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Abstract

Poly[1-[4-(3-carboxy-4-hydroxyphenylazo)benzenesulfonamido]-1,2-ethanediyl, sodium salt] (PAZO) exhibits a range of unique
physical properties that are critical for its diverse applications in photonics, optoelectronics, memory devices, and sensing technolo-
gies. In this study, we investigate the thermochromic behavior of PAZO thin films, focusing on the relationship between the struc-
tural organization of the polymer side chains and temperature-induced optical changes. By combining experimental spectroscopic
techniques with theoretical modeling, we demonstrate that the thermochromic response of PAZO films is strongly influenced by
molecular aggregation, film thickness, and thermal treatment conditions. The observed changes in optical properties suggest that
this response is governed by temperature-induced modulation of molecular ordering and aggregation state, which in turn alters the
electronic transitions responsible for light absorption. Theoretical calculations further support these findings, indicating that temper-
ature-dependent intermolecular interactions and conformational changes play a significant role in shaping the optical behavior of
the films. These results provide new insights into the structure—property relationships underlying thermochromism in azopolymer

thin films and offer valuable guidelines for the design of thermally responsive photonic materials.

Introduction
Functionalization of polymers with different photo- and bioac-  their application, especially as polymer thin films [1,2]. These
tive groups to achieve novel physicochemical, optoelectronic, films are widely used in modern life as they can be easily

and even biophysical properties creates myriad opportunities for  tailored to have specific properties like high conductivity,
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optical transparency, or chemical resistance, making them ideal
for specialized applications [3]. Their cost-effectiveness, light-
ness, flexibility, and unique physical and chemical characteris-
tics make them suitable for a wide range of industry applica-
tions including energy, optics, sensors, and microelectronics.
The properties of polymers in thin films are known to markedly
differ from those observed in the bulk, with significant differ-
ences in glass transition behavior, diffusion, and viscoelastic
properties [4]. The assembly of polymer molecules from solu-
tion to solid state play a critical role in determining thin film
morphology and properties. Polymer molecules can assemble
through various intermolecular interactions, forming different
aggregate structures that can drastically change the properties of
solid-state materials. The wide variety of polymer chain types
and architectures based on very diverse chemistries further

extends the functionality of polymer thin films.

A specific group of photoreactive polymers comprises poly-
mers with azo chromophores embedded in their structure [5,6].
These polymers exhibit photoresponsivity due to the trans—cis
(E-Z) isomerization of the azo chromophores upon light irradia-
tion. The isomerization leads to various effects, including mo-
lecular orientation, formation of surface relief structures, and
photomechanical deformations. Consequently, azo polymers
have been intensively studied as interesting photoresponsive

materials [7-11].

One of the widely studied azo polymers is the commercially
available poly[1-[4-(3-carboxy-4-hydroxyphenylazo)benzene-
sulfonamido]-1,2-ethanediyl, sodium salt], usually denoted as
PAZO (Figure 1).

COONa
OH

Figure 1: Chemical structure of the PAZO polymer.

PAZO possesses a number of unique physical properties, most
notably photoinduced birefringence — which are critical for its
diverse applications in photonics, optoelectronics, memory

devices, and sensors [12]. The birefringence phenomenon
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results from multiple cycles of trans—cis—trans (E-Z-E) photo-
isomerization stimulated by the polarized light impact [13-16].
The E-Z-F transitions lead to an alignment of the photoreac-
tive azo chromophores perpendicularly (L) to the polarization
direction of the electric field vector of the incident polarized
light, resulting in a subsequent creation of birefringence.

Photoinduced birefringence of PAZO has been the subject of
numerous studies under different experimental conditions. In-
vestigations have been carried out on nondoped thin films
[17,18], as well as on thin nanocomposite layers doped with
nanoparticles of diverse chemical compositions, shapes, and
sizes [19]. Additional efforts have focused on thermally treated
layers of pure PAZO up to 200 °C [20], and on PAZO/PAH
(with PAH denoting poly(allylamine hydrochloride)) layer-by-
layer films examined over a range of temperatures [14,16].
Collectively, these studies highlight that the magnitude and
stability of birefringence are strongly influenced by the supra-
molecular organization of the polymer chains. Despite these
advances, a systematic understanding of how the molecular
assembly governs birefringence in PAZO remains incomplete,
leaving open questions about the fundamental mechanisms
driving the observed photoresponsive behavior. This know-
ledge gap serves as the primary motivation for the present
study. Here, we investigate the optical properties of PAZO thin
layers subjected to thermal treatment at temperatures up to
300 °C. Particular attention is given to the changes in absorp-
tion features and spectral shifts that may arise from structural
rearrangements within the material. To rationalize the experi-
mental findings, density functional theory (DFT) calculations
were employed to model possible supramolecular architectures,
allowing us to explore the correlation between thermally in-
duced optical responses and the underlying molecular-level

organization.

