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a b s t r a c t

Novel azosystems possessing chemical architecture that allows for noncovalent attachment of the azo-
benzene or azopyridine chromophores to poly(ester imide) matrix via hydrogen bonding were fabri-
cated. Chosen physicochemical properties including the ability of the chromophores to realign upon
linearly polarized light were determined and discussed in relation to details of the materials structure.
Calculations based on density functional theory (DFT) were employed to understand and explain a
structural reason affecting hydrogen bond formation ability and photoresponsive behavior of the studied
azosystems. For the first time, the Fox equation was shown to be applicable for calculating the glass
transition temperature of hydrogen-bonded azopolymers. Moreover, it was demonstrated that azopyr-
idine polymers may exhibit a very efficient molecular photo-orientation provided that they possess a
proper structural design.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Advanced light-sensitive materials exhibiting a high optical and
thermal damage threshold are of great demand for new technology
solutions in the area of optoelectronics and photonics. Among the
photochromic materials azobenzene polymers are one of the most
important [1,2]. Their great utility potential arises from the unique
photoinduced effects such as generation of photoinduced optical
anisotropy (POA) and stable surface patterns (SRG) being a result of
clean and reversible photoisomerization reaction of the photo-
chromic azobenzenemoieties [3e8]. The light-induced phenomena
make the azopolymers promising candidates for high-density op-
tical memories, optical waveguides, diffractive elements, liquid
crystal aligning layers or optical power limiters [2,9e11].

Under polarized light illumination, selectively excited rod-like
zanecka-Szmigiel), eschab-
trans-isomers undergo multiple trans-cis-trans isomerization cy-
cles, followed by reorientation of the azomolecules until they align
in one of the directions perpendicular to the laser polarization,
what gives rise to optical anisotropy i.e., dichroism and birefrin-
gence [2]. The photoresponsive behavior, that is, an efficiency of the
POA inscription as well as its thermal and temporal stability after
ceasing the excitation beam strongly depends on numerous factors
referring to the azopolymer architecture. Understanding the
structure-property correlations is crucial in searching for the
advanced materials with required physicochemical and photoin-
duced properties.

Azopolymers can be prepared either (i) by dissolution of guest
chromophores in a passive host polymer (doped polymers), or (ii)
by covalent attachment of the chromophores to the polymer chains
(functionalized polymers) or (iii) by utilization of different non-
covalent intermolecular interactions for the chromophore attach-
ment (supramolecular systems) [12] including ionic interactions,
coordination bonds, hydrogen bonds, p-p interactions [13e15].
From the point of view of material synthesis, the supramolecular
systems offer a simpler preparation route in comparison to the

mailto:annak@if.pw.edu.pl
mailto:eschab-balcerzak@cmpw-pan.edu.pl
mailto:eschab-balcerzak@cmpw-pan.edu.pl
http://crossmark.crossref.org/dialog/?doi=10.1016/j.polymer.2017.02.044&domain=pdf
www.sciencedirect.com/science/journal/00323861
http://www.elsevier.com/locate/polymer
http://dx.doi.org/10.1016/j.polymer.2017.02.044
http://dx.doi.org/10.1016/j.polymer.2017.02.044
http://dx.doi.org/10.1016/j.polymer.2017.02.044


J. Konieczkowska et al. / Polymer 113 (2017) 53e6654

Po
br

an
o 

z 
ht

tp
://

re
po

.p
w

.e
du

.p
l /

 D
ow

nl
oa

de
d 

fr
om

 R
ep

os
ito

ry
 o

f W
ar

sa
w

 U
ni

ve
rs

ity
 o

f T
ec

hn
ol

og
y 

20
23

-0
5-

24
functionalized polymers, what allows for avoiding a costly and
time-consuming organic synthesis, when fabrication of systems
with a different azochromophore type or content is required
[14,16,17]. Moreover, formation of the intermolecular interactions
between dyes and polymer host allows for increasing the chro-
mophore concentration over the solubility limit of the doped sys-
tems, and for preventing disadvantageous chromophore
evaporation or phase separation [14,16,17]. Concerning the ability
to generate the POA, the supramolecular assembles may exhibit
efficient chromophore photo-orientation and a long-term stability
of the induced alignment comparable to that found in the func-
tionalized azopolymers [16].

The most popular polymer matrices used for preparation of
supramolecular assembles are the commercially available poly(4-
vinylpyridine) (PV4P) [14,18e20], poly(4-vinylphenol) (PVPh)
[15,20e22] and copolymer of poly(4-vinylpyridine) with poly-
styrene (PV4P-PS) [23e25]. The reported glass transition temper-
atures (Tgs) of their supramolecular assembles appeared at ca.
100 �C [13,25,26]. Polyimides are known from high Tgs, a feature
which is essential for the enhanced temporal and thermal stability
of the photoinduced chromophore alignment in the dark [27].
Therefore, they comprise very attractive hosts for supramolecular
azosystems dedicated for the inscription of stable optical anisot-
ropy. Fabrication of chosen amorphous hydrogen bonded supra-
molecular azopolyimides has been reported very recently [28e30].
Their physicochemical properties and surface patterning-ability
were shown, however no attention was focused on the POA
generation.

Contrary to the extensive investigations on the azobenzene
polymers only limited literature reports have been devoted to the
POA in amorphous polymers (either functionalized or supramo-
lecular) containing the chromophores possessing a pyridine ring
instead of a phenyl ring of azobenzene, that is the azopyridine
chromophores. The studies demonstrate the photoresponsive
properties of azopyridine polymers [17,31,32], however as they
refer to particular excitation conditions and a limited number of
possible polymer structures the knowledge on the structure-
property relationships is still lacking.

