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� Three azopoly(amide imide)s were
obtained from azopoly(amic acid)s.

� Chosen physicochemical properties
and photochromic responses were
measured.

� Desired optical response was found
for polymers with two azo-dyes in
repeating unit.

� Structure-property relations were
shown.
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a b s t r a c t

We report on a series of novel photochromic poly(amide imide)s and their poly(amic acid) precursors
bearing azobenzene chromophores as the side groups. The chemical structures of the polymers were
designed so that they exhibited an enhanced thermal stability combined with a large and stable bire-
fringence photogenerated by light of the wavelengths belonging to a wide spectral range. The polymers
possessed rigidly attached azochromophores in the content of either one or two per a repeating unit,
which in the latter case differed in their structures. The imidization kinetics of the poly(amic acid)s was
investigated by differential scanning calorimetry and the kinetic parameters were estimated using
Ozawa and Kissinger methods. Measurements of the selected physical properties of the polymers, such
as solubility, supramolecular structure, linear absorption, thermal stability, glass transition and photo-
chromic response were performed and used for determination of the structure-property relations. The
measurements of photochromic properties showed a very efficient generation of optical anisotropy upon
blue and violet irradiation, for both the poly(amide imide)s containing two different chromophores in
the repeating unit and for their precursors. For these poly(amide imide)s and for their precursors an
exceptionally slow decrease in the photoinduced optical anisotropy in the dark was also observed.

© 2016 Elsevier B.V. All rights reserved.
zanecka-Szmigiel), eschab-
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1. Introduction

Photochromic azobenzene polymers are scientifically important
materials and attractive candidates for various applications in
)s and their poly(amide imide) counterparts containing azobenzene
perties, Materials Chemistry and Physics (2016), http://dx.doi.org/
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photonics, e.g. as materials for high-density optical data storage
and switching, optical waveguides, diffractive elements or liquid
crystal alignment layers [1e4]. Large applicational potential of
azopolymers arises from their unique photoinduced properties
appearing as a result of a reversible trans-cis-trans isomerization
and subsequent reorientation of the azobenzene moieties induced
by the polarized light of a properwavelength. The linearly polarized
light may generate the alignment of azochromophores in the plane
perpendicular to the polarization direction of the optical beam. This
leads to the local changes of the absorption coefficient (Da) and the
refractive index (Dn), the effect known as photoinduced optical
anisotropy (POA) or photoinduced dichroism and birefringence [5].
Moreover, trans-cis-trans isomerization is responsible for a large-
scale mass transport of the polymer chains observed as a sinusoi-
dal modulation of the polymer film illuminated with two inter-
fering laser beams [6,7]. The efficiency and dynamics of the
photoinduced phenomena are strongly dependent on the details in
the structure of polymer backbone and azochromophore, the type
of its linkage to the macromolecules, as well as on the experimental
conditions. For that reason, finding the chemical and physical fac-
tors influencing the POA is necessary from the viewpoint of
designing and developing new materials desired for specific
applications.

Polyimides (PI) are a group of polymers exhibiting excellent
thermal stability, good mechanical properties and high chemical
resistance [8,9]. They are suitable materials for a wide range of
applications in electronics, aerospace and automotive industries,
medical technologies and optics [8,9]. Azobenzene polyimides
comprise important materials for certain applications in photonics
due to their high glass transition temperature (Tg), which is one of
the factors ensuring an enhanced stability of the POA in the dark.

The most common method of polyimide synthesis includes a
two-step procedure. In a first step, a poly(amic acid) (PAA) pre-
cursor is obtained by a low temperature polycondensation reaction.
Subsequently, the imide ring closure (imidization) is performed by
chemical or thermal dehydratation. In practice, as PAAs exhibit
better solubility than PIs, the PAAs are dissolved in solvent, casted
onto the base and then thermally converted (250e400 �C) to the PIs
in the solid state [10]. The imidization kinetics can be monitored by
several techniques such as FTIR spectroscopy, fluorescence, ther-
mogravimetric analysis, UV spectroscopy or differential scanning
calorimetry (DSC) [11e15]. The DSC method may be considered as
the most powerful one because the thermal conversion of PAA to PI
is a highly endothermic process. Knowledge of thermal imidization
kinetics of the azopoly(amic acid)s permits controlling the degree
of the PAA conversion and avoiding a destruction of some chro-
mophores in this process [16].