Results and Discussion

Experimental results

Temperature dependence of absorption spectra
Absorption spectra for PAZO thin films at different tempera-
tures were recorded upon heating as the temperature of the sam-
ple heater was gradually increased from room temperature (r.t.)
to 300 °C (Figure 2A) at a rate of 5 °C/min and (Figure 2B) at a
rate of 1 °C/min. The absorbance in the 450-550 nm region
gradually increases with the rise of temperature up to 280 °C
(Figure 2A), while the peak around 360 nm gradually decreases.
Figure 2B shows two processes, one occurring at a lower tem-
perature and the other within the 280-300 °C range.

For the first spectrum, shown in Figure 2B, the temperature is

about 84 °C. So far, there is still no significant change in the

spectrum compared to that at room temperature. After heating
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Figure 2: A) Absorbance at various temperatures (from r.t. to 280 °C, heating rate 5 °C per min); B) Absorption spectra, heating to 300 °C, heating
rate 1 °C per min; C) Three-dimensional graph with temperature, wavelength and absorption as the three axes; D) Dependence of absorption spec-

tra on time after stopping thermal treatment.

above 84 °C the spectrum starts to change with the band around
450-550 nm increasing until a critical temperature (=230 °C) is
reached, after which further heating no longer increases the
absorption but rather starts decreasing it. Thus, the spectrum at
290 °C has lower absorption in this spectral region compared to
the spectra at 269 °C and 252 °C. Simultaneously, the peak
around 360 nm starts to shift to higher energies (hypsochromic
shift), so we consider these new changes in the spectrum to be a
new phase of PAZO transformation. Finally, the last three spec-
tra in Figure 2B show how after reaching the maximum heating
temperature of 300 °C and subsequent cooling to r.t., the spec-
trum remains relatively unchanged for a short time. It should be
noted that the polymer retains its ability to undergo photoin-
duced isomerization in the temperature range of 280-300 °C,

even though some chemical changes cannot be completely ruled

out. According to differential thermal (DTA) and thermogravi-
metric (TGA) analyses, PAZO remains chemically stable up to
about 280 °C, with indications of decomposition appearing only
at higher temperatures (Figure S1, Supporting Information
File 1). Figure 2C shows a three-dimensional plot with tempera-
ture, wavelength, and absorption as the three axes. From
Figure 2C, the absorption dependences at selected wavelengths
as a function of the heater temperature can be derived.
Figure 2D tracks the changes in the spectrum as a function of
time after the thermal procedure is completed. It can be seen
that even after 35 days, the spectrum does not return to that
taken before heating; on the contrary, it remains very similar to
that taken 1 h after the heating stops. This is an indication that
the structural changes in PAZO thin film induced by heating are

significant and stable over weeks and even months.
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These changes in the absorption spectra can be ascribed to the
formation of aggregates between adjacent azochromophores —
the so-called J-aggregates and H-aggregates, which will be dis-
cussed in more details in the Section “Density functional theory
modeling”.

Analysis of spectrofluorimetric, infrared, and S and

P polarization spectra

Two PAZO samples were used for the spectrofluorimetric anal-
ysis: the first sample was not thermally treated (red curves in
Figure 3A) and the other was thermally treated in an oven to
reach 200 °C (blue curves in Figure 3A). Spectrofluorimetry is
a sensitive analytical technique that leverages fluorescence,
where molecules absorb light and re-emit it at a longer wave-
length. The process involves exciting a sample with a specific
wavelength and measuring the intensity of the emitted fluores-
cence light at another wavelength. Treating PAZO at 230 °C in-
duced an increase in fluorescence intensity (=#400%) and a
redshift (20 nm). Red shift can be induced by various factors,
such as changes in the polymer structure, aggregation, or inter-
actions with other molecules (the interactions between polymer
chains can be considered as major factors in the case of a
polymer thin film).