In this work we describe a series of noncovalent azosystems
based on poly(ester imide) matrices and the azobenzene or azo-
pyridine derivatives. The structures of our new materials were
designed to allow the formation of hydrogen bonds between the
hydroxyl group and the pyridine ring, being a part of either the
main chain or the chromophore unit. The 4-[(4-methylphenyl)
diazenyl]phenol, 4-[(4-fluorophenyl)diazenyl]phenol or 4-[4-(6-
hydroxyhexyloxy)phenylazo]pyridine were chosen as the chro-
mophores used with the matrix containing the pyridine rings,
while the 4-[(4-fluorophenyl)diazenyl]pyridine was applied as the
chromophore for the matrices with the phenolic units. The choice
of a fluorine atom and a methyl group as the chromophore sub-
stituents was dictated by our recent study showing their advanta-
geous role in generating large and slowly decaying POA in a series
of functionalized azopoly(ester imide)s [33]. The choice of 4-[4-(6-
hydroxyhexyloxy)phenylazo]pyridine was dictated by previous
results indicating its capability for surface relief inscription [28] in
hydrogen bonded polyimides. Herein, we present a comprehensive
experimental study of the fabricated noncovalent azopoly(ester
imide)s supported by theoretical approach for evaluating novel
structure-property relationships including the photoinduced ones.

2. Experimental section

2.1. Materials

4-Fluoro-1-nitrobenzene, 4-fluoroaniline, 2,6-diaminopyridine,
4,40-diamino[1,10-biphenyl]-3,30-diol, 2,6-diaminoresorcinol dihy-
drochloride, 4-aminopyridine, trimetilic anhydride chloride, N-
methyl-2-pyrolidone (NMP), dimethylformamid (DMF), N,N’-(di-2-
hydroxyethyl)aniline, 1,2-dichlorobenzene were purchased from
Sigma-Aldrich Chemical Co. Chloride acid, methylene chloride,
acetone, p-toluidine, sodium nitrate, sodium hydroxide, potassium
hydroxide, sodium acetate, phenol, pyridine were purchased from
Avantor (POCH). Detailed synthesis and characterization of 2,2-[N’-
phenylethylaniline-di(4-estro-1,2-dicarboxylix)]anhydride (deno-
ted as anhydride DB), 4-[(4-fluorophenyl)diazenyl]phenol Az(F), 4-
[(4-methylphenyl)diazenyl]phenol Az(CH3), 4-[4-(6-
hydroxyhexyloxy)phenylazo]pyridine (AzPy(OH)) have been re-
ported previously [28,31,34,35].

2.2. Measurements

1H NMR spectra were recorded on an Avance II 600 MHz Ultra
Shield Plus (Bruker) Spectrometer in DMSO-d6 as solvents and TMS
as the internal standard. The infrared spectra were recorded with a
Nicolet 6700 FTIR apparatus (Thermo Scientific) with KBr pallets.
Elemental analyses were performed using Perkin Elmer Analyzer
2400. UV-Vis spectra in NMP (solution 10�5 mol l�1) and polymer
film were recorded using a V-570 UV- Vis-NIR Spectrophotometer
(Jasco Inc.). The X-ray diffraction pattern of films were recorded
using CuKa radiation on a wide-angle HZG-4 diffractometer (Carl
Zeiss Jena) working in the typical Bragg geometry. Differential
scanning calorimetry (DSC) was performed with a TA-DSC 2010
apparatus (TA Instruments) under nitrogen using heating/cooling
cycles of 20 �C min�1 rate (the heating range 20e210 �C). All the
samples for the DSC measurements were initially heated for 1 h at
90 �C and then dried under vacuum at 90e120 �C for 12 h to remove
the residual solvent. For Tg determination of the chromophores,
they were rapidly cooled after the first heating cycle and subse-
quently, the second heating run was recorded. Thermogravimetric
analyses (TGA) was performed with a Mettler Toledo TGA/DSC
STARe system over the temperature range from 25 to 800� C at a
heating rate of 10� min�1 and a constant nitrogen flow of
60 ml min�1. The molar mass and dispersity were determined by
size exclusion chromatography (SEC) using a multiangle light
scattering detector (k ¼ 658 nm) DAWN HELEOS of Wyatt Tech-
nology and a refractive index detector Dn-1000 RI from WGE Dr.
Bures. Measurements were performed in DMF at 45 �C at a nominal
flow rate of 1 ml min�1 and a set of columns: 100 Å, 1000 Å, 3000 Å
(Polymer Standard Service). The results were evaluated based on
polystyrene calibration using WinGPC Unity (Polymer Standard
Service).

The birefringence in thin polymer films cast onto glass slides
was generated by a linearly polarized excitation (writing) beam
either at 405 nm or 445 nm, from diode lasers. The experimental
setup illustrating the idea of the performed measurements is
shown in Fig. 1.

The process of birefringence inscription was monitored by a
weaker and smaller in diameter probing beam of the wavelength
lying outside the chromophore absorption band, i.e., at 690 nm. The
red beam was passing through two crossed polarizers and propa-
gating co-linearly with the writing beam after reaching a red
reflector. The polarization direction of the writing beam was set at
45� with respect to the horizontal polarization of the reading beam.
For the arranged configuration of beam polarizations and angle of
incidence (i.e., normal to the sample), the transmitted intensity of
the probing light through crossed-polarizer setup is given by the
formula [36]: I¼Iosin2(pdDn/l), where d is the thickness of polymer
film, l is the probing beam wavelength, Io is the transmitted in-
tensity for parallel orientation of the polarizer relatively to the
analyzer, and Dn is photoinduced birefringence of the sample,



Fig. 1. Experimental setup for photoinduced birefringence measurements.
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defined as difference in refractive indices experienced by the red
beam polarized parallel or perpendicular to the polarization di-
rection of the writing beam. The transmittance T ¼ I/Io was
measured by a silicon photodetector and a lock-in amplifier at the
probing beam modulation frequency of 2580 Hz. Red optical filter
was used to eliminate the excitation beam before the photode-
tector. The growth of photoinduced birefringence and the bire-
fringence relaxation in the dark (after switching off the excitation
light) were monitored for ca. 15e20 min. The thickness of the films
prepared for photoinduced measurements was determined using a
Dektak XT stylus profiler.

2.3. Synthesis of 4-[(4-fluorophenyl)diazenyl]pyridine (AzPy(F))

The chromophore was synthesized according to the recently
described procedure [37]. 4-aminopyridine (9 mmol) and potas-
sium hydroxide (30 mmol) were dissolved in DMF (5 ml) and then
4-fluoro-1-nitrobenzene (3 mmol) was added. A solution was stir-
red at 150 �C for 24 h in argon atmosphere. The crude product was
precipitated with water and purified by extraction from mixture of
solvents (methylene chloride:water). The brown final product was
filtrated and dired in vaccum at 100 �C.

