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ABSTRACT:

We present the diffraction grating recording in a series of poly(amideimide)s functionalized with

methyl-substituted azobenzene chromophore as side group and correlate the results with the molecular structure. Poly-
(amideimide)s, differing in their backbone structure and in position in which azobenzene group is attached to polymer
chain, were synthesized and characterized by the spectroscopic methods. Diffraction gratings were fabricated using de-
generate two-wave mixing technique with cw Ar™ laser working at = 514.5 nm and monitored by light diffraction of

low power He-Ne probe beam A = 632.8 nm in a transmission mode. Two qualitatively different configurations of the

recording beam polarizations were used s-s and s-p. The dynamics of diffraction grating inscription was described by
mono- or biexponential growth functions. The surface relief grating formation was also examined in poly(amidei-
mide)s. They were studied by atomic force microscope and revealed the strong dependence on the writing beams polar-
ization. Additionally the thermal stability of the photoinduced surface gratings was checked.

[doi:10.1295 /polymj.PJ2006227]
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Recent years are characterized by an ever-growing
interest in the new photosensitive materials which are
able to change their optical properties under light irra-
diation.! Studies on polymers containing azobenzene-
type chromophores, often called azopolymers, repre-
sent a very active research field in the past few dec-
ades. Azobenzene chromophores have been incorpo-
rated into polymer structure in variety configurations
by a number of different synthetic approaches.?

The presence of the -N=N- photochromic group in
azopolymers provides its sensitivity to the light. The
light-induced modification of photochromic azopoly-
mers is very promising for optical information stor-
age, fabrication of diffractive optical elements and
other photonics devices.> All of these applications
are based on one of the most important and known
properties of azobenzene, i.e., reversible trans-cis
photochemical isomerization. This photoisomeriza-
tion induces conformational changes in the polymer
chain, which in turn lead to macroscopic variation in
the chemical and physical properties of polymeric ma-
terial. The irradiation with a linearly polarized light
generates the optical anisotropy as a result of perpen-
dicular alignment of azobenzene molecules to the ac-
tinic electric field vector.® This phenomenon has been
first time reported in 1984 by Todorov et al.® Photoin-
duced anisotropy produces optical dichroism and bire-
fringence in various materials. Another result of the
photoisomerization under conditions of spatially peri-
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odic light illumination is respective modification of
the film surface, which is called the surface relief grat-
ing. The first inscriptions of surface relief gratings
(SRGs) have been independently reported in 1995
by Rochon et al.'” and Kim et al.'' Over the past
years, the discovery of SRG has sparked off intense
research effort into design and synthesizing new poly-
mers for SRG formation. Typically, SRG is formed
when a thin polymer film is exposed to an interference
pattern produced by two coherent laser beams of ap-
propriate polarization, as a result of mass transport
close to the polymer surface.'> The SRG formation
is unique to azobenzene polymers.’ SRGs may be
photoinscribed with amplitude modulation ranging
from a few nanometers up to the micrometer scale.'?
Therefore, the formation of controlled topographic
gratings has many interesting applications in the fast
expanding area of nanotechnology. Fabrication of var-
ious complex diffractive optical elements such as in-
frared waveplates, grating filters, waveguide couplers,
slanted SRG for planar optical interconnects and high
efficiency gratings for laser applications represent one
aspect of their uses.!*16
Most systems employed for SRG formation comprise
azopolymers in which the chromophore is covalently
attached either as a side-chain or in the main-chain,
in the form of thin, spin-coated or casted films.!”

It has been shown that the photoresponsive behav-
ior of polymers strongly depends on various chemical
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structure factors of azopolymers. They include: mo-
lecular structure of azobenzene derivative, the spacer
length, the content of photochromic moieties,” the
rigidity of polymer main chain and the interaction
between chromophore and the main chain,'® and final-
ly experimental conditions as well. In an effort to in-
crease the stability of photoinduced birefringence and
to generate highly efficient surface relief gratings, new
azopolymers are being designed and synthesized.
Thus the systematically performed study of the struc-
ture-property relationship of azobenzene-functional-
ized polymers are desired to guide the rational design
of polymers for photonics devices. To date, photoin-
duced effect such as dichroism, birefringence and for-
mation of diffraction and surface relief gratings have
been studied in various types of azopolymers.'® How-
ever, little information on the relationship between
kinetics of diffraction grating and surface relief grat-
ings and structure of polyimides bearing azobenzene
group can be found in the literature so far.”’ Poly-
imides (PI) based on aromatic ring structures or their
copolymers are well known as high performance poly-
mers, by virtue of their excellent thermal and ther-
mooxidative stabilities, outstanding mechanical and
electrical properties, and superior chemical resistance,
have secured a permanent place in a variety of indus-
trial applications.”!?> The light induced properties of
PI, mainly due to their good thermal stability, cause
the polyimides bearing azobenzene group have been
used in the design of photorefractive and second-order
nonlinear optical (NLO) materials.?>?* In a recent few
years our research has been focused on the study of
the influence of the chemical structure of azobenzene
functionalized polyimides on photoinduced dichroism
and birefringence both related with diffraction grating
inscription.”>3! This work is part of a continuing
study of the relationship between polyimide structure
and their photoinduced properties.

