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A B S T R A C T

This study presents the comparison between the photoresponsive behavior of a series of six poly(amide
imide)s bearing azobenzene-derivative chromophores as side groups. The solubility, molecular weight,
glass transition temperature and thermal stability of the polymers are reported. The chosen azopolymers
contain one or two azochromophores in the repeating units attached to the main chain at different
locations, i.e., one of the aromatic cores of azobenzene is a part of backbone connected in the 2 and
4 position with either the amide or/and imide groups. UV–vis spectroscopy shows that the chromophore
position affects the polymer absorption band. The photoinduced birefringence measurements reveal
large differences in the photoresponsive behavior of the materials. The birefringence of order of 0.02 and
0.05 is achieved for the polymers of moderate molecular weight containing one azo-dye per structural
unit attached between the amide groups or for the polymers with two chromophores per structural unit
placed between both the amide and imide groups, respectively. The lack of optical anisotropy is observed
for the polymers of a low molecular weight containing the azochromophores located between the imide
groups, indicating a very low efficiency of the trans–cis isomerization process in these materials. The
explanation of the observed relationship based on H-bond formation is confirmed by FTIR and 1H NMR
analysis.

ã 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Azopolymers, that is, macromolecules with the azobenzene-
dye derivatives incorporated into the polymer host exhibit unique
photoinduced phenomena, such as generation of optical anisotro-
py and stable surface patterns, or mechanical bending [1–3]. The
phenomena result from light-driven molecular motions, which are
accompanied by clean and reversible trans–cis isomerization
reactions of azobenzene. Being investigated for 20 years the
azopolymers are still an important class of materials, fascinating
not only from the fundamental point of view but also because of
the exceptional applicational potential in optical data storage and
processing, nanofabrication, nanoscale machines or photoalign-
ment of liquid crystals [4–8].
* Corresponding author. Fax: +48 32 2712969.
** Corresponding author.

E-mail addresses: annak@if.pw.edu.pl (A. Kozanecka-Szmigiel),
eschab-balcerzak@cmpw-pan.edu.pl (E. Schab-Balcerzak).

http://dx.doi.org/10.1016/j.jphotochem.2015.12.010
1010-6030/ã 2015 Elsevier B.V. All rights reserved.
A linearly polarized light may generate the orientational order
in the alignment of azo-dye moieties. It results from the angular
selectivity of absorption events by highly anisotropic trans azo
molecules and from the trans–cis isomerizations. During the
photochemical reaction (trans–cis or cis–trans) or during the
lifetime of the cis isomer the rotation of the photochromic
molecules may take place [9]. As a consequence of many
isomerization cycles the azochromophores align in one of
the directions perpendicular to the laser polarization i.e., in the
position, for which the light is no longer absorbed by the
molecules. An initially isotropic material becomes an anisotropic
one, showing photoinduced optical anisotropy, i.e., dichroism and
birefringence appearing as an increased absorbance and refractive
index in directions perpendicular to the polarization of the
excitation light, respectively [10,11].

As light-induced preferable alignment of azochromophores
involves the molecular motions the photoresponsive behavior of
the azopolymer (in particular a rate of birefringence growth, a
maximum birefringence value and its stability after ceasing the
excitation beam) depends strongly on the chrompohore and the

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jphotochem.2015.12.010&domain=pdf
mailto:annak@if.pw.edu.pl
mailto:eschab-balcerzak@cmpw-pan.edu.pl
mailto:eschab-balcerzak@cmpw-pan.edu.pl
http://dx.doi.org/10.1016/j.jphotochem.2015.12.010
http://dx.doi.org/10.1016/j.jphotochem.2015.12.010
http://www.sciencedirect.com/science/journal/10106030
www.elsevier.com/locate/jphotochem
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polymer chain architecture [12]. The polarity, bulkiness and
content of the azo-dye substituent, the type of binding between
the azo group and the macrochain, liquid crystallinity, and the
nature of polymer matrix are among crucial factors that may
enable or restrict the chromophore motions.

