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ABSTRACT:

Azobenzene (Az)-containing polymers provide fascinating photoresponsive actuation systems. When

they are organized at interfaces, the motion of Az unit occurring at a molecular (sub-nano) scale can be transferred and

amplified to larger scales of materials. This review article focuses to selected research topics on organized layer systems

of Az-containing polymers proceeding in our laboratory. They involve i) photomechanical response of monolayers at

nanometer levels in thickness and centimeters in area, ii) monolayer-mediated photoorientation of polymer (polysilane)
and mesoporous silica at nano- to sub-micrometer levels in thickness, and iii) instant mass migration triggered by pat-
terned photoirradiation occurring at distances over micrometer levels. In every system, strong cooperative interplays
between the Az unit and organized molecular or macromolecular assemblies play the essential roles. Promotions of

these research areas are anticipated to provide wide and new opportunities for material processing and creation of
new classes of photofuncitional soft materials. [DOI 10.1295/polym;j.36.435]
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Actuations in biological systems have highly so-
phisticated hierarchical structures and work in ideal
efficiency. In contrast, artificial actuation systems of
soft materials are still at very primitive stages in terms
of architectures of the constituents and effeiciency.
Therefore, the final goal for researchers engaged in
such field would be to produce artificial macromolec-
ular systems closely mimicking biological muscle or
motor systems. Thereby, actions and interplays at in-
terfaces between macromolecular (protein) assemblies
play the critical role. In this motivation, it is of no
doubt that studies focusing on the design of mobile
and actuating interfaces will be of particular signifi-
cance.

Among various types of stimuli that may be utilized
to trigger actions, light-driven motions and material
controls are of fascinating subject. Light can approach
to materials in non-contacting manners with high ad-
dressing accurately. In addition, various types of mod-
ulations are available in terms of intensity, energy
(wavelength), polarization, coherency etc. In princi-
ple, molecular assemblies can receive all of such var-
ious types of modulating information. Also, when one
adopts a photochromic molecule, reversible or repeat-
able functionalities are available.

Research on azobenzene (Az)-containing polymeric
films has exploded during the past few decades, and it

is continuing to be a very active area of materials
chemistry.' Azobenzene is perhaps the most fre-
quently used photochoromic unit to be incorporated
in molecular assemblies and organized polymeric ma-
terials. It has several advantageous features for fabri-
cation of photoresponsive systems. i) Tedious synthe-
sis is generally not required, leading to facile
preparation of planned derivatives. ii) The sensitivity
of trans (E-form) = cis (Z-form) photoisomerization
is moderately high for both directions for derivatives
having alkyl or alkoxyl substituents. Besides, less ex-
pensive light sources such as Hg lamp can be used.
iii) Photofatigue is negligible in ordinary experimental
conditions laboratory. iv) The molecular shape is rod-
like and symmetric, which favors incorporation into
various molecular assemblies especially into liquid
crystalline systems.*> In the light of above facts, pho-
to “chromic” function is less important for Az unit,
but photoresponsive functions to trigger motions are
of particular significance. The photophysics and pho-
tochemistry of Az is summarized in literatures.%’
Among many types of photofunctions of Az, this arti-
cle only describes aspects of dynamic motions of
molecules and optic and electric effects such as non-
linear optical response or photorefractive effects with-
out alternation of molecular configuration are not
dealt with.

"To whom correspondence should be addressed (Fax: +81-52-789-4669, E-mail: tseki @apchem.nagoya-u.ac.jp).
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In the molecular design, connection of Az unit to a
polymer chain is an essential strategy to realize effec-
tive photoresponsive systems. Needless to say, great
improvement of film forming ability (processability)
is one of the most important requirements, but for this
chromophore use of polymers has even greater signif-
icance. Low-molecular-mass compounds tend to form
crystals due to their high symmetry, which strictly in-
hibits reversible cis = trans photoisomerization. In-
troduction of amorphous nature in the materials favors
efficient photoresponses. Importance of non-crystal-
line state for efficient photoisomerization of Az unit
is well recognized for Az-containing Langmuir—
Blodgett (LB) films.%!°