In present paper we investigated the formation of dif-
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Chemical structures of investigated polyimides.

fraction gratings in new synthesized azobenzene func-
tionalized poly(amideimide)s. Their azobenzene
group is identical, but there are differences in the main
chain architecture. The effect of backbones on the in-
scription rates and saturation levels of the diffraction
grating formation in these polymers have been studied
and discussed. The ability to surface relief grating for-
mation and its thermal stability were also examined in
these poly(amideimide)s.

EXPERIMENTAL

Materials

Chemicals and solvents were purchased from
Aldrich and used as received. Detailed synthesis and
characterization of the poly(amideimide)s PI 1-PI 3
(Figure 1) have been reported previously.?> Poly-
(amideimide)s PI 4 and PI § (Figure 1) are new and
were prepared from the newly synthesized diamide-
dianhydride (DA) and 4,4'-methylenedianiline and
4,4'-methylene bis(2,6-dimethylaniline), respectively.
The monomer DA was prepared as reported in
our previous paper for different dianhydrides
(Scheme 1).>? To a 100 mL flask equipped with mag-
netic stirrer, condenser and dropping fuel was charged
22 mmol of trimellitic anhydride chloride (TMACI)
and 25 mL of dry acetone. After the mixture was heat-
ed under reflux, a solution of 10 mmol 2,4-diamino-
4’-methylazobenzene and 22 mmol of dry pyridine in
25mL of acetone were added dropwise for 30 min.
The mixture was stirred and heated under reflux for
1 h. After cooling to room temperature, the resulting
precipitate was filtered off and washed with methanol
and then dried in 60 °C. The crude product was wash-
ed with hot acetic anhydride and dried in vacuum
at 150°C, (yield: 50%). mp 190°C. UV-Vis (NMP):
/lmax = 262, 298, 391 nm (839] =153 x 103, E5145 =
0.475 x 10° Lmol~' cm™).
IR (KBr, cm™'): 1853, 1777, (C=0 in anhydride),
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1682 (C=0 in amide), 2922 (CH3). Anal. Calcd for
C31H18N2082 C, 64.81%; H, 3.16%; N, 9.75%. Found:
C, 64.48%; H, 3.30%; N, 9.46%. '"H NMR (DMSO-
de, 8, ppm): 2.37 (s, 3H, CHs, Hy4), 7.37 (d, ArH,
2H, Hy3), 7.83 (dd, ArH, 1H, Hy), 7.89 (d, ArH, 1H,
Hg), 7.91 (d, ArH, 2H, Hy»), 8.23 (d, ArH, 1H, Hj3),
8.27 (d, ArH, 1H, Hyp), 8.51 (d, ArH, 1H, Hy), 8.53
(dd, ArH, 1H, H;), 8.63 (d, ArH, 1H, Hs), 8.84 (dd,
ArH, 1H, Hy;), 11.09 (s, NH, 1H, Hy), 11.37 (s,
NH, 1H, Hg).

Polymers PI 4 and PI 5 were prepared following the
procedure described in literature.”> The polymers
were characterized with FT-IR, '"H NMR spectro-
scopes and elemental analysis.

PI 4: IR (KBr, cm™"): 1777, 1719 (C=O in imide),
1374 (C-N str.), 722 (C=0 bending), 1681 (C=0
amide), 3032 (-CHj3), 3357 (N-H). Anal. Calcd: C,
71.73%; H, 3.83%; N, 11.41%. Found: C, 71.06%;
H, 4.0%; N, 11.38%. 'H NMR (DMSO-ds, 8, ppm):
2.40 (s, 3H, CHs,), 3.84 (s, CHy, 2H,), 6.55 (d, ArH,
4H,), 6.91 (d, ArH, 2H,), 7.31 (dd, ArH, 1H,), 7.36
(d, ArH, 1H,), 7.39 (d, ArH, 2H,), 7.46 (d, ArH,
4H,), 7.82 (d, ArH, 1H,), 7.85 (d, ArH, 1H,), 8.09
(d, ArH, 1H,), 8.15 (dd, ArH, 1H,), 8.51 (d, ArH,
1H,), 8.90 (dd, ArH, 1H,), 10.88 (s, NH, 1H,), 11.32
(s, NH, 1H,). UV-Vis (NMP): Apn.x = 267, 346,
407, 447 (eas7 =599 x 10°, 5145 = 0.88 x 10°
Lmol~!cm™).

