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Control of Photodynamic Motions of
Azobenzene-Derivative Polymers by
Laser Excitation Wavelength
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Seiji Higuchi, Tomonobu Nakayama

The dynamic properties of photoinduced alignment and surface relief grating (SRG) formation
as a function of excitation wavelength (1., = 454, 488, 514, 532, 568, and 647 nm) are examined
using five azobenzene-derivative polymers, whose absorption spectra are tuned by substitut-
ing different electron-withdrawing groups (CFs,
CN, CNCl], NO,, (CN),). The dynamics sensitively
depend on /... The fastest rate of photoinduced
alignment is observed when Ay is between /5 of
the trans n—n" transition and that of the cis n—="
transition. A model of trans—cis photoisomeriza-
tion has been developed based on competition
between photoexcitation and relaxation, in which
the n—=" transition has a faster relaxation path-
way than the 7—n" transition. Under conditions of
adequate absorbance of the trans form at A, ie.,
greater than %A, the rate of SRG formation
increases at longer Aey.
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Photoisomerization is a molecular structural change
between isomers caused by photoexcitation.! Because
of the different absorption wavelength of each isomer, the
functionality of materials can be switched by changing the
excitation wavelength (1) of light: for example, photonic
crystals,'?! single molecular tip,”®! magnetic materials,'
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and biomolecular activity,®® etc. On the other hand, the
absorption spectra can be overlapped in the visible
wavelength region by substituting electron donor and
acceptor groups on azobenzene.™ A continuous trans—
cis—trans photoisomerization cycle can then occur at the
same e It is a basic photonic motion that enables an
azobenzene-containing polymer to respond to polarized
light and an interfering laser beam. By the use of linearly
polarized light, the photoisomerization cycle is minimized
in a direction perpendicular to the polarization axis of
the laser, so photoalignment can be achieved.”®! This
phenomena has received much attention in the applied
fields of optical data storage and plastic polarized optics.®!
In 1995, Natansohn’s group and Tripathy’s group inde-
pendently reported an interesting photoinduced phenom-
enon in an azobenzene polymer film.*®! By irradiation
with an interference laser beam, the flat surface of the film
was modulated to a sinusoidal grating that had a regular
periodicity. It has been suggested that photoinduced
polymer mass migration occurs in the optical field, and
the mobility is triggered by the photoisomerization cycle
of azobenzenes.!**% Therefore, it may be expected that
the dynamics of photoinduced alignment and surface
relief grating (SRG) formation may have a strong correla-
tion with the dynamics of the photoisomerization cycle.

Various structural features of azobenzenes have been
investigated, such as the size of the azobenzene group,™"!
the amount of azobenzene incorporated in a polymer,
the length of the side-chain,*®! the properties of the
polymer  backbone,** and  azobenzene-derivative
glasses.[**] Bulky groups bound on azobenzene exhibit
a slow photoresponsive rate because of the large
free volume required to change the conformation.**! As
the amount of azobenzene in a polymer is increased, the
degree of photoinduced alignment increases, but inter-
molecular dipolar interactions among the azobenzenes
and the polymeric segments start to become important at
the high content.*? This diminishes the photoinduced
motions. The length of the side-chain influences the
thermal mobility of the polymer and changes the phase.!**!
The structural parameters related to the intermolecular
interaction and thermal mobility have been intensively
investigated, but there has been fewer reports on the
substituents on the azobenzene that determine the key
features of the photoexcited state (m—=" or n—=") and the
excitation wavelength of the light source. These may
essentially affect the mobility in photon mode.*! Con-
siderable experimental and theoretical research has been
performed to identify the photoisomerization pathway in
gas and in solution,*”! but a general rule applicable to a
series of azobenzenes has not yet been derived, especially
in the polymeric film state, which is a prerequisite for
many photonic applications. Recently, we investigated
photodynamic properties using azobenzene polymers

[12]
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substituted with different electron-withdrawing groups
under irradiation at fixed /e,.[**! The photoresponsive rate
increases when the absorption wavelength of the cis-n—="
transition approaches the ey In this research, the photo-
responsive rates of photoinduced alignment and SRG
formation as a function of 1. are examined using five
azobenzene-derivative polymers whose absorption spectra
are chemically tuned by substituting different electron-
withdrawing groups. The observed photoresponsive rates
are discussed in relation to the speed of the photo-
isomerization cycle and its photoexcited state.