In organized systems, the motion of Az unit taking
place at a molecular (sub-nano) scale, can be transfer-
red and amplified to larger scale levels of materials
ranging from nanometer levels to over centimeter lev-
els. This article reviews selected research activities on
organized layer systems of Az-containing polymers
undergoing in our laboratory including the back-
grounds.'"'> They involve i) photomechanical re-
sponse of monolayers (nano-levels in thickness and
centimeters in area), ii) monolayer-mediated photoor-
ientation of polymer (polysilane) and mesoporous sili-
ca (nano- to sub-micrometer levels in thickness), and
iii) finally instant mass migration triggered by pat-
terned photoirradiation (over micrometer levels). In
every system, the interplay between Az unit and or-
ganized molecular or macromolecular assemblies is
of essential and exploration in these areas are antici-
pated to provide wide and new opportunities for crea-
tion of new classes of photofuncitional soft materials.

PHOTOMECHANICAL RESPONSE IN
MONOLAYER SYSTEMS

Macro-size Photomechanical Effects

In a bulk state, molecular motions in response to
light cannot be directly reflected in the macro-size be-
havior because of structural complexities and hierar-
chies existing in the materials.'> In the monolayer
state, on the other hand, changes in the molecular
shape and orientation can be simply and directly relat-
ed to the film properties such as film area and surface
pressure. In this regard, lowering the dimensionality
from three dimensions (3D) to two dimensions (2D)
is particularly meaningful. Chemical structures of
Az-containing polymers studied for photomechanical
response in the monolayer state are displayed in
Figure 1.

Photoresponsive effects in Az-containing polymers
were first reported by Blair et al.'*!3 using polyamids
having an Az unit introduced in the main chain (1 in
Figure 1). Langmuir Film balance measurements

436

show an area reduction on changing from dark to
UV light exposed conditions resulting from the trans
to cis isomerization. Anormalous expansions are ob-
served for the 4,4-substituted polymer. The area
change upon UV light irradiation is quite complicated.
The monolayer film initially contracts which is subse-
quently followed by area expansions at constant pres-
sure of less than 10mNm~.

A photoresponseive polypeptide monolayer on wa-
ter was first reported by Malcolm and Pieroni.'® Pho-
toresponsive polypeptide systems may provide useful
implications for understanding the mechanisms oper-
ating in biological photoreseptors. Poly(L-lysine) con-
taining ca. 40 mol % Az units in the side chains (2 in
Figure 1) forms a stable monolayer on water. When
the polypeptide monolayer is kept at constant area, ir-
radiation at 365 nm produced a decrease of the surface
pressure, which reversibly reverts to the original value
upon irradiation at 450 nm. At a constant pressure, ir-
radiation with 365nm and 450 nm, alternately, pro-
duces reversible changes of the surface area of
the monolayer. Infrared spectrum indicates that the
a-helix structure is retained regardless of light irradi-
ation.!” This suggests that in the monolayer state the
polymer does not undergo a confomational change
on irradiation. The photomechanical effects seem to
be simply due to the trans—cis isomerization of the
Az groups. Ahluwalia et al.'® conducted surface po-
tential measurements for this monolayer. The data
can be quantitatively analyzed by the inverted cone
model.'” The angle of dipole inclination for the trans
and cis isomers of the Az side residue is estimated as a
function of area per residue.

Photoresponses of related Az-containing polypep-
tides were investigated by Menzel.>’ He prepared
poly(L-glutamate)s containing Az side chains which
are in a category of ‘hairy rod’ polymers (3 in
Figure 1).2!?? Interestingly, these monolayers show
an expansion upon UV light irradiation, which is the
opposite direction as the above mentioned monolayer
for the poly(L-lysine) type. Thus, the photomechanical
effect is very sensitive to the architecture of the poly-
mers. From a comparison of the isomerization rate ob-
tained from the spectroscopic measurements and the
rate of the photomechanical response, it can be de-
duced that the photomechanical effect is not directly
caused by the photoisomerization. Instead, this two-
step mechanism for restructuring the monolayers upon
irradiation has to be assumed. When the Az moiety is
transformed from trans to cis, this chromophore
moves to the water surface and contribute to the sur-
face area per monomeric unit. This interpretation is
in essential consistency with that observed for Az
pendant poly(vinyl alcohol)s studied by Seki et al.
as will be described below.

