Polymer Journal, Vol. 35, No. 10, pp 749—756 (2003)

Investigations of Polymers with Chromophore Units I.

Synthesis

and Properties of New Poly(ester-imide)s from
2,4-dihydroxy-4’-nitroazobenzene

Danuta SEK," Eugenia GRABIEC, and Andrzej MINIEWICZ*

Centre of Polymer Chemistry, Polish Academy of Sciences, 34 M. Curie-Sktodowska St. 41-800 Zabrze, Poland
*Institute of Physical and Theoretical Chemistry, Wroclaw University of Technology, 50-370 Wroclaw, Poland

(Received February 21, 2003; Accepted August 5, 2003)

ABSTRACT:

A series of poly(ester-imide)s based on new azobenzene derivative 2,4-dihydroxy-4'-nitroazobenzene

has been synthesized and characterised. An influence of macromolecules structures on the physical and chemical prop-

erties was investigated. The preliminary results of holographic recording in poly(ester-imide) foils are presented.
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In the last decade polymers containing chromophore
units for example azo benzene groups have attracted at-
tention because of a variety of potential applications in
the field of optical data storage, nonlinear optics and
holographic applications.!™® The reversible photoiso-
merisation process of azo-groups is particularly inter-
esting. The involved molecular reorientation can ini-
tiate photo-induced birefringence, dichroism and even
mass transport.” !> Photoresponsive polymers could
be prepared as Langmuir-Blodgett,!> 4 spin-coated or
casted films differing in thickness. Chromophore can
be introduced into polymer’s main chain or be bonded
as a side group and eventually dispersed in a polymer
matrix. Despite the fact that the last way is the easiest
one the former ones offer much better stability of Non-
linear optical (NLO) properties. When a chromophore
is attached to polymer as a side chain the optical prop-
erties of the polymer are mainly influenced by the struc-
ture of polymer backbone, the structure of the azo chro-
mophore and the type of bonding of the chromophore
to the main chain. High concentration of azo-groups in
the polymer plays also a significant role.

In this work we have synthesized a series of
poly(ester-imide)s from diesterdianhydride with azo
groups in side chain and various diamines. The pre-
pared materials will be tested for their use in dynamic
holographic recording.

EXPERIMENTAL

Materials Used in Synthesis
4,4’-Diaminediphenylether (Merck) was crys-

tallised from methanol, 1,2-phenylenediamine

and 1,4-phenylenediamine were crystallised from
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methanol/water mixture in the presence of char-
coal. 4,4’-Methylenedi-o-toluidine (Fluka) and 1,3-
phenylenediamine (Aldrich), 2,3,5,6-tetramethyl-1,4-
phenylenediamine (Aldrich), 4,4'-methylenedianiline
(Aldrich), 3,3’5,5-tetramethylbenzidine (Aldrich),
3,3’-dimetoxybenzidine (Aldrich), o-tolidine(Aldrich),
4,4’-diaminebiphenyl  (Aldrich), 4.4 -methylene
bis(2,6-dimethylaniline) (Aldrich), 4.,4-methylene
bis(2,6-diethylaniline)  (Aldrich), and 4,4-(1,3-
phenylenedioxy)dianiline (Aldrich) were used without
purification.  Dimethylacetamide (DMA) (Aldrich)
and dimethylformamide (DMF) (Aldrich) were dis-
tilled in the usual manner, 1-methyl-2-pyrrolidinone
(NMP) (Aldrich) was dried with 4A molecular sieves
overnight.

Synthesis of Monomers

Synthesis of the Chromophore 2,4-Dihydroxy-4-
nitroazobenzene (Azo—Diol) having the structure
(Scheme 1) was synthesized according to the following
procedure:

Flask with the mixture of 10 mmol (1.44 g) of p-
nitroaniline in 2.7mL of concentrated hydrochloric
acid and 10 mL of water, was placed in an ice bath.
To the cooled mixture a solution of 10 mmol (0.7 g) of
sodium nitrite in 1.5 mL of water was added dropwise
and the mixture was stirred at a temperature between

QoD
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Scheme 1.
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Figure 1. 'H NMR (in DMSO-ds) spectrum of the 2,4
dihydroxy-4’-azobenzene.