Experimental Part

Azobenzene-Derivative Polymer Film

The chemical structure of azobenzene-derivative polymers is
shown in Figure 1. The methacrylate-based azobenzene monomer
and the mesogenic monomer were randomly copolymerized with
a molecular ratio of 1:4, respectively. Detailed synthetic proce-
dures were referenced in a previous report.**) The type of electron-
withdrawing group (R; and R,) is given in Table 1. Amorphous
polymeric films were prepared by a spin-coating process using
10 wt.-% cyclohexanone solutions at a spinning speed of 1 000 rpm
onto a glass slide. The films were annealed at 70 °C in a vacuum
oven for 5 h.

Characterization

The molecular weights of the polymers were measured by
gel permeation chromatography (GPC, Futecs, NS2100) in a
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Figure 1. Chemical structure of the azobenzene-derivative poly-
mer and its photoisomerization cycles under irradiation with
visible light. The electron-withdrawing substituents, R, and R,,
are given in Table 1.
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I Table 1. Characteristic properties of the azobenzene-derivative polymers.

Sample Substituent, T, Film thickness Amax Dipole Electron
X moment affinity
R, R, °C nm nm debye eV
trans cis n-n" cis n—r*
S1 CF3 103 450 423 410 — 6.6 1.1
S2 CN 105 440 440 372 561 6.4 1.2
S3 CN Cl 105 480 458 378 583 7.2 1.3
S4 NO, CN 110 490 462 361 632 9.1 1.3
S5 CN 110 420 480 380 — 8.5 1.5

¥H at R, is omitted.

tetrahydrofuran solution calibrated against polystyrene stan-
dards. The glass transition temperature (Tg) was measured by
differential scanning calorimetry (DSC2100, TA instrument) with
a heating rate of 10 °C-min "' under a nitrogen environment. The
film thickness (d) was measured by a surface profiler (Stylus
profiler, Dektak 6 M). UV-vis absorption spectra were measured
using a portable UV-vis spectrometer (USB 2000, Ocean Optics)
before and after laser (Coherent Verdi 2V) irradiation at 532 nm
wavelength with an intensity of 50 mW-cm ™2 The dipole moment
and electron affinity for the trans-azobenzene isomer were
calculated with the modeling package program CAChe 6.0
workstation with PM3 parameters in the lowest energy con-
formations. The surface topography was examined using atomic
force microscopy (AFM, SI) in the tapping mode.

Optical Setup for Photoinduced Birefringence

The optical setup for the birefringence measurement is illustrated
in Figure 2(a). To provide a homogeneous beam profile over the
irradiated area of the film, the laser beam was expanded through a
spatial filter and collimated by a lens on a rail. The angle between
the excitation laser beam and the plane of the film was 14°. Six
excitation wavelengths were used: 454, 488, 514, 568, and 647 nm
from an ArKr ion laser (Spectra Physics, BeamLok model 2580) and
532 nm from a diode-pumped laser (Coherent, Verdi 2V). The
intensity of the collimated laser beam was 15 mW-cm 2. The laser
beam was polarized in the vertical direction. The polarization was
confirmed by passing through a polarizer. The polarization axis (6)
was rotated to 45° using a 1/2 waveplate. The sample film was
placed in the cross section of the exciting laser beam and the
analyzing HeNe laser (Melles Griot, 633 nm, 0.5 mW). Two polarizers
were placed before and after the film in the pathway of the HeNe
laser beam with polarization axes perpendicular to each other. The
transmitted intensity (I) of the HeNe laser beam was measured in
situ as a function of irradiation time using a power meter
(Newport, 1930C) with a time interval of 5 ms.