PI 5: IR (KBr, cm™!): 1779, 1723 (C=O in imide),
1370 (C-N str.), 726 (C=0 bending), 1686 (C=0 in
amide), 2923 (-CH3), 3329 (N-H). Anal. Caled: C,
71.42%; H, 4.79%; N, 11.10%. Found: C, 69.91%;
H, 4.83%; N, 10.90%. 'HNMR (DMSO-ds, 6,
ppm): 2.08 (s, 12H, CHs,), 2.39 (s, 3H, CH3;,), 3.97
(s, CH,, 2H,), 7.18 (s, ArH, 4H,), 7.36 (d, ArH,
2H,), 7.83 (dd, ArH, 1H,), 7.85 (d, ArH, 1H,), 7.92
(d, ArH, 2H,), 8,14 (d, ArH, 1H,), 8.21 (d, ArH,
1H,), 8.51 (d, ArH, 1H,), 8.54 (dd, ArH, 1H,), 8.61
(d, ArH, 1H,), 8.91 (dd, ArH, 1H,), 10.89 (s, NH,
1H,), 11.34 (s, NH, 1H,). Anax = 262, 344, 407, 447
(6417 = 2.85 x 10°, &5145 = 0.66 x 10° Lmol~" em™).

Polymer film preparation
The homogeneous solutions of poly(amideimide)s
in N-methyl-2-pyrrolidinone (NMP) were filtered
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through 0.2 um membranes and casted onto glass sub-
strates. The films were dried at 100-200°C for 4 h.
Film thickness was determined with an interference
microscope (Tolansky method) and obtained values
were in the range of 1.8-3.9 um.

Characterization

FT-IR spectra were recorded on a BIO-RAD FTS
40 A Spectrometer using KBr pellets. 'H NMR spec-
troscopy were carried out on a Varian 300 Spectrom-
eter using DMSO-dg as solvent and TMS as the
internal standard. Carbon, hydrogen, and nitrogen ele-
mental analyses were performed using Elementar var-
io EL III. UV-vis spectra were recorded in NMP solu-
tion of polymers and as films casted on glass using
a Jasco V570 UV-V-NIR spectrometer. Differential
scanning calorimetry (DSC) measurements were done
using a TA DSC 2010 apparatus with a heating rate of
20 °C/min under nitrogen. Thermogravimetric analy-
ses (TGA) were performed on a Paulik-Erdey appara-
tus at a heating rate of 10 °C/min under nitrogen. The
reduced viscosity was measured in NMP (concentra-
tion = 0.2 g/100mL) at 25 °C using Ubbelohde visc-
ometer. The molar masses and the dispersities of ob-
tained polymers were determined by size exclusion
chromatography (SEC) using RI detector (An-2010
RI WGE Dr. Bures). Measurements were performed
in N,N-dimethylformamide (DMF) with 5mmol/L
LiBr using a set of columns: guard (Polymer
Labolatories) + GRAM 100 A (Polymer Standards
Service) + 2 x Mixed-C (Polymer Labolatories).
All chromatograms were obtained at 1 mL/min at
45°C. Molar masses were calculated according to
polystyrene standards calibration using WINGPC
software (PSS). The surface structure of the polymer
films after the diffraction gratings were recorded
was investigated by atomic force microscope (AFM
explorer TMX 2000 apparatus in the contact mode)
at room temperature.

Optical Setup

The experimental setup employed to write the dif-
fraction gratings is shown in Figure 2. All diffraction
gratings were recorded at a wavelength 4 = 514.5nm
using light beam from an Ar™ laser. After splitting the
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Figure 2. An experimental setup: L — laser, BS — beam split-
ter, M — mirror, W — waveplate 1/2, PF — sample, D — detector,
PC — computer.

SO OQONA0C/ o

Figure 3. Scheme of light intensity and polarization distribu-
tion for experimental grating inscription configurations: (a) s-s and
(b) s-p. § is the phase shift along the grating wave-vector.

laser beam by a beam splitter into two beams their
light intensities were thoroughly equilibrated by
inserting an attenuator into one branch. The average
total light intensity at the sample was IR =1t =
570 mW /cm?. The angle between the writing beams
was kept fixed at 6 = 20° resulting in a periodicity
of A = 1.5um for the grating (according to A = A1/
2in(6/2)). Two different combinations of the writing
beam polarizations were realized, i.e., pure intensity
modulation one (s-s) and pure polarization with con-
stant intensity over the illuminated region (s-p) (cf.
Figure 3). In the s-s polarization geometry two incom-
ing beams are linearly polarized with electric field
vectors perpendicular to the incidence plane and for
s-p polarization one of the incoming beam polariza-
tion is rotated by 90°. The grating formation process
was monitored by scattering a probe beam from low
power He-Ne laser operating at wavelength A =
632.8 nm on the grating area and observation of the
first order diffraction power in the transmission mode.
Simultaneously the temporal evolution of the first-or-
der diffraction beam power arising due to self-diffrac-
tion process of recording beams was also measured.