The photoresponsive properties of azopolymers have been
investigated in a wide range of polymer matrices: poly(methyl
methacrylate)s and its copolymers, polycarbonates, poly(vinyl
pyridine)s, polystyrenes, polyurethanes or polyimides [12–17]. For
a given polymer the azochromophores can be either dispersed or
covalently/non-covalently attached to the backbone as side-chain
via different spacers. In general, the influence of polymer matrix on
light-induced anisotropy has been related to the available free
volume for trans–cis photoisomerization and to a glass transition
temperature (Tg) of the polymer [18–20].

Our recent scientific investigations are focused on the
development of photoresponsive polyimides, which may retain
the photoinduced azochromophore order for larger periods of
time. Polymers belonging to the polyimide family exhibit good
mechanical properties, high stability against temperature, solvents
and liquid crystals and thus they are considered as very attractive
candidates for applications in optical storage or liquid crystal
alignment [21]. From that point of view gaining a new knowledge
on correlation of the azopolyimide chemical structure and arising
photoresponsive behavior is an important area of research.
Recently, we have shown that the characteristics of light generated
birefringence of certain groups of azopolyimides may be tailored
by a proper modification of the main chain structure, a proper type
of a linkage between the main chain and the azo-dye or by the
chromophore concentration [22–24].

In this work a series of six side-chain poly(amide imide)s (PAI)
containing the azochromophores with a ��CH3 or ��OH substitu-
ent in para position is presented. Three of them are the newly
synthesized materials. The key difference in the structures of the
studied polymers is the location of the azochromophores in the
macromolecules, that is, one of the aromatic cores of azobenzene is
a part of backbone attached in the 2 and 4 position either between
the amide or imide groups, or between both of the groups in the
case of the materials possessing two azochromophores per a
repeating unit. Moreover, the poly(amide imide)s differ in their
molecular weights. In this work we investigate the photo-
responsive behavior of the polymers by means of the photoinduced
birefringence measurements at 405-nm excitation wavelength. We
show that the studied poly(amide imide)s exhibit a very different
photoresponsive properties, i.e, either efficient or non-detectable
photoorientation of azochromophores, and relate it with the
formation of intermolecular hydrogen bonds.

2. Materials and methods

2.1. Materials

4-Aminophenol, m-phenylenediamine, trimetilic anhydride
chloride, N-methyl-2-pyrolidone (NMP), 4,40-methylenebis(2,6-
dimethylaniline), 1,2-dichlorobenzene were purchased from
Sigma–Aldrich Chemical Co. Chloride acid, acetone, p-toluidine,
pyridine were purchased from POCH.

2.2. Characterization

1H NMR spectra have been carried out on an Avance II 600 MHz
Ultra Shield Plus (Bruker) spectrometer in DMSO-d6 using TMS as
the internal standard. The infrared (IR) spectra of the chosen
polymer films were acquired with a Nicolet 6700 FTIR apparatus
(Thermo Scientific) using KBr pallets. UV–vis spectra were
measured with a V-570 UV–vis-NIR spectrophotometer
(Jasco Inc). The X-ray diffraction patterns of solid samples were
recorded using CuKa radiation on a wide-angle HZG-4 diffractom-
eter (Carl Zeiss Jena) working in the typical Bragg geometry. The
molecular weights and dispersity were determined by size
exclusion chromatography (SEC) using a multiangle light scatter-
ing detector (k = 658 nm) DAWN HELEOS of Wyatt Technology 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 with 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). Thermogravimetric analysis (TGA) was performed using
pre-calibrated TA Instruments SDT Q600 analyzer operating under
high-purity (99.999%) argon purge-flow of 100 ml/min. Samples
(5–10 mg) were placed inside open alumina pans and the
measurements were carried out in 10 �C min�1 constant heating
rate conditions. Prior to the TGA measurements the poly(amide
imide)s have been dried at 120 �C for 1 h in argon to remove water.
Thermal analysis was performed under nitrogen by differential
scanning calorimetry (DSC) (TA-DSC 2010 apparatus, TA Instru-
ments) with a heating rate of 20 �C min�1.

2.3. Synthesis of diamines

Detailed synthesis and characterization of the chromophores
2,4-diamino-40-methylazobenzene (AK–CH3) and 4-diamino-40-
hydroxyazobenzene (AK–OH) have been reported previously
[23,25].