Optical Setup for Photoinduced SRG Formation

The SRG was optically fabricated using the Lloyd interferometer
optical setup illustrated in Figure 2(b).”! The laser beam was

expanded using a spatial filter. This provides a convenient way to
remove random fluctuations in the laser beam, and greatly
improves the resolution of the holographic lithographic process.
The expanded laser beam was collimated by a lens on a rail. The
position of the lens was adjusted to match the focal length
(f=10 cm) of the lens, and the collimation state was checked
using a beam collimation checker system (Sigma Koki, SPV-05-
CS3). Four excitation wavelengths were used for the SRG forma-
tion: 458, 488, and 514 nm from an ArKr ion laser (Spectra Physics,
BeamLok model 2580), and 532 nm from a diode-pumped laser
(Coherent, Verdi 2V). The incident intensity was 15 mW-cm ™ ? at
Jex =458 nm and 50 mW-cm 2 at e = 488, 514, and 532 nm. The
incident polarization was p-polarized with respect to the film
plane by using a /2 waveplate. The relationship between the
incident angle and the grating period is given by Bragg's law,
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waveplate

Mirror Polarizer Lens filter

(b)
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Figure 2. Optical setup for the measurement of a) photoinduced
birefringence and b) SRG formation.
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Jex = 2d sind, where A is the excitation wavelength of the laser, d
is the grating period of the interference pattern, and 6 is the
incident angle. The incident angle (§) of the laser beam was
adjusted to fabricate a 1 wm grating period (d). The diffracted
beam of a HeNe laser (Melles Griot, 633 nm, 0.5 mW) on the
fabricated SRG structure was measured in situ as a function of
the irradiation time. The HeNe laser was p-polarized with respect
to the plane of the sample film.

Results and Discussion

Absorption Spectra of Azobenzene-Derivative
Polymers

Figure 1 shows the chemical structure of the methacrylate-
based azobenzene polymer used in this work. All the
electron-donating substituents on azobenzene are second-
ary amino groups, but different electron-accepting groups
are substituted at the para (R;) and meta (R,) positions of
azobenzene. The substituent, X, designated as R;R, (omit-
ting H at the R, position) is indicated in Table 1. Number-
averaged molecular weights (M,) are in the range of
6000-9000, and the Tgs are 103-110°C. The films were
prepared to have a similar thickness (d) of 456 &34 nm.
The characteristics of the sample films are summarized in
Table 1.

The trans isomer is the dominant component at room
temperature in the dark because it is thermodynamically
more stable than the cis isomer. For unsubstituted
azobenzene, the characteristic UV-vis spectrum of the
trans isomer has a strong n—n" transition at 316 nm
in n-hexane solution, and a weak n—z* transition at
449 nm™M In the case of donor-acceptor substituted
azobenzenes, the m—n* band is red shifted and the n—n"*
band is blue shifted, therefore, the n—=" band is usually
hidden by the intense 7—z* band.>?! Figure 3(a) shows
UV-vis absorption spectra of the azobenzene polymer films
measured at room temperature without irradiation.
The maximum absorption wavelength (/max) is located
at 423-480 nm, and the extent of the red shift depends on
the type of substituent in the order X= CF3<CN<
CNCl < NO, < (CN),. To examine the effect of the electrical
characteristics on the red shift, the dipole moment and the
electron affinity of the trans-azobenzene were calculated
using the modeling program CAChe 6.0 (Table 1). The
extent of red shift is proportional to the dipole moment
and the electron affinity for samples S1-S4. The dipole
moment of sample S5 is not the highest value among the
samples, even though 1,.x appeared at the longest wave-
length. This might be because the cyanide groups (CN) are
substituted at two positions on azobenzene, that is, ortho-
and meta-, and have the longest hybridization length. For
the other samples, the extent of the red shift is proportional
to the electron-withdrawing strength of the substituent.
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Figure 3. a) UV-vis absorption spectra of the trans-azobenzene
polymer films measured in the dark. b) Change of absorption
spectra (AA) by laser irradiation at a wavelength of 532 nm.
AA=A;,, — A4, Where A;., is the absorbance during irradiation,
and Ay is the absorbance before irradiation. The AA resulting from
the cis-n—n" transition is enlarged in the inset.