Infrared (IR) spectroscopy is a powerful tool for understanding
the effects of thermal treatment on polymers that can cause sig-
nificant changes in their IR spectra, revealing alterations in mo-
lecular structure and chemical composition. Thermal treatment
can alter the types and amounts of functional groups present in
a polymer. This is a consequence of the chemical reactions
occurring at elevated temperatures and leading to changes in the
structure and properties of polymers. These reactions can

involve the breaking of existing bonds within the polymer, the
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formation of new bonds, and the elimination or rearrangement
of functional groups. In some cases, thermal treatment can in-
duce crosslinking reactions, where polymer chains become
interconnected, leading to increased stiffness and improved me-
chanical properties. Figure 3B shows the IR spectra of PAZO
samples before and after thermal treatment. There are no drastic
changes in the band positions, but some changes in the band in-
tensities are observed. Variation of the band intensities with
temperature increase for absorption bands appearing at
~975 cm™!, 1590 cm™!, and in the range of 25003500 cm™!,
are observed. These observations do not provide enough data to
determine the exact changes produced in the polymer chain
during thermal treatment, but some oxidation processes cannot

be completely ruled out.

As mentioned in the Experimental and Computational Details
section, a CARY spectrophotometer was used to measure the
absorption spectra under S- and P-polarized light (where
P-polarized light has its electric field vector parallel to the plane
of incidence, and S-polarized light is perpendicular to this
plane). Four samples were prepared for the study. Two of them
underwent thermal treatment at 200 °C for 1 h, resulting in
the emergence of a new absorption band with a peak in the
460—475 nm range. Birefringence was then induced in pairs of
samples using 444 and 532 nm laser illumination. Following
sample treatment and laser illumination, S- and P-polarized
absorption spectra were recorded for each case. The results,
presented in Figure 4A-D, reveal the polarization sensitivity of
the samples under four distinct experimental conditions. As it
can be seen, substantial spectral change in P and S spectra are
observed for the sample under laser illumination at 532 nm. To
emphasize these changes, we plotted in the Figure 4D the spec-
tra of the untreated PAZO sample and the thermally treated one.
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Figure 3: (A) Excitation spectrum (dashed line) and emission spectrum (solid line); (B) IR spectrum of PAZO before and after thermal treatment.
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Figure 4: S and P polarization spectra for PAZO illuminated with pump laser at 444 nm (A and B) and 532 nm (C and D). Thermally untreated (A and
C) and thermally treated for 1 h at 200 °C (B). Comparison between the PAZO sample, thermally treated sample, and S and P polarization spectra for

illuminated samples (D).

Quantitative interpretation of the obtained P and S absorption
spectra can be done by calculating an order parameter, Sqrders
from the following expression: Sorger = (A || =AD/(A | +24)),
with A standing for the measured absorption and the indices
show whether the polarization of the light is parallel or perpen-
dicular to the polarization of the pump light [21]. This order pa-
rameter characterizes the level of organization of the molecules
after irradiation with polarized light. Before inducing birefrin-
gence in the samples, Soger = 0 because the values of A| and
A are equal. The molecules are randomly oriented. After in-
ducing birefringence, a higher value of the order parameter is an
evidence of higher anisotropy. Table 1 presents the values of
Sorder calculated at 360 and 460 nm. These wavelengths are
chosen as corresponding to the two peaks of absorption for the
thermally treated samples. Comparison of the S4e; values for

the treated and untreated samples indicates that the untreated

sample exhibits more favorable absorption characteristics under
illumination at 444 nm, while the thermally treated sample
shows better absorption efficiency under illumination at
532 nm.

Birefringence (An) before and after thermal
treatment

For the measurement of An at 444 and 532 nm, we prepared
different samples with the thicknesses in the range of
1200-4000 nm on a glass substrate. Thicker films were pre-
pared because many potential applications — such as the inscrip-
tion of polarization-selective holographic optical elements —
require greater film thickness for optimal performance. The
samples were heated in an oven and the measurement of An
started approximately 1 h after the samples had cooled down to

r.t. The corresponding data are presented in Figure 5.
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Table 1: Calculated values of the Syrqer parameter for the two peaks of absorption at 360 and 460 nm.

