanes) containing terminal ß-CD groups

with terminally attached guest molecules on the poly(dimethyl-

siloxanes) [23]. With this in mind, the aim of our present

study was to synthesize α-CD-terminated poly(dimethyl-

siloxanes) to create novel supramolecular linear or macrocyclic

siloxan structures based on double inclusion complexes with

ferrocene.

Results and Discussion
The syntheses of α-CD-terminated poly(dimethylsiloxanes) 4

and 5 were performed by hydrosilylation of mono-((6-N-allyl-

amino)-6-deoxy)-peracetylated-α-CD (3) using a short-chain

oligo(dimethylsiloxane) 1 or a long-chain poly(dimethyl-

siloxane) 2, respectively, (Scheme 1).

During the reactions, samples were collected and investigated

by IR spectroscopy in order to ensure the full conversion of the

reactants to products (Figure 1).

The disappearance of the absorption bands at 2100 cm−1 clearly

shows the successful hydrosilylation of the educts to the newly

synthesized derivatives 4 and 5.

The 1H NMR spectra of the α-CD-functionalized poly(di-

methylsiloxanes) (α-CD-DS 4 and α-CD-PDMS 5) reveal the

characteristic signals of the Si–CH3 groups of the siloxane

backbones at 0 ppm. In addition, the signals of the cyclodextrin-
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Figure 2: 1H NMR spectra of ferrocene (A), complex of α-CD-disiloxane (α-CD-DS) 4 with ferrocene (B) and complex of α-CD-poly(dimethylsiloxane)
(α-CD-PDMS) 5 with ferrocene (C).

substituents appear in the area of 3.50 to 6.00 ppm. New peaks

at 0.43 and 1.25 ppm of the resulting dimethylene bridge

between the siloxane and α-CD are detectable. Signals for the

double bond of the vinyl group and the Si–H bond of the

starting materials are absent, as expected. The MALDI–TOF

spectra of the modified poly(dimethylsiloxanes) 4 and 5 show

terminally substituted products of various chain lengths,

wherein the distance of 74 g/mol between the mass signals

exactly corresponds to one dimethylsiloxane unit. The results of

the IR, 1H NMR and mass spectroscopy strongly support the

existence of the described derivatives. The terminally α-CD-

functionalized poly(dimethylsiloxanes) 4 and 5 were subse-

quently used as host molecules component for the following

complexation reactions.

Host–guest interactions of the siloxane
derivatives with ferrocene
Linking of the obtained polydimethyl and disiloxane deriva-

tives through host–guest interactions with single ferrocene

molecules generates supramolecular, connected siloxane chains.

The guest molecule ferrocene was therefore dissolved in chloro-

form and treated with the α-CD-siloxane derivatives. The solu-

tions were stirred overnight and analyzed by 1H NMR and

2D ROESY NMR.

As seen in Figure 2, 1H NMR spectra of pure ferrocene and the

resulting complexes are compared with regard to the proton

signals of the cyclopentadienyl rings of the ferrocene. In the

case of pure ferrocene (A) the signal of these protons appears at

4.22 ppm. After the complexation with the α-CD-modified

disiloxane 4, a shift of the cyclopentadienyl signals to 4.15 ppm

can be observed (B). This phenomenon is explained by the

penetration of the attached cyclopentadienyl rings of the guest

molecule ferrocene into the cavity of the cyclodextrin and a

subsequent change of the chemical environment of the cyclo-

pentadienyl rings. The same studies were performed with the

complex of α-CD modified polydimethylsiloxane 5 and ferro-

cene (C) to prove a successful complexation. As expected, a
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Figure 3: 2D ROESY NMR spectra of the complex of α-CD-disiloxane (α-CD-DS) 4 with ferrocene.

clear shift of the ferrocene signal from 4.22 to 4.19 ppm can be

detected, which also suggests that ferrocene molecules are

completely complexed by the α-CD units.

The question about the formation of linear or macrocyclic

suprastructures, cannot be answered by this method. Thus, the

various polysiloxane strands can be linked with each other

through the host–guest interactions of the terminal α-CD units

and pure ferrocene without the need for covalent bonds. In

order to complete the characterization of these host–guest inter-

actions of the novel compounds, they were also examined by

2D ROESY NMR spectroscopy.

The 2D ROESY NMR spectra of the short-chain α-CD-

disiloxane 4 with ferrocene (Figure 3) shows the correlation

between the inner cavity protons H-3 and H-5 of the attached

α-cyclodextrins and the protons of the cyclopentadienyl rings of

the guest molecule ferrocene (Fc) (dotted lines) based on the

characteristic cross-peaks of these protons (spots). The

2D ROESY NMR spectrum of the long-chain α-CD-polydi-

methylsiloxane 5 with ferrocene (Figure 4) also indicates the

described proton interactions of the host and guest molecules.

The noncovalent bonds of the siloxanes with the ferrocene

leading to supramolecular structures are hereby established.

Thin-layer chromatography studies (toluene/ethanol 30:1 by

volume) also indicate the presence of enclosed ferrocene in the

cavity of the cyclodextrins. UV-active areas can be detected,

which do not migrate with the solvent front in contrast to pure

ferrocene.

Certainly, the viscosity of the poly(dimethylsiloxane) educts

and the complexed systems is of great interest. However, a

significant increase of the viscosity in solution could not be

detected under the applied conditions, probably due to the rela-

tively high shear forces, which cause the decomplexation of the

derivatives mechanically.

In addition, the successful complexation of the α-CD-modified

siloxanes and the formation of supramolecular structures via

inclusion complexes with ferrocene can be illustrated in the

TEM images of 4 (Figure 5). Figure 5A (α-CD-disiloxane 4)

shows a majority of globular structures of up to 400 nm. In the

case of the complex of the compound 4 with ferrocene
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Figure 4: 2D ROESY NMR spectra of the complex of α-CD-polydimethylsiloxane (α-CD-PDMS) 5 with ferrocene.

(Figure 5B), elongated structures of up to 4000 nm can be

observed. This phenomenon might be explained by the supra-

molecular linkage of the short-chain disiloxanes by interaction

with the bifunctional ferrocene molecules, which leads to the

formation of the larger structures.

Figure 5: TEM images of α-CD-disiloxane 4 (A) and the supra-
molecular formation of α-CD-disiloxane 4 with ferrocene (B).

Finally, DLS (dynamic light scattering) analysis of 4 and 5 and

their complexes with ferrocene were performed. Figure 6 illus-

trates the hydrodynamic diameters of α-CD-disiloxane 4 and

α-CD-disiloxane with ferrocene. The average hydrodynamic

diameter of α-CD-modified disiloxane 4 (dashed line) can be

determined as 343 nm, which corresponds to the average sizes

of the particles observed by TEM measurements. After the addi-

tion of ferrocene, the resulting complex with 4 was investigated

by DLS (solid line) as well. The hydrodynamic diameter signifi-

cantly shifts from 343 nm to 615 and 5489 nm. The hydrody-

namic diameter of 615 nm can be explained by the formation of

some macrocycles and oligomers by noncovalent interactions of

the host and guest molecules. This phenomenon might also

explain the almost unchanged viscosity increase of the complex

in comparison to the uncomplexed educts, which is not influ-

enced decisively by the presence of the smaller supramolecular

structures. However, the peak at about 5000 nm indicates the

presence of larger linear structures based on the complexation

of α-CD-disiloxane 4 with the ferrocene molecules, which were

also observed in the TEM images.

This further confirms the assumption that the terminally func-

tionalized poly(dimethylsiloxanes) can assemble to supra-

molecular structures through noncovalent interactions.

Conclusion
We have demonstrated, for the first time, a chain extension of

poly(dimethylsiloxanes) in chloroform as solvent, by host–guest
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Figure 6: DLS measurements of α-CD-disiloxane 4 (A) (dashed line)
and the supramolecular formation of α-CD-disiloxane 4 with ferrocene
(B) (solid line).

interactions of terminally attached α-CD with ferrocene as a

quasi-bifunctional single guest molecule. The formation of

noncovalent linkages was proved by the use of NMR spec-

troscopy and TEM images. However, it turned out that the

stability of linking functions is relatively poor with respect to

shear forces during viscosity measurements.

Experimental
Materials and methods
Commercial reagents and solvents were purchased from ABCR

and Sigma Aldrich and used as received. When necessary,

solvents were dried and purified by appropriate standard pro-

cedures. Mono-(6-(p-toluenesulfonyl)-6-deoxy)-α-cyclodextrin

(α-tosyl-CD), mono-(6-N-allylamino)-6-deoxy)-α-cyclodextrin

(AAm-α-CD) and mono-((6-N-allylamino)-6-deoxy)-peracety-

lated-α-cyclodextrin (AAm-Ac-α-CD) [21] were synthesized

according to the literature. MALDI–TOF mass spectra were

recorded with a Bruker Ultraflex time-of-flight mass spectrom-

eter. The device operates both in the linear mode and in

reflector mode with a 337 nm nitrogen laser. The samples were

dissolved in a suitable solvent. A dithranol (DIT) or 2,5-di-

hydroxybenzoic acid (DHB) matrix was used. The IR spectra

were recorded with a Fourier transform infrared spectrometer

FTIR Nicolet 5SXB. The calibration of the wave numbers was

done by using a He–Ne laser. The ATR measurements were

performed with a Specac Golden Gate diamond-ATR unit. For

the NMR measurements at 300 MHz a Bruker Avance III - 300

(2010) spectrometer was used. The magnetic field strength was

7.05 T. This corresponds to an absorption frequency of

300 MHz for 1H NMR and 75 MHz for 13C {1H} NMR. For

ESI-measurements on an ion-trap mass spectrometer API

Finnigan LCQ Deca, the substances were dissolved in a suit-

able solvent at a concentration of 2 mg·mL−1. The ionization

was carried out by electrospray ionization (ESI). The TEM

images were obtained on a Zeiss EM 902A microscope at

80 kV. The samples were dissolved in chloroform and dripped

on copper grids (Formvar/carbon film 400 mesh). After evapo-

ration of the solvent, the remaining pure substances could be

examined under a high vacuum (10−7 bar). The hydrodynamic

diameters of the derivatives and their complexes were deter-

mined by use of dynamic light scattering (DLS) in the back

scattering mode with a Malvern Zetasizer Nano ZS ZEN3600 at

a laser wavelength of 633 nm and a detection angle of 173°.