Polym. J., Vol. 36, No. 6, 2004



Functions of Azobenzene-containing Polymers

L O @r—w_@% +“—?—Eﬁ“—§—'§$o—_@ SRE AN —(L_?g_

I
oH, ( TH2)4 (CHa )4 ( (|:H2) ) ; )2
NH; H (I:=o ?:O
0=
for0H) &
ey N\\N N\\N
! J Q) Q>
2 ? 3 CeHia
CioHa1
L o [o XTI
NI
Cg:?w o
c'\»:CHS 9 N
Hs(ﬁacN N ¢ s N 0— CeHis N
»—[ s : e \/\/\/\/\/O—Q—N _O )
” @
" N (|3
3 “\i’f*gHa ( T“? ).

Q—K 33 -

H3°CN ':) Poly(propylene imine) dendrimer 0 OH

H] D CHs
C;—( S 1-x

4 6Azn-PVA

Figure 1. Typical Az-containing polymers investigated for photomechanical effects in monolayers.

Ghadiri’s group?® reported on the photoresponsive
behavior of an Az derivative possessing two cyclic oc-
tapeptides (4 in Figure 1).>* The IR spectroscopy
shows that the peptide cylinders are oriented predom-
inantly perpendicular to the surface normal. In both
trans- and cis-forms, this cyclic peptide derivative
provided a stable monolayer with some difference in
the plateau regions depending on the isomeric form.
The surface in the plateau region, a second peptide
layer is formed as revealed by scanning force micros-
copy.

Weener and Meijer>> examined spreading and pho-
toresponsive behavior of poly(propylene imine) based
dendrimers possessing Az unit at the terminals. Rever-
sible photoisomerization occurs for a fifth generation
polymer terminated with both Az and C16 long chain
(50:50). Photoinduced area change is observed for this
polymer. On the other hand, a dendrimer in which Az
unit is fully introduced is not suited for monolayer ex-
periment.

Azobenzene-containing dendrons with a crown
ether head have also been spread at the air—water in-
terface by Sidorenko et al.?® The photoinduced area
increase upon UV light illumination is examined as
a function of dendron generation. The generation of
one and two leads to considerable area increases
(10-20%), however, higher and lower generations
demonstrated minor changes (5—10%). This can be as-
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cribed to different lateral compliant properties of com-
pound having different numbers of alkyl chains with
radial orientation.

Seki et al.”’=*° prepared poly(vinyl alcohol)s (PVA)
having an Az-containing side chain (6Azn-PVA in
Figure 1) and observed a photoinduced area changes
on a water surface. The magnitude of the film defor-
mation is the function of spacer length connecting
the Az moiety and the PV A backbone. Irradiation with
365nm light brings about a rapid expansion of the
monolayer. The largest effect is observed for
6Az10-PVA. The film exhibits a ca. 3-fold expansion
from the original area. When 436 nm light is irradiat-
ed, the film shows a rapid contractile motion to the in-
itial area. The repetition was achieved with full repro-
ducibility. The Az in the cis-form is much polar than
the trans-form, which brings about a contact with the
water surface. This leads to the expansion of the mon-
olayer. The reversible process takes place upon visible
light irradiation (Figure 2). This model is reasonably
understood by dependence of the spacer length. In-situ
X-Ray reflectivity analysis on the water surface was
performed by Kago et al.*® for 6Az10-PVA. Kiessig
fringes are observed for specular measurement for
6Az10-PV A monolayers on a water surface. By ana-
lyzing the XR data, it is indicated that the thickness of
the monolayer became larger for the trans form than
the cis form. The thickness change by 0.2-0.3 nm
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Figure 2. Schematic illustration of photoinduced expansion
and contraction of 6Azn—-PVA monolayer on water.

due to the trans—cis configurational change in the hy-
drophobic side chain is directly proven on the water
surface.®

Wiistneck et al.*'*? adopted a unique approach for
estimation of the photoinduced change of an amphi-
philic Az containing polymer in surface pressure us-
ing a pendant water drop. The surface tension of the
drop was determined by axisymmetric drop shape
analysis.* This method readily allows for determina-
tion of surface dilatational parameters such as surface
dilatational elasticity, relaxation time, and surface di-
latation viscosity by a stress relaxation experiments.
The differences in the rheological properties in the
trans- and cis-Az containing monolayers are revealed.

