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A new type of photochromic molecule containing three azobenzene groups, tris[(4-
(phenylazo)diphenylamine) phenylamine] (TPPA), was synthesized and its photoinduced
behavior was examined. Good optical quality TPPA films could be prepared by spin-coating.
The photoinduced behavior of the TPPA films, such as photoinduced birefringence and surface
relief grating (SRG) formation, was investigated. Compared to an azobenzene-functionalized
polymeric PDO3 film, the TPPA molecular film showed a rapid response for photoinduced
birefringence and SRG formation, but the saturated value for the birefringence was much
smaller than that of the PDO3 azopolymer film. The dynamic behavior of SRG photofabri-
cation was compared for two TPPA films with different morphologies: an amorphous film
prepared by spin coating and a semicrystalline film prepared by vacuum thermal deposition.
The crystallinity associated with the TPPA film strongly hampered photoinduced mass
transport in the fabrication of SRG.

1. Introduction

Low molecular weight organic glass film has been a
subject of extensive study in various research fields.
Organic films with a glass transition temperature (Tg)
well above room temperature are required for use in
optics, electronics, and optoelectronics applications.1
However, molecular films have a tendency to undergo
crystallization. To obtain an amorphous molecular glass
and to control the Tg, major structural factors such as
molecular flexibility, steric hindrance, and intermolecu-
lar interaction must be controlled. An amorphous mo-
lecular glass can be constructed in the form of nonstack-
able odd-shaped molecules or as twin molecules where
bulky groups are linked via flexible or semi-flexible
central groups.2 Typically, the structural units used in
glass-forming molecules are spiro-,3 tetrahedral-,4 and
starburst-shapes,5,6 including a triphenylamine fam-
ily.7,8

The photoinduced linear orientation of the azobenzene
groups in polymer films has been widely known for more
than a decade. When such a film is irradiated with a
linearly polarized laser beam, the azobenzene groups

become oriented perpendicular to the incident polariza-
tion direction of the light via the trans-cis-trans
photoisomerization cycles.9-11 However, the extent of
our knowledge of photoinduced orientation of azoben-
zenes in the case of molecular films is limited. Their
behavior could be quite different from that of polymer
films. It was also reported, in 1995, that a surface relief
grating (SRG) with submicron periodic structures could
be photofabricated on the surface of azobenzene func-
tionalized polymer films using holographic interference
patterns of laser beams.12-14 Since then, a number of
studies have been directed at exploring a process for
potential applications and to better understand the
detailed mechanism.15-20 SRG formation is not clearly
understood currently, but is believed to occur by polymer
chain migration resulting from trans-cis-trans pho-
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toisomerization cycles of the azobenzene groups. In most
cases, such studies have focused on SRG formation on
polymeric films owing to the ease of the amorphous film
formation by the spin-casting process.

Compared to a polymer, molecular glasses would be
expected to provide better defined molecular systems
that are free from polymer chains and their entangle-
ment, and have a high density of azobenzene groups
even though polymers containing only azobenzene chro-
mophores have been synthesized using azo-phenols.21

Recently, the photofabrication of a SRG was also demon-
strated on the case of a molecular glass with azobenzene
groups.22-24 Our research group reported that a molec-
ular glass could be prepared using an isocyanate-based
cyclic molecule containing azobenzenes.23 We have
shown that with nearly identical compositions SRG
formation was more efficient on the trimer molecular
film than on the polymer film due to a decrease in chain
entanglement. It has also been reported that tripheny-
lamine-based azo glass films possess SRG formation
capability.22,24 However, a detailed comparison of pho-
toinduced properties, such as optically induced birefrin-
gence and SRG formation, between a molecular glass
and a polymer film has not been reported to date. A
detailed study of this relationship would play an im-
portant role in our understanding of the response of
azobenzene-functionalized materials to light.

Organic thin films can be prepared by various tech-
niques, e.g., solvent cast from solution, spin-coating,
electrochemical deposition, Langmuir-Blodgett, and
self-assembly methods.1 The properties of the molecular
films, especially the morphology, are strongly dependent
on the film processing conditions even though the
materials used are the same.1 The photodynamic SRG
formation process on azobenzene molecular films will
be greatly affected by the morphology of the film because
this process is believed to be a mass transport process.
Therefore, organic molecular films can be a good mate-
rial system in which the mechanism of photodynamic
behaviors of azobenzene materials could be examined
using their various morphological states.