The samples were dissolved in chloroform (10 mg·mL−1) and

measured in quartz cuvettes of 1 cm thickness. The measure-

ment data were evaluated with a nonnegative least squares

(NNLS) algorithm. The number-averaged diameters were used

to characterize the samples.

Synthesis of siloxane-derivatives
Synthesis of mono-((6-N-allylamino)-6-deoxy)-peracety-

lated-α-cyclodextrin-dimethyldisiloxane (α-CD-disiloxane)

(4): Mono-((6-N-allylamino)-6-deoxy)-peracetylated-α-

cyclodextrin (0.70 g, 0.40 mmol) is dissolved in 30 mL of dry

toluene under an argon atmosphere at 45 °C. 1,1,3,3-Tetra-

methyldisiloxane (0.04 mL, 0.20 mmol) is added. In a period of

5 h, the Karstedt catalyst (50 µL, 2.1–2.4% Pt) is added in

portions. After 72 h, the toluene is evaporated and the product is

obtained by fractional precipitation as a solid (0.20 g, 20%). IR:

3026, 2919, 1746, 1605, 1495, 1459, 1260, 1140, 1081, 1029

cm−1; 1H NMR (300 MHz, CDCl3) δ 0.00 (m, 12H), 0.43 (m,

4H), 1.25 (s, 4H), 2.06–2.16 (m, 108H, CH3CO), 3.80 (m,

12H), 4.15 (m, 12H), 4.42 (m, 24H), 4.74–4.78 (m, 12H), 5.04

(m, 12H), 5.55 (m, 12H); ESI–MS m/z: 3148.34 [M + Na]+.

Synthesis of mono-((6-N-allylamino)-6-deoxy)-peracety-

lated-α-cyclodextrin-polymethylsiloxane (α-CD-PDMS) (5):

Mono-((6-N-allylamino)-6-deoxy)-peracetylated-α-cyclodex-

trin (0.70 g, 0.4 mmol) is dissolved in 60 mL of dry toluene

under an argon atmosphere. Hydride-terminated poly(dimethyl-

siloxane) (0.3 mL, 0.22 mmol) is added and heated to 75 °C.

The Karstedt catalyst (100 µL, 2.1–2.4% Pt) is added in

portions over 1 h. After 72 h, the solvent is evaporated and the

product is obtained by fractional precipitation as a solid (0.40 g,

35%). IR: 3026, 2919, 1746, 1605, 1495, 1459, 1260, 1140,

1081, 1029 cm−1. 1H NMR (300 MHz, CDCl3) δ 0.00 (m,

78H), 0.44–0.42 (m, 4H), 1.26 (s, 4H), 2.06–2.16 (m, 108H,

CH3CO), 3.80 (m, 12H), 4.19 (m, 12H), 4.42 (m, 24H), 4.78

(m, 12H), 5.06 (m, 12H), 5.55 (m, 12H); MALDI–TOF–MS

m/z: 3962.58 [M + Na]+ for n = 12.

Complexation reactions
Complexation of α-CD-disiloxane (4) with ferrocene: α-CD-

disiloxane (100 mg, 0.015 mmol) is dissolved in a solution of

ferrocene (2.8 mg, 0.015 mmol) and 2.0 mL of chloroform and

stirred at rt overnight. To isolate the product, the solvent is

evaporated. The complex is obtained as a solid. 1H NMR



Beilstein J. Org. Chem. 2013, 9, 1278–1284.

1284

(300 MHz, CDCl3) δ 0.01–0.16 (m, 12H), 0.44–0.42 (m, 4H),

1.25 (s, 4H), 2.06–2.16 (m, 108H, CH3CO), 3.69–3.85 (m, 2H),

4.15 (s, 10H, ferrocene), 4.25 (m, 2H), 4.42 (m, 2H), 4.74–4.78

(m, 38H), 5.04 (m, 14H), 5.55 (m, 14H).

Complexation of α-CD-PDMS (5) with ferrocene: α-CD-

PDMS (40 mg, 0.01 mmol) is dissolved in a solution of ferro-

cene (1.5 mg, 0.01 mmol) and 2.0 mL of chloroform and stirred

at rt overnight. To isolate the product, the solvent is evaporated.

The complex is obtained as a solid. 1H NMR (300 MHz,

CDCl3) δ 0.01–0.16 (m, 12H), 0.44–0.42 (m, 4H), 1.25 (s, 4H),

2.06–2.16 (m, 108H, CH3CO), 3.69–3.85 (m, 2H), 4.19 (s, 10H,

ferrocene), 4.25 (m, 2H), 4.42 (m, 2H), 4.74–4.78 (m, 38H),

5.04 (m, 14H), 5.55 (m, 14H).
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Abstract
The formation of soluble 1:2 complexes within hydrophilic γ-cyclodextrin (γ-CD) thioethers allows to perform photodimerizations

of aromatic guests under controlled, homogenous reaction conditions. The quantum yields for unsubstituted anthracene, acenaph-

thylene, and coumarin complexed in these γ-CD thioethers were found to be up to 10 times higher than in the non-complexed state.

The configuration of the photoproduct reflected the configuration of the dimeric inclusion complex of the guest. Anti-parallel orien-

tation of acenaphthylene within the CD cavity led to the exclusive formation of the anti photo-dimer in quantitative yield. Parallel

orientation of coumarin within the complex of a CD thioether led to the formation of the syn head-to-head dimer. The degree of

complexation of coumarin could be increased by employing the salting out effect.
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Introduction
Photochemical reactions have been considered highly attractive

for a long time because they often lead to products that are

otherwise virtually inaccessible by thermal reactions. The

syntheses of highly strained molecules such as cubane [1] and

pagodane [2] are famous examples. However, it is often diffi-

cult to predict and control the outcome of photochemical trans-

formations in homogeneous media, and various mixtures of

products are obtained. Pre-organization of the reactants in the

solid state [3] or by various templates in solution has been the

best solution to this problem [4,5].

Cyclic host molecules large enough to accommodate two

reacting molecules are the smallest possible templates for the

control of photoreactions. Such a host provides a well-defined

nano environment, a so-called molecular reaction vessel [6],

which can catalyze and direct particular transformations.

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:g.wenz@mx.uni-saarland.de
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Figure 2: Structures of γ-CD and γ-CD thioethers 1–7.

Calixarenes [7], cucurbiturils [8,9], and cyclodextrins (CDs)

[10-16] have already been employed in template controlled

photoreactions. Among these hosts CDs offer the advantage of

being soluble in water at neutral pH, which is the most

favourable solvent for performing photoreactions because of its

high transmittance and stability to UV light. Inclusion in CDs

not only improves the quantum yields of photodimerizations but

also gives rise to high regio- and stereo-selectivities [15-18]

However, the application of native CDs for fully hydrophobic

reactants is hampered by the fact that their inclusion com-

pounds are nearly insoluble in water leading to undesirable

heterogenous reaction conditions [19]. Yields of heterogenous

photoreactions generally depend on the particle size of the educt

phase because the penetration depth of the incident light is

limited.

Recently, we synthesized a series of highly water-soluble per-6-

deoxy-thioethers of β- and γ-CD, which are able to solubilize

hydrophobic, nearly insoluble guest molecules, such as camp-

tothecin [20], 1,4-dihydroxyanthraquinone [21], betulin [22],

benzene and cyclohexane derivatives [23], and even C60 [24] in

water. Furthermore, their respective γ-CD thioethers form

highly water-soluble 1:2 complexes with polycyclic aromatics,

such as naphthalene, anthracene (ANT), and acenaphthylene

(ACE) [25]. In the following we report on the photochemistry

of ANT, ACE and coumarin (COU), templated by complexa-

tion in several hydrophilic γ-CD thioethers 1–7 (Figure 1 and

Figure 2). Special attention will be paid to both the quantum

yields Φ and stereoselectivities of the photodimerizations.

Figure 1: Chemical structures of selected aromatic guests:
anthracene, ANT; acenaphthylene, ACE; and coumarin, COU.

Table 1: Influence of CDs on the quantum yield Φ of the photodimer-
ization of ANT and 1:2 binding constant K [25].

Hosta Φb [%] K/109 [M−2]

1 29 22.8
2 16 7.7
3 29 6.8
4 33 3.4
5 25 3.7
6 27 6.5
7 19 7.7

aConcentration of γ-CD thioethers 1–7 was 6.0 mM. bFor λ = 350 nm,
experimental error ± 5 %.

Results and Discussion
Photodimerization of anthracene
Due to the fact that the inclusion compounds of ANT in native

β-CD or γ-CD are completely insoluble in water, only the

aqueous photochemistry of hydrophilic ANT derivatives, such

as anthracene-2-carboxylate (ANT-2-COONa) [12], and

anthracene-2-sulfonate (ANT-2-SO3Na) [26], have been

investigated so far. The quantum yields of photodimerization

increase dramatically from 5 to up to 50% by complexation of

these guests with β-CD or γ-CD, as found by Tamaki et al.

[26,27]. Formation of 2:2 complexes with β-CD and 1:2 (host/

guest) sandwich complexes with γ-CD were made responsible

for the observed increase in the quantum yields.

