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Abstract
Cu,H2-bis-porphyrin (Cu,H2-Por2), in which copper porphyrin and free-base porphyrin are linked together by an ethano-bridge, was

dissolved in chloroform and spread at the air/liquid subphase interface of a Langmuir trough. The bis-porphyrin derivative, floating

film was characterized by reflection spectroscopy and the surface pressure of the floating film was studied as a function of the mean

area per molecule. When aromatic amines are dissolved in the subphase, an evident interaction between the bis-porphyrin host and

the aromatic amine guest is observed. A clear-cut variation of the profile of surface pressure vs area per molecule curve is observed.

Reflection spectroscopy highlights that the aromatic amines dissolved in the subphase are able to induce the syn-to-anti con-

formational switching in the bis-porphyrin derivative. The Langmuir–Schaefer technique has been used to transfer the floating bis-

porphyrin film (when using pure water as a subphase) to a surface plasmon resonance (SPR) substrate and the resulting device was

able to detect the presence of aniline at concentrations as low as 1 nM in aqueous solution. The high selectivity of the SPR

sensing device has been verified by checking the spectral response of the active layer towards other analytes dissolved in the

aqueous solutions.
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Introduction
Various porphyrin derivatives, both free-base and metal

complexes, have been widely employed as active molecules

for detecting analytes in vapor as well as in liquid phase

[1-3]. Porphyrins are endowed with good host material

properties and the ability to form films [4], allowing

realization of thin film devices with variable physical and
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Figure 1: (a) Syn- and (b) anti-conformations of an ethano-bridged bis-porphyrin.

chemical properties upon complexation with guest molecules

[5-7].

One of the most appealing classes of porphyrins is the bis-por-

phyrins, which can switch their conformational form as a result

of the interaction with specific guest molecules, such as

analytes [8]. For example, in the case of ethano-bridged bis-por-

phyrins, the structural change between the closed form (syn-

form, Figure 1a) and the open form (anti-form, Figure 1b) can

be easily detected by various spectroscopic methods.

Previously it was shown that doubly metallated bis-porphyrins

transferred onto solid substrates have been effectively used to

detect the presence of amines in aqueous solution [9]. The orga-

nization and orientation of active molecules in corresponding

host–guest interactions play the crucial role of quenching or

enhancing the affinity of a host towards a specific guest. This is

particularly relevant when a structural change can be influ-

enced by environmental conditions [10]. For this reason, a hori-

zontal variation of the Langmuir–Blodgett technique, the

Langmuir–Schaefer (LS) method, is used to transfer the active

layers onto solid supports [11].

In general, procedures to detect and remove amines in water

and food matrices have been established [12,13]. Amines can be

harmful to living organisms and can induce pseudo-poisoning

effects, such as the scombroid syndrome [14], and in some

cases, they may react with other compounds in the human body

promoting the formation of cancer cells [15]. Aromatic amine

sensors with different transduction methods have also been

developed [16-19]. In the present work, a copper, free-base bis-

porphyrin complex of ethano-bridged bis-porphyrin (shown in

the Figure 2), herewith named Cu,H2-Por2, was characterized at

the air/water interface and transferred by means of the LS

method onto a gold SPR substrate for the detection of aromatic

amines in water.

Figure 2: Chemical structure of the monometallated copper complex
of the ethano-bridged bis-porphyrin derivative, Cu,H2-Por2.

Results and Discussion
Air/liquid interface characterization
Cu,H2-Por2 was dissolved in chloroform at a concentration of

1.3·10−4 M and the UV–vis spectrum was recorded (blue line in

Figure 3). The absorption spectrum is comprised of the absorp-

tions of the individual porphyrin moieties (Cu complex and

free-base) resulting in a broadened Soret band and three peaks

in the Q band region. The maximum absorption peak is centered

at 414 nm, suggesting that the bis-porphyrin derivative is

mainly arranged as the syn-conformer, whilst a minor contribu-

tion from the anti-form cannot be ruled out due to the flexi-

bility of the ethano bridge [20]. After spreading 100 μL of the

chloroform solution onto the ultrapure water subphase, the

isotherm curve was recorded (inset of Figure 3). The surface

pressure vs area per molecule curve shows at least three bends,

indicating the rearrangement of the molecules in the floating

film. A conformational change of the Cu,H2-Por2 molecules can

be excluded upon the motion of the barriers as evidenced by the

invariant absorption properties. In fact, Figure 3 (black lines)

demonstrates that the reflection spectra acquired at different

values of surface pressure do not show any appreciable shift of

the maximum reflection peak.
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Figure 3: UV–vis solution spectrum (blue line) and reflection spectra of the Cu,H2-Por2 Langmuir film (black lines). The maximum reflection peak is
centered at 414 nm for all the investigated surface pressures (2, 16, 35 and 40 mN/m), suggesting a closed form of the bis-porphyrin derivative as the
major conformer. In the inset, the surface pressure vs area per molecule curve is reported.