In this study, we report on the synthesis of a new
azobenzene-functionalized triphenylamine molecule,
tris[(4-(phenylazo)diphenylamine)phenylamine] (TPPA).
The TPPA molecule contains three azobenzene groups,
which was the highest density of azobenzene groups
among molecular glasses reported to date7,22,24 and
shows a good film-forming capability by both spin
coating and vacuum evaporation methods. In the first
part of this paper, photoinduced birefringence and SRG
formation on TPPA molecular films are described and
the results are compared to the known characteristics
of an azobenzene polymer PDO3 film.13-17 In the second
part, crystalline TPPA films prepared by vacuum vapor
deposition and their photoinduced SRG formation are
described and compared to that for an amorphous TPPA
molecular glass.

2. Experimental Section

2.1. Material Synthesis. The synthetic scheme for the
photochromic azobenzene-functionalized molecule, tris[(4-(phe-
nylazo)diphenylamine) phenylamine] (TPPA), is shown in
Figure 1a. Tris(iodophenylamine) was purchased from TCI and
all other reagents were purchased from Aldrich Chemicals; all
were used without further purification. Tris(iodophenylamine),
4-(phenylazo)diphenylamine (or Disperse Orange 1), potassium
carbonate, and copper as catalyst were mixed in 1,2-dichlo-
robenzene and stirred at 190 °C under reflux (Ullman coupling
reaction).25 After a 24 h reaction, the mixtures were cooled,
filtered, and washed with water, 2 N NaOH, and a dilute HCl
solution. The filtered solution was dried with magnesium
sulfate. Methanol was added to the reaction mixture and the
precipitate was dried under vacuum. The pure product was
separated by column chromatography using hexane/methyl-
enchloride 1:3 as the eluent. The product was dried under a
vacuum at 70 °C for 12 h.

The yield was about 80%. 1H NMR (CDCl3, 300 MHz) δ
(ppm): 7.8-7.71 (phenylazo, ortho position, p-azophenylamine,

(21) Tripathy, S. K.; Kim, D. Y.; Li, L.; Viswanathan, N. K.;
Balasubramanian, S.; Liu, W.; Wu, P.; Bian, S.; Samuelson, L.; Kumar,
J. Synth. Met. 1999, 102, 893.
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Cryst. Liq. Cryst. 2001, 370, 143.
(24) Nakano, H.; Takahashi, T.; Kadota, T.; Shirota, Y. Adv. Mater.

2002, 14, 1157. (25) Gauthier, S.; Frechet, J. M. J. Synthesis 1987, 383.

Figure 1. (a) Synthetic scheme and chemical structure for
the triphenylamine-based azobenzene molecule, tris[(4-(phe-
nylazo)diphenylamine)phenylamine] (TPPA), and (b) chemical
structure of the epoxy-based amorphous azobenzene polymer,
poly(disperse orange 3) (PDO3).
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inner position, 12H), 7.4-7.3 (phenylazo, para, and metha
position, 9H), 7.2-7.1 (phenylamine, ortho, and metha posi-
tion, 12H), 7.06-7.01 (phenylamine, para position, p-azophe-
nylamine, outer position, diamine-phenyl, 21H). Poly(disperse
orange 3) (PDO3) was synthesized from diglycidyl ether of
bisphenol A and disperse orange 3 following the literature
procedure,26 and recrystallized using tetrahydrofuran and
methanol.

2.2. Film Preparation Methods. Amorphous TPPA films
were prepared using 8 wt % TPPA in 1,1,2,2-tetrachloroethane
solution, and amorphous PDO3 films were prepared using 8
wt % PDO3 polymer in a cyclohexanone solution by a spin-
coating process. All the films were baked under a vacuum
above the Tg for 12 h. The thickness of the films was varied
from 200 to 1000 nm depending on the spinning speed (600-
2500 rpm). TPPA films were also prepared by vacuum thermal
evaporation method at a pressure of 1.2 × 10-6 Torr. TPPA
films with two different thicknesses (150 and 300 nm) were
also prepared by vacuum thermal evaporation for comparison.