The photodimerization of unmodified ANT could be performed

for the first time homogenously in aqueous solution, because of

the high solubilities of ANT complexed by γ-CD thioethers 1–7

in water. The highest concentration, [ANT] = 0.04 mM, was

achieved with a 6 mM solution of host 1 [25]. The respective

binding constants K [25], and quantum yields Φ for monochro-

matic irradiation, are listed in Table 1. The values of Φ in the

presence of 6.0 mM γ-CD thioethers were very high (16–33%)

depending on the side groups of the host. Derivative 4 with
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thiolactate side groups, performed best. The observed high

quantum yields were attributed to the tight sandwich-like

packing of the two ANT molecules within these hosts, which

was already demonstrated previously by fluorescence measure-

ments [25]. The quantum yield Φ did not correlate with the

binding constant K, possibly because dissolved ANT is mainly

converted in the complexed state in presence of hosts 1–7. Only

a small portion of ANT remains in the free state due to its low

solubility (0.4 μM, [25]). Instead, packing of the two ANT

molecules within the complex seems to determine the quantum

yield Φ.

Stereoselective photodimerization of
acenaphthylene
The photodimerization of ACE generally leads to mixtures of

two isomeric cyclobutane derivatives, namely the syn and the

anti dimers, as shown in Scheme 1. The quantum yields for the

reactions in both aqueous and organic media are known to be

rather low, 1% < Φ < 5%, as summarized in Table 2 [28,29].

Only the addition of solvents with heavy atoms, such as ethyl

iodide, leads to satisfactory quantum yields (up to 17%). This

increase is accompanied by an increase in the relative amount of

the anti isomer. The increases of both the quantum yield and

amount of the anti product – called the heavy atom effect – was

attributed to an increased population of triplet states [29-31].

Heavy atoms close to the excited entity accelerate the rate of

spin-orbit coupling interactions between states of different spin

multiplicities and consequently facilitate intersystem crossing.

However, supramolecular control of the packing of ACE leads

to a significant improvement of the stereoselectivity. ACE was

complexed in a cavitand nanocapsule [32] and in a Pd nanocage

[33] in aqueous solution, both giving rise to the exclusive for-

mation of the syn isomer. Unfortunately, the quantum yields

have not been reported for these systems so far.

Scheme 1: Photodimerization of ACE.

ACE also formed inclusion compounds with β-CD thioethers

1–7, which are soluble in aqueous medium. The highest concen-

trations of ACE, [ACE] = 1.7 and 1.3 mM, were achieved with

6 mM solutions of hosts 3 and 6, respectively. The photodimer-

ization of ACE complexed in hosts 3 and 6 proceeded under

Table 2: Quantum yields Φ, distributions of the photodimers, and
binding constants K [25] of ACE for various reaction media.

Medium Φ [%] syn [%] anti [%] K/106

M−2

Water [32] – 40 60 –
water/
methanol [28]

3 – – –

3a 28b 0c 100c 37
6a 12b 0c 100c 27

aThis work, host concentration 6 mM. bFor λ = 300 nm, experimental
error ±5%. cExperimental error ±2%.

homogenous conditions and furnished nearly quantitatively the

anti isomer within 12 h. The quantum yields, reaching Φ =

28%, were unprecedentedly high, significantly higher than that

of free ACE in organic solvents such as toluene (5%), ethanol

(4%), and methanol/water (20% v/v, 3%) [28]. The 1H NMR

signals of cyclobutane (for the syn photodimer, δH = 4.84 ppm;

for the anti photodimer, δH = 4.10 ppm) were monitored to

analyze the isomeric ratio [34,35]. As shown in Figure 3, only

the proton signal at δH = 4.10 ppm was observed indicating the

exclusive formation of the dimer in the anti configuration.

Because other hosts favored the syn dimer, the total preference

of the anti dimer was indeed surprising at first, but there are

several explanations for the observed anti specificity:

(a) ACE is tightly surrounded by the seven sulfur atoms of host

3, which may lead to an increased population of the triplet state

and consequently to a heavy atom effect, which favors the for-

mation of the anti dimer. Other CD derivatives with heavy

atoms attached, e.g., 6-deoxy-iodo-CDs, are known to even

enable room temperature phosphorescence of an excited guest

[36].

(b) Moreover, according to the results of the quantum mechan-

ical calculations [25,34] the preferential anti-parallel alignment

of the ACE dimer within the CD cavity also favors the forma-

tion of the anti dimer.

(c) The anti dimer appears to better fit into the γ-CD cavity than

the syn isomer, as depicted in Figure 4.

Stereoselective photodimerization of
coumarin
The photochemistry of COU and its derivatives is rather com-

plex because the quantum yield and distribution of products

strongly depend both on the solvent [38] and the concentration

of COU [39]. In principle, four stereoisomeric dimers are

conceivable: syn Head-to-Head (syn-HH), anti-HH, syn-Head-
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Figure 3: 1H NMR spectrum of the photo product of ACE in the presence of γ-CD thioether 3 in CDCl3.

Figure 4: Schematic drawing of the ACE photodimers in γ-CD: a) the
syn photodimer and b) the anti photodimer. The rendering was
performed with VMD 1.8.7 [37]. Figure 5: Structures of COU photodimers.

to-Tail (syn-HT), and anti-HH, shown in Figure 5. The

photodimerization is very slow in nonpolar media, Φ < 10−3%

and mainly leading to the anti-HH dimer [39]. In contrast, polar

protic solvents, like water, increase both the quantum yield and

the amount of the syn-HH dimer, exemplified in Table 3. The

singlet state has a very short lifetime because of rapid inter-

system crossing and self-quenching and it reacts to form the

syn-HH dimer, while the triplet state, with a longer lifetime,
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furnishes the anti-HH isomer [38,40]. Because most often

mixtures of syn and anti isomers were obtained after irradiation

of COU, any supramolecular control of the dimerization was

highly desirable.

Table 3: Distribution of the photodimers of COU for various media.

Host Product distribution [%]a

syn-HH anti-HH syn-HT syn/anti

water 59 9 32 10
γ-CDb 52 17 31 4.7
1b 58 16 26.5 5.4
2b 87 5 8.4 19.8
3b 57 16 26.6 5.1
4b 71 8 20.9 11.8
5b 72 9 19.1 10.0
6b 71 10 18.5 8.6
7b 51 10 38.6 8.5

aExperimental error ± 3%. b6 mM solutions in water.

Photodimerization of a 15 mM aqueous solution of COU

proceeded with a low quantum yield Φ = 0.11% and afforded

mainly the syn-HH isomer with a reasonable selectivity of syn/

anti = 10, as previously described [38,39]. Photodimerization of

6-methyl-COU complexed in cucurbituril CB [8] furnished the

syn-HT isomer as the main product [41,42]. The analogous

effect of β-CD was investigated by Moorthy et al. in 1992. They

isolated the syn-HH dimer in 64% yield after irradiation for

135 h of the crystalline (2:2) inclusion compound of COU in

β-CD [43]. Therefore, it was very interesting to investigate the

supramolecular control exerted by γ-CD thioethers 1–7 in

aqueous solution. The composition of the mixture of isomeric

photodimers was determined from the intensities of the 1H

NMR signals of the cyclobutane protons, which were assigned

according to previous work [40]. The results including the

respective syn/anti ratios are listed in Table 3. In comparison, a

6 mM solution of native γ-CD caused a diminished selectivity

of syn/anti = 4.7.

Surprisingly, the γ-CD thioethers did not behave uniformly. The

anionic host 2 increased the selectivity of syn/anti to 19.8, while

the cationic host 1 produced low selectivity, similar to the

native γ-CD. The 87% yield of the syn-HH dimer obtained with

the best host 2 was still not sufficient for any preparative appli-

cation.

The lower stereoselectivity of the photodimerization of COU

compared to that of ACE, which was achieved with the γ-CD

thioethers, was attributed to the much higher aqueous solubility

of COU (15 mM) compared to the solubility of ACE

Figure 6: Partial 1H NMR of the photodimers formed after irradiation of
COU at various concentrations of Na2SO4 in the presence of 6 mM
γ-CD thioether 2.

(0.067 mM) [25]. Because the concentration of the free guest

[G]free is determined by two coupled thermodynamic equilibria

(Equation 1). The 2-phase solubility equilibrium is expressed by

Equation 2 and the equilibrium of complexation by the CD host

is formulated in Equation 3. The guest dissolves until the

concentration of free guest is equal to the solubility of the guest,

[G]0 = [G]free [44,45]. Consequently, the lower the solubility of

the guest in water, the lower the fraction of uncomplexed

guests. The lower the concentration of the free guest, the lower

the contribution of undesirable and non-specific photodimeriza-

tion to the total quantum yield, according to Equation 4. Conse-

quently, lowering the aqueous solubility of COU by the addi-

tion of salt, taking advantage of the so-called “salting-out

effect” [46] appeared to be a plausible way to enhance the reac-

tion selectivity of the syn-HH dimer.

(1)

(2)

(3)

(4)

The 1H NMR spectra of the crude photoproducts indeed showed

a striking effect from changes in the salt concentration. The

signals of the syn-HT and anti-HH isomers significantly dimin-

ished as shown in Figure 6. At a high salt concentration,
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Table 5: The quantum yields, calculated according to (4) and the fractions of the syn-HH dimer, calculated according to (5), for the photodimerization
of COU in a 6.0 mM solution of γ-CD thioether 2 and binding constant K as a function of salt concentration.

[Na2SO4]
M

[COU]0
mM

[COU]C
mM

Φcalc

% %
K/103

M−2

0.0 15.2 3.1 5.0 85 2
0.5 8.5 4.8 94 30
1.0 4.7 4.8 97 97
1.5 2.6 5.5 13.2 99 1000

[COU]0 solubility of COU, [COU]C concentration of complexed COU, K binding constant of COU complexed in 2 from solubility measurements.

[Na2SO4] = 1.5 M, almost pure syn-HH dimer was formed

exclusively. The compositions, obtained from the NMR inten-

sities, are listed in Table 4. The observed improvement in the

quantum yield and stereoselectivity by the addition of salt was

quantitatively described taking into account the decrease of the

solubility of COU by the salting-out effect. As shown in

Table 5, the aqueous solubility of COU is diminished by nearly

a factor of 6 as a result of raising the salt concentration to

1.5 M. In parallel, the quantum yield Φfree of free COU is

diminished approximately linearly from 2.2% to 1.2%.