Thermally untreated sample

Thermally treated sample

Wavelength, nm A AL Sorder Al AL Sorder
Pump laser wavelength 444 nm
360 nm 1.49 0.85 0.55 1.29 0.83 0.44
460 nm 0.25 0.17 0.36 0.36 0.27 0.30
Pump laser wavelength 532 nm
360 nm 1.45 1.09 0.29 1.22 0.94 0.39
460 nm 0.24 0.20 0.20 0.37 0.31 0.34
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Figure 5: A) Dependence of An on the thickness of the sample before and after thermal treatment using an oven and two different pump lasers at 444
and 532 nm. B) Dependence of the response time on the thickness of the sample before and after thermal treatment.

From the results it is evident that thermal treatment does not en-
hance the birefringence (An) when the pump laser wavelength is
444 nm. In contrast, a significant improvement is observed
when a 532 nm laser is used. Additionally, the thermal treat-
ment leads to an increase in the response time in both cases.
These findings can be analyzed in the context of previously re-
ported results. In the study by Nedelchev et al. [18], a spectral
dependence of An on the pump laser wavelength was reported,
which provides further insight into the observed behavior.

Analysis of the spectra obtained from the treated samples
reveals the formation of aggregates, in agreement with previ-
ously reported observations [21]. Furthermore, the observed
increase in birefringence within the newly formed absorption
band suggests that these aggregates undergo reorientation upon
exposure to polarized light. Spectrofluorimetric measurements

indicate that a significantly higher energy input is required to

induce molecular reorientation, as a substantial portion of the
energy from the pump laser is dissipated through fluorescence.
Moreover, the reorientation of the aggregates themselves
appears to demand an even greater energy threshold. The en-
hancement of absorption around 444 nm is of limited practical
utility, as the absorption becomes excessively strong, restricting
effective energy delivery to the surface layers of the sample.
Conversely, the increased absorption at 532 nm is advanta-
geous, offering sufficient absorption while allowing deeper light
penetration without significant energy loss. This facilitates the
efficient use of high-power lasers operating at 532 nm for the
fabrication of diffraction gratings with enhanced efficiency or
expanded surface coverage.

Density functional theory modeling

PAZO is a polymer with azobenzene units incorporated as

pendant groups attached to the main polymer backbone

191



(Figure 6A). The core of PAZO polymer side chains is the
azobenzene fragment (Ar—-N=N-Ar), which can exist in two
isomeric forms: a stable trans (E) form and a metastable cis (Z)
form (Figure 6B). The self-assembly of PAZO polymers into
various nanostructures is mainly driven by the noncovalent
interactions, such as m— stacking between azobenzene groups.
Azobenzene groups are photosensitive and can undergo revers-
ible E-Z isomerization upon exposure to light with different
wavelengths. This E-Z isomerization of the azobenzene units
leads to significant changes in the conformation, supramolecu-
lar structure, and bulk properties of the polymer such as optical
anisotropy, solubility, and mechanical behavior.

The properties of a photoreactive polymer can be largely influ-
enced by the aggregation structures and the molecular stacking
models. The organization of the polymer chains (main and side)
can be extremely complex both in solution and in the aggre-
gated state. Recent studies on a polymer similar to PAZO have
shown a complex hierarchical chiral arrangement [22]. The
study of Peiru Min et al. concluded that limited E-Z isomeriza-
tion of azobenzene pendants in side-chain homopolymers leads
to a higher concentration of the E-isomer in the photostationary
state. This increase in E-isomers promotes stronger noncova-
lent m—m interactions between the azobenzene groups, ulti-
mately driving the self-assembly of these polymers into spheri-

cal micelles [23].

A

PAZO polymer

J-aggregates

H-aggregates

PAZO (E-form)

Beilstein J. Nanotechnol. 2026, 17, 186—199.

An important characteristic of photoreactive polymers is that
not only chromophores undergo reorientational motion, but
also entire polymer segments rearrange upon external impact
[16,24]. It is known that photoinduced birefringence in thin
films containing azobenzene derivatives is generated by the ori-
entation of chromophores in response to repeating cycles of
E-Z-F photoisomerization [15]. After a given photoisomeriza-
tion cycle, chromophores can be oriented in any direction, and
those whose dipole moment is perpendicular to the polarization
direction of the writing laser will no longer undergo photoisom-
erization. After a series of cycles, there will be a greater num-
ber of chromophores perpendicular to the direction of polariza-
tion than in any other direction, resulting in birefringence. The
ability of chromophores to isomerize and reorient is strongly
influenced by the free volume (unoccupied space) available
within a material. The free volume (critical volume) (i.e., the
space available for molecular motion within a material) is influ-
enced by both temperature and molecular interactions. As tem-
perature increases, thermal motion increases, leading to a larger
free volume. Conversely, stronger molecular interactions can
restrict the free volume, effectively creating a smaller space for
molecules to move around. In an attempt to study the aggrega-
tion of the PAZO polymer with a relatively accurate but compu-
tationally expensive method (DFT calculations), models of a
fragment of the polymer main chain with four side chains were

considered (Figure 7).