AzPy(F): 1HNMR (CDCl3, d, ppm): 7.02 (d, ArH, 2H); 7.21 (d, ArH,
2H); 8.23 (d, ArH, 2H); 8.48 (d, ArH, 2H). FTIR (KBr, cm�1): 1582
(-N¼N-); 1505 (-C¼C-); 1000 (pyridine); 527 (F). Anal. Calcd. for
C11H8N3F (189.19 g/mol): C, 63.49%; N, 22.21%; H, 4.26%. Found C,
63.52%; N, 24.92%; H, 5.47%. UV-Vis (NMP) lmax ¼ 263; 397 nm
(ε263 ¼ 5.2 � 104, ε397 ¼ 7.4 � 104 l mol�1 cm�1). Yield: 15%.

2.4. Synthesis of polymer matrices

Polymer matrices denoted as PESI-Py, PESI-1-OH and PESI-2-
OH were synthesized from 2,2’-[N-phenylethyloaniline-di(4-
estro-1,2-dicarboxylic)]anhydride (DB) and 2,6-diaminopyridine,
or 2,4-diaminophenol, or 4,40-diamino[1,10-biphenyl]-3,30-diol,
respectively. The synthesis and characterization of the PESI-1-OH
host polymer was presented in our former work [28].

The synthesis of PESI-Py and PESI-2-OH was carried out simi-
larly to the procedure described in Ref. [38]. Equimolar amounts of
DB and 2,6-diaminopyridine or 4,40-diamino[1,10-biphenyl]-3,30-
diol, respectively, were solved in a mixture of NMP and 1,2-
dichlorobenzene [80/20 (v/v), 20% of the total monomer concen-
tration]. The solution was stirred at 175 �C for 3.5 h. The polymers
were precipitated with methanol, filtrated and purified by the
Soxhlet extraction with methanol.

PESI-Py: 1HNMR (DMSO-d6, d, ppm): 3.86 (s, CH2, 4H); 4.51 (s,
CH2, 4H); 6.60 (s, ArH, 1H); 6.91 (s, ArH, 2H); 7.16 (s, ArH, 2H); 7.68
(s, ArH, 1H); 8.04 (s, ArH, 2H); 8.24e8.34 (m, ArH, 4H). FTIR (KBr,
cm�1): 3060, 2946 (CH2); 1785, 1728 (-C¼O in imide); 1354 (-C-N-
stretching); 994 (pyridine); 723 (-C¼O deformation). Anal. Calcd.
for C33H22N4O8 (602.55 g/mol): C, 65.78%; N, 9.30%; H, 3.68%.
Found: C, 65.88%; N, 8.68%; H, 3.76%. Yield: 90%.

PESI-2-OH: 1HNMR (DMSO-d6, d, ppm): 3.90 (t, CH2, 4H); 4.55
(t, CH2, 4H); 6.62 (t, ArH, 1H); 6.94 (d, ArH, 2H); 7.14 (d, ArH, 2H);
7.19 (t, ArH, 2H); 7.23 (s, ArH, 2H); 7.33 (d, ArH, 2H); 8.04 (d, ArH,
2H); 8.25 (d, ArH, 2H); 8.35 (d, ArH, 2H); 10.09 (s, OH, 2H). FTIR
(KBr, cm�1): 3642-3142 broad (-OH); 3054, 2946 (CH2); 1784, 1721
(-C¼O in imide); 1373 (-C-N- stretching); 723 (-C¼O deformation).
Anal. Calcd. for C40H27N3O8 (677.66 g/mol): C, 70.86%; N, 6.20%; H,
4.02%. Found: C, 69.22%; N, 6.71%; H, 4.25%. Yield: 95%.

2.5. Preparation of noncovalent azopolymers

The noncovalent azopoly(ester imide)s, (denoted as PESI and
labeled with the roman numerals) were prepared by dissolution of
the chromophores and poly(ester imide) hosts in NMP solution.
Three different matrix to chromophore ratios (1.5:1, 1:1, 1:0.5 for
PESI-2-OH matrix and 1:1, 1:0.75, 1:0.5 for the others matrices)
were used with each noncovalent system. The noncovalent azo-
polymers were prepared in the form of films on substrates.

2.6. Polymer film preparation

The homogenous solutions of polymers in NMP were filtered
through 0.2 mm membranes and cast onto clean glass or KBr sub-
strates. The films were initially heated for 1 h at 90 �C and then
dried under vacuum at 90e120 �C for 12 h to remove the residual
solvent.

3. Results and discussion

3.1. Polymer characterization

The structures of the studied poly(ester imide) matrices,
azobenzene-based and azopyridine-based chromphores are
depicted in Fig. 2.

In the bottom of Fig. 2 the codes of five fabricated noncovalent
azosystems having three different azo-dye concentrations (labeled
by a letter) are shown. Chemical architecture of the polymer hosts
and the chromophores allowed for the hydrogen bond formation
between the PESI-Py pyridine rings and the hydroxyl groups of the
AzPy(CH3), Az(F) or AzPy(OH) dyes or between the phenolic units
of the PESI-1-OH and PESI-2-OH hosts and the pyridine rings of
AzPy(F). The presented azosystems, in particular PESI-I-a and
PESI-II-a may be treated as the noncovalent analogues of the
functionalized side-chain poly(ester imide)s possessing the azo-
benzene moieties located between the imide rings [33] in the
content of one per a structural unit.

The chemical structure of the poly(ester imide) matrices was
determined using the 1H NMR, FTIR spectroscopies and elemental
analysis (Figs. 1e4S). 1H NMR spectra showed signals at 3.90 and
4.50 ppm characteristic for the CH2 groups and signals in the range
6.60e8.35 ppm corresponding to the aromatic rings. The poly(-
hydroxy imide)s exhibited signals at 10.00 ppm characteristic for
the OH groups. FTIR spectra exhibited absorption bands at 1780 and
1720 cm�1 characteristic for the asymmetric and symmetric
stretching vibrations of the carbonyl group in the imide ring. The
absorption peaks at 1370 cm�1 and 720 cm�1 were attributed to
CeN stretching and deformation vibration of the imide ring,
respectively. Poly(hydroxy imide)s exhibited broad absorption
band in the range 3600e3150 cm�1 corresponding to the hydroxyl
groups, while PESI-Py was characterized absorption band at
994 cm�1 corresponding to the pyridine ring. The elemental



Fig. 2. Chemical structures of the poly(ester imide) matrices and azochromophores together with the codes of the prepared noncovalent systems (the letter a, b, or c in the polymer
code indicates a particular chromophore content).
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analysis exhibited differences in the content of carbon in the range
0.09e1.64%.