This work is a continuation of our effort in the preparation of
new photoactive azopolymers and in the systematic studies on
complex relationships between the chemical structure and relevant
physicochemical properties of azopolyimides including photoin-
duced optical anisotropy. Such studies are necessary for determi-
nation of the polymer application ability, but also they are valuable
from a fundamental point of view. The aim of this work was to
develop processable azopolymers showing firstly, a high thermal
stability and secondly, a large and stable optical anisotropy gener-
ated by light of the wavelengths spanning a wide spectral range.
Thus, we report on a preparation and characterization of novel
azobenzene poly(amide imide)s and their poly(amic acid)s pre-
cursors, which differ in a number of the azobenzene derivatives in
the polymer repeating units, and in the absorption ability of the
chromophores. Our motivation for incorporation of two different
azochromophores in the repeating unit was both to extend the
absorption band of the prepared azopolymers and to achieve large
values of photoinduced birefringence. This approach appears to be
Please cite this article in press as: J. Konieczkowska, et al., Poly(amic acid
moieties: Characterization, imidization kinetics and photochromic pro
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an alternative way for generating the photoinduced anisotropy by
the laser beams of various wavelengths than using an azo-dye of
specially designed structure [17]. All the investigated polymers
possess the 2,4-diamino-20-fluoro-50-nitroazobenzene chromo-
phore in their structures, which exhibit a complex absorption
spectrum ranging from 320 up to 550 nm [18]. Apart from the
physicochemical properties of the polymers we also study the ki-
netics of imidization of PAAs using the DSC measurements and
Ozawa as well as Kissinger methods for analyzing the data [19]. The
polymer photochromic properties are determined by photoinduced
birefringence measurements and investigated from a point of view
of (i) a structure of the polymer main chain, that is either poly(amic
acid) or poly(amide imide), (ii) a chromophore number in the
repeating unit, (iii) a chromophore structure in the case of the
polymers possessing two azo-dyes in the repeating unit.

2. Experimental section

2.1. Materials

4-aminophenol, m-phenylenediamine, p-touidyne, trimetilic
anhydride chloride, 4-nitro-fluorobenzene, methanol, N-methyl-2-
pyrolidone (NMP) were purchased from Sigma-Aldrich Chemical
Co. Chloric acid, sodium nitrate and sodium hydroxide were pur-
chased from POCH.

2.2. Measurements

1H NMR spectra were carried out on an Avance II 600 MHz Ultra
Shield Plus (Bruker) Spectrometer in DMSO-d6 as solvents and TMS
as the internal standard. The infrared (IR) spectra of the polymer
films were recorded with a Nicolet 6700 FTIR apparatus (Thermo
Scientific) using KBr pallets. Elemental analyses were performed
using Perkin Elmer Analyzer 2400. The reduced viscosity has been
measured in NMP at 25 �C with an Ubbelohde viscometer. UVeVis
absorption spectra in NMP (solution 10�5 mol l�1) and polymer film
were recorded in solution using a PerkinElmer Lambda Bio 40
UVeVis. The X-ray diffraction pattern of solid samples were
recorded using CuKa radiation on a wide-angle HZG-4 diffrac-
tometer (Carl Zeiss Jena) working in the typical Bragg geometry.
Differential scanning calorimetry was performed with a TA-DSC
2010 apparatus (TA Instruments, Newcastle, DE, USA). For DSC
analysis, small amounts (~5 mg) of poly(amic acid) were loaded
into aluminum sample pans. The DSC scans were taken in a tem-
perature range from 90 �C to 300 �C at the heating rates of 2.5, 5, 10,
20, and 30 �C min�1 under nitrogen flow of 50 ml min�1. An empty
cell was used as the reference. The instrument was calibrated with
high purity indium. The glass transition temperature was deter-
mined as the midpoint of the increase of the specific heat associ-
ated with the transition. The DSC measurements for the obtained
amorphous polyimides were taken at a heating rate of 20 �C min�1.
Thermogravimetric analysis (TGA) was performed using pre-
calibrated TA Instruments SDT Q600 analyzer operating under
high-purity argon purge-flow of 100 ml/min. Samples were placed
inside open alumina pans and the measurements were carried out
in 10� min�1 constant heating rate conditions. Prior to the TGA
measurements the poly(amide imide)s have been dried at 120 �C
for 20 min in argon to remove water. The birefringence in the
polymer films was induced using the excitation beams at 405 and
445 nm from diode lasers. The generated birefringence was probed
by a second weaker and smaller in diameter 690-nm beam. The
transmission of the probing beam through the sample placed be-
tween two crossed polarizers was detected by a silicon photode-
tector and measured using a lock-in amplifier [20]. For a maximum
resulting change in the transmission signal the polarization of the
)s and their poly(amide imide) counterparts containing azobenzene
perties, Materials Chemistry and Physics (2016), http://dx.doi.org/



Table 1
The conditions of cyclodehydratation of PAAs.

Polymer code Temperature [�C] Time [min]

PAA-1 200 40
220 35
240 25

PAA-2 210 40
240 35
260 25

PAA-3 260 40
270 35
280 25
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writing beam was set at 45� with respect to the horizontal polari-
zation of the probing beam.

2.3. Synthesis of azochromophores

Detailed synthesis and characterization of the chromophores
2,4-diamino-20-fluoro-50-nitroazobenzene (AKFNO2), 2,4-diamino-
40-methylazobenzene (AKCH3) and 2,4-diamino-40-hydrox-
yzobenzene (AKOH) have been reported previously [18,21,22].

2.4. Synthesis of azo-dianhydrides

Detailed synthesis and characterization of the azodianhydrides
4,40-(2,4-diamido-40-metyloazobenzen)bisphtalic anhydride
(DACH3), 4,40-(2,4-diamido-40-hydroxyazobenzeno)bisphtalic an-
hydride (DAOH) and dianhydride without azobenzene moiety (DA)
have been reported previously [21e23].