2.3. Photofabrication of SRG. Experiments dealing with
the holographic fabrication of SRGs on azobenzene-function-
alized films were performed using an interference pattern of
Ar+ laser beams at a wavelength of 488 nm with 50-100 mW/
cm2 intensity. The linear polarized light of the Ar+ laser beam
was passed through a half-waveplate in order to set a p-
polarization state for the light source. It was then expended
and collimated by a spatial filter and a lens. Half of the
collimated beam was directly incident on the film and the other
portion of the beam was reflected from an aluminum-coated
mirror onto the film.15 The incident angle of the light source
was 14 degrees, which corresponds to a 1-µm grating spacing
determined by Bragg conditions (λ ) 2dsinθ, where λ is
wavelength, d is period of interference pattern, and θ is
incident angle). The growth rate of the diffraction efficiency
was monitored by its first-order diffraction from a 1.2-mW He-
Ne laser beam with s-polarization at 633 nm in the transmis-
sion mode.

2.4. Characterizations. The photochromic materials were
identified by 1H NMR (JEOL JNM-LA 300 WB FT-NMR)
spectroscopy, in a deuterated chloroform solution. Thermal
properties, such as glass transition temperature (Tg) and
melting temperature (Tm) of the TPPA and PDO3 powders
(after purification by chromatography and recrystallization)
were characterized using differential scanning calorimetry
(DSC, DSC2100, TA instrument). This measurement was car-
ried out in a nitrogen atmosphere with a scan rate of 10 °C/
min. The film thickness was measured using an R-step surface
profiler. The UV-Vis absorption spectra of the TPPA and
PDO3 films were recorded from 350 to 700 nm with a Perkin
Elmer Lambda spectrophotometer. Photoinduced birefringence
was measured using an Ar+ laser beam at 488 nm with 50
mW/cm2 as a pump beam and a He-Ne laser with at 633 nm
as a probe beam. The optical setup and the detailed procedures
for the measurement of the optically induced birefringence
have been described previously.9-11 The crystallinity of the
TPPA film prepared by vacuum vapor deposition was mea-
sured by X-ray diffraction measurements (Rigaku Co., Cu KR
radiation). Surface images and depth profiles of the prepared
SRGs were measured by atomic force microscopy (AFM,
Autoprobe CP, PSI) with a contact mode.

3. Results and Discussion

3.1. Comparison of Optically Induced SRGs
between Molecular Glass and Polymer Films. A
triphenylamine-based azobenzene molecule, TPPA, was
successfully synthesized using the Ullman coupling
reaction as shown in Figure 1a. The TPPA molecule has
a very high density of photochromic units, that is, three
azobenzene groups per molecule. The TPPA molecule

has a radial shape and a nonplanar structure due to
aromatic tertiary amine moieties. The TPPA molecule
is not a rigid triangular structure. The TPPA molecule
could have various conformers due to rotation of nitro-
gen-benzene bonds and inversion of four amines. The
conformation shown in Figure 1a is one of those
conformers, and the most stable conformation calculated
by semiempirical calculation using PM3 wave function
in CAChe 5.0 work system. When the molecules were
exposed to light, the photoisomerization of the azoben-
zene groups in the sidearms could occur independently.
Therefore, the geometrical symmetry could be broken
more easily under the irradiation leading to preferential
orientation of the azobenzene groups. Figure 1b shows
the chemical structure of an epoxy-based azopolymer,
PDO3. The photoinduced formation of SRGs of the
PDO3 was extensively studied by Tripathy and co-
workers (including authors of this paper).13-17,26 The
polymer has several advantages such as a high content
of azobenzene groups, a highly amorphous morphology,
and an easy synthetic procedure. Figure 2 shows DSC
thermograms of the TPPA molecule and the PDO3
polymer. The TPPA indicated the presence of both
glassy and crystalline states (Tg ) 80 °C, Tm ) 220 °C).
The synthesized PDO3 polymer has a Tg around 110
°C, but no Tm was observed, confirming that PDO3 is
an amorphous polymer.