0 and 5°C during 15 min. Then it was poured slowly
into a solution containing 10 mmol (1.1 g) of resorcinol
in 8 mL of methanol. The mixture was stirred at a tem-
perature between 0 and 5°C for 30 min and then was
neutralised with sodium acetate to pH 5-6. After that
temperature was raised to 20°C and the mixture was
stirred for 1 h. The product was filtered, washed with
water and dried in vacuum at 70°C. Yield: 85.1%.

Elemental analysis: found (calc.); C 55.72 (55.60)%,
H 3.52 (3.50)%, N 16.12 (16.21)%; MS m/e = 259; Mp:
209-211°C (dec) (differential scanning calorimetry,
DSC). Proton nuclear magnetic resonance (‘'H NMR)
spectrum of Azo—Diol detected in DMSO-ds is shown
in Figure 1.

In the '"H NMR spectrum the following peaks (ppm)
are observed: 10.8 (s, —OH), 12.2 (s, —OH), (a) 8.36—
8.33 (d, ArH, 2H), (b) 8.06-8.03 (d, ArH, 2H), (c)
7.69-7.66 (d, ArH, 1 H), (d) 6.52-6.49 (m, ArH, 1H),
(e) 6.36-6.35 (d, ArH, 1 H).

The peaks at 10.8 and 12.2 ppm are characteristic for
hydrogen in phenol group. The phenomenon that pro-
tons of the two hydroxylic groups bonded with phenyl
ring at different positions gives two peaks at 'H NMR
spectrum can be explained by possibility of creation
of chelate bonds. Such chelate ring can be formed
between nitrogen of azo group and hydrogen of —OH
group placed in o-position. In this way two different
signals of protons can be observed in the moiety of
Azo-Diol.

In FT-IR (KBr) spectrum the following absorp-
tion bands were found and assigned as: 3280 cmi!
(O-H stretching vibration in phenolic group), 1634,
1605, 1594 cm™! (-phenyl ring stretching), 1511 and
1340cm™" (NO, group stretching), 1261, 1224 cm™!
(C-O stretching vibrations), 1161, 1188cm™ (1,4
subst. phenyl ring C-H deformation), 995, 964 cm™!
(1,2,4 subst. phenyl ring C—H deformation), 845, 853
cm~! (C—H aromatic out of plane deformation).

In UV-vis spectrum of the Azo—Diol in DMA solu-
tion the absorption peaks at about 551 nm and at about
455 nm are observed.
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Synthesis of the Diesterdianhydride. The new dies-
terdianhydride with the structure (Scheme 2) was pre-
pared as follows: in a flask equipped with a condenser,
stirrer and dropping funnel, 2.2 mmol of trimellitic an-
hydride acid chloride and 3 mL of dry acetone were
placed under an argon atmosphere. The solution was
heated under reflux and 1 mmol of Azo—Diol in 3 mL
of acetone with 2.8 mmol of dry pyridine were added
slowly over a 15min. The mixture was stirred and
heated under reflux during 1.5 h. After cooling to room
temperature the product was filtered and dried in a vac-
uum oven at 50 °C for 24 h.

The crude product was crystallized from a mixture of
acetic anhydride and acetic acid (3:1 v/v).

Elemental analysis: found (calc.) C%: 59.62 (59.32),
H%: 2.61 (2.15), N%: 6.33 (6.92). Melting point:
207 °C (DSC)

The structure of the dianhydride was confirmed by
FT-IR (KBr): 1860, 1782 cm™' (C=0 anhydride vibra-
tion), 1743 cm™! (C=0 ester group vibration), 1605,
1487, 1426 cm™! (-phenyl ring stretching), 1523 and
1345cm™' (NO, group stretching), 1264, 1223 cm™!
(C-O stretching vibrations), 1165, 1143 cm™' (1,4
subst. phenyl ring C—H deformation), 1006, 958 cm™!
(1,2,4 subst. phenyl ring C—H deformation).

In UV-vis spectrum of diesterdianhydride dissolved
in DMA two absorption bands were observed at about
350 nm and at 590 nm.

Synthesis of the Polymers

Poly(ester-imide)s were synthesized using two-step
method.

One mmol of a proper diamine was dissolved in dry
DMF (10 mL) and 1 mmol of a dianhydride contained
azo-chromophore was added slowly during 30 min.