The solubility of the poly(ester imide) matrices was tested by
dissolution of 2.5 mg of the polymer in 1 ml of the organic solvent
and the results are presented in Table 1.

All the host polymers were easily soluble in NMP and DMSO. The
PESI-Py polymer showed an improved solubility in accordance
with what was reported by Yan et al. [39]. The PESI-Py material
exhibited excellent solubility in CHCl3 and partial solubility in THF,
contrary to poly(hydroxy imide)s, which were insoluble in chlo-
roform but soluble in THF. The average molar masses of the poly-
imide matrices are collected in Table 2.
It should be stressed that the obtained values of molecular
masses should be treated only indicatively. Absolute molar masses
may differ from the calculated on the basis on calibration if hy-
drodynamic values of the studied polymers differ from those of the
polystyrene standards. The SEC analysis revealed weight average
molar masses (Mw) in the range of 3.1 � 103e5.7 � 103 g/mol and
relatively low dispersity from 1.5 to 1.7. The Mw values suggest the
oligomeric nature of the matrices. Considering the results reported
by Ref. [40] low average molecular mass and dispersity are ad-
vantageous for the efficient chromophore photoalignment as the
values of maximum photoinduced birefringence were observed to
increase when the azopolymer Mw was reduced.



Table 1
Solubility of the poly(ester imide) matrices.

Polymer code NMP DMSO CHCl3 THF Cyclohexanone

PESI-Py þ/þ þ/þ þ/þ e/± ±/þ
PESI-1-OH þ/þ þ/þ -/- þ/þ ±/þ
PESI-2-OH þ/þ þ/þ -/- þ/þ ±/±

Symbols: þ soluble; ± partially soluble; e insoluble.
Solubility at room temperature/at boiling temperature of solvent.
Solvents: N-methyl-2-pyrrolidone (NMP); tetrahydrofuran (THF); dimethyl sulf-
oxide (DMSO).

Table 2
Molar masses and dispersity of the poly(ester imide) matrices.

Polymer code Mn * 103 (g/mol) Mw *103 (g/mol) D

PESI-Py 3.4 5.7 1.7
PESI-1-OH 3.2 5.5 1.7
PESI-2-OH 2.4 3.1 1.5
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Wide-angle X-ray diffraction measurements performed for all
the noncovalent systems showed the same diffraction patterns
with one broad peak of the diffusion type typical for perfectly
amorphous materials (Fig. 5S).
3.2. Hydrogen bond formation - theoretical and experimental
approach

The quantum calculations were applied for prediction of the
possibility of H-bond formation between the polymer matrix and
the azo-dye. For theoretical simulations all the poly(ester imide)
matrices were selected as well as the noncovalent systems based on
the poly(hydroxy imide) hosts. The calculations were performed
using density functional theory, with an exchange correlation
hybrid functional B3LYP and the basis 6-31G(2d,p) for carbon, ni-
trogen, oxygen and 6-31G for hydrogen atoms. Calculations were
carried out with use of Gaussian09 program [41]. The geometries of
the compounds were optimized in vacuum and no imaginary fre-
quencies were found for any of the species, computed at Ci sym-
metry, by vibrational analysis. The optimized geometries of the
polymer matrices and the PESI-IV as well as the PESI-V azosystem
are shown in Fig. 3.

The DFT calculations revealed that in PESI-Py the access to ni-
trogen atom of the pyridine ring is blocked by the carbonyl groups
of the imide ring. Hindered access to the pyridine may limit the
ability of PESI-Py to form intermolecular H-bonds with the azo-
dyes. Similar effect was not observed for the poly(hydroxy imide)
hosts. As it can be seen in Fig. 3 their hydroxyl groups are placed
outside the polymer main chain. It is interesting to note that in the
case of PESI-1-OH the H-bonds are formed between N-phenyl hy-
drogens and ester oxygen atoms. In the PESI-2-OH matrix the hy-
droxyl groups of biphenyl-3,30-diol moiety and phthalimide oxygen
atom are additionally engaged in the formation of hydrogen bonds
resulting in a greater stability of the polymer. Moreover, two
phenolic units of PESI-2-OH are located in different planes, rotated
by ca. 45� relatively to each other. The calculations performed for
the PESI-IV and PESI-V systems showed the intermolecular
hydrogen bonds between the pyridine nitrogen of the AzPy(F) dye
and the hydroxyl group from the polymer matrices. In the case of
PESI-V an additional interaction of OeH … p type with centroid
hydrogen atom (2.63 Å distance), between the hydroxyl group and
p system of 4-fluorophenyl ring has been revealed. This interaction
causes a severe distortion of the polymer matrix not observed in
the case of the PESI-IV system.

The formation of H-bonds was experimentally monitored in the
azopolymer assembles containing the highest amounts of azo-dyes
(i.e., PESI-I-a, PESI-II-a, PESI-III-a, PESI-IV-a and PESI-V-a). In 1H
NMR spectra, a chemical shift and a decrease in the signal intensity
of the hydroxyl proton can provide the information about the H-
bond formation in polymer-azochromophore assembles [28]. The
poly(hydroxy imide) matrices PESI-1-OH and PESI-2-OH exhibited
a signal corresponding to the hydroxyl group at 10.31 and
10.09 ppm, respectively. In the 1H NMR spectra of their polymer-
azochromophore assembles a significant decrease in the intensity
of the mentioned signals was observed (Fig. 4). The presence of a
week signal of the hydroxyl group shows that not all the phenolic
units are H-bonded. Similarly, for the PESI-III-a azosystem a sig-
nificant decrease in the intensity of the signal at 4.30 ppm corre-
sponding to OH group was observed, indicating intermolecular H
bond formation. Moreover, a significant shift in the position of
proton signals in the backbone pyridine ring from 8.33 to 8.72 ppm
was found (Fig. 5). In the 1H NMR spectra of the PESI-I-a and PESI-
II-a polymers any shift or decrease in the signal intensity of the
hydroxyl group of the azo-dyes has not been observed, what in-
dicates obtaining the doped azosystems.