RESULTS AND DISCUSSION

The polymers studied here are amorphous, poly-
(amideimide)s with methyl substituted azobenzene
side group. The chemical structures of the investigated
polymers are shown in Figure 1. Polymers PI 1-PI 3
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have been reported previously,?> however, the diffrac-
tion gratings formation in these polymers have not
been studied yet. The poly(amideimide)s PI 4 and
PI 5 are novel and were prepared from new synthe-
sized dianhydride containing azobenzene group
(DA). The '"H NMR and FT-IR spectra of the poly-
mers were consistent with their assigned structures.
All polymers exhibited good solubility in a variety
of polar solvents such as: NMP, DMA, DMF, DMSO,
pyridine and 4-chlorophenol at room temperature.
Two polymers PI 3 and PI 5 are soluble in THF,
polymer PI 4 is partially soluble and polymers PI 1
and PI 2 are insoluble even after heating in this sol-
vent. The reduced viscosity (1.q) of all investigated
polymers is in the range between 0.18 and 0.40
dL g !. The new polymer PI 5 showed the highest
value of g, i.e., 0.40dL g~', polymer PI 4 exhibited
reduced viscosity of 0.20dLg~!. Number-average
molecular weights (relative to polystyrene standards)
of new polymers for PI 4 M, is 12.8 x 10° and for
PI 5 is 19.6 x 10° g/mol, with dispersity index be-
tween 1.34 (PI 4) and 2.10 (PI 5). The ability of these
polymers to form films was examined. Good optical
quality films can be obtained by casting from solution
on glass substrates. The glass transition temperatures
(Tys) of the new polymers (PI 4 and PI 5) and PI 2
were not observed by differential scanning calorime-
try (DSC) up to 300°C. The polymers PI 1 and
PI 3 exhibited almost the same T,, i.e., 268 and
269 °C, respectively. Poly(amideimide)s loss 5wt %
in N, (Tys) at the temperature range of 330-390°C.
The Tys is 336 and 390 °C for PI 4 and PI §, respec-
tively. These new polymers PI 4 and PIS loss
10wt % (Tq410) at temperature of 424 and 476 °C.
The kinetics of grating inscription was discussed in
relation to the polymer structure, i.e., from the point
of view of the chemical structure of the polymer
backbone and position in which azobenzene group
is attached to the polymer chain. Contrary to poly-
imides PI 1-PI 3 where azobenzene moiety is intro-
duced between imide rings, in polyimides PI 4 and
PI 5 azo chromophore is incorporated between amide
linkages.

UV-Vis absorption characterizations

The UV-Vis spectra of the poly(amideimide)s were
acquired both in NMP solutions and in films. The
range of UV-Vis measurements was limited by trans-
parency of the used solvent and substrate. The optical
absorption spectra of the new poly(amideimide)s
PI 5, PI 6 and polymer PI 2 in NMP solution are
compared in Figure 4. Each spectrum of polymers
PI 1-PI 3 consists of two absorption bands: a peak
located around 338 nm, characteristic for the benzene
rings and band appearing at longer wavelength in the
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Figure 4. UV-Vis spectra of PI 4, PI 5 and PI 2 in NMP
solution. The concentrations are different.

visible range at 455nm due to azobenzene group.?’
Monomer DA shows three absorption maxima at
262, 298 nm attributed to the benzene ring and car-
bonyl groups and a peak located at 391 nm which is
assigned to the vibronic coupling between n-7* and
m-m* electronic transition of the frans azobenzene
moiety.* Absorption spectra of polymers obtained
from dianhydride DA, i.e., P14 and PI 5 exhibit
two absorption bands one centered at about 262 nm
and second very broad band at about 334407 nm with
shoulder. To find the position of the shoulder the sec-
ond derivatives method was used (i.e., the maximum
of the second derivative of absorption corresponds
the absorption maximum). The maximum of the
shoulder is at 447 nm for both polymers. The absorp-
tion bands at shorter wavelength are due to electronic
transitions in polymer backbone while the band at
longer wavelength (447 nm) is attributed to the transi-
tions in azo chromophore. Red shift (about 56 nm) of
absorption maximum (Adp,x) of azobenzene group is
observed between poly(amideimide)s PI 4 and PI 5
and the monomer. As expected, both series of poly-
(amideimide)s, i.e., the polymers P1-P3 and PI 4-
PI 5 exhibit almost the same position of absorption
maxima of azobenzene group because they contain
the same azo chromophore with methyl para-substitu-
ent. Comparing absorption spectra of series PI 1-PI 3
with series PI 4, PI 5 the differences are observed
(Figure 4). These results obviously indicate that the
shape of absorption bands is affected by difference
in polymer structures, i.e., difference in the chemical
surrounding of the azo group in the polymer chain.
In other words, the manner in which the group is at-
tached led to a change in the electronic environment
of the azobenzene moiety. The spectra of polymer
films are compared with spectra obtained in solution.
No differences between the position of absorption
maximum in film and solution were observed in the
case of all polyimides.