2.4. Synthesis of dianhydrides (DA)

Detailed synthesis and characterization of the azo-dianhy-
drides containing ��CH3 (denoted as DA–CH3) or ��OH (denoted as
DA–OH) groups have been reported previously [24]. Trimellitic
anhydride acid chloride (24 mmol) was dissolved in 25 ml dry
acetone in a round-bottomed flask equipped with a magnetic
stirrer and dropping funnel, and the solution was stirred at 60 �C
under argon atmosphere. Then, the prepared mixture of m-
phenylenediamine (16 mmol) and pyridine (2.2 ml) in 25 ml of
acetone was added dropwise to the flask. The solution was stirred
and heated under reflux for 1 h. After cooling down to room
temperature the pyridine hydrochloride was precipitated. The
product was washed several times with dry acetone and dried in a
vacuum oven at 80 �C for 6 h. The crude product was crystallized
from acetic anhydride and dried in a vacuum oven at 80 �C for 24 h.

1H NMR (DMSO-d6, ppm): 7.34 (t, ArH, 1H); 7.53 (d, ArH, 2H);
7.78 (d, ArH, 1H); 8.01 (t, ArH, 2H); 8.16 (d, ArH, 2H); 8.53 (t, ArH,
2H). FTIR (KBr, cm�1): 3076 (��NH); 1706, 1699 (��C¼O in
anhydride); 1647 (��C¼O in amide). Anal. Calcd. for: C, 63.16%;
N, 6.14%; H, 2.65%. Found: C, 64.68%; N, 6.02%; H, 2.48%. Yield:
UV–vis (NMP): lmax = 282 nm (e262 = 1.3 � 106 l mol�1 cm�1),
Mp = 101 �C.

2.5. Synthesis of poly(amide imide)s

The synthesis of three poly(amide imide)s, i.e., the ones with
the azo-dyes between the imide groups with either the hydroxyl
(PAI-3) or methyl (PAI-4) substituent as well as the poly(amide
imide) containing the ��OH substituted azo-dyes located between
the amide groups (PAI-1) was carried out according to the
procedure described in our previous publication [25]. A solution of
equimolar amounts of dianhydride and diamine in a mixture of
solvents of NMP and 1,2-dichlorobenzene [80/20 (v/v), 20% of the
total monomer concentration] was stirred at 175 �C for 3.5 h. The
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polymers were precipitated with methanol, filtrated and purified
by the Soxhlet extraction with methanol.

Detailed synthesis route and characterization of poly(amide
imide) containing a methyl substituted azo-dyes located
between the amide groups (PAI-2), and poly(amide imide)s
with two azo-dyes per structural unit with either hydroxyl
(PAI-5) or methyl substituent (PAI-6) have been reported
previously [24,26,27].

PAI-1 was synthesized from azo-dianhydride DA–OH and
diamine 4,40-methylenebis(2,6-dimethylaniline).

1H NMR (DMSO-d6, d, ppm): 2.03 (s, CH3, 12H); 3.95 (s, CH2,
2H); 6.92 (d, ArH, 4H); 7.37 (s, ArH, 2H); 7.84 (s, ArH, 1H); 7.88–7.91
(m, ArH, 2H), 7.98 (s, ArH, 1H); 8.20 (d, ArH, 2H); 8.53 (d, ArH, 3H);
8.62 (s, ArH, 1H); 8.90 (s, ArH, 1H); 10.27 (s, OH, 1H); 11.05 (d, NH,
1H); 11.41 (d, NH, 1H). FTIR (KBr, cm�1): 3369 (NH); 1780, 1722
(��C¼O in imide); 1684 (��C¼O in amide); 1598 (��N¼N��); 1368
(��C��N�� stretching); 722 (��C��N�� deformation). Anal. Calcd.
for C47H34N6O7 (790.76): C, 71.39%; H, 3.82%; N, 10.63%; Found: C,
71.40%; H, 3.86%; N, 10.05%. Yield: 86%.
Fig. 1. The chemical structur
PAI-3 was synthesized from dianhydride DA and azo-diamine
AK–OH.