The reaction was carried out at room temperature for
6 h under a nitrogen atmosphere. Then the mixture of
pyridine and acetic anhydride (1:2 v/v) was added into
reaction solution for chemical imidization. The mix-
ture was stirred at room temperature during 16 h and
then was heated at 80°C for 1 h. After cooling down to
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room temperature the reaction mixture was poured into
vigorously stirred methanol. The precipitated polymer
was filtered, washed with boiling methanol in Soxhlet
apparatus and dried in a vacuum at 70°C overnight.

Measurements of Some Physical Properties

The glass transition temperatures and the melt-
ing points of the obtained polymers were determined
with DSC 2010 TA Instrument at a heating rate of
20°C min~! using sealed aluminium pen (sample
weight about 20 mg) at nitrogen atmosphere (flow rate
was about 30 mL min™!).

For elemental analysis CHNS PerkinElmer 2400 was
used.

Infrared spectra were recorded with a BIO-RAD FTS
40 A spectrometer in KBr pellets.

The reduced viscosity was measured in NMP at
25°C using an Ubbelohde viscometer. Molecular
masses were determined on Finnigan MAT 95S dou-
bly focusing instrument. Spectra were acquired in a
positive-ion mode (magnetic scan).

"H NMR spectra were recorded with a Varian Inova
300 Spectrometer using dimethylsulfoxide (DMSO-d)
as a solvent and tetramethylsilane (TMS) as an internal
reference.

Derivatograph Q-1500D MOM was used for thermo-
gravimetric (TG) analysis (in nitrogen).

The optical transmission spectra were performed at
room temperature in DMA solution with BECKMAN
Acta M-IV spectrophotometer within the 200—600 nm
range.

A deuterium lamp was a source of ultraviolet light,
while tungsten lamps were used for visible and near in-
frared regions in this spectrophotometer.

X-Ray diffraction measurements were performed on
TUR-M62 apparatus at room temperature in the re-
flection mode, using Ni-filtered Cu-Ka radiation. The
scanning rate was over a range of 26 = 10° — 80°.

RESULTS AND DISCUSSION

New  chromophore  2,4-dihydroxy-4-nitroazo-
benzene was used for synthesis of functionalised
polymers. The Azo-Diol was condensed with
trimellitic anhydride acid chloride to give the proper
dianhydride being used for condensation with various
aromatic diamines. The poly(ester-imide)s have the
structure shown below (Scheme 3).

The properties of the poly(ester-imide)s synthesized
along with the groups —Ar— are listed in Table 1.

All polymers exhibited good solubility in common
organic solvents and formed bright and transparent
films even though the reduced viscosities of the poly-
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Figure 2. X-Ray diffractograms of some polymers.

mers connected with their molecular weights were low.

The X-ray diffractograms (Figure 2) confirm some
ordering in the poly(ester-imide)s, being little higher
in the case of the polymers synthesized from unsubsti-
tuted stiff diamines, i.e., 1,4 phenylenediamine 11 and
benzidine 15. The higher crystallinity of polymers 11
and 15 was in agreement with their weaker solubility.

These polymers show good thermal resistance.

The thermal behaviour of the polymers was inves-
tigated by means of thermogravimetric analysis (TG)
and differential scanning calorimetry (DSC). The ther-
mogravimetric curves show that poly(ester-imide)s de-
compose under a nitrogen atmosphere in two steps. The
first step is relatively fast and takes place in the range
of about 250-320°C, while the polymers loss about 5%
of their weight. Then the decomposition is slow and the
second step starts at about 500°C. At 1000 °C residue
of a char is about 50%.