Figure 4: (a) The effect of aniline dissolved in the subphase (10−5 M) on the surface pressure vs area per molecule curve (black line) of a bis-por-
phyrin derivative, floating layer in comparison to the ultrapure water subphase (grey line). (b) Reflection spectra of the Cu,H2-Por2 floating film in the
presence of aniline in the subphase (solid black line) in comparison with the reflection spectra of the bis-porphyrin Langmuir film spread on ultrapure
water (filled black circles) and tert-butylamine (stars), putrescine (unfilled circles) and diaminocyclohexane (filled grey circles) aqueous solutions (all
the analytes were dissolved in a concentration of 10−5 M). All the spectra were recorded at a surface pressure of 12 mN/m and appropriately multi-
plied or divided in order to have the same maximum value of ΔR of the Cu,H2-Por2 floating layer on the ultrapure water subphase.

The surface pressure vs area per molecule curves of Cu,H2-Por2

spread on ultrapure water and on the subphase containing

aniline (10−5 M) have very different features (Figure 4a). Both

curves show the first slope variation at a value of 200 Å2. At

least three changes of the curve slope are recorded for the

Cu,H2-Por2 on water subphase, probably a consequence of the

formation of a multilayer film. The floating film spread on the

subphase containing the aromatic amine showed the first slope

change at about 20 mN/m and another more drastic variation at

37 mN/m. Even though the limiting area per molecule, obtained

by the extrapolation of the steep region of the isotherm to zero

surface pressure, is in a good agreement with a conformational

change from the anti- to syn- form, such a rationale can be

excluded by the reflection spectroscopy carried out at the air/

water interface (Figure 4b).

Such a behavior confirms the host–guest interaction between

the molecules of the floating film and the analyte dissolved in

the subphase, which is further confirmed by reflection spec-

troscopy at the air/subphase interface. In fact, a red shift of the
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Soret band by about 10 nm was induced by the aniline, thus

suggesting the syn-to-anti conformational switching in the

Cu,H2-Por2 molecules (Figure 4b). This effect is similar to that

previously observed for bis(zinc porphyrin) [8]. The behavior of

the bis-porphyrin floating film upon interaction with other ali-

phatic acyclic and cyclic amines (tert-butylamine, 1,4-

diaminobutane and 1,2-diaminocyclohexane) dissolved into the

subphase was also checked. It was found that there are no varia-

tions in the absorption spectra, suggesting that the aromatic

group of the analyte is crucial for the conformational switching

in the bis-porphyrin derivative. Therefore, these results

prompted us to test a phenol solution as a subphase for the

Cu,H2-Por2 floating film. As highlighted by the invariant reflec-

tion spectrum (Figure 4b), the phenol guest does not induce a

conformational change. Therefore, it is reasonable to suggest

that the simultaneous presence of an amino group and aromatic

ring is necessary to induce the syn-to-anti conformational

change in Cu,H2-Por2. As a further confirmation of such ratio-

nale, for the bis-porphyrin floating film obtained on a water

subphase containing 10−5 M 2-methyl-2-propanethiol, the syn-

conformer remains unchanged even at high surface pressure

values.

In order to confirm this assumption, the effect of two additional

aromatic amines on the bis-porphyrin derivative, floating film

was investigated. α-Methylbenzylamine and N-methylphenethy-

lamine were dissolved in the subphase at a concentration of

10−5 M. As was the case for aniline, α-methylbenzylamine and

N-methylphenethylamine induced the corresponding red shift in

the reflection maximum of the Cu,H2-Por2 floating film

(Figure 5). It is likely that the effect of the aromatic amines is

influenced by the steric hindrance of the guest molecule. A

more detailed host–guest interaction mechanism will be the

subject of future investigations.