1H NMR (DMSO-d6, d, ppm): 6.88 (s, ArH, 2H); 7.23 (d, ArH, 1H);
7.38 (d, ArH, 1H); 7.57–7.62 (s, ArH, 4H); 7.99–8.15 (m, ArH, 5H);
8.37–8.57 (m, ArH, 4H); 10.61 (s, OH, 1H); 10.72 (d, NH, 2H). FTIR
(KBr, cm�1): 3216–3066 (NH); 1780, 1718 (��C¼O in imide); 1662
(��C¼O in amide); 1605 (��N¼N��); 1376 (��C��N�� stretching);
726 (��C��N�� deformation). Anal. Calcd. for C36H20N6O7 (648.58):
C, 66.67%; H, 3.11%; N, 12.96%; Found: C, 68.30%; H, 4.26%; N,
16.23%. Yield: 22%.

PAI-4 was synthesized from dianhydride DA and azo-diamine
AK–CH3.

1H NMR (DMSO-d6, d, ppm): 2.37 (s, CH3, 3H); 7.28–7.39 (m,
ArH, 4H); 7.58 (s, ArH, 4H); 8.09-8.14 (m, ArH, 5H); 8.46 (d, ArH,
2H); 8.54 (d, ArH, 2H); 10.71 (d, NH, 2H). FTIR (KBr, cm�1): 3356–
3163 (NH); 2923 (CH3); 1770, 1721 (��C¼O in imide); 1665 (��C¼O
in amide); 1603 (��N¼N��); 1376 (��C��N�� stretching); 723
(��C��N�� deformation). Anal. Calcd. for C37H22N6O6 (646.61): C,
68.73%; H, 3.43%; N, 13.00%; Found: C, 68.01%; H, 3.12%; N, 12.45%.
Yield: 65%.
e of poly(amide imide)s.



Table 1
The molecular weight of the obtained azopolymers (for PAI-5 and PAI-6 taken from
[24,27]).

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

PAI-1 5.6 11.4 2.0
PAI-2 18.4 31.2 1.7
PAI-3 1.1 1.9 1.7
PAI-4 1.1 1.9 1.7
PAI-5 8.2 14.0 1.7
PAI-6 10.3 14.9 1.5
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2.6. Film preparation

For the photoinduced birefringence measurements the homog-
enous solutions of 0.1 g of each polymer in 1.5 ml of NMP were
filtered through 0.45 mm membranes and cast onto clean glass
substrates. The films were dried at 130 �C for 2 h under the nitrogen
flow. The thickness of the obtained layers, measured with a Dektak
XT stylus profiler, was in the range of (130–400) nm.

2.7. Photoinduced birefringence measurements

The birefringence, Dn, of the polymer films was measured using
a diode laser at 405 nm and of 75 mW/cm2 intensity, as a source of
the excitation beam. A weak smaller in diameter 690-nm beam was
used for probing the generated birefringence changes in the
material. The experimental set up was constructed similarly to that
reported before [11], however the excitation and probing beams
were guided co-linearly before the sample with the aid of a red
reflector [28]. Such a configuration ensured a perpendicular
incidence of both the writing and probing beams on the sample
and an accurate centering of the beams relatively to each other. The
transmission of the probing beam through the crossed-polarizer
setup was detected by a silicon photodetector and measured with a
lock-in amplifier. The modulation frequency of the probing beam
was 2580 Hz. In order to obtain a maximum change in the
transmission signal a half-wave plate was used to rotate the
polarization of the writing beam so that it made an angle of 45�

with the horizontal polarization of the probing beam. The
photoinduced birefringence of the polymer films was determined
from the measured transmittance T of the probing beam through
the crossed-polarizer set-up using the formula: Dn = l/(pd)
arcsinT1/2, where l is the probing beam wavelength and d is the
film thickness.

3. Results and discussion

3.1. Polymer synthesis and characterization

The chemical structures of the studied polymers are showed in
Fig. 1.