Table 4: Influence of the sodium sulfate concentration on the quantum
yield Φ and distribution of photoproducts of COU in a 6.0 mM solution
of γ-CD thioether 2.

[Na2SO4] Φa Product distribution [%]b

M % syn-HH anti-HH syn-HT

0.0 3.8 86 5 9
0.5 89 0 11
1.0 95 0 5
1.5 13.0 97 0 3

aFor λ = 300 nm, experimental error ±3%. bExperimental error ±2%.

Both effects based on the salt concentration led to a significant

reduction in the contribution of the photodimerization of free

COU to the total quantum yield Φ in Equation 4. Taking into

account the molar fraction of the formation of syn-HH in water

 from Table 3 and in the complex ,

and assuming the quantum yield for the complex as Φcomplex =

19%, the total molar fraction  was calculated

according to Equation 5, which was derived from Equation 4.

The concentration of complexed COU, [COU]C, was deter-

mined as the increase in the solubility of COU upon the addi-

tion of the host. The calculated total quantum yields and molar

fractions of the syn-HH isomer, listed in Table 5, are in good

agreement with the measured values, listed in Table 4. It also

shoes, that the binding constant K, calculated according to the

law of mass action for the 1:2 (host/guest) complex, tremen-

dously increases with the salt concentration leading to a strong

increase of the complexed portion of COU. In contrast to the

previous ANT system, the quantum yield of COU photodimer-

ization increases with the binding const K, because K is much

lower for COU than for ANT so that contribution of free COU

is not negligible.

(5)

As a result, the syn-HH isomer is exclusively formed from the

complex with CD derivative 2, with a quantum yield approxi-

mately ten times higher than that observed without complexa-

tion. The tight packing of the two COU molecules within the

host was made responsible for the significantly increased

quantum yield. The heavy atom effect of the S-atoms of CD

derivatives 1–7 should facilitate intersystem crossing to the

triplet state and therefore support the formation of the anti-HH

dimer. Because this preference does not hold true in this case,

especially for host 2, the multiplicity of the excited state seems

not to be the dominant factor, but rather the pre-organization of

the guest molecules in the CD cavity prior to excitation has the

greatest effect. The distribution of the stereoisomers appears to

be mainly topochemically [5] controlled because of the short

lifetime of the excited state of COU.

Quantum mechanical calculations of the structures and inter-

action energies ΔE of the four COU dimers were performed

using the Gaussian 03 software package to investigate the

favored packing [47]. The aromatic dimers were fully opti-

mized at the MP2/6-31G* level without any symmetry restric-

tion during the computation. The interaction energies ΔE of the

syn-HH, anti-HH, syn-HT, and anti-HT dimers of COU were

−32.9, −29.3, −24.0, and −22.5 kJ∙mol−1, respectively. The ΔE

value of the COU dimer with the syn-HH orientation was found

to be significantly more negative than that of the dimer with the

other orientation. This result can be attributed to relatively effi-
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cient π–π stacking [48] The most stable syn-HH dimeric aggre-

gate forms the most stable, and therefore, most abundant com-

plex within the γ-CD cavity and consequently the main photo-

product. Hence, the photodimerization of COU within host 2 is

a topochemical reaction. This type of topochemical control

happening in solution is much more applicable than the clas-

sical topochemical control occurring in the crystalline state

[3,43,49].

Conclusion
Aromatic guests ANT, ACE, and COU form 1:2 (host/guest)

complexes within γ-CD thioethers 1–7, which photodimerized

approximately 10 times faster in aqueous medium than the same

uncomplexed guests in aqueous solution. Since these photo

dimerizations of hydrophobic guests are performable at neutral

pH in optically clear solution in water they are suitable for

preparative applications. Isolation of the photoproduct from

aqueous solution by liquid/liquid extraction simplifies the scale

up. Yields of photodimer based on the complex were nearly

quantitative.

The observed supramolecular catalysis was explained by the

high pre-organization resulting from the tight packing of the

two guests in the cavity, which allows for photoreactions even

for short-lived excited states. In comparison to other confined

and ordered media, most γ-CD thioether complexes offer the

advantages of very high quantum yields and excellent stereo-

chemical control. Because the product formation is mainly

topochemically controlled, photoproducts are predictable by

quantum mechanical optimization of the corresponding dimeric

aggregates in vacuo.

This work also showed that the addition of salt can further

improve supramolecular control by suppression of the free

photoactive species.

Experimental
General: Guests (ANT, ACE, and COU) and potassium

ferrioxalate were purchased from Sigma-Aldrich. Unless other-

wise stated, all chemicals were used as received. γ-CD was

donated by Wacker and dried in vacuo at 100 °C overnight

before use. The γ-CD thioethers were synthesized as previously

described [25] and purified by nanofiltration (molecular weight

cut-off of 1000 Da with demineralized water). Teflon syringe

filters (0.22 μm) from Roth (Karlsruhe, Germany) were used to

remove insoluble material before taking UV–vis and fluores-

cence measurements and the photoirradiation experiments. The

UV–vis spectra of aqueous samples were taken on a Perkin

Elmer Lambda 2 spectrometer (λ: 200–600 nm) using quartz

cells with a 1 cm or 1 mm optical path at 298 K. The fluores-

cence spectra were recorded in a JASCO spectrophotometer

using quartz cells of 10.0 mm path at 298 K. All of the

NMR spectra were recorded on a Bruker 400 MHz

NMR spectrometer at 298 K using the solvent peaks as

internal references, and the coupling constants (J) were

measured in Hz.

Photoreaction procedures: Aqueous solutions of the native

CDs or γ-CD thioethers (25 mL, 6.0 mM) were added into glass

vials containing excess amounts of the guest molecules. To

evaluate the salting-out effect on the photo-product distribution

of COU, different amounts of sodium sulfate were added to the

vials to obtain the desired final salt concentration (Na2SO4

concentration: 0, 0.5, 1.0, and 1.5 M). Sample solutions were

thoroughly degassed using sonication. The vials were tightly

sealed, protected from light, and magnetically stirred at room

temperature. After 72 h, the resulting suspensions were filtered

through syringe filters. The concentrations of the reactants in

the CD solutions were determined from the UV–vis extinction

coefficients at the absorption maxima.

The aqueous solutions of the inclusion complexes were trans-

ferred into 50 mL quartz round-bottomed flasks and bubbled

with nitrogen gas for 20 min with stirring before photo-irradi-

ation. Photodimerization of the samples was carried out using a

medium-pressure mercury lamp (166.5 W, Heraeus Noblelight

GmbH, UVB) as a light source. After irradiation for 12 h at

room temperature under a nitrogen atmosphere, the photoprod-

ucts formed were extracted with chloroform and then analyzed

by 1H NMR [34]. No starting material was found anymore after

this time of reaction. It is worth mentioning that a precipitate

was formed after irradiation of the aqueous solution of the

inclusion complex of ACE with γ-CD thioether.

Molecular modeling: A previously described procedure was

used [25]. The geometries of the orientational isomers of the

COU gas-phase dimer were fully optimized without any

symmetry restriction at the MP2/6-31G* level of theory by

using the Gaussian 03 (E.01) software package [47]. Corrected

interaction energies (∆E) corresponding to the optimized

aromatic dimers were evaluated using the equation ∆E = Edimer

– 2Emonomer at the MP2/6-31G* level, where Edimer and

Emonomer are the energies of the aromatic dimer and the mono-

mer, respectively [50].
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Abstract
2-Amino-N-isopropylacetamide and α-amino-ε-caprolactam were reacted with glycerol diglycidyl ether to give novel oligomeric

thermoresponsive epoxide–amine adducts. These oligomers exhibit a lower critical solution temperature (LCST) behavior in water.

The solubility properties were influenced with randomly methylated β-cyclodextrin (RAMEB-CD) and the curing properties of the

amine–epoxide mixtures were analyzed by oscillatory rheology and differential scanning calorimetry, whereby significant differ-

ences in setting time, viscosity, and stiffness were observed.
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Introduction
Many partially hydrophobic polymers exhibit a lower critical

solution temperature (LCST) behavior in water [1,2]. Below the

critical temperature (Tc) these substances are completely soluble

in water, whereas above the Tc they precipitate. Thereby,

hydrogen bonds between polymer chains and water molecules

in cold water lead to good solubility, whereas these bondings

are increasingly disrupted on heating [3]. These LCST-type

polymers are of interest for the development of e.g. hydrogels

and drug delivery systems [2,4]. One of the most prominent

LCST polymers is poly(N-isopropylacrylamide) (PNIPAM),

which exhibits a LCST of about 32 °C [5]. The Tc can be influ-

enced for example through copolymerization with hydrophobic

or hydrophilic comonomers and further through supra-

molecular interactions of these comonomers with cyclodextrins

(CD) [6-10]. Generally, CDs are water soluble and their ability

of forming inclusion complexes with hydrophobic guest mole-

cules is widely used in drug, food, cosmetics, textile, adhesives,

plastics and more industries [11-13]. Interestingly, recently it

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:h.ritter@uni-duesseldorf.de
http://dx.doi.org/10.3762%2Fbjoc.9.315
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Scheme 1: Synthesis of the monomers 5 and 7, as well as the chemical structure of the diepoxide 8, comprising two structural isomers 8a and 8b.

was confirmed that α- and β-CD cannot interact with PNIPAM.

Only γ-CD has a tendency to include the PNIPAM main chain

[14]. Normally, epoxy resins exhibit poor solubility in water

[15-17]. Accordingly, epoxide–amine polymers are not yet

deeply investigated in respect to LCST behavior [18,19]. At

present, most available bio-based and water soluble epoxy

resins are expensive and use petroleum-based curing agents

[20]. Thus, in the present paper we wish to describe our results

about preparation and solubility of novel bio-based

amine–epoxy oligoadducts. Also, we present some effects of

CD on the solubility of these oligomers.