Amine sensing experiments
In order to utilize the observed host–guest interaction between

the bis-porphyrin derivative and aromatic amines, amine

sensing experiments have been carried out. A Langmuir film of

Cu,H2-Por2 was repeatedly transferred by the LS method onto

quartz substrates and the UV–vis spectra were recorded with

each additional LS run (Figure 6). For all the LS films, the

maximum absorption peak was the same and centered at

414 nm suggesting that the molecular conformation was not

changed with the deposition process retaining essentially the

closed syn-form as in the case of the floating Cu,H2-Por2

Langmuir film.

The linear relationship between the number of Cu,H2-Por2

layers and the absorbance peak illustrated the good deposition

rate and uniformity of the deposition procedure (Figure 6,

Figure 5: Normalized reflection spectra of the Cu,H2-Por2 floating films
spread on a subphase containing N-methylphenethylamine (filled black
circles), α-methylbenzylamine (unfilled circles) and aniline (grey solid
line) (10−5 M) compared with the reflection spectrum of the bis-por-
phyrin derivative, floating film recorded on ultrapure water (black solid
line). All the spectra were recorded at a surface pressure of 12 mN/m
and appropriately multiplied or divided in order to have the same
maximum value of ΔR of the Cu, H2-Por2 floating layer on the ultra-
pure water subphase.

inset). Furthermore, the absorption profile was not changed with

increasing layer deposition, suggesting negligible interlayer

interactions.

Five LS runs of Cu,H2-Por2 were deposited on the SPR slide,

and the shift of the SPR angle induced by the injection of amine

aqueous solutions at different concentrations was monitored.

The effect of aniline on the plasmon resonance of the Cu,H2-

Por2 film could be detected when only 1 nM of analyte was

fluxed over the active layer (Figure 7a). A semi-logarithmic

dependence of the SPR angle shift on the aniline concentration

is evident at least up to 1 mM with a dynamic range of more

than 6 orders of magnitude (Figure 7b). This behavior can be

explained by the equation:

where K is the binding constant and C is the analyte concentra-

tion [21]. If the product KC is relatively small (<<1), the SPR

angle θ is linearly dependent on the analyte concentration. On

the contrary, when KC is comparable to 1, the linearity is not

preserved. This deviation from linearity was thoroughly studied

and reported in the literature and a semi-logarithmic trend was

proposed [22-24].

The recovery of the SPR device was investigated. The initial

plasmon resonance angle was obtained when the Cu,H2-Por2 LS



Beilstein J. Nanotechnol. 2015, 6, 2154–2160.

2158

Figure 6: UV–vis spectra in the range of 300–800 nm of the Cu,H2-Por2 Langmuir–Schaefer films. The linear dependence of the absorbance on the
LS layer number is highlighted in the inset.

Figure 7: (a) Reflectance variation of Cu,H2-Por2 LS films and (b) SPR angle shift as a function of analyte concentration.

film, previously exposed to aniline, was treated for 15 min at

50 °C and then washed with a flow of ultrapure water for 5 min.

The response of the Cu,H2-Por2 device to α-methylbenzyl-

amine and N-methylphenethylamine was also monitored and a

reduced sensitivity of the active layer towards these molecules

was observed (Figure 8). This behavior is in good agreement

with the reflection spectra recorded on the Langmuir film.

α-Methylbenzylamine and N-methylphenethylamine induced a

less intense shift of the reflection peak of the Cu,H2-Por2

Langmuir film in comparison with aniline. Both the reflection

spectroscopy and SPR measurements suggested that α-methyl-

benzylamine and N-methylphenethylamine weakly interact with

Cu,H2-Por2 molecules. However, the injection of phenol solu-

tions (up to 0.01 M) did not induce any detectable shift in the

plasmon peak of the SPR sample.

Figure 8: SPR angle shift as a function of α-methylbenzylamine (filled
black circles) and N-methylphenethylamine (unfilled circles) concentra-
tion in aqueous solution.
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Conclusion
In this study, an ethano-bridged bis-porphyrin with a free-base