All the azobenzene poly(amide imide)s were synthesized by a
high-temperature polycondensation reaction of dianhydride and
diamine. The polymers PAI-1, PAI-2 were prepared from 4,40-
methylenebis(2,6-dimethylaniline) and dianhydride DA contain-
ing azobenzene moiety with the hydroxyl (PAI-1) or methyl (PAI-
2) substituent in para position. PAI-3 and PAI-4 were obtained
from dianhydride DA and azo-diamine with ��OH or ��CH3

substituent in azobenzene moiety, respectively. PAI-5 and PAI-6
were prepared by reaction of azo-dianhydride with ��OH
substituent and 4-diamino-40-hydroxyazobenzene (PAI-5) or
azo-dianhydride with ��CH3 substituent and 2,4-diamino-40-
methylazobenzene (PAI-6). The polymers denoted PAI-2, PAI-5
and PAI-6 have been previously described in our works, whereas
the PAI-1, PAI-3 and PAI-4 are the newly obtained materials.
The polymer structures were determined from 1H NMR and
FTIR spectra and elemental analysis. The 1H NMR spectra showed
two singlets at around 11.00 and 11.30 ppm characteristic to a
proton of the amide groups. In the case of the PAI-3 and PAI-4
compounds containing the azobenzene groups between the imide
rings a singlet at 10.70 ppm was observed. For the PAI-1, PAI-3 and
PAI-5 polymers, a singlet at around 10.30 ppm corresponded to a
proton of the hydroxyl group is observed. Polymers PAI-2, PAI-4
and PAI-6 with ��CH3 substituent in the azobenzene group are
characterized by a singlet at 2.38 ppm corresponded to a proton of
the methyl group. Moreover, for PAI-1 and PAI-2 the signals at
2.08 and 3.95 corresponded to the protons of the CH3 and CH2,
respectively were observed. The FTIR spectra of all the polymers
exhibited characteristic imide absorption at around 1780 and
1720 cm�1 attributed to the asymmetric and symmetric stretching
vibration of C¼O in the imide group. The absorption bands at
around 1362 cm�1 and 721 cm�1 correspond to the stretching and
deformation vibration of C��N in the imide ring. The absorption
bands appearing at about 3370 cm�1 and 1680 cm�1 correspond to
the N��H and C¼O stretching vibration in the amide groups,
respectively. Additional characterization of the molecular struc-
ture was done by elemental analysis. The difficulties in burning of
these thermally stable polymers caused a deficiency in carbon
content of 0.01–1.63% [29].

The solubility of the poly(amide imide)s was compared
qualitatively by the dissolution of 1.5 mg of the polymer in 1 ml
of organic solvents such as NMP, DMSO, chloroform and
cyclohexanone. All the polymers exhibited excellent solubility in
strongly polar solvents such as NMP, DMSO. Polymers with one
chromophore, per the repeating units, placed between amide
linkages, that is, PAI-1 and PAI-2 demonstrated the best solubility
and were soluble in cyclohexanone and partially in chloroform
after heating. On the other hand, polymers with azobenzene
derivative between the imide rings (PAI-3 and PAI-4) showed the
poorest solubility and were insoluble in chloroform after heating.

The results of the molecular weight of the polymers determined
using size exclusion chromatography in DMF and polystyrene as
calibration standards are collected in Table 1.

The obtained values should be treated only indicatively since
the calibration with polystyrene standards may result in question-
able results when the polymers differ strongly from hydrodynamic
volumes of polystyrene. SEC analysis revealed weight average
molecular weights (Mw) in the range of 1.9 � 103–31.2 � 103 g/mol
with dispersity from 1.5 and 2.0. The polymers with the
azobenzene derivative placed between the imide rings in the
repeating units (PAI-3 and PAI-4) exhibited the lowest Mw. It is
worth noting that the polymers with moderate molecular weights
are desirable for photoinduced phenomena. It was found that
holographic grating recording is less efficient in high molecular
weight azobenzene functionalized polymers than in moderate
weight ones, possibly due to expected chain entanglements [30]. It
can be suspected that similar effect of molecular weight on
photoinduced birefringence may be observed, however, there is a
lack of such report in the literature.

Investigations of thermal properties of the poly(amide imide)s
revealed their glass transition temperature in the range of ca. 210–
330 �C and the temperature of 5% weight loss (T5%) in the range of
ca. 260–380 �C. Fig. 2 compares the results of DSC and TGA
measurements for the studied poly(amide imide)s.