Results and Discussion
Generally, primary amins are bifunctional towards diepoxides

and are thus monomers for the formation of corresponding

oligomers [16]. Inspired by the molecular structure of

N-isopropylacrylamide, we synthesized a primary amine

2-amino-N-isopropylacetamide (5) that is based on the amino

acid glycine (Scheme 1). This was achieved in a three-step reac-

tion through protection of the primary amino function of

glycine methyl ester hydrochloride (1) with di-tert-butyl dicar-

bonate [21], further amidation with isopropylamine (3), and

finally deprotection in acidic solution.

We also synthesized as a further monomer the lysine based pri-

mary amine α-amino-ε-caprolactam (7) through cyclization

[22]. Native amino acids are not suitable for fast reaction with

epoxides at low temperatures, presumably due to protonation of

their amine groups that results in a reduction of their nucleo-

philicity [23]. However, by means of the described α-amino-ε-

caprolactam (7), we expect to increase the reactivity of the pri-

mary amine group towards epoxides due to the formation of

activating hydrogen bonds. The subsequent epoxide–amine

polyaddition was carried out with glycerol diglycidyl ether (8),

which was directly used as a mixture of the structural isomers

8a and 8b. To facilitate the following discussion, figures will

only illustrate an idealized structure of 8, comprising only 8a

since it contains two primary glycidyl ether groups. Ring

opening oligomerization of the epoxide functions of 8 with the

primary amine functions of 5 or 7, respectively were conducted

in bulk at 25 °C. The product of 5 and 8 gave oligomer 9 and

that of 7 and 8 gave oligomer 10, respectively. Thereby, to

reduce branching via the hydroxy or amide groups with the

epoxide functions and to obtain amine end groups, 5 and 7 were

added in low excess compared to the diepoxide (molecular ratio

1.2:1 (5/7:8)).

To investigate the solution properties of 9 and 10 in water,

turbidity measurements were performed (Figure 1). It was

observed, that 9 was soluble in cold water and exhibited a cloud

point of about 27 °C due to heating.

To evaluate the effect of CD complexation on the solubility of

that oligomer 9, 150 mol % of randomly methylated β-cyclo-
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Figure 1: Heating curves of the LCST measurements of 9, the complex of 9 with RAMEB-CD 9β, and of 9 with RAMEB-CD with added AdCOO−K+.

dextrin (RAMEB-CD) were added (9β). After that, the cloud

point shifted significantly up to 36 °C, which is remarkable

since PNIPAM does not interact with β-CD [14]. Explanation

for this can be steric effects, since the isopropyl group in our

system 9 is placed not so close at the backbone as in PNIPAM.

For further confirmation of these findings, the solution of 9 with

RAMEB-CD was treated with potassium 1-adamantylcarboxy-

late (AdCOO−K+) in some excess, which should displace 9

from RAMEB-CD due to its high complexation properties

[6,24,25]. As predicted, the cloud point shifted back to the

initial temperature of about 27 °C. Oligomer 10 also exhibited

LCST characteristics (Figure 2). It could be noticed that the

solubility properties differ on heating and on cooling. While on

heating a cloud point of about 35 °C was measured, on cooling

a cloud point of about 30 °C was found. This effect is a result

from insoluble to soluble transition which depends on the shape

and size distribution of polymer particles.

Furthermore, 10 also showed an increase in water solubility by

adding 150 mol % of RAMEB-CD 10β. Hereby, a cloud point

of about 49 °C on heating and 29 °C on cooling could be

observed (Supporting Information File 1).

To confirm the interaction of the isopropyl, respectively lactam

moiety with RAMEB-CD we performed 2D ROESY NMR

spectroscopy in D2O. The protons of the isopropyl group of 5

can be assigned to the proton resonances at 1.1 ppm. As illus-

trated in Figure 3a, these protons correlate with the protons of

RAMEB-CD in the range of 3.2 ppm and 4.1 ppm. Also in case

of 7, similar findings can be observed. Hereby, the protons of

the lower lactam ring between 1.1 ppm and 2.0 ppm show an

interaction with the protons of RAMEB-CD (Figure 3b). 2D

ROESY NMR of 9β and 10β were also conducted and as

expected, the same correlation with RAMEB-CD as for 5 and 7

was observed (Supporting Information File 1). Unfortunately,

the signals of the protons of the oligomer backbone are covered

by the RAMEB-CD signals, whereby no clear correlation can

be made. However, a further evidence for the self-agglomera-

tion of RAMEB-CD with the side groups of 9 and 10 is a

perceivable downfield shifting concurrent with a splitting of the

concerned proton signals, since they are magnetically shielded

by the CD cavity.

Kinetics of the curing process at a decent temperature (25 °C)

of 9 and 10 were evaluated by applying oscillatory rheological
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Figure 2: LCST measurements of 10 with illustrated heating and cooling curve, as well as the heating curve after addition of RAMEB-CD 10β.

Figure 3: 2D NMR ROESY (300 MHz, D2O) spectrum of the complex of 5 with RAMEB-CD (a), displaying the correlation of the isopropyl moiety with
RAMEB-CD and of 7 with RAMEB-CD (b), illustrating the interaction of the lower lactam ring with RAMEB-CD.

measurements. A mixture of 5 and 8 showed a low viscosity

before hardening. As illustrated in Figure 4a, the mixture

exhibits one-digit values for storage modulus G’ and loss

modulus G’’ at first. With continuous reaction time the curves

for G‘ and G‘‘ run almost parallel till they converge. It can be

observed that the sol–gel transition (“gel point”), where G‘ is

equal to G‘’, is reached after 21 h. In theory, after this point the

mixture is not capable of flowing anymore. However, after gel

point G‘ and G‘‘ do not diverge clearly, which can be a hint for

still flowable or at least flexible parts of the product. Also, hori-

zontal lines of G‘ and G‘‘ shortly after reaching the gel point

are a sign of a completed reaction. The resulting oligomer 9 is

dimensionally stable for a certain period, but can be stretched

easily by applying a force (Figure 5b).
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Figure 4: Oscillatory rheological measurements of the curing of 9 and
10, respectively at 25 °C. Illustrated are exemplary G’ and G’’ plots as
a function of time for 9 (a) and 10 (b), as well as a comparison of the
complex viscosity of 9 and 10 (c).

Interestingly, a mixture of 7 and 8 yielding oligomer 10

displays 2.5-times faster curing than a mixture of 5 and 8. In

this case the gel point is reached already after about 8 to 9 h

(Figure 4b). Horizontal lines for G‘ and G‘‘ are also observable

shortly after. The resulting oligoadduct 10 can be shaped before

curing and keeps this shape as a free-standing-disc after hard-

ening (Figure 5d). This can be emphasized with the fact that G‘

and G‘‘ diverge considerably after the gel point transition.

A direct comparison of the curing properties of 9 and 10 is

given in Figure 4c, which displays the complex viscosity (η*)

calculated from G‘ and G‘‘. As expected, the curves confirm the

Figure 5: Illustration of the viscosity of a mixture of 5 and 8 (a), res-
pectively 7 and 8 (c) before curing and the resulting materials 9 (b) and
10 (d), respectively after 24 h at 25 °C. 9 can be stretched easily by
applying a force, whereas 10 can be shaped as a brittle disc.

above described observations. In addition, η* at gel point tran-

sition of 10 compared to that of 9 is higher by factor of 2.8

(η* = 74 kPa*s (10), η* = 26 kPa*s (9)). The difference in

rigidity of the cured products 9 and 10 is assumed to be caused

by the different shape of side groups of the oligomers.

Additional proof of the different chain flexibility of the cured

products 9 and 10 was conducted using DSC measurements. As

expected, the Tg (glass transition temperature) of 9 (Tg = 6 °C)

was significant lower than the value of the less flexible ma-

terial 10 (Tg = 29 °C).

Furthermore, FTIR spectroscopy was performed to analyze the

chemical process of oligoaddition of 8 with 5 directly after

mixing of the monomers and after 24 h of curing at 25 °C

(Figure 6). The epoxide-function of 8 exhibits two bands at

838 cm−1 and 908 cm−1 associated with its asymmetric, respect-

ively symmetric ring deformation vibration and one peak at

1254 cm−1 caused by its C–O-stretching vibration. It becomes

apparent that these bands vanish after 24 h due to the complete

ring opening of the former epoxide group. However, the over-

lapping band at 1261 cm−1 assigned to the amine 5 (Supporting

Information File 1) complicates the analysis in this band region.

Furthermore, a broadening of the bands in the region of

3100 cm−1 and 3600 cm−1 can be attributed to increasing

hydrogen bonded hydroxy stretching vibrations as a result of

the ring opening. Generally, these observations are a strong evi-

dence for a high conversion of the epoxide–amine adduct.
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Figure 6: Comparison of the FTIR spectra of the monomer mixture of 5 and 8 and of the cured product 9 after 24 h.

The curing of 7 and 8 was also monitored by means of FTIR

spectroscopy showing a similar disappearance of the specific

bands of the epoxide function, accompanied by an increase of

the hydroxy stretching vibrations (Supporting Information

File 1).

Unfortunately, molecular weights of 9 and 10 could not yet be

detected by use of size exclusion chromatography even under

different conditions, probably due to the strong interaction of

the functional groups with the column material. Also, because

of its high thermosensitivity and tendency of cross linking on

heating, mass spectrometry data were not useful for determin-

ation of that molecular weights. However, DLS measurements

gave hydrodynamic diameters of 2.7 nm for 9 and 2.4 nm for 10

(Supporting Information File 1). This indicates the existence of

oligomers rather than polymers. Comparing the hydrodynamic

diameter of RAMEB-CD of ca. 1.4 nm in water (molecular

weight = 1310 g/mol) with the hydrodynamic diameters of

2.7 nm for 9 and 2.4 nm for 10 these values correspond in a

simple first approximation to molecular weights of around

1–3 thousands. Interestingly, the calculated values due to

Carothers’ equation (1.2-fold excess of the amine, complete

conversion) gave an average molecular weight of 1760 g/mol

for 9 and 1826 g/mol for 10, respectively.