ring and a copper metallated ring was dissolved in a chloro-

form solution and spread at the air/liquid interface of a

Langmuir trough. The floating film was characterized both on

the ultrapure water subphase and on the subphase containing

different amine solutions. The surface pressure vs area per

molecule curve was influenced by the presence of aromatic

amines, and in particular aniline, in the subphase. A confirma-

tion of the host–guest interaction between the floating molecule

and the analyte in the subphase was provided by the reflection

spectroscopy measurements carried out directly at the air/

subphase interface. This interaction induces the syn-to-anti con-

formation switching in the structure of the bis-porphyrin, hence

producing an approximately 10 nm red shift of the absorption

maximum. Neither aliphatic amines nor phenol induced the

same variation in the reflection spectra of the Langmuir film,

suggesting that a cooperative effect of the amine and aromatic

groups is needed. The bis-porphyrin Langmuir film was trans-

ferred onto an SPR substrate and the host–guest interaction with

amines in aqueous solution was investigated. Interestingly, the

preliminary sensor tests evidenced that a significant angle shift

of the surface plasmon resonance was recorded when only 1 nM

of aniline was fluxed on the active layer. According to the

reflection spectroscopy results, this interaction appeared to be

highly selective towards aniline and more general towards

aromatic amines, proposing the Cu,H2-bis-porphyrin derivative

as an effective active layer for aromatic, amine sensors in

aqueous solution.

Experimental
Cu,H2-Por2 was synthesized by a previously reported method

[20].

A NIMA trough equipped with two optical fibers was used for

the reflection spectroscopy measurements and the same trough

was employed for transferring the LS films. A chloroform solu-

tion of Cu,H2-Por2 was spread onto the aqueous subphase and

the floating film formed was left to stand for 15 min before

starting the Langmuir experiment. A barrier speed of 5 mm/min

was used in all the experiments at the air/water interface. The

reflection spectra were obtained as a difference between the

reflectivities of the clean subphase and the Cu,H2-Por2 floating

film.

Aqueous solutions of amines were fluxed over the LS, Cu,H2-

Por2 films deposited on metal/glass substrates (Corning 7059,

with a refractive index of 1.723 at 632.8 nm, gold thickness of

44 nm) by a peristaltic pump. The SPR measurements were

carried out using a Nanofilm apparatus.

References
1. Giancane, G.; Valli, L. Adv. Colloid Interface Sci. 2012, 171–172,

17–35. doi:10.1016/j.cis.2012.01.001
2. Bussetti, G.; Violante, A.; Yivlialin, R.; Cirilli, S.; Bonanni, B.;

Chiaradia, P.; Goletti, C.; Tortora, L.; Paolesse, R.; Martinelli, E.;
D'Amico, A.; Di Natale, C.; Giancane, G.; Valli, L. J. Phys. Chem. C
2011, 115, 8189–8194. doi:10.1021/jp200303t

3. Arnold, D. P.; Manno, D.; Micocci, G.; Serra, A.; Tepore, A.; Valli, L.
Thin Solid Films 1998, 327–329, 341–344.
doi:10.1016/S0040-6090(98)00665-8

4. Hembury, G. A.; Borovkov, V. V.; Inoue, Y. Chem. Rev. 2008, 108,
1–73. doi:10.1021/Cr050005k

5. Ishihara, S.; Labuta, J.; Van Rossom, W.; Ishikawa, D.; Minami, K.;
Hill, J. P.; Ariga, K. Phys. Chem. Chem. Phys. 2014, 16, 9713–9746.
doi:10.1039/C3cp55431g

6. Webb, M. J.; Deroo, S.; Robinson, C. V.; Bampos, N. Chem. Commun.
2012, 48, 9358–9360. doi:10.1039/c2cc33668e

7. Tepore, A.; Serra, A.; Manno, D.; Valli, L.; Micocci, G.; Arnold, D. P.
J. Appl. Phys. 1998, 84, 1416–1420. doi:10.1063/1.368252

8. Giancane, G.; Borovkov, V.; Inoue, Y.; Conoci, S.; Valli, L. Soft Matter
2013, 9, 2302–2307. doi:10.1039/C2sm27141a

9. Manera, M. G.; Ferreiro-Vila, E.; Cebollada, A.; García-Martín, J. M.;
García-Martín, A.; Giancane, G.; Valli, L.; Rella, R. J. Phys. Chem. C
2012, 116, 10734–10742. doi:10.1021/jp3019843

10. Giancane, G.; Valli, L.; Sortino, S. ChemPhysChem 2009, 10,
3077–3082. doi:10.1002/cphc.200900451

11. Ulman, A. Chem. Rev. 1996, 96, 1533–1554. doi:10.1021/Cr9502357
12. Önal, A. Food Chem. 2007, 103, 1475–1486.

doi:10.1016/j.foodchem.2006.08.028
13. Bettini, S.; Santino, A.; Valli, L.; Giancane, G. RSC Adv. 2015, 5,

18167–18171. doi:10.1039/c5ra01699a
14. Kanki, M.; Yoda, T.; Tsukamoto, T.; Baba, E. Appl. Environ. Microbiol.