For azobenzene molecules in solution, the trans n—=*
transition is very weak because of the Cyj, symmetry of the
trans isomer. It has been reported that its absorption
intensity is around 10% that of the trans-n—=" transition.™!
When azobenzene is incorporated in a polymeric film, a
higher intensity for the n-n" transition was observed
because of partial disruption of the molecular symmetry
caused by the solid environment.!?!] There have been a few
quantitative experimental reports concerning the inten-
sity of the n—n" transition and /m.x for the donor—
acceptor-type azobenzene polymer in the film state. An
attempt was made to mathematically decompose the
spectrum of Figure 3(a) into two bands using a combina-
torial equation that contained two Gaussian functions. The
resultant curves show that the hidden trans-n—=" transi-
tion is located at around 60 nm higher than the trans 7—="
transition with about 50% of the absorption intensity of
the trans-r—n™ transition. The absorption is much more
intense than we expected. This needs to be confirmed by a
proper spectroscopic method enabling the decomposition
of the two overlapping bands in the future. Although the
quantitative value is not clear at this moment, we should
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not overlook the trans-n—-n* absorption for the dynamic
process of the photoisomerization cycle.

The cis-azobenzene substituted by donor—acceptor
groups has a short lifetime, and is quickly converted to
the trans form by the laser or heat, even at room
temperature.”) The essential UV-vis spectrum of the cis
isomer is difficult to measure directly. In this work, UV-vis
spectra were taken during irradiation with the laser at
Jex =532 nm with an intensity of 50 mW.cm 2. Spectro-
scopic information of the cis isomer was obtained from the
cis component, which is generated from a steady state of
the photoisomerization cycle during the irradiation. In
Figure 3(b), the change of the absorbance spectrum
(AA=A; — Ay) is displayed where Ay, is the absorbance
during irradiation, and Ay is the absorbance before
irradiation. Positive bands arise from the cis isomer. The
band below 400 nm corresponds to the cis-7—n* absorp-
tion, and the peak above 540 nm corresponds to the
cis-n—n" absorption. In contrast to the trans isomer, the
7—n" band and the n—=" band are separated by more than
180 nm. The Anax Values are summarized in Table 1. In the
inset of Figure 3(b), the cis-n—=" absorption band is
enlarged. For S1 and S5, the band is not clearly shown
in this experiment. For S2, S3, and S4, Amax shifts to a longer
wavelength as the electron-withdrawing strength of the
substituent increases. This is consistent with the behavior
of the trans isomer (Figure 3(a)).

Dynamics of Photoinduced Alignment

A ray of light is decomposed into two rays depending on
the polarization when it passes through an anisotropic
film. Birefringence results from different refractive indices
for polarization perpendicular and parallel to the axis of
anisotropy. The extent of the photoinduced alignment
of azobenzene polymer films was measured in terms of
birefringence using the optical setup illustrated in
Figure 2(a). The detailed measurement procedures are
given in the experimental section. The birefringence, An,
was obtained using the equation, I= Iosinz(nAnd/A”p)sinze,
where I is the intensity of the light transmitted through
the crossed polarizer, I is the intensity of the excitation
laser beam, d is the thickness of the film, and 6 is the angle
between the polarization axes (45° in this work) of the
exciting laser beam and the analyzing laser beam.
Figure 4 shows the birefringence curves monitored for
5 min after turning on the laser beam at /., =532 nm. The
curves gradually increase and saturate with different
speeds depending on the type of substituent. The S2 film
shows the fastest growth in birefringence, and the
saturated state is reached within 1 min. For a systematic
comparison of the growth rate, the birefringence curves
were fitted using a biexponential function, An=

Macromolecular
Chemistry and Physics

0.05

o

o

N
T

o

o

@
T

Birefringence, An
o o
(] o
3 ]

©

o

S
T

0 1 2 3 4 5
Irradiation time (min)

diated with an intensity of 15 mW-cm™2 at a wavelength of

I Figure 4. Photoinduced birefringence curves of films S1-Sg irra-
532 nm.