Both TPPA and PDO3 films could be prepared by a
spin-coating process. Both films showed amorphous
morphology and good optical qualities with negligible
scattering, which was also confirmed by polarized
optical microscopy. In the case of TPPA, even though it
has a semicrystalline nature, the nonplanar and ran-
domly branched structure of the TPPA molecule made
it possible to prepare a transparent and amorphous film
by spin-coating. Figure 3 shows UV-Vis spectra of these
films with a thickness of about 500 nm. The maximum
absorption wavelengths (λmax) of the TPPA and the
PDO3 films were 445 and 460 nm, respectively. The
PDO3 film showed higher λmax due to the presence of
nitro groups.

A well-known property of azo polymer films is the
photoinduced linear orientation when the film is irradi-
ated with a linearly polarized laser beam.9-11 The
azobenzene groups become oriented perpendicular to the
incident polarization direction of the light through the
trans-cis-trans photoisomerization cycle. These prop-

(26) Mandal, B. K.; Jeng, R. J.; Kumar, J.; Tripathy, S. K.
Makromol. Chem., Rapid Commun. 1991, 12, 607.

Figure 2. DSC thermograms of (a) TPPA and (b) PDO3 with
a second scan.
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erties of the polymer films have been extensively studied
during the past decade, however, to date, there seems
to be no report on the photoinduced orientation of the
azobenzenes in the case of molecular films. The behav-
iors could be quite different from that of polymer films.
Therefore, we measured the optically induced birefrin-
gence in the TPPA films and compared them with those
of the PDO3 film. For both TPPA and PDO3, three films
with different thicknesses of 350, 500, and 1000 nm
were prepared. The measured birefringence curves are
shown in Figure 4 and the characteristics are sum-
marized in Table 1.

As the film thickness is increased, the saturated value
and the response time for photoinduced birefringence
gradually decreased probably due to less penetration of
light on the thicker film due to absorption. When the
two types of azo films with same thicknesses were
compared, the PDO3 films showed about a two times
larger value than that of the TPPA films. It has been
reported that the photoinduced linear orientation of the
azobenzene groups also leads to the linear orientation
of the polymer main-chains through cooperative mo-
tions.9 However, these types of cooperative effects would
not be expected in the TPPA molecular films because
of the lack of interconnecting backbone chains. For that
reason, it is believed that azo molecular films could have
a smaller value of photoinduced birefringence than that
of azo polymer films.

The most interesting feature of the TPPA films is
their rapid response to photoinduced birefringence,
contrary to a gradual increase in the case of the PDO3
polymer film. When the linearly polarized Ar+ laser
beam was turned on, the birefringence of the TPPA film
developed much faster than that of the PDO3 film. After
only 12 s of irradiation of the TPPA film with a
thickness of 350 nm, the birefringence instantly in-
creased to a value of 2.34 × 10-2. However, further
irradiation with linear polarized light on the TPPA film
led to a decrease in photoinduced birefringence, and
finally, saturation at 1.82 × 10-2. The reason for this
unstable overshooting to occur at the very early expo-
sure process is currently unclear. As the film thickness
increased from 350 to 500 nm, this overshooting of
photoinduced birefringence was reduced, and was not
observed for the TPPA film with a thickness of 1000 nm.
The response time, defined as the time required to reach
a 95% level of the saturated birefringence value, was
0.42 min for the TPPA film with a thickness of 1000
nm, but 6.1 min for the PDO3 film. The absence of a
polymer main-chain and its entanglement in the case
of TPPA would permit the azobenzene groups to move
freely and become rapidly oriented in the perpendicular
direction where they absorb less linearly polarized light.

After the beam was turned off (t ) 10 min in Figure
4), the relaxation of the induced birefringence was
monitored in the dark. After 6 min, the remnant
birefringence of the PDO3 film with a 1000 nm thick-
ness was 85% of the level of the saturated value.
However, the remnant birefringence was only 71% of
the saturated value of the TPPA film with a 1000 nm
thickness, and only 59% that of the TPPA film with a
350 nm thickness. Optically induced linear orientation

Figure 3. UV-Vis spectra of the TPPA (-) and the PDO3
(- - -) films with 500-nm thickness. Absorption coefficients of
the TPPA and PDO3 films were 3.1 × 104 and 3.9 × 104 cm-1

at 488 nm, respectively.