2.5. Synthesis of poly(amic acid)s (PAAs)

Poly(amic acid)s PAA-1 and PAA-3 were obtained as follows:
1 mmol of diamine 2,4-diamino-20-fluoro-50-nitroazobenzene was
dissolved in NMP (20% solution). Next, 1 mmol of either dianhy-
dride DA (for PAA-1 preparation) or DAOH (for PAA-3 preparation)
was gradually added in three portions during 2 h. The reaction was
carried out for 24 h at 120 �C. The product was precipitated in a
solution of methanol. PAA was dried for 24 h in a vacuum.

Similar procedure was used for synthesis of poly(amic acid)
PAA-2, i.e., 1 mmol of diamine 2,4-diamino-20-fluoro-50-nitro-
azobenzene and 1 mmol of dianhydride DACH3 was gradually
added in three portions during 2 h. The reactionwas carried out for
24 h at room temperature. The product was precipitated in a so-
lution of water/methanol (3:7 v/v). The PAA was dried for 24 h in a
vacuum.

PAA-1: 1HNMR (DMSO-d6, d, ppm): 7.06 (s, ArH, 1H); 7.24 (s,
ArH, 1H); 7.37 (s, ArH, 1H); 7.58 (s, ArH, 3H); 7.95e8.03 (m, ArH,
3H); 8.13e8.27 (m, ArH, 4H); 8.41 (s, ArH, 1H); 8.56 (s, ArH, 2H);
10.58e10.71 (d, CONH, 2H); 11.16 (s, CONH, 2H); 13.23 (broad peak,
COOH, 2H). FTIR (KBr, cm�1): 3329 (NeH amide); 3192 (OH in
COOH); 1642 (stretching eC]O in COOH); 1616 (stretching eC]O
in amide); 1560 (eN]Ne); 1528, 1346 (NO2); 738 (CeN bending).
Yield: 50%. Anal. Calcd. for C36H20N7O10F (M ¼ 731.60 g/mol): C,
59.10%; N, 13.40%; H, 3.03%. Found: C, 58.79%; N, 13.10%; H, 3.23%.

PAA-2: 1HNMR (DMSO-d6, d, ppm): 2.47 (s, CH3, 3H); 6.88e6.95
(m, ArH, 1H); 7.19e7.21 (m, ArH, 1H); 7.41 (s, ArH, 2H); 7.75e7.88
(m, ArH, 5H); 7.10 (s, ArH, 1H); 8.19e8.24 (m, ArH, 1H); 8.34 (s, ArH,
3H); 8.51 (s, ArH, 1H); 8.56 (s, ArH, 2H); 8.87e8.92 (m, ArH, 2H);
10.65 (s, CONH, 1H); 10.91 (s, CONH, 1H); 11.23 (s, CONH, 1H); 11.78
(s, CONH, 1H); 13.49 (broad peak, COOH, 2H). FTIR (KBr, cm�1):
3338 (NeH amide); 3063 (OH in COOH); 1722 (stretching eC]O in
COOH); 1669 (stretching eC]O in amide); 1598 (eN]Ne); 1519,
1341 (NO2); 745 (CeN bending); 523 (F). Yield: 88%. Anal. Calcd. for
C43H28N9O10F (M ¼ 849.73 g/mol): C, 60.78%; N, 14.84%; H, 3.32%.
Found: C, 60.20%; N, 14.51%; H, 3.95%.

PAA-3: 1HNMR (DMSO-d6, d, ppm): 7.19 (s, ArH, 3H); 7.36 (s, ArH,
1H); 7.77e7.98 (m, ArH, 6H); 8.06 (s, ArH, 1H); 8.23e8.27 (d, ArH,
2H); 8.41 (s, ArH, 1H); 8.53e8.67 (m, ArH, 4H); 8.89e8.97 (m, ArH,
1H); 10.30 (s, OH, 1H); 10.93 (d, CONH, 2H); 11.24 (d, CONH, 2H);
11.42e11.52 (d, CONH, 2H); 13.62 (broad peak, COOH, 2H). FTIR
(KBr, cm�1): 3371 (NeH amide); 3076 (OH in COOH); 1724
(stretching eC]O in COOH); 1678 (stretching eC]O in amide);
1597 (eN]Ne); 1522, 1330 (NO2); 725 (CeN bending); 532 (F).
Yield: 48%. Anal. Calcd. for C42H26N9O11F (M ¼ 865.73 g/mol): C,
59.66%; N, 14.56%; H, 3.26%. Found: C, 59.69%; N, 14.44%; H, 3.87%.
Please cite this article in press as: J. Konieczkowska, et al., Poly(amic acid
moieties: Characterization, imidization kinetics and photochromic pro
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2.6. Synthesis of poly(amide imide)s (PIs)

Poly(amide imide)s were prepared by two-step poly-
condensation reaction. In the first step the poly(amic acid)s were
synthesized and than, were converted to the poly(amide imide)s by
thermal cyclodehydratation. The conditions applied for thermal
imidization are shown in Table 1.