In the case of PAI-6 DSC measurements did not reveal Tg [26]. It
is obvious that thermal properties depend on the polymer
structure. On the other hand, for polymers with moderate
molecular weight, the Mw value may also affect Tg. The relationship
between the chemical polymer structure and the Tg value can be
discussed for PAI-3 and PAI-4 because these polymers exhibited
similar molecular weight (cf. Table 1). Thus, it was observed that



Fig. 2. Glass transition temperature and decomposition temperature of 5% weight loss of the investigated azopolymers. Data for PAI-6 taken from [26]. Tg for PAI-5 taken from
[24].
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the replacement of the hydroxyl group by the methyl one as a
substituent of the azobenzene derivatives in the PAI-3 and PAI-4
polymers practically did not influence the Tg value. Both the
polymers showed glass transition at about 240 �C. On the other
hand, the polymer with OH unit in azochromophore was more
thermally stable taking into account the temperature of 5% weight
loss. As it can be seen from Fig. 2 in the case of PAI-1 and PAI-2
significant differences in their Tg were found, and poly(amide
imide) with methyl groups (PAI-2) exhibited much higher Tg (of
about 125 �C) comparing to its analog with OH substituents (PAI-
1). This can be explained by a significant difference in molecular
weights of these polymers (cf. Table 1). The Mw of PAI-2 is almost
three times higher than in the case of PAI-1. Thus, for these
polymers we rather cannot discuss the effect of chemical structure
on thermal properties. As it can be seen all the polymers show
significant separation between Tg and T5%, what is advantageous
from the point of view of potential applications in photonics. The
separation between Tg and T5% prevents unwanted material
decomposition, for example during thermal erasing of surface
relief gratings i.e., during heating the sample above Tg value.
Moreover, high Tg values observed for the studied poly(amide
imide)s are also advantageous since they ensure the stability of the
photoinduced chromophore order at elevated temperatures.

All the poly(amide imide)s showed the same diffraction
patterns with one broad diffraction peak of the diffusion type
Fig. 3. X-ray diffraction patterns of the PAI-1,PAI-3 and PAI-4 polymers.
centered on 24� (2u) typical for perfectly amorphous materials. The
X-ray diffraction patterns for PAI-1, PAI-3 and PAI-4 are presented
in Fig. 3.

The UV–vis spectra of the studied poly(amide imide)s acquired
in NMP solutions are presented in Fig. 4a and b for the polymers
containing ��OH and ��CH3 substituents in the azo-dyes,
respectively.

Each spectrum consists of two absorption bands. The band in
the UV region at about (260–270) nm is attributed to the transition
within the polymer backbone, while the second band appearing at
longer wavelengths is attributed to the p–p* and n–p* electronic
transitions of the trans azobenzene moiety. The comparison
between the obtained spectra reveals that the absorption
properties are affected by the chromophore position in the main
chain. The incorporation of the azo-dyes between the imide groups
(PAI-3 and PAI-4) results in the chromophore absorption band
noticeably shifted to shorter wavelengths, with a maximum at ca.
300 nm.

Table 2 presents the thickness of the polymer films used in the
photoinduced birefringence measurements and their absorption
coefficients at 405 nm, i.e., at the excitation wavelength.

In both of the ��OH and ��CH3 homologue series the lowest
absorption coefficients of similar values were obtained for the
films containing the chromophores located exclusively between
the imide groups, i.e., for PAI-3 and PAI-4. What could be suspected
the absorption coefficients for the materials with two azo-dyes per
repeating unit are the largest within each homologue series.

3.2. Photoinduced birefringence measurements

The photoinduced birefringence measurements showed very
different photoresponsive behavior of the studied materials.
Surprisingly, for the PAI-3 and PAI-4 films the optical birefringence
has not been generated by the 405-nm excitation light of the
intensity in the range from 50 to 150 mW/cm2 (results not shown
in a separate figure). Furthermore, no detectable birefringence has
been induced in these polymers by another excitation beam of the
wavelength of 445 nm. The above results indicate that efficient
trans–cis photoisomerization is not possible in the studied PAI-3
and PAI-4 polymers. For four other poly(amide imide)s the
birefringence generation has been observed. Fig. 5a presents the
birefringence writing curves recorded after switching on the 405-
nm excitation beam of 75 mW/cm2 intensity.

For PAI-1 and PAI-2 the birefringence achieves similar values.
Comparable values of photoinduced birefringence were also



Fig. 4. UV–vis spectra of (a) PAI-1, PAI-3, PAI-5, (b) PAI-2, PAI-4, PAI-6 in NMP solution. The concentrations are different. Data for PAI-5 and PAI-6 taken from [24,26].