2007, 73, 1467–1473. doi:10.1128/Aem.01907-06
15. Ahn, H. J.; Kim, J. H.; Jo, C.; Lee, C. H.; Byun, M. W. J. Food Sci.

2002, 67, 1370–1373. doi:10.1111/j.1365-2621.2002.tb10291.x
16. Azab, H. A.; El-Korashy, S. A.; Anwar, Z. M.; Khairy, G. M.;

Duerkop, A. J. Photochem. Photobiol., A 2012, 243, 41–46.
doi:10.1016/j.jphotochem.2012.05.029

17. Hu, S.-M.; Niu, H.-L.; Qiu, L.-G.; Yuan, Y.-P.; Jiang, X.; Xie, A.-J.;
Shen, Y.-H.; Zhu, J.-F. Inorg. Chem. Commun. 2012, 17, 147–150.
doi:10.1016/j.inoche.2011.12.037

18. Guo, K.; Chen, Y. Anal. Methods 2010, 2, 1156–1159.
doi:10.1039/c0ay00316f

19. Jia, L.; Mane, G. P.; Anand, C.; Dhawale, D. S.; Ji, Q.; Ariga, K.;
Vinu, A. Chem. Commun. 2012, 48, 9029–9031.
doi:10.1039/c2cc33651k

20. Borovkov, V. V.; Lintuluoto, J. M.; Inoue, Y. Helv. Chim. Acta 1999, 82,
15.

21. Dong, H.; Cao, X.; Li, C. M.; Hu, W. Biosens. Bioelectron. 2008, 23,
1055–1062. doi:10.1016/j.bios.2007.10.026

22. Ensafi, A. A.; Fouladgar, M. Sens. Actuators, B 2006, 113, 88–93.
doi:10.1016/j.snb.2005.02.027

23. Yusof, N. A.; Ahmad, M. Talanta 2002, 58, 459–466.
doi:10.1016/S0039-9140(02)00308-9

24. Filik, H.; Giray, D.; Ceylan, B.; Apak, R. Talanta 2011, 85, 1818–1824.
doi:10.1016/j.talanta.2011.07.052

http://dx.doi.org/10.1016%2Fj.cis.2012.01.001
http://dx.doi.org/10.1021%2Fjp200303t
http://dx.doi.org/10.1016%2FS0040-6090%2898%2900665-8
http://dx.doi.org/10.1021%2FCr050005k
http://dx.doi.org/10.1039%2FC3cp55431g
http://dx.doi.org/10.1039%2Fc2cc33668e
http://dx.doi.org/10.1063%2F1.368252
http://dx.doi.org/10.1039%2FC2sm27141a
http://dx.doi.org/10.1021%2Fjp3019843
http://dx.doi.org/10.1002%2Fcphc.200900451
http://dx.doi.org/10.1021%2FCr9502357
http://dx.doi.org/10.1016%2Fj.foodchem.2006.08.028
http://dx.doi.org/10.1039%2Fc5ra01699a
http://dx.doi.org/10.1128%2FAem.01907-06
http://dx.doi.org/10.1111%2Fj.1365-2621.2002.tb10291.x
http://dx.doi.org/10.1016%2Fj.jphotochem.2012.05.029
http://dx.doi.org/10.1016%2Fj.inoche.2011.12.037
http://dx.doi.org/10.1039%2Fc0ay00316f
http://dx.doi.org/10.1039%2Fc2cc33651k
http://dx.doi.org/10.1016%2Fj.bios.2007.10.026
http://dx.doi.org/10.1016%2Fj.snb.2005.02.027
http://dx.doi.org/10.1016%2FS0039-9140%2802%2900308-9
http://dx.doi.org/10.1016%2Fj.talanta.2011.07.052


Beilstein J. Nanotechnol. 2015, 6, 2154–2160.

2160

License and Terms
This is an Open Access article under the terms of the

Creative Commons Attribution License

(http://creativecommons.org/licenses/by/2.0), which

permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of

Nanotechnology terms and conditions:

(http://www.beilstein-journals.org/bjnano)

The definitive version of this article is the electronic one

which can be found at:

doi:10.3762/bjnano.6.221

http://creativecommons.org/licenses/by/2.0
http://www.beilstein-journals.org/bjnano
http://dx.doi.org/10.3762%2Fbjnano.6.221

	Abstract
	Introduction
	Results and Discussion
	Air/liquid interface characterization
	Amine sensing experiments

	Conclusion
	Experimental
	References