Figure 4. Photoinduced birefringence of the amorphous TPPA
film and PDO3 films with film thicknesses of (a) 350 nm, (b)
500 nm, and (c) 1000 nm. The light source, a linear polarized
Ar+ laser with a 50 mW/cm2 intensity, was turned on at t ) 2
min and turned off at t ) 10 min. The birefringence was
further monitored for a 6-min relaxation period in the dark.

Table 1. Photoinduced Birefringence Characteristics of
the Amorphous TPPA and PDO3 Films

film
thickness

saturation
value

responsive
time (min)a

remnant
valueb

remnant
value (%)

TPPA Film
350 0.0182 < 0.03 0.0108 59
500 0.0121 < 0.05 0.0091 75

1000 0.0116 0.42 0.0082 71

PDO3 Film
350 0.0358 2.6 0.0289 81
500 0.0291 5.1 0.0242 83

1000 0.0229 6.1 0.0195 85
a Irradiation time required to reach 95% level of the saturated

birefringence value. b Birefringence at t ) 16 min. After the laser
beam turned off at t ) 10 min, thermal relaxation occurred during
6 min.
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could be randomized in the dark through thermal
processes such as cis to trans thermal isomerization and
dipole redistribution to increase the entropy. These
processes might proceed rapidly inside the TPPA films
because of the lack of the cooperatively oriented polymer
main chains.

To investigate and compare photoinduced SRG for-
mation in the two materials, we exposed the amorphous
TPPA and PDO3 films to an interference pattern of an
Ar+ laser beam with 50 mW/cm2 intensity and moni-
tored the diffraction efficiency at a wavelength of 633
nm using a He-Ne laser, as shown in Figure 5. After
irradiation for 25 min, the diffraction efficiency of the
TPPA film with a thickness of 300 nm reached 10%, but
that of the PDO3 film with a thickness of 500 nm was
only 0.4%. The diffraction efficiency of the TPPA film
was proportional to the thickness of the film. For the
700-nm thick film, the diffraction efficiency reached 23%
and then become saturated. Figure 6 shows a typical
AFM image of the photofabricated SRGs with a spacing
of 1 µm on the TPPA films. Regularly spaced and well-
aligned relief structures can be seen. In this case, the
diffraction efficiency was 16% and the surface modula-
tion depth was 250 nm. When the same irradiation
conditions were used for the PDO3 film with a thickness
of 500 nm, the diffraction efficiency was 2% and the
surface modulation depth was only 80 nm. The surface
relief structures and the profiles of the TPPA molecular
films were identical to the typically obtained SRG
structures on the polymer films, and not much differ-
ence was found between the two types of the films in
terms of uniformity and roughness.

Because of the faster increase in the diffraction
efficiency and the higher SRG depth of the TPPA film
compared to the PDO3 film, TPPA represents a poten-
tially good holographic material and that could be used
in fabricating optical elements. The origin of the rapid
SRG photofabrication on the TPPA film might be the
same as the reason for the fast growth of the photoin-
duced birefringence, i.e., the high azobenzene content
per single molecule and the good mobility of the azoben-
zene groups due to the absence of polymer main-chains
and their subsequent entanglement. However, our
unpublished work suggests that the growth rate of
photoinduced birefringence and SRG formation are

strongly dependent on the absorption wavelength of the
azobenzene groups as well as the molecular weight.
Therefore, at this time, we cannot generalize that all
kinds of the azobenzene-functionalized molecular films
would be more efficient than the polymeric films. To
compare the characteristics of photoinduced behaviors
between long chain polymer films and short chain
molecular films more precisely, it would be necessary
to compare azobenzene materials having the same
composition, and, therefore, the same absorption wave-
length, but with different molecular weights.