Conclusion
Two novel water soluble and thermoresponsive glycerol digly-

cidyl ether (8)–amine oligomers were obtained containing

2-amino-N-isopropylacetamide (5) and α-amino-ε-caprolactam

(7), respectively. Complexation of RAMEB-CD with the side

groups of the oligomers 9 and 10 influenced the LCST-behav-

ior. In bulk, a mechanically flexible oligoadduct 9 and a rather

brittle oligoadduct 10 were characterized.

Experimental
All reactants were commercially available and used without

further purification. All solvents used were of analytical purity

or freshly distilled. RAMEB-CD was obtained from Wacker

Chemie GmbH, Burghausen, Germany and were used after

being dried with a vacuum oil pump over P4O10. Glycine

methyl ester hydrochloride (98%) and L(+)-lysine monohy-

drochloride (99+%) were purchased from Acros Organics,

di-tert-butyl dicarbonate (97+%) and isopropylamine (99+%)

were obtained from Alfa Aesar, glycerol diglycidyl ether and

deuterium oxide (D2O, 99.9% D) were purchased from Sigma

Aldrich and chloroform-d (CDCl3, 99.80% D) was obtained

from Euriso-Top. 1H NMR, 13C NMR and 1H-1H-ROESY

spectra were recorded on a Bruker Avance DRX 300 by using

deuterium oxide or chloroform-d as solvents. The chemical
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shifts (δ) are given in parts per million (ppm) using the solvent

peak as an internal standard. Fourier transform infrared (FTIR)

spectra were recorded on a Nicolet 6700 FTIR spectrometer

equipped with an ATR unit. Turbidity measurements were

conducted using a Tepper TP1 cloud-point photometer

equipped with a laser with a wavelength of 670 nm. For all

experiments a heating or cooling rate of 1 °C/min during contin-

uous stirring was set and the critical temperature was deter-

mined at 50% of relative transmittance. Oscillatory rheological

measurements were performed on a Haake Mars II rheometer

by ThermoFisher Scientific. For this purpose a plate–plate

construction (MP35, PP35Ti) was used. The temperature was

set to 25 °C and was determined in the measuring plate with an

accuracy of ±0.1 °C. The thermostat was regulated directly by

software. For each sample the measurement period was set to

30 h. Sol–gel-transmission was determined by the arithmetic

average of the first three intersections of G’ and G’’ taking

initial fluctuations due to homogenization and sheer-thinning

processes not into account. Glass transition temperatures (Tg)

were determined using a Mettler Toledo DSC 822e equipped

with a sample robot TSO801RO. For calibration, standard tin,

indium, and zinc samples were used. Heating and cooling

curves were determined between −30 and 50 °C or −30 and

60 °C at a heating rate of 15 °C/min. The Tg values were calcu-

lated from the arithmetic average of the inflection points of the

second, third and fourth heating curve. Electrospray ionization

mass spectrometry (ESIMS) was conducted on a Bruker maXis

4G mass spectrometer and matrix-assisted laser desorption-

ionization time-of-flight mass spectrometry (MALDI-TOF-MS)

on a Bruker Dalomics Ultraflex 1 mass spectrometer. Melting

points were obtained using a Büchi Melting Point B-545 appa-

ratus at a heating rate of 1 °C/min. Dynamic light scattering

(DLS) experiments were conducted on a Malvern Zetasizer

Nano ZS ZEN 3600 at a temperature of 20 °C with a laser

wavelength of 633 nm and a detection angle of 173°. The non-

negative-least-squares algorithm was used for interpretation.

The samples were dissolved in pure water of pH 7 and in a

concentration of 1.5 mg/mL. Each measurement was performed

at least five times and number-averaged diameters were used as

result.

Synthesis of 2 [21]: 8.99 g (71.6 mmol) of glycine methyl ester

hydrochloride (1) were suspended in 60 mL methylene chloride

and 6.05 g (72.0 mmol) sodium hydrogen carbonate dissolved

in 80 mL water and 12 g (205.3 mmol) sodium chloride were

added. Under strong stirring a solution of 15.19 g (69.5 mmol)

di-tert-butyl dicarbonate in 40 mL of methylene chloride was

poured slowly into the mixture. Subsequently, the reaction

batch was refluxed for 3 h and stirred at room temperature

overnight. The phases were separated, the aqueous phase was

washed twice with 30 mL of methylene chloride and the organic

phases were combined. After drying over magnesium sulfate

and filtration thereof methylene chloride was distilled off under

reduced pressure and the product dried in vacuo. 11.9 g

(62.9 mmol = 87.8%) of a colorless oil was obtained. FTIR

(diamond) ν (cm−1): 3500–3200 (br, NH), 1753 (s, ester), 1695

(vs, carbamate); 1H NMR (300 MHz, CDCl3) δ 5.22 (s, 1H,

NH), 3.78 (d, J = 5.9 Hz, 2H, CH2), 3.62 (s, 3H, OCH3), 1.33

(s, 9H, RC(CH3)3); 13C NMR (75 MHz, CDCl3) δ 170.5 (1C,

R-C(O)-OR), 155.4 (1C, RNH-C(O)-OR), 79.4 (1C, RO-C-

Me3), 51.7 (1C, OCH3), 41.8 (1C, CH2), 27.9 (3C, RC(CH3)3);

ESIMS (acetone) m/z: 190.1 [M + H]+, 212.1 [M + Na]+.

Synthesis of 4: 9.39 g (49.7 mmol) of 2 were mixed with

11.21 g (189.7 mmol) isopropylamine (3) and 5.02 g

(49.7 mmol) triethylamine. The mixture was stirred at room

temperature for 3 days and subsequently refluxed for 2 days. In

an adjacent step the solution was concentrated and precipitated

in 500 mL of n-hexane. After drying in vacuo 8.6 g (39.8 mmol

= 80.1%) of colorless crystals (melting point 102 °C) were

obtained. FTIR (diamond) ν (cm−1): 3292, 3222 (br, NH), 1692

(vs, carbamate), 1657, 1548 (vs, amide); 1H NMR (300 MHz,

CDCl3) δ 6.41 (s, 1H, RC(O)-NH-R), 5.57 (s, 1H, R-NH-

C(O)OR), 3.98 (m, 1H, CH-Me2), 3.66 (d, J = 5.7 Hz, 2H,

CH2), 1.36 (s, 9H, RC(CH3)3), 1.06 (d, J = 6.6 Hz, 6H,

RHC(CH3)2); 13C NMR (75 MHz, CDCl3) δ 169.1 (1C,

R-C(O)-NHR), 156.7 (1C, RHN-C(O)-OR), 80.4 (1C, C-Me3),

44.9 (1C, CHMe2), 41.9 (1C, RHN-CH2-C(O)R), 28.8 (3C,

RC(CH3)3), 23.1 (2C, RHC(CH3)2); ESIMS (acetone) m/z:

217.2 [M + H]+, 239.1 [M + Na]+.

Synthesis of 5: 7.56 g (35.0 mmol) of 4 were suspended in

40 mL of water. On heavy stirring 30 mL of concentrated

hydrochloric acid was added dropwise. The now homogenous

solution was refluxed for 3 h and stirred at room temperature

overnight. Afterwards, a pH value of 12–13 of the solution was

adjusted by the addition of sodium hydroxide. The solution was

concentrated and subsequently lyophilized. After extracting

with methylene chloride the solvent was distilled off under

reduced pressure and the resulting residue was dried in vacuo to

give 1.14 g (9.8 mmol = 28.1%) of a colorless oil, that turns

slightly yellow on heating or after time. FTIR (diamond), ν

(cm−1): 3600–3000 (br, NH, NH2), 1644, 1544 (vs, amide); 1H

NMR (300 MHz, CDCl3) δ 7.08 (s, 1H, NH), 3.82 (m, 1H, CH),

3.05 (s, 2H, CH2), 1.49 (s, 2H, NH2), 0.93 (d, J = 6.6 Hz, 6H,

RHC(CH3)2); 13C NMR (75 MHz, CDCl3) δ 171.3 (1C, C(O)),

44.5 (1C, CH2), 41.0 (1C, CH), 22.8 (2C, RHC(CH3)2); ESIMS

(acetone) m/z: 117.1 [M + H]+.

Synthesis of 7 [22]: A mixture of 20 g (109.5 mmol) L-lysine

monohydrochloride (6), 4.38 g (109.5 mmol) sodium

hydroxide, 60 g (589 mmol) aluminium oxide and 300 mL
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n-butanol is heated to reflux for 48 h in a reaction vessel

equipped with a water trap. Subsequently, the mixture is

filtrated and the obtained pale yellow solution is concentrated

under reduced pressure. After precipitation in diethyl ether,

filtration, and drying in vacuo 8.1 g (63.2 mmol = 57.7%) of

colorless/pale yellow crystals (melting point = 65–69 °C) are

received. FTIR (diamond), ν (cm−1): 3355, 3283 (br, NH),

2930, 2909, 2849 (m, CH), 1648 (s, amide); 1H NMR (300

MHz, D2O) δ 3.73 (dd, J = 11.0, 1.9 Hz, 1H, CH), 3.26 (m, 2H,

RHN-CH2-R), 2.02–1.30 (m, 6H, (CH2)3); 13C NMR (75 MHz,

D2O) δ 181.3 (1C, C(O)), 52.7 (1C, CH), 41.3 (1C, RHN-CH2-

R), 32.4 (1C, RHC-CH2-R), 27.7 (1C, CH2), 27.6 (1C, CH2);

ESIMS (H2O) m/z: 129.1 [M + H]+.