PAZO (Z-form)

N
N
Side chain of PAZO (model, M)
COONa
OH

Figure 6: A) Chemical structure of the PAZO polymer; B) Schematic presentation of E- and Z-forms of the PAZO polymer side chains. E-Z notation is
employed in our study for naming the azo group containing simplified models of the side chains of PAZO (this nomenclature is preferred since it de-
scribes absolute configuration, whereas cis—trans merely describes relative configuration); C) Schematic representation of nonassociated and associ-
ated side chains of two PAZO polymer chains; D) A simplified model of a PAZO side chain.
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7

Figure 7: Optimized models of fragments of the polymer main chain (different forms, with/without counterion) with four side chains.

PAZO is a polymer with ionized end groups and the orientation
of PAZO chromophores is highly dependent on the presence of
counterions. A comb-like structure of PAZO is observed in the
presence of positively charged sodium ions close to -COO™
groups, while in the absence of counterions, the side chains do
not form an ordered structure (Figure 7). It can be concluded
that counterions need to be taken into account to adequately
simulate the cooperative aggregation of PAZO side chains. The
photoisomerization of the azobenzene groups in the polymer
plays a crucial role — upon exposure to ultraviolet light, the
azobenzene groups undergo E—Z-E photoisomerization, leading
to configuration differences in the polymer side chains. A
comb-like ordered structure is observed in both modeled all-E
and E/Z/E/Z fragments of the polymer main chain with four side
chains (Figure 7).

PAZO is a side-chain azo polymer, and the distances between
the pendant azo groups and the main chain, as well as between
the side chains themselves, also affect the properties of
the polymer. From the optimized geometries of the all-E and
E/Z/E/Z fragments of the polymer main chain with four side

chains, it can be seen that the al/l-E form has the intrinsic ability

to form an ordered structure due to the strong noncovalent m—
interaction between the chromophores (Figure 7). Side chains
from different main chains of the polymer can interact in a simi-
lar way to form supramolecular aggregates (Figure 8) [22].
The m-stacked aggregates are usually classified as H- and
J-aggregates, and this classification (originally worked out by
Kasha) is based on the optical properties of the aggregates
arising from the different molecular packing patterns. H-aggre-
gates are usually characterized by side-by-side (cofacial) “sand-
wich” orientations of the monomeric chromophores, and the
main absorption peak is generally blueshifted (“H” for
hypsochromic). Conversely, neighboring chromophores,
arranged in a head-to-tail fashion, give a negative value for the
Coulomb coupling and lead to the occurrence of aggregation-in-
duced redshift (they are called “J’-aggregates after E.E. Jelley,

who discovered the phenomenon in 1936).

Packing geometries in the aggregate state actually include a
variety of molecular aggregate structures ranging from “HJ”
dimers to more complex formations including bent, herring-
bone, and chiral aggregates [25,26]. Figure 7 illustrates the dif-

ferent molecular packing patterns, the orientation of the chro-
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mophores, and the expected change in the optical properties of
the isolated monomers. The possible dimers formed by the
E-forms of the simplified PAZO side-chain model (shown in
Figure 6D) are also presented in Figure 8.

The aggregation upon heating hypothesis can be confirmed by
simulating the absorption spectra of monomers and dimers of
the chromophore containing azobenzene and comparing them
with experimental ones. The time-dependent DFT (TDDFT)
scheme was used to calculate at PBE1PBE/6-311+G(2d,p) level
of theory the absorption spectra of the simplified models of
nonaggregated/aggregated PAZO side chains starting from the
wB97XD/6-31G(d,p) optimized structures in solvent chloro-

Beilstein J. Nanotechnol. 2026, 17, 186—199.