PI-1: 1HNMR (DMSO-d6, d, ppm): 7.05e7.22 (m, ArH, 1H);
7.30e7.42 (m, ArH, 2H); 7.53e7.59 (s, ArH, 4H); 8.04 (s, ArH, 3H);
8.13 (s, ArH, 3H); 8.44e8.48 (m, ArH,1H); 8.56 (s, ArH, 2H); 10.51 (s,
CONH, 1H); 10.71 (s, CONH,1H). FTIR (KBr, cm�1): 3345 (NH); 1779;
1727 (eC]O in imide); 1659 (eC]O in amide); 1602 (eN]Ne);
1371 (eCeNe stretching); 1535, 1337 (NO2); 716 (eCeNe defor-
mation); 549 (F). Anal. Calcd. for C36H18N7O8F (M ¼ 695.57 g/mol):
C, 62.15%; N, 14.10%; H, 2.61%. Found: C, 62.54%; N, 14.19%; H, 2.87%.

PI-2: 1HNMR (DMSO-d6, d, ppm): 2.37 (s, CH3, 3H); 7.10 (s, ArH,
1H); 7.32 (s, ArH, 2H); 7.50 (s, ArH, 1H); 7.89e8.0(m, ArH, 6H);
8.19e8.36 (m, ArH, 3H); 8.42 (s, ArH, 1H); 8.53e8.63 (m, ArH, 3H);
8.77e8.92 (m, ArH,1H); 10.88e11.20 (d, CONH,1H); 11.30e11.50 (d,
CONH, 1H). FTIR (KBr, cm�1): 3358 (NH); 2783 (CH3); 1778; 1724
(eC]O in imide); 1678 (eC]O in amide); 1597 (eN]Ne); 1518,
1333 (NO2); 740 (eCeNe deformation); 526 (F). Anal. Calcd. for
C43H24N9O8F (M ¼ 813.70 g/mol): C, 63.47%; N, 15.49%; H, 2.79%.
Found: C, 63.07%; N, 15.15%; H, 2.60%.

PI-3: 1HNMR (DMSO-d6, d, ppm): 6.93 (m, ArH, 2H); 7.30e7.39
(m, ArH, 2H); 7.52 (s, ArH,1H); 7.62 (s, ArH,1H); 7.84e8.03 (m, ArH,
5H); 8.11e8.18 (m, ArH, 2H); 8.51e8.66 (m, ArH, 5H); 8.88 (s, ArH,
1H); 10.17 (s, OH,1H); 11.03 (s, CONH,1H); 11.36 (s, CONH,1H). FTIR
(KBr, cm�1): 3365 (NH); 3056 (OH); 1768; 1731 (eC]O in imide);
1672 (eC]O in amide); 1598 (eN]Ne); 1523, 1341 (NO2); 720
(eCeNe deformation); 529 (F). Anal. Calcd. for C43H22N9O9F
(M ¼ 827.69 g/mol): C, 62.40%; N, 15.23%; H, 2.68%. Found: C,
62.02%; N, 15.48%; H, 2.06%.
2.7. Polymer film preparation

The homogenous solutions of polymers in NMP were filtered
through 0.2 mmmembranes and casted onto clean glass substrates.
The residual solvent was removed from PAA films by heating them
for 4 h at 50 �C, that is below the temperature of the beginning of
the imidization process. Subsequently, the films were dried under
vacuum for 1 h at 60 �C. The PAA and PI films thickness was
determined using a Dektak XT stylus profiler.
3. Results and discussion

3.1. Polymer synthesis and characterization

The synthetic route and the chemical structures of the obtained
polymers are shown in Fig. 1.

The PAA-2 polymer was synthesized at room temperature i.e., at
)s and their poly(amide imide) counterparts containing azobenzene
perties, Materials Chemistry and Physics (2016), http://dx.doi.org/



Fig. 1. Chemical structures of the investigated azopolymers.
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the conditions typically applied for the synthesis of poly(amic acid)
s [24,25]. However, for preparation of the PAA-1 and PAA-3 poly-
mers the polycondensation reaction needed to be carried out at
120 �C. 1H NMR spectroscopy was used for determining the tem-
peratures of the imidization reaction. At elevated temperatures a
systematic decrease and a final disappearance of the signals from
carboxylic group of PAAs at 13 ppm was observed. The signals at
11 ppm from the amide group were still observed, due to the
presence of these groups in the resulting PI main chain. The 1H
NMR spectra of both of the PAA-2, PI-2 and the PAA-3, PI-3 mate-
rials showed signals of the methyl group at 2.37 ppm or the hy-
droxyl group at 10.30 ppm, respectively. The FTIR spectra of all the
PAAs showed absorption bands characteristic for stretching vibra-
tion of the carbonyl group in the carboxyl and amide units at 1722
and 1670 cm�1, respectively. In the spectra of PIs the absorption
bands at 1778 and 1723 cm�1 characteristic for asymmetric and
symmetric vibration of C]O in the imide ring, respectively were
present. In addition, the absorption band of the carbonyl group in
amide units at 1670 cm�1 was still observed. Moreover, the FTIR
Please cite this article in press as: J. Konieczkowska, et al., Poly(amic acid
moieties: Characterization, imidization kinetics and photochromic pro
10.1016/j.matchemphys.2016.05.066
spectra showed characteristic absorption bands for the nitro group
at 1518, 1333 cm�1 and the fluorine atom at 526 cm�1 of the
AKFNO2.