Synthesis of 9: The viscous monomers 5 and 8 were mixed and

stirred for several minutes. The obtained pale yellow oil was

kept at 25 °C without stirring for 24 h to give a sticky and

highly viscous material. FTIR (diamond), ν (cm−1): 3600–3000

(br, NH, NH2, OH), 2969, 2873 (m, CH), 1641, 1534 (vs,

amide), 1101 (s, COH).

Synthesis of 10: Monomer 7 and monomer 8 were mixed thor-

oughly until a homogeneous solution was achieved. Afterwards,

the mixture was kept at 25 °C without stirring for 24 h to give a

brittle and dimensionally stable material. FTIR (diamond), ν

(cm−1): 3600–3000 (br, NH, NH2, OH), 2924, 2858 (m, CH),

1650 (s, amide), 1077 (s, COH).

Supporting Information
The Supporting Information File 1 contains 1H-1H-ROESY

spectra of oligomer 9 and 10, respectively in presence of

RAMEB-CD, additional FTIR spectra of the curing of 8

with 5 and 8 with 7, respectively, and DLS measurements

of 9 and 10.

Supporting Information File 1
Additional 1H-1H-ROESY spectra, FTIR spectra and DLS

data.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-9-315-S1.pdf]
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Abstract
N-alkylation of N,N'-(hexane-1,6-diyl)bis(4-methylbenzenesulfonamide) with allyl bromide and subsequent Prilezhaev reaction

with m-chloroperbenzoic acid to give N,N'-(hexane-1,6-diyl)bis(4-methyl-N-(oxiran-2-ylmethyl)benzenesulfonamide) is described.

This twofold alkylation was performed in aqueous solution, whereby α-, and randomly methylated β-cyclodextrin were used as

adequate phase transfer catalysts and the cyclodextrin–guest complexes were characterized by 1H NMR and 2D NMR ROESY

spectroscopy. Finally, the curing properties of the diepoxide with lysine-based α-amino-ε-caprolactam were analyzed by rheological

measurements.

2834

Introduction
Various diepoxides easily react with amines or diamines to

form cross-linked, cyclic or linear addition-polymers, which are

implemented in construction, electronic, aerospace, medical and

dental industries [1,2]. Hereby, bisphenol A diglycidyl ether

(BADGE) is often used [3,4]. However, non-bisphenol A based

diepoxides are subject to intensive research [5-9]. The indus-

trial synthesis of BADGE and other commercially available

diepoxides proceeds mainly by using epichlorohydrin, whereby

usually several side products and oligomers are formed in

significant concentrations [10-12]. An alternative route is a two-

step reaction via N-allylation and further Prilezhaev epoxida-

tion with peroxides [13-15]. The solubility of hydrophobic reac-

tants in water can be increased significantly by cyclodextrins

(CD) and thereby the use of organic solvents can be reduced

[16-18]. To our best knowledge, CD mediated N-alkylation of

sulfonamides is not yet described. Generally, only a few exam-

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:h.ritter@hhu.de
http://dx.doi.org/10.3762%2Fbjoc.9.318
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Scheme 1: Synthesis of sulfonamide 3, N-alkylation of 3 in organic solution and of CD-complex (3β) in aqueous phase to obtain 5 and the subse-
quent epoxidation with m-chloroperbenzoic acid (mCPBA) to yield product 6.

ples are known in literature about CD assisted alkylation of

amines in aqueous solution [19-22]. Hence, in this work, we

wish to present our direct and CD mediated method to alter-

native sulfonamide based diepoxides, focusing on one charac-

teristic example. Furthermore, the polymerization of these types

of diepoxides was investigated with lysine-based α-amino-ε-

caprolactam through rheological measurements.

Results and Discussion
N,N'-(Hexane-1,6-diyl)bis(4-methylbenzenesulfonamide) (3), as

precursor for the subsequent N-alkylation and further Prilezhaev

epoxidation, was synthesized easily from p-toluenesulfonyl

chloride (1) and hexamethylenediamine (2) [23]. The resulting

crystalline sulfonamide was first described in 1927 prepared

from 1,6-dibromohexane and p-toluenesulfonamide [24]. The

subsequent two-fold N-alkylation of 3 with allyl bromide (4)

was conducted in N,N-dimethylformamide as solvent, as well as

in aqueous solution via CD-complexation (Scheme 1).

Unmodified 3 is neither in a neutral nor in a basic milieu

significantly soluble. However, by complexation of 3 with two

equivalents of randomly methylated β-cyclodextrin (β-CD) to

give 3β, water solubility could be increased distinctively. Char-

acterization of the inclusion complex of β-CD with 3 in D2O

solution was conducted using 2D NMR ROESY spectroscopy

(Figure 1).

Thereby, proton signals at 7.0 and 7.4 ppm can be assigned to

the aromatic protons of 3. Furthermore, the protons of its

p-methyl moiety demonstrate a singlet signal at 2.1 ppm. As

illustrated in Figure 1, interaction of these protons with the

inner protons of β-CD in the range of 3.3 to 3.8 ppm is visible.
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Figure 1: 2D NMR ROESY spectrum of the complex of 3 with β-CD in D2O, displaying the interaction of the tosyl protons with the β-CD protons.

This strongly indicates a self-agglomeration of the tosyl groups

of 3 with β-CD. Further confirmation of these findings is a

perceivable downfield shifting of the proton signals of 3β

compared to 3 suspended in D2O, since they are magnetically

shielded by the β-CD cavity.

Additionally, the water solubility of 4 is limited as well

(3.83 g L−1) [25]. Since the stability of CD–guest complexes

often depends on the size of the guest molecule relative to the

CD cavity, stability constants of unbranched alkyl chains or

vinyl groups are the highest with α-CD (six glucose units) and

for tosyl groups with β-CD (seven glucose units), respectively

[18]. Therefore, the water solubility of 4 was increased by add-

ition of α-CD (4α). 2D NMR ROESY spectroscopy was also

performed for 4α. As expected, the protons of the allyl-group at

5.9 ppm, 5.1 ppm and 4.0 ppm correlate with the α-CD protons

in the range of 3.9 to 3.5 ppm (Figure S1, Supporting Informa-

tion File 1).

Two-fold N-alkylation of β-CD-complexed N,N'-(hexane-1,6-

diyl)bis(4-methylbenzenesulfonamide) (3β) with 4α in aqueous

solution gave N,N'-(hexane-1,6-diyl)bis(N-allyl-4-methylben-

zenesulfonamide) (5), which could easily be precipitated and

separated from the CD-complex by heating, since decomplexa-

tion occurred over 70 °C. The remaining aqueous CD-solution

can be reused in principle, since in an alkaline milieu CD-rings

are stable. A comparison of the 1H NMR spectra of 5 received

in organic and in aqueous solution, respectively is given in

Supporting Information File 1 (Figure S2) to show no signifi-

cant differences. Also, CD signals in the range of 3.0 to 4.0 ppm

are not observable. That indicates complete CD-decomplexa-

tion of 5. Subsequently, 5 was epoxidized in a Prilezhaev reac-

tion with m-chloroperbenzoic acid (mCPBA) in methylene chlo-

ride to obtain N,N'-(hexane-1,6-diyl)bis(4-methyl-N-(oxiran-2-

ylmethyl)benzenesulfonamide) (6). The proceeding reaction

was monitored by means of 1H NMR spectroscopy, since the

allyl protons of 5 in the range of 5.0 to 5.7 ppm vanish on
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Figure 2: Oscillatory rheological measurements of an equimolar mixture of 6 and 8 at 50 °C. Illustrated is the complex viscosity (A), as well as G’ and
G’’ (B) in dependence of time. The polymer 9 is displayed as an idealized structure (R = H or polymer network; crosslinking via addition of epoxide
moieties to the hydroxy functions is likely [2]).

conversion (Figure S3, Supporting Information File 1). To illus-

trate the curing properties of the synthesized diepoxide, 6 was

reacted in a ring-opening polymerization with the primary

amine α-amino-ε-caprolactam (8). 8 was synthesized by

cyclization of lysine (7) (Scheme 2). Hence, an increase of the

reactivity of the primary amino group towards the epoxide func-

tion compared to the amino groups in native lysine was

expected [26-28].

Scheme 2: Cyclization of L-(+)-lysine monohydrochloride to give race-
mate 8.

As illustrated in Figure 2A, oscillatory measurements display an

initial high viscosity for a mixture of 6 and 8, since its complex

viscosity (η*), calculated from storage modulus G’ and loss

modulus G’’, exhibits low four-digit values at 50 °C. However,

η* increases further on time until the sol–gel-transition

(gelpoint), where G’ is equal to G’’, is reached after about 40 to

45 min (Figure 2B). Generally, by passing this point the mix-

ture is no longer capable of flowing. Shortly after reaching the

gelpoint, η* is not significantly rising further, which is a sign

for completed conversion. The resulting poly-adduct 9 exhibits

a glass transition temperature (Tg) of around 49 °C. Equivalent

measurements of standard BADGE demonstrated a gelpoint

after about 99 min and a Tg of about 74 °C (Figure S4,

Supporting Information File 1). Thus, the curing properties for a

mixture of 6 with 8 are relatively comparable to a mixture of

BADGE with 8, whereby the observed differences can be

caused by different reactivity of the oxirane moieties or unequal

solubility of the respective diepoxide with 8.

By means of IR spectroscopy, ring opening polymerization of

epoxides with amines can be monitored. The spectrum of 6

exhibits weak bands at 1253 and 895 cm−1, which can be

assigned to the C–O-stretching vibration and the symmetric ring

deformation vibration, respectively, of its epoxide groups. On

curing at 50 °C, a broad band between 3100 and 3600 cm−1

appears which is caused by hydrogen bonded hydroxy

stretching vibrations originating from epoxide ring opening.

The epoxide bands seem to vanish after curing, which is a sign
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for high conversion. However, due to overlaps of broader bands

in adjacent areas, no clear statement can be made in this regard

(Figure S5, Supporting Information File 1). Based on this work,

future research could focus on conducting the entire synthesis

of 6 CD mediated in aqueous solution. Also, the presented

pathway for alkylation in aqueous media could be transferred to

the solvent saving synthesis of further alkylated products.