The results obtained from 1H NMR spectroscopy were verified
by FTIR analysis. The spectral range of (3600e2200) cm�1 includes
the absorption bands due to the stretching vibration of the OH
group, C-H bonds of the aromatic rings and aliphatic groups as well
as hydrogen-bonded OH groups [29,42], while the spectral range
around 1000 cm�1 includes the absorption band corresponding to
the stretching vibrations of the pyridine ring. The obtained FTIR
spectra of poly(hydroxy imide) matrices (PESI-1-OH and PESI-2-
OH) show the OH band in the range 3680e3145 cm�1 (Figs. 6a
and 7a). In the case of PESI-IV-a and PESI-V-a this absorption
band was noticeably lower in intensity, broaden and shifted to
lower frequencies. Moreover, the absorption band at 1000 cm�1

corresponding to the azo-dye pyridine ring (AzPy(F)), appeared at a
higher frequencies of ca. 1005 cm�1 in the spectra of PESI-IV-a and
PESI-V-a (Figs. 6b and 7b). This confirms a formation of supramo-
lecular assembles [43].

In the FTIR spectra of PESI-III-a the characteristic band for OH
group at 3310 cm�1 was noticeably lower in intensity, broaden and
shifted to higher frequencies comparing to the azo-dye spectra
(Fig. 8). New absorption band at 1015 cm�1 corresponding to the H-
bonds between the pyridine and OH groups are seen, however, the
absorption band at 992 cm�1 is still observed, proving that not all
pyridine rings are complexed. In the FTIR spectra of PESI-I-a and
PESI-II-a any changes in the absorption bands in comparison with
the bands observed for the polymer matrix or azo-dyes were not
observed. Summarizing the experimental data it can be concluded
that PESI-III, PESI-IV and PESI-V are the supramolecular assembles
with intermolecular H-bonds, while PESI-I and PESI-II create
rather doped systems.

3.3. Thermal properties

Investigations of the glass transition temperatures of the
poly(ester imide) matrices, the azodyes and the fabricated non-
covalent azopolymers were evaluated by DSC technique. Utilization
of high-boiling temperature solvent, i.e., NMP, required a proper
drying procedure as presence of the residual solvent in a material
sample might lead to unreliable results. Table 3 summarizes the
determined Tg values together with the melting temperatures (Tm)
of the azochromophores. Exemplary DSC thermograms of
AzPy(OH), PESI-Py matrices and PESI-III, PESI-IV the supramo-
lecular assembles are shown in Fig. 9.

The PESI-1-OH and PESI-2-OH hosts exhibited glass transition
appearing at high temperatures being 20 �C above the glass tran-
sition of the PESI-Py matrix. Interestingly, all the chromophores



Fig. 3. Optimized geometries of the PESI-Py, PESI-1-OH, PESI-2-OH polymer matrices and PESI-IV, PESI-V azosystems.
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showed similar values of Tm but significantly different Tgs, which
were much higher in the case of the azopyridine-than azobenzene-
derivatives. It was found the replacement of the methyl substituent
in the azobenzene derivative (Az(CH3)) with the fluorine atom
(Az(F)) significantly decreased the Tg from 4 to�18 �C. In the case of
azopyridine chromophores, the introduction of alkoxy group end-
capped with OH (AzPy(OH)) instead of the fluorine atom
(AzPy(F)) resulted in decreasing the Tg of about 70 �C. As expected,
both the supramolecular and doped azosystems showed the Tg
values lower than the Tg values of their polymer hosts, decreasing
with an increase in the azo-dye content. The observed trend is
attributed to a plasticization effect of the azo-dye, which has been
described in the literature [13]. The lowest decrease in the Tg (by
less than 10 �C) exhibited the supramolecular polymers based on
the poly(hydroxy imide) matrices and the azopyridine chromo-
phores (Fig. 6S). Considering the materials with the 1:1 matrix to
azo-dye molar ratio replacement of the azobenzene chromophore
(Az(CH3) or Az(F)) with the azopyridine bearing hydroxyl group
(AzPy(OH)) increased the Tg of the PESI-Py-based system from ca.
90 to 122 �C. Azosystems based on the azopyridine with fluorine
atom (AzPy(F)), that is, PESI-IV-a and PESI-V-b differing in amatrix
structure showed similar Tg of ca. 170 �C. It should be pointed out
that the Tgs observed for PESI-IV and PESI-V systems are particu-
larly high, exceeding the Tg values recently found for a series of



Fig. 4. 1H NMR spectra of (a) PESI-1-OH and (b) PESI-IV-a.
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covalently functionalized azopoly(ester imide)s [33]. To the best of
our knowledge, such a large Tg has not been reported so far for
other amorphous hydrogen-bonded azopolymers.

The Tg of blends or (co)polymers can be estimated using
empirical Fox equation (eq. (1)), which implies an ideal mixing
behavior of the system components [44]:

1
Tg

¼ W1

Tg1
þW2

Tg2
(1)

where W1, W2 and Tg1, Tg2 are the weight fractions and the glass
transition temperatures of two system components, respectively,
being the poly(ester imide) matrix and the azo-dye, in this study.
The calculated Tg values are given in Table 3. As it can be noticed the
experimental values are in an excellent agreement with the
calculated ones, confirming mixing of the components and full
evaporation of the NMP solvent from the material samples. The
demonstrated applicability of the Fox equation for the studied
systems, and hence for similar noncovalent azosystems makes this
simple equation a very useful tool in the area of developing novel
advanced materials. The calculations may allow avoiding the syn-
thesis and experimental investigation of assembles with the Tgs
lying in an improper temperature range or may provide the infor-
mation on the azo-dye content required for fabrication of polymer
systems with the desired Tgs.

The thermal stability of the poly(ester imide) matrices was
investigated by the thermogravimetric measurements and the re-
sults are collected in Table 4.