The poly(amic acid)s and poly(amide imide)s structures were
evaluated by the wide-angle X-ray diffraction measurements. All
polymers showed the same diffraction patterns with a broad
diffraction peak of the diffusion type centered on 23� (2q) (Fig. 2).
The amorphous structure of the investigated polymers is advan-
tageous from the viewpoint of practical applications in photonics.

Solubility of the obtained azopolymers was examined qualita-
tively by dissolution of 2.5 mg of polymer in 1 ml of organic solvent
(at room temperature and the boiling temperatures of the sol-
vents). The results are collected in Table 2. All the polymers were
soluble in polar solvents such as NMP and DMSO at room tem-
perature and showed partial solubility in THF. Good solubility in
NMP and DMSO solvents may be connected with an incorporation
of the azobenzene groups as side chains, which leads to decreased
intermolecular interactions of the polymer chains. The largest dif-
ferences in solubility between PAAs and PIs were observed for
)s and their poly(amide imide) counterparts containing azobenzene
perties, Materials Chemistry and Physics (2016), http://dx.doi.org/



Fig. 2. X-ray diffraction patterns of the investigated azopolymers.

Table 2
The reduced viscosity and solubility of the studied polyimides.

Polymer code Viscositya dL g�1 Solubilityb

NMP DMSO THF CHCl3 Cyclohexanone

PAA-1 0.2 þ þ ± ± þ
PAA-2 0.3 þ þ þ e þ
PAA-3 0.2 þ þ ± ± ±
PI-1 0.3 þ þ ± ± ±
PI-2 0.4 þ þ ± e e

PI-3 0.2 þ þ ± e ±

Symbols:þ soluble; ± partially soluble on heating;e insoluble in room temperature
and after heating.
Solvents: (NMP) N-methyl-2-pyrrolidone; (THF) tetrahydrofuran; (DMSO) dimethyl
sulfoxide.

a Reduced viscosity of the polymers dissolved in NMP, concentration ¼ 0.2 g/
100 ml at temperature 25 �C.

b The qualitative solubility was tested with 2.5 mg samples in 1 ml of solvent.

Fig. 3. The UVevis spectra of the poly(amide imide)s and AKFNO2 in NMP solution.

Fig. 4. The UVevis spectra of the poly(amide imide)s and PAA-3 in the polymer films.
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cyclohexanone and CHCl3. PAAs exhibited better solubility in these
solvents than PIs, (PAA-2 was also soluble in THF), what could be
associated with a less rigid polymer chain in comparison to the PIs
[26]. The closure of the imide ring caused a deterioration of solu-
bility of the poly(amide imide)s, which were only partially soluble
or insoluble in these solvents.

The reduced viscosity (hred) of the poly(amic acid)s and the
resulting polyimides was similar and in the range 0.2e0.4 dL g�1

(Table 2). The obtained values of reduced viscosity suggest low
molecular weight of the investigatedmaterials and their oligomeric
nature.

3.2. Linear optical properties

The UVevis absorption spectra acquired for solutions of pol-
y(amic acid)s and poly(amide imide)s in NMP did not show sig-
nificant differences. Fig. 3 presents the spectra solutions of
poly(amide imide) and AKFNO2 azochromophore in NMP.

The absorption spectra of PI solutions are characterized by
either two or three absorption maxima. The maximum of absorp-
tion band (lmax) at ca. 275e300 nm is attributed to the transition
within the polymer backbone. The bands located at longer wave-
lengths are due to the electronic transition moment of the trans-
azochromophores [1]. The maximum of the chromophore absorp-
tion band of PI-1 is significantly shifted to the shorter wavelengths
Please cite this article in press as: J. Konieczkowska, et al., Poly(amic acid
moieties: Characterization, imidization kinetics and photochromic pro
10.1016/j.matchemphys.2016.05.066
(lmax at ca. 300 nm) comparing to the PI-2 and PI-3 polymers, for
which the lmax appears in the range 360e400 nm. The absorption
spectra of the AKFNO2 azochromophore is complex with a few
maxima of increasing intensity appearing at 340, 435, 451, 518 nm
(Fig. 3). However, as it can be noticed from Fig. 4 for the films of
poly(amide imide)s with two azochromophores in the repeating
unit the absorption range in not as wide as it might be expected. It
can be connected with the incorporation of the azo-dye into the
polymer chain and with the changes in electronic environment of
the chromophore, what can influence on the UVeVis spectra
[21,22]. Similar effect was also found for PAA films. Nevertheless,
the excitation wavelengths ranging from 300 to slightly above
500 nm can be applied to generate the optical anisotropy. In Fig. 4
the UVevis spectra of the poly(amide imide)s and PAA-3 in the
polymer films are compared.