form (used to mimic the polarity of the polymer layer). Simu-
lated (using the vertical excitation energies and oscillator
strengths) UV spectra are given in Figure 9. One strong mono-
mer band at 383 nm is predicted. The spectra of the model
dimers clearly differ from the monomer spectrum, with various
effects observed, including bathochromic, hypsochromic,
hyperchromic, and hypochromic shifts of the monomer band.
For example, aggregate formation leads to the appearance of
low intensity bands (dimers ¢ and d) in the 400-480 nm range.
The hypsochromically shifted bands of the a—d dimers are quite
intense, but due to the dynamic nature of the aggregates formed
between the PAZO side chains, it can be assumed that an equi-
librium between different short-lived aggregates is present. The

Monomer a X-aggregates AIE
TR g |
i {i% | :
| — | — i i
o i -_— ! !
c 1 I 1 1
£ : ! : =
3 . : : =
1Ty = — !
§ S— i oo i 4 *
— | — i
! I i
el i
0° 54.7° 90°/ 0° L 90°
: Slip angle - ) Rotation angle Z

o

Figure 8: Schematic representation of different molecular packing patterns, orientation of the chromophores and resulting change in the optical prop-
erties of the isolated monomers. The possible dimers formed by the E-forms of the simplified PAZO side-chain model (shown in Figure 6D) are also

presented in Figure 8.
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band positions and the splitting that is predicted from the simu-
lated absorption spectra upon azobenzene fragments dimer/
aggregate formation qualitatively explains the experimental
absorption spectra of PAZO.

1 I T I T 1 1
2.5 —— PAZO side chain - monomer |
-~ —— PAZO side chain - dimer a
—— PAZO side chain - dimer b
—— PAZO side chain - dimer ¢
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Figure 9: PBE1PBE/6-311+G(2d,p) simulated spectra of PAZO side
chain monomer and dimer a—d; Gaussian broadening is applied: band
width on 1/2 height: 0.15 eV.

It should be noted that aggregates formed between side chains
of one or two polymer chains cannot be classified as clear H-,
J-, X-aggregates. The performed calculations at r.t. for dimer
formation reactions reveal that, from the thermodynamic point
of view, the formation of a—d dimers is possible, the reactions
are characterized by negative values of Gibbs energies ranging
from —24.3 to —9.3 kcal-mol ™! in the gas phase, and from —10.8
to —3.7 keal-mol~! in chloroform (Table 2).

It should be noted that dimer formation is favored both be-
tween adjacent azobenzene fragments within a single main
polymer chain and between fragments belonging to distinct
polymer chains. At elevated temperatures, aggregation was ob-

served almost exclusively in nonpolar environments (¢ = 1).
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This finding highlights the influence of solvent polarity, as the
diminished dielectric screening characteristic of nonpolar media
enhances monomer—monomer association, whereas polar envi-

ronments preferentially stabilize the monomeric state.

Conclusion

Understanding the aggregation states and thermal molecular
motion of polymer chains in thin films is essential for tailoring
the properties and enhancing the performance of polymer-based
devices. By precisely controlling these factors, researchers can
fine-tune the structure and dynamics of the film to achieve spe-
cific characteristics suited for a wide range of applications. This
knowledge is particularly important in fields such as organic
electronics and drug delivery, where thin films play a pivotal
role. Our study focuses on these aspects to deepen the under-
standing of how to optimize PAZO thin films for photonic
and optoelectronic applications. We investigated the ther-
mochromic behavior of PAZO films and highlighted the signifi-
cant impact of structural organization and thermal treatment on
their optical properties. Thermal annealing notably enhanced
the photoinduced birefringence under 532 nm laser excitation,
while no such improvement was detected at 444 nm. Moreover,
thermal treatment resulted in longer response times, likely due
to alterations in molecular ordering and aggregation. By inte-
grating experimental observations with theoretical analysis, this
work provides valuable insights into structure—property rela-
tionships that govern thermochromism and polarization sensi-
tivity in azopolymer thin films. These findings advance the
rational design of thermally and optically responsive materials
with promising potential in photonics and optoelectronics.

Experimental and Computational Details
All thin films used in this study were based on PAZO polymer.

Preparation of thin-film samples

All thin films used in this work were fabricated using spin-
coating technique. Methanol was used as solvent for all sam-
ples, and a magnetic stirrer ensured complete dissolution. The

solution was then poured onto the substrate (quartz or glass) and

Table 2: AGE values (in kcal'mol=") for the reactions of formation of dimers a—d. The upper index indicates results in the gas phase (¢ = 1) and in
chloroform (g = 5) surroundings, yielded at wb97XD/6-31+G(d,p)//wb97XD/6-31G(d,p) level of theory.