3.2. Comparison of SRG Formation between
Amorphous and Semicrystalline Films of TPPA.
Contrary to polymeric films, molecular films can be
generally prepared by a vacuum deposition method. A
unique property of the TPPA was its easy conversion
into films by both spin-coating and vacuum deposition
methods. Depending on the film preparation processes,
the morphologies of the films can be varied, leading to
different physical, chemical, and optical properties for
the films. Therefore, we investigated the effect of film
preparation methods on the photoformation of the SRGs
in these two different types of films.

TPPA films with two different thicknesses of 150 and
300 nm were prepared by both methods and their UV-
Vis absorption spectra were compared as shown in
Figure 7. The maximum absorption wavelength (λmax)
and difference in λmax (∆λmax) depending on the film
preparation method are also summarized in Table 2.
Film thickness had no effect on the λmax of the spin-
coated films. However, the vacuum-deposited films
showed different λmax as the thickness changed. Fur-
thermore, a thicker film (300 nm) showed some peaks
in addition to the strong main absorption band. The λmax
of the spin-coated TPPA film with a 150 nm thickness
was 443 nm (Figure 7a), but the λmax of the vacuum-
deposited TPPA film was red-shifted by 18 nm (Figure

Figure 5. Diffraction efficiency curves for the photoformation
of the SRGs with 1-µm spacing periods on (a) the PDO3 film
with 500-nm thickness, and the amorphous TPPA films with
thicknesses of (b) 200 nm, (c) 300 nm, and (d) 700 nm. Inset
shows the diffraction efficiency on the PDO3 film monitored
during irradiation for 4 h.

Figure 6. Typical 3-dimensional AFM image and depth
profile of the SRGs on the amorphous TPPA film with 500-
nm thickness at the diffraction efficiency of 16%. The surface
modulation depth was 0.25 µm.
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7b). In the case of the vacuum-deposited TPPA film with
a 300-nm thickness, the λmax of the main absorption
peak was also red-shifted by 24 nm compared to the
spin-coated sample, and three additional fine peaks
appeared at 487, 527, and 571 nm (Figure 7d).

The red-shift in the absorption peak in the vacuum-
deposited films could be correlated with the J-aggrega-
tion of the chromophores. It is generally accepted that
there are three types of chromophore aggregation
depending on the angle between the transition dipole
moment and the stacking direction of the aggregate: J-,
H- and Herringbone aggregation.27 J-aggregation in-
volves a head-to-tail type chromophore alignment and
would be expected to lead to an allowed transition
shifted to a lower energy level (red-shift). The opposite
is the case of the card-packing type aggregation, so-
called H-aggregation, which involves the parallel stack-
ing of the transition dipole moment. H-aggregation has
been frequently observed for Langmuir-Blodgett thin
films of several azobenzenes with a linear rod shape,
and is reported to inhibit the photoisomerization of
azobenzenes.28-30 However, in our case, the nonplanar
starburst shape of the TPPA molecule caused by the
triphenylamine moieties is believed to prevent card-
packing type aggregation (H-aggregation) of the chro-
mophores, thus favoring J-aggregation.31

Figure 8 shows X-ray diffraction patterns of the TPPA
films. The absence of a diffraction peak is evidence of

an amorphous morphology in the spin-coated TPPA film
(Figure 8a). However, the strong peak at 2θ ) 3.37° (d
) 26 Å) is indicative of a crystalline morphology for the
vacuum-deposited TPPA films, which probably exists as
a head-to-tail type molecular arrangement. The d spac-
ing of 26 Å is close to the diameter of the TPPA molec-
ule. This also suggests the head-to-tail alignment of the
molecules, consistent with the observation of a red-shift
in the UV-Vis absorption spectra. The extent of crys-
tallinity was strongly dependent on film thickness. The
peak intensity of the 300-nm-thick film was 4.2 times
larger than that of the 150-nm-thick film, indicating
that thicker films possess a much higher crystallinity.
In addition, a second diffraction peak can be observed
at 2θ ) 6.77°. The d spacing of the second peak was 13
Å, exactly half the distance of the first diffraction peak,
suggesting that the origin of the crystallinity is the
layer-type stacking of TPPA molecules.