Conclusion
An alternative route for the synthesis of N,N'-(hexane-1,6-

diyl)bis(4-methyl-N-(oxiran-2-ylmethyl)benzenesulfonamide)

(6) via N-alkylation of N,N'-(hexane-1,6-diyl)bis(4-methylben-

zenesulfonamide) (3) and further oxidation was described. For

the first time, the CD-mediated N-alkylation of a sulfonamide

was conducted, whereby water solubility of 3 and 4 were

increased by adding β-CD and α-CD, respectively. By applying

oscillatory rheological measurements, a mixture of 6 and 8

reached the gelpoint after about 40 to 45 min at 50 °C. Thus, an

environmentally more sustainable route for the synthesis of a

bisphenol A free diepoxide was presented, which appears to be

a suitable substitute for technically employed bisphenol A

diglycidyl ether.

Experimental
All reactants were commercially available and unless otherwise

stated used without further purification. All solvents used were

of analytical purity or freshly distilled. β-CD and α-CD were

obtained from Wacker Chemie GmbH and were used after

being dried with a vacuum oil pump over P4O10. p-Toluenesul-

fonyl chloride (98%) was obtained from Alfa Aesar, allyl bro-

mide (99%), 3-chloroperoxybenzoic acid (70–75%), 1,6-

hexanediamine (99.5+%) and L-(+)-lysine monohydrochloride

(99+%) were purchased from Acros Organics, bisphenol A

diglycidyl ether and deuterium oxide (99.9%) were provided

from Sigma Aldrich, chloroform-d (99.80%) was obtained from

Euriso-Top and dimethyl sulfoxide-d6 (99.9%) was purchased

from Deutero. 1H NMR, 13C NMR and 2D ROESY spectra

were recorded on a Bruker Avance DRX 300 and a Bruker

Avance III – 600 by using deuterium oxide, dimethyl sulfoxide-

d6 or chloroform-d as solvents. The chemical shifts (δ) are

given in parts per million (ppm) using the solvent peak as an

internal standard. FTIR spectra were recorded on a Nicolet 6700

FTIR spectrometer equipped with an ATR unit. Oscillatory

rheological measurements were performed on a Haake Mars II

rheometer by ThermoFisher Scientific. For this purpose a plate-

plate construction (MP35, PP35Ti) was used. The temperature

was set to 50 °C and was determined in the measuring plate

with an accuracy of ±0.1 °C. The Sol–gel-transmission was

determined by the first intersection of G’ and G’’. Graphs were

plotted using reduced data, calculated by the median of three

following values. The glass transition temperature (Tg) was

determined using a Mettler Toledo DSC 822e equipped with a

sample robot TSO801RO. For calibration, standard tin, indium,

and zinc samples were used. Heating and cooling curves were

determined between −30 and 130 °C at a heating rate of

15 °C/min. The Tg value was taken from the inflection point of

the second heating curve. Electrospray ionization mass spec-

trometry (ESIMS) was conducted on a Bruker maXis 4G mass

spectrometer. Melting points were obtained using a Büchi

Melting Point B-545 apparatus at a heating rate of 5 °C/min.

Synthesis of 5 in organic solution: 7.0 mmol of 3 were

dissolved in 25 mL dried N,N-dimethylformamide and the solu-

tion was cooled to 0 °C in an ice bath. The apparatus was set

under constant nitrogen-flow and 17.2 mmol of sodium hydride

were added. Afterwards, the suspension was stirred for 2 h and

subsequently, 35 mmol of allyl bromide (4), which was filtrated

through neutral aluminium oxide, was added dropwise. The

resulting mixture was stirred at 50 °C for 18 h and after cooling

to room temperature it was diluted with 40 mL of saturated

solution of ammonium chloride. The aqueous phase was

washed threefold with 40 mL of ethyl acetate, the organic

phases were combined and the solvent was evaporated under

reduced pressure. After drying, 5.3 mmol (76% yield, not opti-

mized) of brown slurry were received. The raw product was

purified by column chromatography (n-hexane/ethyl acetate

2:1) to give 3.98 mmol (57% yield, not optimized) of 5. 1H

NMR (300 MHz, DMSO-d6, δ) 7.68 (d, J = 8.3 Hz, 4H, Ar-H),

7.40 (d, J = 7.9 Hz, 4H, Ar-H), 5.60 (ddt, J = 6.3, 10.1, 17.1 Hz,

2H, H2C=CH-CH2-), 5.19 (dd, J = 17.0, 1.6 Hz, 2H, CH2,

trans), 5.11 (dd, J = 10.1, 1.6 Hz, 2H, CH2, cis), 3.73 (d, 4H, J

= 6.4 Hz, allyl-CH2-), 2.99 (t, J = 7.4 Hz, 4H, N-CH2-), 2.39 (s,

6H, Ar-CH3), 1.38 (m, 4H, -CH2-), 1.14 (m, 4H, -CH2-); 13C

NMR (75 MHz, DMSO-d6, δ) 143.0 (2C, Ar(C)-CH3), 136.6

(2C, RO2S-(C)Ar), 133.5 (2C, R-CH=CH2), 129.8 (4C, Ar(C)),

126.9 (4C, Ar(C)), 118.5 (2C, RHC=CH2), 50.1 (2C, N-CH2-

CHR), 47.0 (2C, N-CH2-CH2R), 27.5 (2C, -CH2-), 25.5 (2C,

-CH2-), 20.9 (2C, -CH3); IR (diamond) ν (cm−1): 2951, 2916,

2855 (m, -CH2-, Ar-CH3), 1652 (w, C=C), 1597 (m, Ar), 1336,

1155 (v, R-SO2-NR2), 1090 (m, Ar-S-), 965 (v, -CH2-), 934 (m,

R-SO2-NR2), 816 (s, Ar-H (neighbouring)); ESIMS m/z: 505.4

[M + H]+, 527 [M + Na]+; mp 70 °C.

Synthesis of 5 CD mediated in aqueous solution: 6.8 g of

randomly methylated β-CD and 25 mmol of sodium hydroxide

were dissolved in 15 mL double distilled water and 2.4 mmol of

3 were added. The initial suspension was stirred at 45 °C for

some minutes until a homogenous solution was achieved.

Simultaneously, a homogenous solution of 1.15 mmol of 4,

13.8 mmol of sodium hydroxide and 1.6 mmol of α-CD in

10 mL of double distilled water was prepared. Subsequently,

the solution of 4α was added dropwise to the solution of 3β.
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The combined solutions were stirred at 50 °C and over the next

15 h further 8 mmol of 4 were added successively. After two

days, the solution was heated to 70 °C for 30 min, filtrated and

the precipitate dried in vacuo. 0.9 mmol (38% yield, not opti-

mized) of a colorless powder of 5 was obtained. Spectral data of

5 synthesized in aqueous solution are given in the Supporting

Information File 1.

Synthesis of 6: 3.0 mmol of 5 were dissolved in 15 mL of

methylene chloride. Subsequently, 12.6 mmol of mCPBA

dissolved in 20 mL methylene chloride were added. After two

days of stirring at room temperature the reaction batch was

treated with further 8.7 mmol of mCPBA and stirred for 4 days.

Afterwards, the suspension was filtrated, the filtrate diluted with

20 mL of methylene chloride and washed three times with an

aqueous solution of 10% sodium bisulfite. Then, the organic

phase was treated twice with 50 mL each of sodium hydrogen

carbonate solution and stirred for 1.5 h. Subsequently, the

organic phase was dried over magnesium sulfate and the solvent

removed under reduced pressure to obtain 1.7 mmol (57%

yield, not optimized) of 6. 1H NMR (300 MHz, CDCl3, δ): 7.67

(d, J = 8.3 Hz, 4H, Ar-H), 7.28 (d, J = 7.9 Hz, 4H, Ar-H), 3.59

(dd, J = 3.4, 15.2 Hz, 2H, N-CH2-CH-, trans), 3.15 (m, 4H,

N-CH2-CH2-), 3.05 (m, 2H, -CH-), 2.87 (dd, J = 6.5, 15.2 Hz,

2H, N-CH2-CH-, cis), 2.74 (dd, J = 5.3, 4.2 Hz, 2H, O–CH2,

cis), 2.49 (dd, J = 2.6, 4.3 Hz, 2H, O–CH2, trans), 2.40 (s, 6H,

Ar-CH3), 1.55 (m, 4H, -CH2-), 1.27 (m, 4H, -CH2-); 13C NMR

(75 MHz, CDCl3, δ) 143.6 (2C, Ar(C)-CH3), 136.8 (2C, RO2S-

(C)Ar), 130.0 (4C, Ar(C)), 127.3 (4C, Ar(C)), 51.2 (2C, epoxy),

51.0 (2C, N-CH2-CH2R), 49.4 (2C, N-CH2-epoxy), 45.4 (2C,

epoxy), 28.5 (2C, -CH2-), 26.3 (2C, -CH2-), 21.6 (2C, -CH3);

IR (diamond) ν (cm−1): 2997, 2927, 2862 (m, -CH2-, Ar-CH3),

1597 (m, Ar), 1435 (m, -CH2-), 1335 (v, R-SO2-NR2), 1253 (w,

-C-O-C-), 1154 (v, R-SO2-NR2), 1090 (m, Ar-S-), 895 (w,

-C-O-C-), 839 (m, C-C (ring)), 816 (s, Ar-H (neighbouring));

ESIMS m/z: 537.1 [M + H]+, 559.1 [M + Na]+.

Synthesis of 3 and 8: Sulfonamide 3 was obtained in a modi-

fied synthesis similar to that reported in [23]. The synthesis of 8

was performed according to [29].

Supporting Information
Experimental procedures and spectral data for the synthesis

of 3 and 8 are given in the Supporting Information.

Supporting Information File 1
Additional spectra and experimental data.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-9-318-S1.pdf]
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