The beginning of thermal decomposition based on temperatures
of the 5% (T5%) and 10% (T10%) weight loss appeared in the range
254e332 �C and 341e364 �C, respectively. The T5% value was lower
for PESI-Py containing the pyridine rings in the backbone than for
the polymer hosts with the OH groups (Fig. 7S). The matrix pre-
pared from diamine with biphenyl unit bearing two hydroxyl
groups (PESI-2-OH) was more thermally stable than the host
synthesized from 2,6-diaminoresorcinol (PESI-1-OH). Both PESI-1-
OH and PESI-2-OH showed two decomposition steps with a tem-
perature of the maximum decomposition rate (Tmax), as evidenced
by the differential thermogravimetric curves (DTA), in the range of
382e660 �C. The first degradation step with the weight lost at ca.
385 �C can be connected with the thermal conversion of polyimide
to the polybenzoxazole due to the thermal rearrangement of the
OH groups in ortho position [45]. The second step connected with
degradation of the polymer backbone appeared at the tempera-
tures 635 and 660 �C for PESI-1-OH and PESI-2-OH, respectively.
The PESI-Py polymer underwent one decomposition stepwith Tmax

at 375 �C. All the polymer matrices were characterized by the re-
sidual weight at 800 �C in the range 33e57%.

It is interesting to find out if the presence of azo-dye affects the
thermal stability of azosystem in comparison to the stability of
polymer host. Therefore, the TGA measurements were carried out
for a selected chromophore (Az(F)) and the azosystem based on this
dye (PESI-II-c). It was found that Az(F)was stable up to 200 �Cwith
T5% at 215 �C and 12% residue at 600 �C. The introduction of the
chromophore into the matrix lowered the T5% from 254 �C (PESI-
Py) to 165 �C (PESI-II-c) (Fig. 8S). A decrease in the thermal stability
due to the presence of azobenzene derivative was also observed for
azopolyimides containing covalently bonded azochromophores
[46,47].



Fig. 5. 1H NMR spectra of (a) PESI-Py and (b) PESI-III-a.

Fig. 6. FTIR spectra of (a) PESI-1-OH and PESI-IV-a in the range 2200e3800 cm�1 (b) AzPy(F) and PESI-IV-a in the range 900e1100 cm�1.
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3.4. Linear optical properties

The absorption properties in the UV-Vis range of the poly(ester
imide) matrices and the chromophores were investigated for their
solutions in NMP, while the absorption properties of the non-
covalent azopolymers were studied for film samples cast onto glass
substrates. The polymer matrices exhibited the absorption
maximum (lmax) at ca. 262e296 nm attributed to the electronic
transitionwithin the polymer backbone (the results not shown in a
separate Figure). The Az(CH3), Az(F), AzPy(F) and AzPy(OH) azo-
chromophores in NMP solution were characterized by the lmax

located in the range 357e397 nm, while for the noncovalent azo-
polymers in film the lmax corresponding to the electronic transi-
tions of the trans moiety, was seen in the range 352e366 nm



Fig. 7. FTIR spectra of (a) PESI-2-OH and PESI-V-a in the range 2200e3600 cm�1 (b) AzPy(F) and PESI-V-a in the range 900e1100 cm�1.

Fig. 8. FTIR spectra of AzPy(OH), PESI-Py and PESI-III-a in the range (a) 2200e3600 cm�1 and (b) 900-1100 cm�1.
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(Table 5). In the UV-vis spectra of the chromophores a single ab-
sorption band above 300 nm was seen, expect for Az(F), which
exhibited two absorption bands: an intense one at 357 nm and a
weak band having lmax at 488 nm. The AzPy(F) chromophore
exhibited lmax bathochromically shifted by about 40 nm in relation
to other chromophores. The corresponding maximum molar
extinction coefficients (ε) at lmax were in the range of (4.5e16.1)$
104 lmol�1cm�1. The highest ε was found for the azobenzene de-
rivative with the fluorine atom (Az(F)), while the chromophores
containing the pyridine ring showed a lower ability to absorb light.

As it can be noticed the absorptionmaximum of the PESI-IV and
PESI-V families was blueshifted by 31e46 nm relatively to the ab-
sorption maximum of AzPy(F) (Table 5, Fig. 9S). This shift can be
connected with the formation of the polymer-azochromophore
complexes. Attachment of the azo-dye to the polymer chain
changes the electronic environment of the chromophore and thus
influences the UV-Vis spectra. Similar effect was reported for the
azopolymers with covalently functionalized azo-dyes [38,48]. Any
significant shift in the position of the absorption bands of the PESI-I
or PESI-II system relatively to the Az(CH3) or Az(F) bands was not
observed due to the lack of the hydrogen bonds between the sys-
tem components. In the case of the PESI-III series any significant
shifts between the lmax of the azosystem and of the azo-dye were
not observed as well, in spite of the confirmed H-bonds formation.
The effect can be explained considering the chemical structure of
the AzPy(OH) chromophore. Hydrogen bonds are formed between
the pyridine ring in the polymer matrix and the hydroxyl group
placed at the end of the long aliphatic chain of the azo-dye. For-
mation of the H-bonds far away from the eN¼Ne group does not
influence on the UV-vis spectra of the supramolecular assemble.
The lack of a significant shift of the lmax with an increasing dye
content (Table 5) proves that the supramolecular assembles and the
doped polymers exhibited homogenous nature, without aggrega-
tion of the azo-dyes. Exemplary absorption spectra of the PESI-I
family containing different azo-dye concentrations are presented in
Fig. 10.



Table 3
Glass transition temperatures of poly(ester imide) matrices-Tg1, azo-dyes-Tg2, and
azopoly(ester imide) systems-Tg; melting temperatures of the azo-dyes-Tm.

Polymer code Tg1 (�C) Tm (�C)
Tg2 (�C)

Tg (�C) aTheoretical
Tg (�C)

PESI-I-a 150 150
4

93 99
PESI-I-b 106 107
PESI-I-c 104 119

PESI-II-a 150 152
�18

90 88
PESI-II-b 93 98
PESI-II-c 108 112

PESI-III-a 150 130
78

122 123
PESI-III-b e 127
PESI-III-c 130 133

PESI-IV-a 172 161
151

167 166
PESI-IV-b 168 167
PESI-IV-c 166 169

PESI-V-a 178 161
151

170 169
PESI-V-b 172 171
PESI-V-c 177 174

a calculated from the Fox's equation.

Table 4
Thermal stability of the poly(ester imide) matrices.