A{1l — exp(—k,t)} + B{1 — exp(—kypt)}, where t is the irradia-
tion time, A and B are the contribution parameters, and k,
and ky, are the rate constants. This equation has been used
to estimate the growing rate of birefringence since its
introduction by Ho et al.®?! The inset in Figure 5 shows
the result of the curve fitting. The broken line is the
experimentally obtained An for the S2 film irradiated at
lex=514 nm, and the solid line is the curve fitting result.
The coefficient of determination (r?) is greater than 0.92.
The birefringence for the S1-S5 samples was measured for
different /., and its fitting parameters are summarized in
Table 2.

The biexponential function used in the curve fitting
consists of two parts; one is the fast aligning motion of the
azobenzene groups, A{l —exp(—k,t)}, and the other the
slow aligning motion of the polymeric segments,
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Figure 5. Plot of the fast rate constant (k,) of the photoinduced
birefringence as a function of laser Zex. The values of k, were
obtained by the curve fitting process as shown in the inset for the
S2 film irradiated at Aex = 514 nm (broken line: experimental; gray
solid line: fitted curve).
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I Table 2. Curve fitting parameters of the photoinduced birefringence.

Sample Excitation A (X107?) B (X107?) k. Ry
wavelength
nm st st
S1 454a 16 - 49.42 -
488 16 0.4 44.93 5.22
514 1.21 0.66 31.63 3.37
532 0.64 1.15 14.35 1.03
5682 0.8 - 0.6 -
2 454 2.31 1.06 29.41 3.13
488 2.65 0.9 32.66 3.25
514 2.84 0.89 41.28 43
532 2.26 1.22 17.03 2.28
568 3.9 - 0.86 -
s3 454 1.98 1.42 16.3 1.12
488 2.08 1.51 16.87 1.33
514 2.25 1.59 19.09 2.13
532 1.79 1.72 10.76 1.54
5682 3.24 -~ 0.72 -
sS4 454 1.58 1.95 6.02 0.61
488 1.66 2.15 6.19 0.66
514 2.9 2.49 6.1 0.83
532 1.84 2.78 2.37 0.59
568% 4.06 -~ 0.58 -
S5 454 1.68 2.65 4.68 0.62
488 1.9 2.71 5.2 0.63
514 2.22 2.86 417 0.69
532 1.19 3.12 2.21 0.52
568 5.26 - 0.24 -

AThe curve was fitted with the constraint of ky, = 0.

B{1 — exp(—kypt)}. The polymeric alignment can be induced
by intermolecular interaction between the aligned azo-
benzenes and the polymeric segment. This is a secondary
effect of the photoinduced phenomenon found on the
macroscopic scale.??! To determine the photodynamic
properties on the molecular level, the slow aligning speed
of the polymeric segments, k, was excluded from
consideration in this work.

In Figure 5, the rate constant of the fast molecular
alignment, k,, is plotted as a function of 1. The value of k,
strongly depends on the type of substituent and ... At
Jex=454 nm, the S1 film has the highest k, which
indicates the fastest alignment among the samples. The k,
gradually decreases in the order S1>S2>S3>54>S5 at

Macromol. Chem. Phys. 2007, 208, 1753-1763
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the given wavelength. This order implies that azobenzene
substituted by strong electron-withdrawing groups tends
to be more slowly aligned. To obtain rapidly aligning
azobenzene polymer, a weak group such as the CFs of S1
needs to be substituted on the azobenzene. It should be
noted that k, is not proportional to the absorption of the
trans form at /.. For example, the absorption in the trans
form is in the order S5 >S4 >S3>S52 > S1 at /., =532 nm
(see Figure 3(a)), but the k, order is S2 >S1>S3 >S4 & S5
(Figure 5). The S5 film with the highest absorbance shows
the lowest k,. However, in many reports, dex of the laser
has been simply selected close to Anax Of the trans form.
This might be the result of a preconception that higher
absorbance of the trans-azobenzene polymer might have a