Polym. J., Vol. 39, No. 7, 2007

Holographic Diffraction Grating Recording
Irradiation of the azopolymers films by interfering
polarized laser beams induces a periodic change in bi-
refringence and/or dichroism in a sample. This result
in a diffraction grating build-up as is evidenced by an
appearance of a light self-diffraction. We performed
measurements of diffraction gratings recording using
degenerate two-wave mixing technique (DTWM) with
line 2 = 514.5nm of Ar* laser. The experimental set-
up of DTWM is shown in Figure 2. Diffraction grat-
ings were recorded for two configurations of beams
polarization s-s and s-p (Figure 3) in different expo-
sure time for each geometry, i.e., up to 60 min for
s-s and 30 min for the s-p one. Measurements of the
temporal evolution of the first-order diffracted beam’s
power during grating formation enable study of the
kinetics of its build-up process and estimation of the
diffraction efficiency n. The latter is defined as the
ratio between the first-order diffracted beam intensity
If;l and the input beam intensity 1% (cf. Figure 2).
Additionally the grating formation process was moni-
tored by s-polarized He-Ne probe beam operating at
wavelength 4 = 632.8nm in the transmission mode
and the diffraction efficiency was also measured.
Figure 5 shows the exemplary results of both diffrac-
tion efficiencies in function of time during grating
recording process, i.e., the diffraction efficiency in a
self-diffraction of Ar™ laser and a diffraction of the
probe He-Ne beam, for polymers PI 2 and PI 5 under
s-s polarization configuration. As the grating formed,
the diffraction efficiency increased, saturated and re-
mained at a constant value throughout the rest of the
recording process (Figure 5(a)) at both wavelengths.
Such behavior is observed in the polymers containing
azobenzene group attached between imide rings (PI 1,
PI 2) at A = 514.5 nm. When the azo chromophore is
placed between amide groups (PI 4 and PI 5) the dif-
fraction efficiency at 4 = 514.5 nm behaves different-
ly (Figure 5(b)). In these polymers diffraction effi-
ciency reached maximum and started to decrease
after prolonged exposure. The decreasing in the dif-
fraction efficiency is also observed at 4 = 632.8 nm
in polymers PI 1, PI 2 and PI 4. Such a different
behavior was never observed in the cases of diffrac-
tion efficiency measurements performed under s-p
geometry. The exemplary measurements of diffrac-
tion efficiencies under this geometry are showed in
Figure 6 for PI 2. During s-p polarization configura-
tion the kinetics of diffraction efficiencies showed
exponential growths which were observed without
any exception for all the studied poly(amideimide)s.
One interesting thing can be also noticed in
Figure 5 when one compares the maximum diffraction
efficiencies at two different wavelengths. It is clearly
seen that for the polyimide PI 2 the diffraction effi-
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Figure 6. Diffraction efficiencies in function of time for the
polyimide PI 2 recorded at different wavelengths 514.5nm and
632.8 nm for s-p polarization geometry.

Table I. Maximum diffraction efficiencies (in %)
measured at two different wavelengths and two polarization
configurations for the studied polyimides
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Figure 5. Temporal evolutions of the diffraction efficiencies
measured in situ for the inscribed gratings at wavelengths A =
514.5nm and A = 632.8nm for polyimides PI 2 (a) and PI §
(b) for s-s polarization configuration.

ciency is significantly higher for laser line 4 = 514.5
nm than for 4 = 632.8nm in contrary to PI 5 case
where the maximum diffraction efficiency is inverted,
i.e., it is higher for He-Ne laser line. It was also ob-
served for poly(amideimide) PI 1 in comparison to
PI 4. Additionally such behavior is independent on
configurations of the beams polarization, i.e., the same
tendency at which wavelength is the higher diffraction
efficiency for each poly(amideimide) is observed for
both polarization geometries. The values of the meas-
ured diffraction efficiencies for all studied polyimides
at those two wavelengths and for both polarization
geometries are gathered in Table I. The diffraction
efficiency measured at grating recording wavelength
A = 514.5nm for s-s polarization is generally signifi-
cantly weaker when compared to s-p one for all stud-
ied polyimides. The explanation could be found in the
work of Lagugne-Labarthet et al.’* where authors
claimed that in the case of s-p polarization geometry
the birefringence, i.e., modulation of refractive index
in the volume of the polymer, is maximal. The differ-
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Polymer 514.5nm 632.8 nm
code 5-5 s-p 5-5 s-p
PI1 0.32 0.82 0.12 0.08
P12 0.29 0.65 0.06 0.07
P13 0.02 0.06 0.11 0.15
PI 4 1.07 1.97 2.63 2.78
PIS 0.14 0.59 2.23 245