Figure 3 shows the TG-curve obtained for the poly-
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Table 1. Structures and some properties of poly(ester-imide)s
TG DSC[°C]
Ar Yield  fred® UV—V;S Ten.lp..of Terr%p. of 5% Resi.dual Temp. start
No (in Scheme 3) 4] [dLe'] Amax beg1nn1ng weight loss weight T, Ta of exotherm.
[nm] weight loss [°C] at 1000 °C process
[°C] [%] [°C]
H,C CH,
N 350
1 2 74 0.19 590 ~270 310 54 185 242 ~260
H
HsC:;
2 ‘%}““Z‘Cg' 86 0.18 2;8 ~270 320 62 158 — ~265
HsCf CoHs
3 . & S ~250 320 54 156 234 ~250
" 590
4 85 0.18 351 255 320 57 147 231 245
5 N 34 0.14 — ~230 270 55 138 211 ~230
o
6 C Cj 81 0.23 — ~260 325 53 138 232 ~270
7 _Q_ O o 8 om — ~220 310 49 117 206 ~280
350
8 87 0.17 ~260 310 50 165 256 ~280
590
351
9 U 88 098 ~280 330 51 165 243 ~280
HC, CH,
10 g 2 85 0.10 — ~260 320 50 136 270 ~280
nd  on
350
11 C 86 0.25 501 ~220 300 48 136 236 ~280
H; CH;
12 = 78 031 — ~270 320 50 177 — ~270
Hy cH,
H CH,
13 O Q 81 0.12 — ~250 310 55 138 — ~275
H;C0 OCH,
14 . . 90 0.12 — ~280 310 55 157 238 ~280
15 89 0.28 — ~230 305 52 ND 257 ~280

aMeasured in NMP, conc. = 0.2 g/100 mL at 25°C. ®Measured in DMA (anhydrous) solution (¢ = 1 x 107> mol L™!), ND — not
detected by DSC method.

mer 4 as an example.

In the first step the poly(ester-imide)s loss probably
the nitro group of chromophore unit'>!® and the ob-
served weight loss is in a good agreement with the con-

tent of this group in the polymer.
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The temperature of the beginning of decomposition
process was confirmed also by DSC measurements. On
DSC-grams for all the poly(ester-imide)s investigated
an exothermic process starting within the range of 240—
280 °C was detected being probably responsible for the

Polym. J., Vol. 35, No. 10, 2003
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Figure 3. TG-curve of the polymer 4.

beginning of the decomposition.

The glass transition temperatures of the poly(ester-
imide)s were observed in the range of 117-185°C and
are related to the diamine structure.

The polymer 1 being a product of condensation of
tetramethyl substituted diaminediphenylmethane and
the diesterdianhydride exhibited higher 7; (185°C) in
comparison to the polymer 3 with two methyl groups
(Tg = 156°C) and to the polymer 4 without methyl
substituents (7y = 147°C).

In the series of the poly(ester-imide)s obtained from
derivatives of benzidin (4,4'-diaminebiphenyl), 7, val-
ues differed in the same way as it was detected for
the polymers 1, 3, and 4. The polymer 12 contain-
ing tetramethyl substituted biphenyl exhibited higher
T, (177 °C) than dimethyl substituted one 13 (138°C).
Presence of two metoxy substituents in polymer 14
caused an increase of 7, value to 157 °C.

Similar influence of the methyl substituents at orto
position to amine group on glass transition temperature
of polymers was reported in ref 17, 18.

Unexpectedly, polymer 10 from tetramethyl-1,4-
phenylenediamine and from 1,4-phenylenediamine 11
had the same values of 7, (136 °C).

The presence of two ether linkages in the diamine in
the polymer 7 causes lowering of the 7, in comparison
to the polymer 6 bearing one ether group.

The poly(ester-imide)s have similar degree of crys-
tallinity as it was confirmed by X-ray diffractograms.

On DSC-grams an endothermic process due to melt-
ing of the crystalline phase was observed in the range of
206270 °C. But this melting process was followed by
exothermic destruction reaction. Figure 4 shows DSC-
gram for the polymer 4 as an example.

The UV-vis spectra of poly(ester-imide)s in DMA
solution (conc. 1x 107> mol L") exhibited two absorp-
tion bands.

The shapes of the spectra were very similar for all the
polymers presented in Table I.

The main absorption peak was observed at 350 nm
and the second at about 590 nm (very low intensity) and
the Ana.x wavelengths were almost independent of the

Polym. J., Vol. 35, No. 10, 2003

H
=
F
2 (1) 220.22 00
% 1.825J/g
3
x
150.23 0
231.08 O
120 160 200 240 280
Temperature ("C)
Figure 4. DSC-gram of the polymer 4.
0,7
0,6
— 0,5
3
8 04
Q
o
S 03
8 03
=
o
2024
<
0,1
0,0

T T T T T T T T
350 400 450 500 550 600 650
Wavelength [nm}

Figure 5. UV-Vis spectrum of polymer 1 as an example of ab-
sorption in DMA solution.
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Figure 6. UV-Vis spectra of poly(esterimide) films.

polymer structures. Figure 5 shows UV-vis spectrum of
the polymer 1 as example of spectra in DMA solution.