DOI: 10.1002/macp.200700159
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higher quantum yield in the photoisomerization cycles.
However, from our experimental result, this is not true.
Because two isomers (trans, cis) and two transition states
(m—n*, n—7") of each isomer participate in the photoiso-
merization cycles, 1. should be more carefully selected
based on the spectroscopic features for the purpose of
achieving fast photoresponsive speed. One clear point is
that the An cannot be induced by irradiation outside the
absorption band of the trans form (lex=647 nm). It is
certain that the trans-to-cis photoisomerization cannot
occur above this wavelength. When the film was excited at
the tail of the trans absorption band (le, = 568 nm), a small
amount of An (k,=0.24-0.86) was slowly induced. By
changing 1. from 568 to 454 nm, the k, of the S1 film
dramatically increased from 0.60 to 49.42. For the S2-S5
films, maximum values of k, appeared. The wavelength is
longer than Amax of the trans isomer (Table 1 and
Figure 3(a)). This might be caused by absorption of the
cis isomer, which leads to cis-to-trans photoisomerization.
As shown in Figure 3(b) and Table 1, /pax Of the cis-m—n*
transition and the cis-n—=" transition is in the range
of 380410 nm and 561-632 nm, respectively. The cis-
n—-r7" band is located closer to the excitation wave-
length of 514 nm compared with the cis-7—n™ transition.
From the observation of maximum k, at wavelengths
longer than A,y of the trans and shorter than the cis-n—=*
transition, it can be deduced that cis-to-trans photoisomer-
ization occurs predominantly by the cis-n—z" transition
state.

Simulation of the trans-to-cis Photoisomerization
Pathway

Besides the cis transition states, it is difficult to deduce a
photodynamic effect related to the trans-n—r"* transition
and the trans-n—n" transition from the experimental
results obtained in this work because the difference in
absorption wavelengths is too small, and the trans-n—=*
absorbance is weak. There has been considerable effort
made to determine the transition state of the photo-
isomerization pathway,*”! however, it is still unclear at
this moment among inversion vs. rotation based on the
intermediate molecular structure, or 7—n* vs. n—n" vs.
internal conversion between them, based on the electronic
pathway. In this work, we have established a new model to
determine the dynamic effect of transition states in
trans-to-cis photoisomerization. Neither the inherent
molecular symmetry nor the microscopic intramolecular
interaction between the excited n—z" and n—n" states was
addressed, and nor were extra molecular degrees of
freedom such as inversion or rotation considered in this
model. It may provide a general understanding on the
underlying dynamic process.

Macromol. Chem. Phys. 2007, 208, 1753-1763
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Figure 6. Model calculation of trans-to-cis photoisomerization
yield with respect to excitation wavelength a) framework speci-
fying photodynamic pathway composed of photoexcitation and
relaxation. In the calculation: b) the photoexcitation from the
trans form occurs with r;= 2, 3.5, and 5, while relaxation to the cis
form occurs with fixed rs=o0., and ) at fixed r;=3.5, the rr was
varied as o, 0.1, and 0.2.

Figure 6(a) describes the framework that specifies the
dynamic reaction pathways of the azobenzene molecules.
Choosing a pathway, the molecule initially in the trans
state is excited to the intermediate potential surface by
external laser pumping and the excited molecule then
relaxes to the lower energy state, i.e., the cis state. We focus
on the fact that both the photoexcitation and the
relaxation depend on a particular pathway in a non-trivial
way, which implies that the dominant pathway should be
determined by the competition between photoexcitation
and relaxation, depending on the pathway. For this
description, a model Hamiltonian H was introduced for
the molecular transition by two different 7—=* and n—="

cromolecular
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pathways:

H = eft){t] + ecle)(c| + [ decle) \+j‘dgg\5 ) é|
+ [ dedeV (e — ec)[|c) (e |+I6 (cl][1£)€0] + [0} (2]
+1 [ dej(e) - Ae“TO(t)[[t) (e — [e)(t]] + h.c.,

(1)

where ¢, ¢, ¢, and ¢ represent the energy levels of the trans
state, the cis state, the intermediate continuum of the
molecule, and the continuum of the energy bath,
respectively. j(¢) and V(e—e¢;) are the amplitudes for
photoexcitation and relaxation, respectively. w is the
energy of the laser light and O(r) is the Heaviside step
function.”>) The essence of the model resides in the

two-pole approximation for j(e) and V(e —¢;), which
corresponds to two different pathways:
](5) :jnn*A(g - EI’U‘[*) +jrm*A(5 - 57171*)» (2)
(575C) fnn* ( - Enn*)
+f7m*A(8 —&c— Erm*)~ (3)

A(x) is the Lorentzian with broadening. ¢, and &, are
the resonant levels that belong to the 7—»"* and n—=" bands,
respectively. At =0, the laser pumping light turns on and
the wavefunction of the entire system propagates from

W(0)) = [t)0 into [W(r)):
[¥ (7)) 7)[t)[0) + B(2)[c)[0) + [ dey(e; 1)le)[0)
+fdeoe g 7)|t) §>+fd€/3€ T)|C>‘ >
+ [ dedéy(e, &; ) ) ).

(4)

The time-dependent Schrédinger equation i |¥(r)) =
H|¥ (<)) with [¥(r = 0)) = |7)|0) gives an infinite number
of coupled differential equations for the coefficients
(¢, B, and y) that determine the dynamics. From the
solution with A — 0, the photoisomerization yield is then
evaluated by:

)"eXa /d€|ﬂ E T I

where /. is the wavelength of the laser light used. It is
found that I(Zex;7) quickly converged to I(4ey) as the system
propagates with respect to t.

The absorption strength j... (jns) and hybridization
strength f... (far) of each channel were used as the
parameters to determine the photodynamics. The squares
of j and f are proportional to the absorption intensity and
the relaxation time, respectively. For photoexcitation, the
ratio 7= jrm/jnm Was used in the range of 2-5. This means

M. J. Kim, J. D. Lee, C. Chun, D. Y. Kim, S. Higuchi, T. Nakayama

the intensity of the n—n" absorption was assumed to be in
the 4-25% range of the m—x" absorption. According to
recent femtosecond time-resolved studies reported by
Satzger et all®*! using azobenzene in solution, the
relaxation times of the two channels differ by about
two orders of magnitude, ie., o 1f2 for rr=frr/fam-~0.1.
Using these experimental parameters, the dynamics
started by turning on the pump beam were calculated
by solving the time-dependent Schrodinger equation
described above. Figure 6 shows the resulting trans-to-cis
photoisomerization yield, which is dependent on the
variation of the photoexcitation ratio r; (Figure 6(b)) and
the relaxation ratio 7 (Figure 6(c)). In both cases, the yield
of the n—=" excitation is higher than that of the n—="
excitation in spite of the intense absorption in the channel
of the n—n" transition. This implies that the trans-to-cis
photoisomerization is governed by the n-zn* channel
because fi.. > fon in relaxation to the cis form, which
overwhelms j, .. <j.. in absorption from the trans form.
In an actual situation, the competing peaks of the 7—=" and
n—rx" transitions as in Figure 6(b) and 6(c) might be merged
to a single one because of lifetime broadening and
temperature broadening (not explicitly accounted for in
the present model). The fastest photodynamic pathway
could then be situated between Apax(m—7") and Apax(n—m"),
but shifted toward /nax(n—7"). This is consistent with the
experimental result in Figure 5.