Reaction 25°C

AG! AGP
2*M - dimer "a" -21.7 -8.3
2*M - dimer "b" -15.0 -8.3
2*M - dimer "c" -24.3 -10.8
2*M - dimer "d" -9.3 -3.7

200 °C

AG! AG®
-15.0 -15
5.4 1.4
-13.0 0.6
-3.6 2.1
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spun at 1000 rpm to achieve thin film thicknesses ranging from
200 to 4000 nm. For spectral measurements, quartz substrates
were used due to their lack of absorbance in the PAZO absorp-
tion region; thin film thickness was about 200 nm. A glass sub-
strate was used for the measurement of birefringence (An) as
being transparent to the wavelength of the lasers used; thin film
thickness varied from 500 to 4000 nm. The film thickness was
measured using a Filmetrics F20 high-precision thin-film
analyzer. The samples were examined before and after the ther-
mal treatment performed by using thermal stage THMS600
(Linkam Scientific). A Dentamatic furnace (model 600) was
used to heat the glass-deposited layers for 1 h at 200 °C. To
avoid changes in the absorbance over time that influence the
measurements, the optical experiments were performed imme-
diately after the samples were cooled down to r.t. after the ther-
mal treatment. This ensured that the recorded spectra reflect the
state of the material right after the treatment.

Spectral measurements

A Varian Cary S5E UV-vis—NIR spectrometer was employed to
analyze absorption spectra of samples (thickness 200-300 nm)
in the 250-800 nm spectral range before and after thermal treat-
ment. S and P polarization spectra were also measured after the
birefringence measurements.

The ATR-IR (attenuated total reflectance IR) spectra were
collected using a Thermo Nicolet iS50 FTIR spectrometer with
a diamond crystal ATR accessory. The measurements were
done at r.t. across a spectral range of 4440 to 600 cm™! with
resolution of 2 cm™! and 64 scans used.

The fluorescence spectra were recorded using a FluoroLog 3-22
(HORIBA) spectrofluorometer in the spectral range of
250-800 nm with resolution of 0.5 nm and double-grating

source of
Xenon lamp

light

heater

sample

635 nm
Ocean Optics
detector

probe laser,
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monochromators by excitation wavelength set near to the
absorption peak of the films.

Real-time absorbance measurement during
the heating of the samples

The control of temperature and subsequent thermal heating of
the samples was achieved by using a THMS600 (Linkam Scien-
tific) heating and freezing stage, which is capable of main-
taining a given speed of heating with a 0.1° precision. Samples
were heated from r.t. (20-25 °C) to 300 °C at two rates: of
5 °C/min and 1 °C/min. The system used allows for optical
measurements of a small area of the sample, so the stage was
mounted between the xenon lamp as a source of light (in the
range 250-1000 nm) and the spectrophotometer (Ocean Optics)
detector system (Figure 10A).

Birefringence measurement

A classic setup with a polarimeter, as shown in Figure 10B, was
used to measure birefringence. This setup included a light
source, a polarizer, a birefringent sample, and a polarimeter to
measure the polarization state after passing through the sample.
Two lasers were used: the "pump" laser, which excites the sam-
ple, and the "probe" laser, which interacts with the sample to
observe its changes after excitation. For pump lasers, we used a
DPSS laser at 444 nm (Cobolt Calypso) and a powerful Verdi
(Coherent) laser at 532 nm. A second DPSS laser at 635 nm
was used as a probe laser. The sample, before and after thermal
heating, was put in the crossing point of the pump and probe
laser beams. The pump light had vertical polarization and inten-
sity around 125 mW/cm? for both pump lasers, while the probe
light had a 45° linear polarization. The pump beam is partially
absorbed by the polymer film and provokes reorientation of
PAZO molecules perpendicular to the vertical polarization of

the light, so the isotropic films become anisotropic. Using the

polarizer,
oriented at 45°

computer

polarimeter

sample

vertical polarizer

pump laser,
444 nm or 532 nm

Figure 10: (adapted from [20] (© 2024 G. Mateev et al., published by EDP Sciences, distributed under the terms of the Creative Commons Attribu-
tion 4.0 International License, https://creativecommons.org/licenses/by/4.0)): Experimental setup for: (A) thermal heating and real-time absorbance

measurements of the samples; (B) optical setup for birefringence measurement.
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polarimeter, we tracked the changes in polarization of the probe
light. The latter was not expected to be absorbed by the PAZO
even after the heating procedure since the changes in the
absorption spectrum occured below 635 nm. All measurements
of birefringence were performed one day after the heating pro-
cedure, so that conditions were the same for all samples.