Polymer code TGA (N2)

aT5% (
�
C) bT10% (

�
C) cTmax (

�
C) dChar yield (%)

PESI-Py 254 341 375 33
PESI-1-OH 317 354 382; 635 57
PESI-2-OH 332 364 388; 660 57

a Decomposition temperature of 5% weight loss.
b Decomposition temperature of 10% weight loss.
c Temperature of the maximum decomposition rate by DTA.
d Residual weight at 800 �C in nitrogen.

Table 5
Maximum absorption wavelength (lmax) of the azosystems in the film and of the
azo-dyes together with their molar extinction coefficients (ε) in the NMP solution.

Polymer code lmax (nm)
in film

Azo-dye lmax (nm) in NMP/ε (l$mol�1$cm�1)

PESI-I-a 357 Az(CH3) 358/8.6$104

PESI-I-b 356
PESI-I-c 355

PESI-II-a 352 Az(F) 357, 488/16.1$104, 5.0$104

PESI-II-b 353
PESI-III-c 353

PESI-III-a 358 AzPy(OH) 358/4.5$104

PESI-III-b 360
PESI-III-c 362

PESI-IV-a 351 AzPy(F) 397/7.4$104

PESI-IV-b 362
PESI-IV-c 355

PESI-V-a 358a AzPy(F) 397/7.4$104

PESI-V-b 359a

PESI-V-c 366a

a The position of absorption band calculated using the second derivatives method
(i.e., the minimum of the second derivative of absorption curve corresponds to the
absorption maximum).
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3.5. Photoinduced birefringence

The photoinduced birefringence measurements were per-
formed for the azopoly(ester imide)s of a maximum chromophore
content that is for PESI-I-a, PESI-II-a, PESI-III-a, PESI-IV-a, and
PESI-V-a. Table 6 presents the thicknesses and absorption co-
efficients at 405 and 445 nm of the polymer films utilized in the
photoinduced birefringence experiments.

The absorption coefficients for poly(ester imide)s containing the
azopyridine derivatives were higher than for the polymers with the
azobenzene moieties. The smallest a values at both wavelengths
exhibited PESI-II-a, the largest PESI-V-a, what for the latter system
Fig. 9. DSC thermograms of the second heating cycle of AzPy(OH), PESI-Py, PESI-III-a and PESI-III-c.



Fig. 10. UV-vis spectra of the PESI-I series in polymer film.

Table 6
Film thickness and film absorption coefficient at 405 nm and 445 nm of the
investigated azopoly(ester imide)s.

Polymer code d (mm) a405 (cm�1) a445 (cm�1)

PESI-I-a 2.0 1.1$104 0.6$104

PESI-II-a 0.9 0.6$104 0.3$104

PESI-III-a 0.45 2.4$104 0.9$104

PESI-IV-a 0.45 2.7$104 1.4$104

PESI-V-a 0.45 4.2$104 2.2$104
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was also associated with the largest matrix to chromophore ratio
(i.e., 1:1.5).

Growth of the light induced birefringence and its decrease in the
dark were tested using the writing beams of different intensities
Fig. 11. (a) Birefringence growth curves upon 405-nm beam of 75 mW/cm2 intensity for all
turning off the excitation beam.
ranging from 50 to 150 mW/cm2. For PESI-I-a, PESI-II-a and PESI-
III-a a slightly faster birefringence relaxation rate in the dark was
observed, when the laser beams of the intensities above 100 mW/
cm2 were used for writing. Taking into account the Tg values of
these azopolymers, this effect might be associated with thermal
disordering processes decreasing the net molecular alignment. The
excitation intensity of ca. 75 mW/cm2 was found to be optimal for
achieving both large values of photoinduced birefringence and its
low relaxation rate, with the only exception of PESI-V-a. For this
material the birefringence growth was only observed when a very
high-intensity beam was used, i.e., of 150 mW/cm2; lower excita-
tion intensities did not result in any detectable photo-orientation
process.

Fig. 11a and b presents the birefringence growth and relaxation
curves, respectivelymeasured at 405 nm for 75mW/cm2-excitation
the studied azosystems (b) the corresponding normalized birefringence decreases after
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intensity for all the studied polymers. Fig. 12a and b shows these
curves recorded under the 445-nm excitation. The writing and
relaxation signals recorded for PESI-V-a under 405-nm illumina-
tion of 150 mW/cm2-intensity are illustrated in Fig. 13a and b.

The studied polymers exhibited a different photoresponsive
behavior demonstrating a strong influence of the designed details
of the polymer backbone and azochromophore architecture on the
photochromic properties. A general result which may be seen from
Figs. 11b, 12b and 13b is that the PESI-III-a, PESI-IV-a and PESI-V-a
polymers, for which H bond formation has been confirmed exper-
imentally, exhibited a more stable birefringence after turning off
the excitation beam in comparison to the other two polymers. The
observation is in accord with the results reported by Priimagi et al.,
and correlated with a lower mobility of the H-bonded chromo-
phore molecules [16]. It is worth noting that for PESI-III-a the
birefringence relaxation is relatively low, as it decreases by only ca.
15% during 1000-s monitoring. An even slower relaxation rate has
Fig. 12. (a) Birefringence growth curves upon 445-nm beam of 75 mW/cm2 intensity for all
turning off the excitation beam.

Fig. 13. (a) Birefringence growth curve upon 405-nm beam of 150 mW/cm2 intensity for P
excitation beam.
been found for PESI-V-a (see Fig. 13b), however an extremely
inefficient writing process gives unattractive overall photochromic
properties of this material.

It can be noticed from Figs. 11a and 12a that the achieved values
of a final birefringence are very different for the investigated ma-
terials, ranging from zero up to ca. 0.012 or even 0.02 depending on
the excitation wavelength. The maximum birefringence level of
doped azopoly(ester imide)s, that is PESI-I-a and PESI-II-a was of
ca. 0.01 or 0.007 (upon 405-nm excitation), respectively in between
the values of the photoinduced birefringence observed for the su-
pramolecular azopoly(ester imide)s. PESI-III-a exhibited the
highest Dn among all the studied polymers, while for PESI-V-a the
birefringence was hardly induced by 405-nm beam of 150 mW/cm2

intensity (Fig. 13a) and no writing process was recorded at 445 nm.
A noticeably more efficient birefringence generation for PESI-IV-a
in comparison to PESI-V-a reveals a significant influence of the
polymer host on the trans-cis photoisomerization of the AzPy(F)
the studied azosystems (b) the corresponding normalized birefringence decreases after

ESI-V-a (b) the corresponding normalized birefringence decreases after turning off the
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chromophore. Basing on the results of DFT calculations one may
suspect that a distortion of PESI-2-OH chain does not provide a
necessary free volume for trans-cis isomerization of AzPy(F). The
additional interaction of OeH … p type found for PESI-V system
may also decrease the chromophore mobility.