To investigate how the J-aggregated crystalline mor-
phology affects photoinduced SRG formation, the spin-
coated and vacuum-deposited TPPA films were exposed
to an interference pattern of Ar+ laser beams with a
100 mW/cm2 intensity, and each diffraction efficiency
curve was obtained, as shown in Figure 9. The diffrac-
tion efficiency increased rapidly up to 12% after irradia-
tion for 15 min in the case of the spin-coated TPPA film

(27) Ramamurthy, V., Schanze, K. S., Eds. Organic and Inorganic
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Figure 7. UV-Vis spectra of the spin-coated (dotted line) and
vacuum-deposited (solid line) TPPA films. The thickness of the
film was 150 nm (a, b) and 300 nm (c, d).

Table 2. Characteristic UV-Vis Spectral Wavelength
Maxima for the TPPA Films Shown in Figure 7

λmax (nm)

film
thickness

spin-coated
film

vacuum-deposited
film ∆λmax (nm)a

150 nm 443 461 18
300 nm 442 466 24

487 45
527 85
571 129

a ∆λmax ) λmax (vacuum deposited film) - λmax (spin-coated film).

Figure 8. X-ray diffraction patterns of TPPA films prepared
by spin-coating and vacuum deposition: (a) spin-coated TPPA
film with a 300-nm thickness, and vacuum-deposited film with
(b) a 150-nm thickness, and (c) a 300-nm thickness.

Figure 9. Diffraction efficiency curves for the photoinduced
SRG formation as a function of the irradiation time on (a) the
spin-coated TPPA film with 300-nm thickness and vacuum-
deposited film with (b) 150-nm thickness, and (c) 300-nm
thickness.
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with a 300-nm thickness (Figure 9a). However, for the
vacuum-deposited films with a 150-nm thickness the
diffraction efficiency increased only 0.6% for the same
irradiation time. The obtained diffraction efficiency was
almost zero for the vacuum-deposited TPPA film with
a 300-nm thickness. Therefore, it would appear that an
increase in crystallinity of the film prevents the mass
transport required to form a surface grating structure.

Figure 10 shows the surface images of the TPPA films
before and after SRG formation. The spin-coated TPPA
film has a smooth and flat surface except for a few
pinholes and defects (Figure 10a), but the vacuum-
deposited film with a 150-nm thickness has a randomly
grooved surface like a cerebral cortex with an average
width of 1.2 µm (Figure 10b). In the surface of the
vacuum-deposited film with 300-nm thickness, many
aggregated spots were present whose average diameter
was 0.8 µm (Figure 10c). After the TPPA films were
exposed to the interference pattern, the depth of the
photofabricated SRGs was 0.28 µm for the spin-coated
TPPA film (Figure 10d), 0.18 µm for the vacuum-
deposited film with a 150-nm thickness (Figure 10e),
and 0.07 µm for the vacuum-deposited film with a 300-
nm thickness (Figure 10f). The surface images of the
groove and the aggregated spots on the films still
remained on the surface of the SRG fabricated films.

Therefore, we conclude that the vacuum deposition of
the TPPA molecules induced a J-type aggregation or
crystallinity and this led to the less efficient photoi-
somerization of azobenzene groups and subsequent
molecular motions, thus inhibiting the fabrication of the
SRGs.

4. Conclusions
A novel azobenzene-functionalized molecular glass

was synthesized from triphenylamine-based precursor.
Good optical quality amorphous films could be prepared
by spin-coating and the resulting films showed a more
rapid response to light than an azobenzene polymer
PDO3 film in terms of the photoinduced birefringence
and the photofabrication of SRGs. We also conclude that
the photoinduced SRG formation was strongly depend-
ent on conditions used in the preparation of the film.
The crystalline morphology originating from molecular
aggregation by the vacuum deposition process strongly
prevented the photoformation of the SRG structures.
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Figure 10. AFM images before (a-c) and after (d-f) photoinduced SRG formation on the spin-coated TPPA film with 300-nm
thickness (a and d) and vacuum-deposited film with a 150-nm thickness (b and e), and a 300-nm thickness (c and f). (Scale bar,
2 µm).
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