ence in diffraction efficiency between s-s and s-p con-
figurations is well seen in two-wave mixing experi-
ment but surprisingly much less of difference was
observed for reading of these gratings at 4 = 632.8
nm (cf. Table I). In this case the diffraction efficien-
cies are almost comparable for these both configura-
tions.

In our opinion this difference may result from a
specific beam coupling in the case of self-diffraction
process (i.e., for 4 =514.5nm) especially for s-p
polarization grating resulting in large volume changes
of refractive index. This type of beam coupling is not
present in the case of simple light diffraction on the
grating with single beam form He-Ne laser (1 =
632.8 nm).

In general the inscribed diffraction gratings show
low diffraction efficiencies lying in the range 0.06—
2.5%. The lower diffraction efficiencies where ob-
served for polymers with azo group attached between
the imide rings (PI 1, PI 2, PI 3), whereas the higher
one were observed for polymers with azobenzene
group placed between amide groups (P14, PIS).
One should not compare the diffraction efficiencies
for different sample thickness and unknown surface
relief grating contribution to light scattering. How-
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Table II. Parameters of the diffraction efficiency growth curves according

to eq 1 obtained from fitting. Recording light wavelength 4 = 514.5 nm

Polymer s-s polarization s-p polarization
code Ay 71 [s] Ay 72 [s] Ay 71 [s] Ay 7 [s]
PI1 0.03 13.5 0.02 639.6 0.07 21.8 0.02 417.6
PI2 0.03 16.8 0.02 146.4 0.04 11.0 0.03 128.7
PI3 — — — 0.01 26.9 0.01 281.0
PI 4 0.112 83.5% — 0.08 199.9 0.06 575.5
PI 5 0.03% 13.7% — 0.04 11.8 0.04 120.4

“Time constant estimated only for the first stage of grating built-up process.

ever, in both cases of bulk refractive index and relief
gratings low diffraction efficiencies are due to restrict-
ed chromophore’s motion in studied polyimides. The
azobenzene molecule is rigidly linked to polymer
chain because one of the aromatic cores of the azoben-
zene moiety is a part of the backbone connected in the
2 and 4 position either imide or amide group. The
rigid link has a double effect on photoorientation. It
makes harder to induce orientation, but on the other
side it confers a better stability of photoinduced prop-
erties. Taking into account the polymer backbone
structure it can be concluded that increase of aliphatic
groups amount decreases the value of diffraction effi-
ciency (PI1, PI 3). This may suggest that stable
molecular ordering is more difficult to achieve due
to higher chain mobilities.

In order to study the dynamics of the diffraction
grating recording, e.g., follow the kinetics of refrac-
tive index changes An(f) and/or surface relief ampli-
tude changes Ad(t) the following equation might be
applied to describe the grating growth curve:

s -en{- )]s -en(- )]

ey
where 7(f) is the measured diffraction efficiency and
71 and 7, are the time constants of the fast and slow
grating build-up processes contributing to the light
diffraction.®
The fast process of grating build-up is due to the
trans-cis-trans isomerization and the local mobility
of azobenzene moiety, which is determined by their
size, the free volume around them, and the strength
of their coupling to the polymer chain. The slow proc-
ess depends on the coupling between azobenzene and
polymer segments, and the mobility of whole polymer
therefore is indirectly connected with surface relief
grating formation. Parameters A; and A, tell about
the contribution of these processes to light diffraction
signal. Such approximation allows to elucidate the dy-
namics of the involved parameters and make possible
to compare the respective grating inscription time
constants for all investigated polymers. It is worth to
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underline the fact that the dependence of inscription
rate on the film thickness can be ignored for relatively
thick (>0.5 um) films,*® what is the case in our work
where dy > 1.8 um. Therefore the difference of the
grating inscription kinetics can predominately be
attributed to the polymer structure.