When UV-vis spectra were recorded in solid state
(thin film) absorption at about 590 nm was not detected
(Figure 6). Probably the presence of solvent enhances
of n-t* transition in azo group.

The presence of the azo-groups in the synthesized
polymers enables reversible photoisomerisation. Such
polymeric systems form interesting class of NLO opti-
cal and photochromic materials.
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514.5 nm
632.8 nm

Figure 7. Experimental set-up of degenerate two-wave mixing
(DTWM) using either He—Ne (1 = 632.8 nm) or Ar* (514.5nm)
lasers as excitation sources. Half-wave retardation plate was used
in order to perform polarisation (sp) grating recording experiments.

Optical Grating Recording Experiments

Materials containing photoresponsive chromophores
are attractive in the field of optical communication
and high-density optical data storage because of the
reversible photoisomerisation process of azo-groups
leading to photoinduced birefringence, dichroism and
even mass transport."*'*72! The basic mechanism re-
sponsible for the storage effect in these materials is the
reorientation of azobenzene chromophores induced by
light. The material ability for these purposes can be
easily checked in simple experiment of degenerate two-
wave mixing and observation of self-diffraction process
(Figure 7). When two coherent laser beams of arbitrary
polarisation cross each other within optically isotropic
and slightly absorbing medium, the state of polarisation
of the total field changes spatially in its magnitude and
orientation.

In the simplest case of the so called s-s polarisation
(i.e., when two incoming beams /; and /, are linearly
polarised with electric field vectors perpendicular to the
incidence plane, VV means vertical-vertical polarisa-
tion) the phase variation between the beams produces
an intensity fringe pattern of the form:

1(x) = L[(1 + m cos(Kx))] (1)

where, Iy = I} + I, m is the modulation factor m =
2L /(I + L) and K = 27/A is the grating wave-
vector. QGrating spacing A = A/2sin(6/2) depends on
the light wavelength A, and an angle 6 between the two
inciding beams. Alternatively various polarisation grat-
ing recording geometries can be used when incident
beams are orthogonally polarised (s-p or VH vertical-
horizontal polarisation) or having opposite circular po-
larisations.?> 2 The rigorous Jones matrix formalism
used in the papers quoted above allows predicting of
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polarisations of all orders of diffraction for arbitrary po-
larised laser beam diffracted on such gratings. Depend-

wtAd
nA?

ings can be classified as thin (Q < 1) or thick (Q > 10).
For the studied polymer foils of thickness d = 1.5 um,
n~ 16, A =34umand 4 = 0.5145um one gets
O = 0.26. This value suggests the Raman-Nath scat-
tering regime, which is additionally supported by the
observation of multiple diffraction orders.

In the photochromic material one expects respective
“local” modulation of the complex refractive index A#n:

An(x) = An'(x) + iAn"' (x) « cos(Kx) ()

ing on the value of Klein’s parameter O = grat-

causing photoinduced anisotropy. The refractive index
modulation Ar’ and absorption modulation Ax” occur-
ring during the grating recording process are simulta-
neously intensity and time dependent. There is no sim-
ple theory describing the grating formation in a pho-
tochromic material upon a cw laser illumination due to
the coexistence of phase (An), amplitude (Aa@) and sur-
face relief (Ad) gratings.! A full theory describing light
diffraction in a material with a photo-induced dichro-
ism and birefringence including complex spatial and in-
tensity variation of An and Aa parameters is given in the
Reference.?® In most cases (weak gratings) the diffrac-
tion efficiency defined as the ratio of the diffracted to
incident beam intensity n = Isg/linc is roughly pro-
portional to the photoinduced birefringence (and/or ab-
sorption) according to relation:

2
n o (nAnd) 3)