3.3. Thermal imidization kinetics

To the best of our knowledge, the kinetic parameters for pol-
y(amic acid)s containing azobenzene groups in the side chain were
)s and their poly(amide imide) counterparts containing azobenzene
perties, Materials Chemistry and Physics (2016), http://dx.doi.org/
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investigated only in our previous works [13,26]. However, those
results referred to the azopoly(amic acid)s containing the chro-
mophores with non polar substituents only.

Two different methods i.e., Ozawa and Kissinger were applied by
us to analyze the experimental results for the imidization kinetics.
The advantage of thesemethods includes simplicity and accuracy in
estimating the activation energy (E) and frequency factor (A)
[27,28]. The activation energy can be determined by Kissinger and
Ozawa methods without a precise knowledge of the reaction
mechanism. Both methods do not use the reaction order in the
calculation of the activation energy. The Ozawa and Kissinger
methods are independent of a sample size [29].

According to the integral Ozawa method, the activation energy
was determined from the DSC thermograms under different heat-
ing rates using Ozawa equation [28,30,31]:

E ¼ �R=1:052*Dln4
�
D
�
1
�
Tp
�
; (1)

where 4 is the heating rate, Tp is the temperature of the maximum
reaction rate and R is the universal gas constant.

The formulas derived by Kissinger for the activation energy and
frequency factor are the following [29,32e34]:

�E=R ¼ d
h
ln
�
4
.
T2p

�i.
d
�
1
�
Tp
�
; (2)

A ¼ 4E exp
�
E
�
RTp

�.
RT2p : (3)

The last equation applies to the first-order kinetic reaction,
which has almost exclusively been used to treat the imidization
kinetics [26,35,36]. Typical dynamic DSC curves obtained at various
Fig. 5. DSC curves of (a) PAA-1 and (b) PAA-3 at different heating rates: 5 �C/min (A), 10 �C/m
min (A), 5 �C/min (B), 10 �C/min (C) and 20 �C/min (D).

Please cite this article in press as: J. Konieczkowska, et al., Poly(amic acid
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heating rates for the studied poly(amic acid)s are depicted in
Fig. 5aec. A single endotherm due to the imidization reaction is
observed in the DSC thermograms of the investigated PAAs. The
position of this endotherm represents the temperature of the
maximum imidization rate (Tp) and, as it can be seen, changes with
the heating rate. For a given heating rate, the position of the peak
depends on the polymer structure. The determined Tp values were
192, 213 and 259 �C for PAA-1, PAA-2 and PAA-3, respectively (at the
heating rate of 20 �C min�1). The Tp can be associated with the
location of the azobenzene group in the main chain. When the
azobenzene chromophore was situated between the amide groups
of the closing ring (PAA-1), the Tp was lower than for the other
poly(amic acid)s. Similar effect was observed in our previous work
[26]. The imidization process was successfully completed below
250 �C for PAA-1 and PAA-2, while in the case of PAA-3 it began in a
higher temperature i.e., at 230 �C and completed at 290 �C.

The plot of 1/Tp versus ln 4 according to the eq (1) (Ozawa
method) for each polymer is presented in Fig. 6a. The calculated
slopes were: -0.034, -0.038 and �0.30 for PAA-1, PAA-2 and PAA-3,
respectively. Fig. 6b shows the plots of ln(4/Tp2) versus 1/Tp obtained
from the Eq. (2) (Kissinger method) for each polymer. In this case
the slope was �28.408, �25.356 and �32.405 for PAA-1, PAA-2 and
PAA-3, respectively.

Fig. 7 Illustrates the plots for the Eq. (3) with the activation
energies estimated from Ozawa and Kissinger methods for PAA-1,
PAA-2 and PAA-3.

The kinetics parameters estimated from both of the methods for
all the PAAs are collected in Table 3.

The values of the activation energy and frequency factor calcu-
lated from Ozawa and Kissinger method are similar. The E and A
parameters are higher for PAA-1 and PAA-3 than for PAA-2 in both
in (B), 20 �C/min (C) and 30 �C/min (D) and (c) PAA-2 at different heating rates: 2.5 �C/

)s and their poly(amide imide) counterparts containing azobenzene
perties, Materials Chemistry and Physics (2016), http://dx.doi.org/



Fig. 6. Plots for the determination of imidization activation energy for PAA-1, PAA-2 and PAA-3 by (a) Ozawa method and (b) Kissinger method.

Fig. 7. Plots for determination of the frequency factor A from Kissinger equation [Eq. (3)], with E(O) estimated from Ozawa method (▀) and E(K) from Kissinger method (:), for the
imidization reaction of (a) PAA-1, (b) PAA-2 and (c) PAA-3.

Table 3
The activation energy (E) and the frequency factor (A) values for studied polymers
from DSC.