The shape of the square root of diffracted power
signal versus time (cf. eq 1) for all studied polymers
exhibited biexponential behavior under s-p polariza-
tion at both wavelengths with one exception for
PI 4 where the monoexponential function was more
adequate. In some polymers (P14, PIS at A1 =
514.5nm recording line and PI 1, P12, PI 4 at
A = 632.8nm) not biexponential kinetics diffraction
growth under s-s polarization is observed. In such
cases the monoexponential equation was applied to
describe the first stages of the grating formation,
which gives information about refractive index grat-
ing build-up process. The obtained fitting parameters
are summarized in Table II for 4 = 514.5nm and in
Table III for = 632.8 nm. Taking into consideration
the grating recording under s-s geometry at line
514.5 nm one could notice the different dynamics be-
haviors for polymers PI 1 and PI 3 when compared to
PI 4 and PI S (cf. Figure 5). Polymers with the azo-
benzene group bounded between imide rings (PI 1,
PI 2) showed well described by biexponential func-
tion grating growth, i.e., the diffraction efficiency in-
creased, reached the maximum and stayed saturated.
The completely different behavior was observed for
polymers where the azo moiety was introduced be-
tween amide linkages (PI 4, PI 5). In this case the dif-
fraction grating recording process revealed the ten-
dency to the decreasing after reaching the maximum
of diffraction efficiency. This behavior can be result
of either phase shift A@(f) between birefringence
and the surface relief gratings’’ or saturation of cis
isomer concentration caused by enhancement of its
lifetime at given illumination conditions. If there exist
the phase shift between those two gratings (say equal
to ) then the build-up of surface relief grating can
lead to partial cancellation of light phase retardation
caused by the two gratings. This should lead to the de-
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Table III. Parameters of the diffraction efficiency growth curves according

to eq 1 obtained from fitting. Scattered light wavelength 4 = 632.8 nm

Polymer s-s polarization s-p polarization
code Ay 71 [s] Ay 72 [s] Ay 7y [s] Ay 7 [s]
PI1 0.02¢ 20.8% — — 0.02 23.7 0.01 427.9
PI2 0.02¢ 74.6* — — 0.01 13.0 0.01 96.4
PI3 0.02 28.0 0.01 586.7 0.02 16.2 0.01 142.9
PI 4 0.16% 187.4* — — — — 0.18 556.2
PI 5 0.06 11.0 0.09 128.9 0.04 5.6 0.1 112.9

“Time constant estimated only for the first stage of grating built-up process.

crease in the diffraction efficiency at the longer expo-
sures.*¥

The effect of the backbone structure on the inscrip-
tion rates of grating formation under s-p polarization
in the polymers is also observed. Poly(amideimide)s
PI 2 and PI 5 which possess four methyl groups
in polymer chain when compared to others revealed
the fastest grating recording rates at both wavelengths.
The slowest grating formation is observed in PI 4
and PI 1 without methyl groups in polymer backbone.
The influence of the type of the group attaching
the azobenzene moiety to polymer backbone, i.e.,
imide or amide, on inscription rates was not pro-
nounced.

Surface Relief Modulation

As already mentioned the process of holographic
diffraction grating recording in azobenzene func-
tionalized polymers is usually accompanied with
the creation of the surface relief grating.** The
forming mechanisms of the photofabricated SRGs
on azopolymer films have been actively investi-
gated by Natansohn et al., Triphaty et al. and
others,!011:19:34.3741.42 The gurface relief modulation
was found to be dependent on both experimental
conditions such as light intensity, the beams polariza-
tion and incidence angle,***’ and chemical structures
of the polymer backbone and the azobenzene group,
the polymer molecular weight.'%**84% The surface
grating formation ability was tested by atomic force
microscopy (AFM) for all investigated polyimides.
AFM scans were taken for a 20 um x 20 um area of
the grating. The original film surfaces before exposure
were planar without any regular periodicity. The re-
sults of AFM examination are presented in Figure 7
for exemplary polyimide PIS for s-s and s-p
polarization configurations. We confirmed that also
for the group of studied polymer the surface relief
formation is strongly dependent on the writing beam
polarizations. After grating recording under s-s polar-
ization configuration the surface of the polyimides
films showed a regularly spaced relief structures with
the grating spacing of about 1.5um, as it was set
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by the interference pattern (cf. Figure 7(a),(b)). The
grating profile exhibits a nicely sinusoidal shape (cf.
Figure 7(b)) and relief amplitude is about 25 nm for
PI 5. The surface relief grating inscribed under s-p
geometry shows spatially more dense structure (half-
period) and much less relief amplitude lower than
4nm (cf. Figure 7(c),(d)). This appearance of half-
period structure may result of additional interference
between two p-polarized beams of 0-th and 2-nd order
during s-p inscription.*>>! Figure 7 depicts the gener-
al rule of surface modulation in dependence of writing
beams polarization in all studied poly(amideimide)s.
It means that in the case of s-s geometry the regularly
sinusoidal, relatively deep modulation is observed,
whereas for s-p polarization configuration the surface
modulation is very weak and the half-period grating
appears. Detailed modeling of such phenomenon will
be described in a prepared separate paper.>!