Table 2
The absorption coefficients at 405 nm of the polymer films cast onto glass slides (for
PAI-5 and PAI-6 taken from [24]).

Polymer code d (nm) a (cm�1)

PAI-1 190 7 � 104

PAI-2 410 6 � 104

PAI-3 225 3.5 �104

PAI-4 380 3 � 104

PAI-5 120 1.1 �105

PAI-6 130 1.0 � 105
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observed for PAI-5 and PAI-6 materials [24]. What is now
evidenced, the birefringence generated in PAI-5 and PAI-6 is
more than twice as large as in PAI-1 and PAI-2. It is reasonable to
assume that doubling of birefringence values for the PAI-5 and
PAI-6 polymers arises from the increased chromophore content.
Therefore,bothof thechromophorespresent inthe repeating unitsof
the PAI-5 and PAI-6 polymers isomerize and take part in the process
of photoorientation. This in connection with a null optical response
of PAI-3 and PAI-4 suggests that the presence of the chromophores
between the amide groups may influence the isomerization
reaction of the chromophores placed between the imide groups.

We have recently reported a significant photoinduced birefrin-
gence of ca. 0.02 for azobenzene poly(ester imide)s containing the
azochromophores placed between the imide groups as it is in PAI-3
and PAI-4 [23]. On the basis of that result and together with the
present observation of zero photoresponse of PAI-3 and PAI-4 we
can suppose that the presence of the amide groups in the main
chain affects the optical response of these materials so strongly.
Probably the photoinduced anisotropy generation is restricted due
to the known possibility of the formation of interchain hydrogen
bonds in polyamides and one can suspect that this kind of
interaction may influence the trans–cis photoisomerization and
orientation of chromophores under excitation.

Fig. 5b compares the relaxation of birefringence of the studied
poly(amide imide)s after switching off the writing beam. The



Fig. 5. (a) Photoinduced birefringence of poly(amide imide) films after turning on the 405-nm excitation beam of 75 mW/cm2 intensity (for PAI-5 and PAI-6 taken from [24])
and (b) normalized photoinduced birefringence after turning off the laser beam (for PAI-6 taken from [24]).
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largest birefringence relaxation is observed for the materials
containing a single azo-dye per structural unit located between the
amide groups. The birefringence decay is the lowest for both the
polymers containing two azo-dyes in the repeating unit.

3.3. Characterization of intermolecular hydrogen bonds

In order to investigate the effect of hydrogen bond formation as
a possible structural factor that suppresses the optical response of
the PAI-3 and PAI-4 FTIR and 1H NMR spectroscopies were
employed. The intermolecular formation of the hydrogen bonds in
supramolecular azopolymers comprises the subject of investiga-
tions [31–34], however interchain hydrogen bonds in polymers
containing covalently attached azobenzene moieties have not been
commonly examined. The intermolecular formation of the
hydrogen bonds in different polyamides has been reported quite
widely in the literature [35,36]. As a result of this kind of
interaction a shift in the positions of the N��H and C¼O amide
stretch vibration bands has been clearly observed by IR spectros-
copy.

Figs. 6 and 7 show the FTIR spectra recorded for PAI-2, PAI-4
and for PAI-3, PAI-5, respectively.

The spectral range in Figs. 6 a and 7 a includes the absorption
bands of the N��H group, C��H bonds of the aromatic rings and
aliphatic groups as well as hydrogen-bonded ��OH groups
[31,35,36]. The comparison between the obtained spectra shows
that the N��H bands observed at ca. 3370 cm�1 for PAI-2 and PAI-5
are in the case of PAI-4 and PAI-3 noticeably higher in intensity,
broaden and shifted to lower frequencies. Similarly, the C¼O amide
stretch vibration bands (6 b and 7 b, respectively) in PAI-3 and
PAI-4 (ca. 1665 cm�1) are shifted versus the C¼O amide bands
appearing in the spectra of PAI-5 and PAI-2 (ca. 1680 cm�1). The
shifts suggest the presence of intermolecular hydrogen bonds
between the amide groups in two studied poly(amide imide)s



Fig. 6. FTIR spectra of PAI-2 and PAI-4 in the range between (a) 2000–3650 cm�1 and (b) 1000–2000 cm�1.
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containing azochromophores located exclusively between the
imide groups. Moreover, the broad and high intensity band in the
3500–2800 cm�1 range in the spectrum of PAI-3 may indicate the
presence of the hydrogen-bonded hydroxyl group [31]. Such a
strong effect is not observed for PAI-5 polymer despite its larger
concentration of ��OH substituted chromophores. The hydrogen-
bonded hydroxyl groups in PAI-3 should not rather be a reason for
its null optical response because the null response is also seen in
PAI-4, containing a methyl substituent in the azo-dyes.