A

The preliminary results of kinetics of holographic
grating recording using 514.5 nm Ar* laser light with
ss-polarisation for the chosen polymers functionalised
with azo-groups are presented in Figure 8 and 9. Plots
of self-diffraction efficiency measured at first order
diffraction versus time are given. For the compara-
tive purposes all the experimental conditions, i.e., in-
cident light power (P = 12.5mW corresponding to
I} = I, = 700 mW cm™2), intersection angle (6 = 8.6°)
and recording time were kept unchanged. It seems that
slightly faster recording can be obtained in polymers
with lower T, temperature. However, the differences in
recording speed are not pronounced. Diffraction effi-
ciencies are in the range 0.01-0.8% and gratings have
mixed amplitude-phase character. However, we cannot
rule out the possibility of surface relief grating forma-
tion and its contribution to the overall diffraction effi-
ciency. Lacking the AFM study we can only comment
that the used s-s polarisation usually does not induce
large surface deformations.!

Polym. J., Vol. 35, No. 10, 2003
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Figure 8. Plots of diffraction efficiency measured during

DTWM experiment in polymers 3 and 1. The illumination power
L = 12.5mW, I, = 16.5 mW, wavelength 514.5 nm, grating period
A =34um.
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Figure 9. Plots of diffraction efficiency measured during
DTWM experiment in polymers 10 and 12. The illumination power
I = 12.5mW, I, = 16.5 mW, wavelength 514.5 nm, grating period
A =34um.

In one of the polymers 3 we checked the intriguing
property of polarisation grating recording, i.e., when
two beams were orthogonally polarised with respect
to each other, one s- (V) and one p-polarised (H-
horizontal). In such a case there is no associated in-
tensity modulation at the overlapping area. Instead
one observes a pure polarisation interference pattern
which has the same periodicity as for s-s polarisa-
tion case.?? Grating in this case will arise as a result
of angular absorption selectivity by different polarisa-
tion states of the light along the grating period (lin-
ear, circular-left, linear, circular—right24’ 25) and subse-
quent molecular reorientations. In Figure 10 we present
polarisation grating recording kinetics for polymer 3
but this time performed with weakly absorbed He—Ne
laser light of wavelength A = 632.8 nm and the power
10 mW. The speed of recording is much slower than for
strongly absorbed 514.5 nm light. The plot shown in
Figure 10 is a combination of VH recording registered
by laser power meter during 63 min, next we observed
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Figure 10. Polarisation grating recording experiment per-
formed with (sp) VH orthogonal light polarisations in polymer 3.
The erasing process in darkness was monitored during the night
and the fast erasing with V polarised single beam are shown as well.
The illumination powers /; = 9.5mW, I, = 10 mW, beam diameters
1.5 mm, wavelength 632.8 nm, grating period A = 15.4 um.

diffracted power at 240 min and switched off the laser.
After 14 h of relaxation of the grating in the darkness
we measured the kinetics of grating erasure by illumi-
nating it with a single s-polarised beam. The diffraction
efficiency 7, for the polarisation grating in polymer 3
is higher than the diffraction efficiency 7 for the inten-
sity grating in this polymer under the same experimen-
tal conditions.

Two main mechanisms are responsible for hologram
formation in polymers containing azo-groups: molec-
ular reorientation and presence of both trans and cis
isomer populations. Molecular reorientation can be re-
garded as arising from the combination of three con-
secutive processes: the angular selective frans to cis
photoisomerisation, the angular diffusion and the cis
to trans relaxation. Depending on the structure and
viscosity of the polymer matrix (mobility of polymer
chains), the relaxation times of cis molecules and ori-
entational relaxation times, different characteristics of
recording kinetics and gratings strengths in different
polymers were observed.???* The detailed analysis of
the origin of the gratings in the investigated polymers
will be our future task.

CONCLUSIONS

New photosensitive polymers — poly(ester-imide)s
containing nitroazobenzene moieties as the side chain
and various structures of the main chains have been
synthesized.

The polymers possess good thermal stability, are sol-
uble in aprotic solvents and exhibit film-forming prop-
erties. According to the preliminary study of optical
grating recording these polymers seem to be interest-
ing materials for optical applications. The preliminary

755



D. SEK, E. GARBIEC, and A. MINIEWICZ

investigations of the polymer 3 confirmed the ability
of polarisation holographic recording in the synthesised
polymers. Systematic studies of these properties are in
progress.
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