The Dynamics of Photoinduced SRG Formation

Using the interferometric lithographic setup illustrated in
Figure 2(b), the SRG was inscribed on the sample films.
Figure 7 shows a characteristic surface topographic image
of the SRG measured by AFM. The rate of SRG formation
was examined by monitoring the intensity of the HeNe
laser beam diffracted from the surface. The diffraction
efficiency (DE) is defined as DE(%) = % x 100, where I'is the
diffraction intensity, and Iy is the initial intensity of the
HeNe laser. The detailed measurement procedures are
given in the experimental section. Four different /., (458,
488, 514, and 532 nm) of the interferometric laser beam
were used for the SRG formation and Figure 8 is the
resultant DE curve. When the film was irradiated at the
shortest 1.y of 458 nm, the growth rate of the DE decreased
in the order S1>S2>S3>S4>S5 (Figure 8(a)) even
though the order of absorption intensity of the trans
was the opposite at this wavelength (see Figure 3(a)). This
is consistent with the behavior of photoinduced alignment
observed in this research (see earlier). When l., was
increased from 458 to 532 nm, the rate for the S1 film was
dramatically diminished, and the slowest SRG formation
was observed at 1o =532 nm (Figure 8(a)—(d)). In order to
compare the rates, the DE values at the irradiation time of

romolecular
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Figure 7. AFM topographic image of the SRG inscribed on the S2
film.

50 min are plotted as a function of 1., in Figure 9. Here, the
DE values measured at A.,=458 nm were excluded be-
cause the intensity of the laser beam was technically
limited to below 15 mW-cm 2 in this experiment. Two
different behaviors were observed. As longer ., was used,
S1 and S2 had smaller DE, but S3-S5 had higher DE,
although the absorbance decreased. This means that
excitation at the tail of the absorption band reduces the

25
(a)
20
15}
xX
L i
u 1.0
0.5
0.0
(C) — 82
//
15 P
// - S8
v
S s ’
S 10 / 7
w / -
- S1
a / o
5 7/ i
< -S4
R

Irradiation Time (min)

Macromolecular
Chemistry and Physics

efficiency of the photoisomerization cycle (Figure 9(b)), so
the rate of mass migration is also diminished. However, if
the film has enough absorption at ley, i.e., stronger than
%Amax, as in Figure 9(c), longer Aey can drive faster SRG
formation. Compared with the dynamic behavior of k, in
Figure 5, the increase of DE at 532 nm does not originate
from photoinduced local motion such as photoisomeriza-
tion cycles or alignment, but from macroscopic displace-
ment on a micrometer-scale. Therefore, the dynamics of SRG
formation could be understood as a combined process of
local photoisomerization motion and macroscopic mass
migration under the optical field. We are currently develop-
ing a new model for SRG formation to explain the experi-
mentally observed dynamic behaviors and to understand
the driving force generated under the interfering optical
field.

Conclusion

The dynamic motions of photoalignment and mass mi-
gration to form SRG were investigated as a function of ey,
and the results are discussed in terms of the spectroscopic
features of the isomers and their transition states in
photoexcitation and relaxation processes. Azobenzene
derivatives that have weak electron-withdrawing sub-
stituents show fast photoalignment at all laser /.. There
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Figure 8. DE curves of SRG formation as a result of irradiation with different laser 1ex: a) 458, b) 488, ) 514, and d) 532 nm. The intensity of the

2

light was a) 15 mW-cm™2 and b—d) 50 mW-cm™?, respectively.
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I Figure 9. a) DE of SRG formation on the S1-Sg films when different A, of the interference laser were used (intensity: 50 mW-cm™2,

lines.

was a maximum rate of photoinduced alignment depend-
ing on the excitation wavelength, which is located be-
tween Apax Of the trans and Amax of the cis-n—n" transition.
The rate of SRG formation increased at longer laser
excitation wavelength. However, both of the rates were
decreased by excitation in the tail of the absorption band.
In the case of excitation over a critical absorption of the
trans isomer, the rates did not depend on the absorption
intensity. From these results, material scientists may find a
guideline to select an azobenzene-derivative polymer and
a laser excitation wavelength for their research purpose.
The new finding of the increased rate of SRG formation at
longer excitation wavelength could be a clue to under-
standing the mechanism of photoinduced polymeric mass
migration phenomena.
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