The measurements of surface modulation depths for
gratings recorded for s-s polarization of the interfering
beams in the studied series of polymers are compared
in Figure 8. The results are somehow surprising be-
cause the higher amplitude of the surface modulation
does not correspond to the higher diffraction efficien-
cy (cf. Table I). According to the theory,*** which
was also experimentally proved it the same references,
such correlation should be observed. Our results are
significantly different and we cannot find now the con-
vincing reason for such behavior except that the ab-
sorption and phase shift between the gratings play a
decisive role. Anyway it should be stressed that in
spite of low diffraction efficiencies it is possible to in-
scribe regular surface gratings on the polymer films of
studied polymers. One clear conclusion about the sur-
face relief formation ability in studied polymers can
be made. For the same experimental conditions the
deeper surface modulation is achieved in poly(amide-
imide)s with azobenzene group introduced between
imide rings. It is well known that the surface grating
depth can be controlled by the light exposure time,
the polarization state of the beams (e.g., using circular
polarizations) and the period. Thus, SRG’s with high-
er amplitude of surface modulation can be inscribed in

Polym. J., Vol. 39, No. 7, 2007
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Figure 7. AFM surface imaging of SRG written in 3.5 um thick film of PI 5: three-dimensional topography of surface relief grating
inscribed with s-s polarized interfering beams (a) and its amplitude modulation profile (b) three-dimensional topography of surface relief

grating inscribed with s-p polarization configuration (c) and its amplitude modulation profile along the ripple pattern (d).
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Figure 8. The surface relief depths obtained in studied poly-
imide films under s-s polarization configuration of recording
beams.

investigated polyimide films by tuning experimental
conditions.

As a further step in this work the thermal stability
of SRG was investigated. The thermal behavior of re-
corded gratings at elevated temperatures is an impor-
tant parameter of a given polymeric material. Shape
stability is greatly desired in photonic applications
such as waveguide couplers and aligning layers for
liquid crystals.>> Most surface relief gratings are ther-
mally erasable. It has been recognized that the shape
stability of the relief structure is strongly associated
with the rigidity of the polymer main chain.!®36-2

Polym. J., Vol. 39, No. 7, 2007

Therefore it is expected that SRGs in studied poly-
imides should be stable even at elevated temperatures.
In order to detect the effect of the temperature on the
stability of the surface modulation the polymers films
were heated at 200°C from 15 to 60 min. After an-
nealing the film surface was examined again by AFM
technique. The negligible (<1%) changes in the am-
plitudes of the surface relief grating after 15 min of
the thermal treatment were observed in all poly-
(amideimide)s with one exception. In polymer PI 3
the decrease in the relief amplitude took place after
the first 15min of heating from 50nm to 20nm.
Figure 9 shows the surface topography of the polymer
PI 2 film before and after 60 min of thermal treatment
at 200 °C. The grating depths remain unchanged after
60 min of heating. Similarly no surface relief deforma-
tion after annealing of the inscribed gratings was ob-
served in the rest of studied polyimides. The heating
has no effect on the grating spacing.

CONCLUSIONS

The ability of the holographic grating recording in
series of side-chain azoaromatic poly(amideimide)s
was studied. The linking place of the azobenzene units
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Figure 9. The topographical AFM images of relief gratings observed in 1.8 um thick PI 2 film before (a) and after thermal treatment at

200°C for 60 min (b).

in polymer chain and the backbone structure exhibited
some effect on the inscription rates and the values of
diffraction efficiencies. The highest values of diffrac-
tion efficiencies showed polymer with azobenzene
chromophores attached between amide linkages to
polymer. The faster grating recording rates were ob-
served for poly(amideimide)s with four methyl sub-
stituents in the backbone. The diffraction efficiency
of light scattered on the gratings was dependent on
used light wavelength. We noticed that polymers with
the azobenzene group attached between imide rings
had higher diffraction efficiency for the wavelength
514.5 nm than for 632.8 nm whereas polyimides with
the azo group placed between amide groups exhibited
opposite behavior. However, the origin of this phe-
nomenon may not be directly linked with the molecu-
lar structure. In spite of the observed low diffraction
efficiency it was possible to inscribe surface relief
gratings of amplitudes reaching 50nm on poly-
(amideimide)s films using s-s light polarization con-
figuration. The studies confirmed the strong depend-
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ency of writing beams polarization on the efficiency
of the surface modulation. The sinusoidal modulation
was observed for s-s recording, whereas the half-
period structure has been seen for s-p geometry. The
significant differences in the SRG modulation depths
were observed. The deeper surface modulation (s-s
case) was achieved in polymers with azobenzene
group introduced between imide rings. The photoin-
duced surface gratings were partially erasable by heat-
ing at elevated temperature.

Due to ease of surface relief gratings recording on
the azo functionalized poly(amideimide) films, such
polymers may found potential applications in fabrica-
tion of optical elements and devices.
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