It should be noted that a quantitative comparison between the
writing curves recorded at 405-nm and 445-nm excitation may not
be valid as both of the violet and blue beams possessed a different
spot geometry: circular versus elliptical, respectively. Nevertheless,
it can be stated that for all the systems with azopyridine based
chromophores the maximum birefringence level was lower when
using the 445-nm excitation beam instead of 405-nm one, what can
be primary associated with a lower film absorbance at the former
wavelength. On the other hand, a similarly efficient (or only slightly
different) birefringence generation by both the beams was
observed in the PESI-I-a and PESI-II-a systems containing the
azobenzene-based chromophores (Figs. 11a and 12a) despite
noticeable differences in the absorption coefficients for blue and
violet light (Table 6). A larger efficiency of Dn generation upon blue
irradiation than upon violet one was reported by us for the azo-
benzene functionalized poly(ester imide)s [33] and was related to
different absorption of the cis isomers at both wavelengths or/and
different efficiency of trans-cis photoisomerization cycles. There-
fore, we suspect that the opposite effect observed for PESI-III-a,
PESI-IV-a and PESI-V-a suggests a lower absorption coefficient of
cis-azopyridinemolecules for blue light than for the violet, as one of
possible reasons.

It is interesting to compare the photoresponsive behavior of
PESI-IV-a and PESI-III-a supramolecular complexes. They possess
similar values of absorption coefficients at 405 nm and exhibit a
similar rate of birefringence relaxation in the dark. Therefore, large
differences in their final birefringence should be related with dif-
ferences in the efficiency of the trans-cis isomerization of the
AzPy(F) and AzPy(OH) chromophores in the polymer hosts. Both of
these chromophores are H-bonded to the polymer chains, however
the chromophore pyridine ring is involved or not in the formation
of these bonds. We suspect that this structural feature is an
important one for efficient photo-orientation process in azopyr-
idine polymers.

PESI-I-a and PESI-II-a systems are the close analogues of the
reported functionalized azopoly(ester imide)s containingeCH3 and
eF substituents in the azobenzene moieties [33]. The maximum
induced birefringence in PESI-I-a and PESI-II-a is lower by a factor
of 2 in comparison to that found for the mentioned functionalized
polymers (Dn ~ 0.02 and ~0.017 at 405 nm for the functionalized
azopoly(ester imide)s with eCH3 and eF substituents in azo-
benzene, respectively [33]). The lower final birefringence correlates
with a twice-lower value of absorption coefficient (of ca. 104 cm�1

for PESI-I-a and PESI-II-a versus 2� 104 cm�1 for the functionalized
poly(ester imide)s) as well as with a much faster relaxation of the
light-induced orientation of the nonbonded chromophores. The
photoinduced birefringence as large as the reported for the func-
tionalized azopoly(ester imide)s was achieved only for PESI-III-a,
whichmay also be considered as the supramolecular counterpart of
the functionalized poly(ester imide)s, however possessing the
azopyridine-based chromophores. The observed birefringence
relaxation in PESI-III-awas faster than the relaxation found for the
functionalized poly(ester imide)s, that is, it decreased by ca. 14%
during 450 s in the dark, while a few-percent decrease was
observed for the functionalized azopoly(ester imide)s within this
time-period [33].

Our latest study on surface relief grating formation in hydrogen-
bonded polyimides revealed the highest surface modulations in the
systems containing the AzPy(OH) chromophores [28]. The present
study shows a large ability of this chromophore to realign upon
linearly polarized irradiation. Therefore, we demonstrate that
azopyridine-based polymers may exhibit attractive photo-
responsive properties provided that they possess a proper struc-
tural design.

4. Conclusions

Five amorphous noncovalent azopoly(ester imide)s were fabri-
cated and comprehensively characterized. The differences in their
chemical architecture referred to an incorporation of the pyridine
ring and hydroxyl group either into the backbone or the chromo-
phore structure, what offered a possibility of obtaining hydrogen-
bonded azobenzene or azopyridine-derivative polymers. The
most important conclusions arising from the performed studies are
as follows:

i Hydrogen-bonded system formation has been experimentally
confirmed for the matrices with the phenolic units and the
azopyridine-based chromophore. For the polymer host con-
taining the pyridine rings the supramolecular assemble was
only obtained with the chromophores possessing the hydroxyl
group attached to the long aliphatic chain.

ii The DFT calculations revealed a structural reason affecting the
ability to hydrogen bond formation in the azosystems based on
the backbones with the pyridine units, that is a hindered access
to the pyridine due to the carbonyl groups of the adjacent imide
rings. Similar steric effect was not found for the matrices con-
taining the phenolic units.

iii Very high glass transition temperatures of ca. 170 �C were found
for the supramolecular systems based on the poly(hydroxy
imide) matrices and the azopyridine chromophores. To the best
of our knowledge, such a large Tg has not been reported so far for
other amorphous hydrogen-bonded azopolymers.

iv The Fox equation was demonstrated to hold true for the
hydrogen-bonded azosystems. Thus, it is possible to calculate
the glass transition temperature of amorphous hydrogen-
bonded azopolymers and to verify their functionality already
at the stage of a chemical structure design.

v The photoinduced birefringence measurements revealed a very
different photoresponsive behavior of the polymers possessing
the azopyridine-based chromophores, that is either a hardly
detected or a large photoinduced birefringence of ca. 0.02
depending on the details of the azosystem architecture.

To summarize, the azopyridine-derivatives and polyimide hosts
may comprise very attractive components for fabrication of su-
pramolecular systems exhibiting high glass transition tempera-
tures. Such azosystemsmay also exhibit an attractive photochromic
behavior provided that the azopyridine chromophores possess a
proper structural design.
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