Polymer Ozawa method Kissinger method

E(O) (kJ/mol) A(O) (1/s) E(K) (kJ/mol) A(K) (1/s)

PAA-1 232.44 2.96 � 1024 236.18 7.82 � 1024

PAA-2 207.97 1.13 � 1021 210.81 2.30 � 1021

PAA-3 261.69 1.83 � 1024 266.42 5.36 � 1024
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cases. Moreover, they are higher (in particular E exceeded 200 kJ/
mol) than those reported recently for other polymers [13,26].
3.4. Thermal properties

Thermal properties of the prepared poly(amide imide)s, that is
glass transition temperature and thermal stability were evaluated
by the differential scanning calorimetry and thermogravimetric
)s and their poly(amide imide) counterparts containing azobenzene
perties, Materials Chemistry and Physics (2016), http://dx.doi.org/
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analysis in nitrogen or argon atmosphere, respectively. The results
are summarized in Table 4.

All the studied poly(amide imide)s gave similar DSC profiles
with nomelting endotherms, andwith a clear glass transition, what
confirms their amorphous nature. The polyimides were character-
ized by high Tgs, which were in the range of ca. 172e279 �C. It is
obvious that the Tg value strongly depends of chemical structure of
a polymer. The presence of the imide group is one of the factors
responsible for high values of Tgs of the prepared polymers. The
number of azobenzene moieties in repeating unit also affects the Tg
value. The lowest Tg was observed for PI-1 containing one azo-
benzene moiety in the polymer backbone, what is not a typical
behavior. Generally, polymers containing more azobenzene moi-
eties in polymer backbone show lower Tgs, because of a decrease in
the intermolecular interactions between polymer chains [26,37].

The thermogravimetric analysis was used to investigate the
thermal stability of the obtained azopolyimides, that is the values of
5 and 10% weight loss temperature (T5%, T10%) and the maximum
rate of degradation temperature (Tmax). The 5% weight loss is
defined as the beginning of the thermal decomposition of material.
Especially high values of T5% and T10% were obtained for the azo-
polyimides with two chromophores per a repeating unit. They
almost doubled or more than doubled the values found for the PI-1
polymer. Azopolymers containing covalently bonded chromo-
phores are usually characterized by two degradation steps [38,39].
In the case of the prepared PIs the temperature of the maximum
decomposition rate, as evidenced by the dynamic thermogravi-
metric (DTG) curves, was in the range of 310e655 �C. The first step
of the Tmax appearing in the range of 310e378 �C was probably
connected with scissions of the chromophore moieties. The second
step observed in the range of 594e655 �C might be connected with
degradation of the polymer main-chain [38]. The investigated
azopolyimides exhibited a high residual weight at 800 �C, which
was in the range 44e60%.

3.5. Photoinduced birefringence measurements

The photoinduced birefringence measurements were per-
formed for all the prepared azopolymers using both the 405-nm
and 445-nm excitation beam of 100 mW/cm2 intensity. The bire-
fringence values were calculated from the formula below:

Dn ¼ ðl=pdÞarcsinT1=2 (4)

where l is the wavelength of the probing beam, d is the film
thickness, T is the transmittance of the two crossed-polarizer setup
and Dn is defined as the difference in refractive indices for polari-
zation parallel and perpendicular to the polarization direction of
the pumping beam. The process of birefringence growth and
Table 4
The values of glass transition temperature (Tg) and thermal stability of azopolyimides.

Polymer code aTg [�C] TGA (N2)

bT5% [�C]

PI-1 172 191

PI-2 279 350

PI-3 277 441

a Baseline shift in the second heating DSC traces, with a heating rate 20 �C/min in nit
b Decomposition temperature of 5% weight loss.
c Decomposition temperature of 10% weight loss.
d Temperature of the maximum weight loss obtained by DTG.
e Residual weight at 800 �C in nitrogen.

Please cite this article in press as: J. Konieczkowska, et al., Poly(amic acid
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relaxation was monitored during 800 s and 600 s, respectively.
Fig. 8 presents the birefringence writing curves for the investigated
PAAs and PIs recorded under the 405-nm excitation. Table 5 collects
the values of the film thickness, light-generated birefringence and
the normalized birefringence in the dark, both obtained at the end
of the writing or relaxation period, respectively for two excitation
wavelengths.