Hydrogen bonds formation in poly(amide imide) without the
chromophore between the amide linkages (PAI-4) was addition-
ally investigated by 1H NMR spectroscopy. The chemical shift of the
amide proton can provide the information about the H-bonds
formation. It was found that the shift was moved downfield when
the hydrogen bonds became strong [37]. Thus, in our study, the
presence of H-bonds is verified comparing the N��H signal
position in the 1H NMR spectra taken at room temperature and
at 80 �C. The chemical shift of the amide protons from 10.70 ppm to
10.50 ppm with increasing temperature can be seen in Fig. 8. This
confirms the presence of H-bonds, which become weaker at higher
temperatures in the PAI-4 compound.
Fig. 7. FTIR spectra of PAI-3 and PAI-5 in the range betw
As evidenced by FTIR analysis in PAI-3 and PAI-4 polymers,
which do not show an efficient trans–cis isomerization, a large
amount of intermolecular hydrogen bonds between the amide
groups is formed. On the other hand, in the poly(amide imide)s,
which show an efficient trans–cis isomerization these intermo-
lecular forces are weakened significantly. The observed effect
may arise from a different azo-dye position in the backbone. The
presence of the azochromophores between the amide groups
may decrease the intermolecular forces between these groups as
a result of the increased distance between the chains. In PAI-3
and PAI-4 a formation of a large amount of intermolecular
hydrogen bonds may be a result of the specific chromophore
position or/and of their low molecular weight, as short chains
may favor the formation of intermolecular H-bonds. The
explanation of the observed effect will be a subject of further
studies.

From FTIR analysis two more features arise. Firstly, the
extensive intermolecular H-bond formation in PAI-3 and PAI-4
explains the poorest solubility of these polymers. Secondly, an
extraordinary low birefringence relaxation in PAI-5 is rather not
a result of the hydrogen-bonded hydroxyl groups of the
een (a) 2000–3650 cm�1 and (b) 1000–2000 cm�1.



Fig. 8. 1H NMR spectra of PAI-4 measured (a) at room temperature and (b) at 80 �C.
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azochromphores. Basing on the comparison between birefrin-
gence decays of PAI-5 and PAI-6 with PAI-1 and PAI-2 we can
suspect that it is associated with the PAI-5 and PAI-6 main chain
structure being more rigid than the structure of the PAI-1 and
PAI-2 polymers.

4. Conclusions

The solubility, molecular weight, glass transition temperature
and thermal stability of six chosen side-chain azobenzene poly
(amide imide)s have been reported. The polymers differed in the
chemical structure, in particular in the location of the azo-dyes in
the main chain, i.e., either between the amide or/and imide
groups. The polymer photoresponsive properties have been
compared using photoinduced birefringence measurements as
a probe and large differences in the photoresponsive behavior
have been found. A lack of photoinduced birefringence was
observed for two low-molecular weight poly(amide imide)s
containing the chromophores placed exclusively between the
imide groups. In these polymers a formation of a significant
amount of intermolecular hydrogen bonds between the amide
groups was evidenced by FTIR analysis, what may arise from the
specific chromophore position (between the imide groups) or
from a low molecular weight of the polymers. For four polymers
containing the azobenzene moieties located either exclusively
between the amide groups or between both of the amide and
imide groups, a significant birefringence of order of 0.02 or
0.05 was achieved, respectively. FTIR analysis revealed much
weaken hydrogen bonding interactions in comparison to two
non-isomerizing polymers. A large value of the photoinduced
birefringence for the polymers containing two chromophores in
the repeating units (ca. 0.05 versus ca. 0.02) indicates that both of
the chromophores (the one between the amide and the one
between the imide groups) isomerize and take part in the
photoorientation process.
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