Computational details of DFT calculations

Molecular modeling tools were used in the current study to shed
some light on the molecular structure and interactions (includ-
ing photoinduced cooperative molecular reorientation) of PAZO
that determine its distinct properties. PAZO is a polymer and its
molecular weight can vary depending on the polymerization
process and the specific PAZO sample, with some having an
average weight of 50000 g/mol. Efficient and accurate DFT
techniques [27] are able to predict the structure and properties
of single- and multi-component systems. High-level DFT calcu-
lations with hybrid or meta-GGA functionals are desirable for
geometry optimization, but considering a polymer with a real-
istic length would make the calculation too long and, therefore,
expensive. On the other hand, the properties of the material
(polymer), including crystallinity, density and solubility, are
significantly affected by the side chains — the branches that
extend from the main polymer backbone. These chains can be
short (oligomeric) or long (polymeric), and their length and
chemical nature determine the behavior of the polymer. Simpli-
fied models of long polymer side chains often represent well the
structure and flexibility of the polymer. These models can be
used to understand how the properties of the side chains affect
the overall behavior of the polymer, including its ability to
interact with other molecules. Applying this practical solution
to the "realistic polymer system size" vs "computational cost"

dilemma, we modeled a PAZO side chain.

The molecular geometries of the studied isomers and
conformers of the modeled single PAZO side chain and frag-
ments with up to four side chains were optimized at the
wB97XD/6-31G(d,p) level of theory. Since the noncovalent
interactions calculated with DFT typically rely on empirical
dispersion terms, a range-separated hybrid functional with built-
in empirical dispersion correction, wB97XD, was chosen for
our study. It has been supposed that the repulsion of long-range
exchange interactions plays a major role in weak bonds such as
van der Waals bonds, and, therefore, long-range correction is
the best strategy for enhancing the accuracy of the Kohn—Sham
method in the calculations of weakly bonded systems [28]. The
computations were performed with the 6-31G(d,p) basis set for
all atoms [29,30]. The geometry optimization of each structure
was followed by frequency calculations performed at the same
level of theory. No imaginary frequency was found for the

lowest energy configurations of any of the optimized structures.
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The vibrational frequencies were used to compute the thermal
energies, Ey,, including zero-point energy, and entropies, S. The
differences AE¢|, AEy,, PAV (work term), and AS between the
products and reactants were used to evaluate the gas-phase free
energy of the supramolecular complex formation/aggregation,
AGl, at T = 298.15 K according to:

AG' = AE, + AEy, + PAV —TAS. (1)

Solvation effects were accounted for by employing the solva-
tion model based on density (SMD) [31] as implemented in
Gaussian 09 suite of programs [32]. Single-point calculations
were performed at the wB97XD/6-31+G(d,p) level in the gas
phase (¢ = 1) and in chloroform (e = 5) for the corresponding
structures optimized at the wB97XD/6-31G(d,p) level
(wB97XD/6-31+G(d,p)//wB97XD/6-31G(d,p)). Solvation free
energies of the products and reactants were used to calculate the
free energy of the supramolecular complex formation in chloro-

form following the standard thermodynamic cycle approach:

AG® = AG' + AG?

olv

(Products)— AG>

solv

(Reactants). (2)

A positive AG® (e = 1 or 5) implies a thermodynamically unfa-
vorable supramolecular complex formation/aggregation, where-
as a negative value implies a favorable one. DFT calculations at
200 °C (473.15 K) were used to study molecular properties at
this specific temperature. UV—vis spectra of a single PAZO side
chain model and fragments/aggregates were calculated by
TD-DFT at PBE1PBE/6-311+G(2d,p) level of theory.

The PyMOL molecular graphics system was used to generate
the molecular graphics images [33].

Supporting Information

Supporting Information File 1

Additional experimental data.

[https://www .beilstein-journals.org/bjnano/content/
supplementary/2190-4286-17-12-S1.pdf]
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