The studied polymers exhibited a very different optical response
depending on the number of chromophores present in the
repeating unit. For the poly(amic acid)s and poly(amide imide)s
with two azo-dyes per structural unit large values of birefringence
in the range of 0.045e0.075 were generated after 800 s with both
the violet and bluewavelengths. (It should be noted however, that a
quantitative comparison between the efficiency of the birefrin-
gence generation at 405 nm and 445 nm may not be valid due to a
different beam spot geometry: circular vs elliptical, respectively).
On the contrary, a very low birefringence was slowly generated for
the polymers containing a single AKFNO2 azo-dye in the structural
unit. Closure of the PAA-1 imide rings in the case of 445-nm exci-
tation had a detrimental effect on photoinduced birefringence,
which then became non-detectable. The results indicate on a very
inefficient photoisomerization process of the AKFNO2 chromo-
phore. As it can be seen in Fig. 8 for none of the six polymers the
birefringence saturation was achieved within the experimental
writing period. For the PAA-2 and PI-2 films the largest differences
in a recording dynamics were evidenced. However, no clear cor-
relation between the structure of the chromophore located be-
tween the amide groups and the maximum birefringence level can
be seen. The maximum birefringence generated in PI-2 and PI-3 is
as large as that reported for poly(amide imide)s of the same main
chain structure containing two identical chromophores in the
repeating unit with either CH3, OH or H substituent [22]. Thus,
taking the above into account it can be suspected that both of the
chromophores (i.e., also the AKFNO2 one) present in the repeating
unit of PI-2 and PI-3 isomerize and reorient under the linearly
polarized writing beams. Large birefringence generated by light in
PI-2 and PI-3 confirms the necessity of the presence of azobenzene
derivative between the amide linkages for efficient photo-
orientation, what is our recent observation [23]. Present results
show that the birefringence values as large as in poly(amide imide)
s may be also achieved in poly(amic acid)s.

Similarly to what was observed for the writing cycle, the bire-
fringence relaxation in the dark was dependent on the number of
chromophores in the repeating unit. The light generated birefrin-
gence in the PAA-1 and PI-1materials decreased significantly i.e., by
ca. 20% after 10-min time period. On the other hand, exceptionally
low birefringence decays were found for this period for the other
polymers, regardless the structure of the chromophore located
between the amide groups. The birefringence decrease in the dark
cT10% [�C] dTmax [�C] eChar yield (%)

232 310 (first step)
603 (second step)

60

401 377 (first step)
655 (second step)

50

582 378 (first step)
594 (second step)

44

rogen.

)s and their poly(amide imide) counterparts containing azobenzene
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Fig. 8. Photoinduced birefringence of (a) PAA-1 and PI-1, (b) PAA-2 and PI-2, (c) PAA-3 and PI-3 recorded under the 405 nm.

Table 5
The maximum photoinduced birefringence (Dnmax) at 405 and 445 nm wavelength
after 800-s writing cycle; the percentage decrease of the maximum photoinduced
birefringence (Dndec) after 600 s from switching off either the 405-nm or 445-nm
excitation beam; the film thickness (d) of the investigated azopolymers.

Polymer code Dnmax405 Dndec405 [%] d [nm] Dnmax445 Dndec445 [%]

PAA-1 0.003 25 350 0.004 20
PAA-2 0.055 2 100 0.065 2
PAA-3 0.070 2 85 0.045 2
PI-1 0.004 20 270 e e

PI-2 0.050 2 450 0.075 2
PI-3 0.065 2 310 0.060 2
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for PI-2 and PI-3 is as low as that observed for the poly(amide
imide)s presented in Refs. [22], what was associated with a main
chain rigidity and a rigid connection between the azo-dye and the
backbone. Present studies show that even in the case of the poly-
mers with the open imide ring the rate of the birefringence relax-
ation within 600 s is similarly low.
4. Conclusions

Three novel amorphous poly(amide imide)s containing one or
two different-structure azobenzene moieties in the repeating unit
were synthesized via two step method that included a poly(amic
Please cite this article in press as: J. Konieczkowska, et al., Poly(amic acid
moieties: Characterization, imidization kinetics and photochromic pro
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acid) polycondensation and a subsequent thermal cyclo-
dehydratation. All the obtained azopolymers exhibited an absorp-
tion band from the near UV to visible-green region and their
photochromic properties were determined by photoinduced bire-
fringence measurements performed at 405- and 445-nm excita-
tion. Experiments revealed that the imidization of the poly(amic
acid)s occurred at high temperature range with an activation en-
ergy of thermal imidization in the range of 208e267 kJ/mol
depending on the polymer structure. It was found that the most
important factor influencing the thermal properties and the ability
of birefringence generation of these polymers is the presence of
two azobenzene derivatives in the repeating polymer units. Thus,
the polymer with one azo-dye in the repeating unit exhibited the
lowest glass transition temperature (Tg ¼ 172 �C) and the lowest
thermal stability (T5% ¼ 191 �C) as well as a very low and the less
stable photoinduced birefringence. The other poly(amide imide)s
showed a much higher Tg (at ca. 275 �C) and T5% above 350 �C.
Moreover, for these polyimides large photoinduced birefringence
values (in the range 0.045e0.075) were achieved indicating firstly,
the efficient isomerization of both of the chromophores present in
the repeating unit and secondly, the necessity of the presence of the
azochromophore between the amide units. Similarly large values of
birefringence were achieved for the poly(amic acid)s with two azo-
dyes per a repeating unit. These polyimide precursors exhibited the
relaxation of photoinduced birefringence in the dark, as low as the
final polyimides. This result creates the possibility for certain
)s and their poly(amide imide) counterparts containing azobenzene
perties, Materials Chemistry and Physics (2016), http://dx.doi.org/
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applications of poly(amic acid)s in photonics, what could allow for
avoiding a typical problem connected with insufficient solubility of
polyimides.
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