Visualization of Polymer Motions by Microscopic Ob-
servations

Macro-size mechanical responses at 10~'-1073m
levels can be evaluated by film balance measure-
ments. On the other hand, motions and structural
changes at molecular (107°-107!"m) levels can be
evaluated by absorption spectroscopy, X-Ray reflec-
tivity and surface potential measurements. Thus, there
exists a tremendous scale gap between the observation
tools where many hierarchical structures are involved.
To bridge the two scale regimes, microscopic visual-
ization methods are of particular importance. The dy-
namism of the photoresponsive monolayers has been
actually revealed by visualization tools. Optical mi-
croscopic tools such as fluorescence microscopy and
Brewster angle (ellipsometric) microscopy (BAM)
cover scale ranges around 1073-107° m levels. Atom-
ic force microscopy (AFM) visualizes smaller ranges
from micrometers to molecular levels. In-situ observa-
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tions on the water surface which reflects the “living”
state are feasible by the optical microscopies, and in
contrast, the transfer process onto a solid substrate is
required to perform AFM observations. Both methods
are very important and complementary visualization
tools to cover the whole length scales.

BAM utilizes the propagation and reflecting proper-
ties of light. When p-polarized light is incident on the
water surface at the Brewster angle, no light is reflect-
ed. In a case that a floating monolayer exists, the
Brewster angle conditions are no longer valid due to
a change in the reflective index at the surface and a
small portion of light is reflected.**3> This method is
well suited for observation of photochromic monolay-
er systems because no additional photoexcitable mole-
cule is required. In addition, when a He-Ne laser
beam is used, the probing light (633 nm) scarcely in-
fluences the photoprocess of both isomerization direc-
tions of Az.

Seki et al.’¢37 have utilized BAM to clarify the na-
ture of photomecanical response in monolayer using
6Az10-PVA, focusing on the following points: 1)
changes in the rheological properties due to the photo-
isomerization, 2) in-situ observation of photoinduced
area changes at microscopic scales, 3) evaluation of
photoresponsive behavior at zero pressure (inherent
behavior), and 4) precise evaluation of time correla-
tion between the phototrigger and film response.
For these purposes, a small mobile trough that can
chase an isolated piece of photoresponsive monolayer
within the microscope field has been constructed.
With this setup, the photoinduced area changes with
time are directly followed from the BAM image
(Figure 3).*” An important observation is that an in-
duction time is clearly observed before the monolayer
starts expanding despite the fact that the trans-to-cis
photoisomerization proceeds just after the switch-on
point of illumination. The expansion occurs after more
than 40% of the Az side chains are isomerized to cis-
form. This fact can be the consequence of an antago-
nistic action between the expanding action of cis-iso-
merized side chains and contracting (aggregating) ef-
fect of the trans side chains. Thus the mechanical
process involves strong molecular cooperativity. The
nonlinearity becomes much more pronounced when
a surface pressure is applied. At 2mN m~' the expan-
sion starts after the monolayer system almost reaches
to its photostationary state. The nonlinear property in
the expansion process depends on the spacer length.
The longer alkylene spacer gives rise to stronger non-
linearity due to the stronger aggregation action in the
trans form.?®

Photoinduced morphological changes at molecular
levels may be visualized by atomic force microscopy
(AFM). Actually, large distance migrations of a poly-
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Figure 3.

In situ observation of photoinduced expansion of 6Az10-PVA by BAM (upper) and time course of area change vs. irradiation

time (lower). Note that the expansion indicates nonlinear cooperative behavior.

mer monolayer in relation to mechanical response are
indicated with 6Az10-PVA monolayer by AFM.340
It is found that the morphology of the 6Az10-PVA
monolayer on a hydrophilic mica surface changes by
illumination in a highly humidified atmosphere. Clear
humidity dependence of the morphological change is
observed for a film transferred at a lateral density of
1.2nm? per Az unit. In a dry state (relative humidity
(RH) below 25%), the flat morphology is maintained.
At higher humidity, the monolayer undergoes larger
lateral movement to form network structure at micro-
meter levels. Thus the motions of the monolayer are
assisted by water molecules existing on the hydrophil-
ic surface.*'*> The UV light irradiation induces 2D
expansion of the layer, which is then reverted to an es-
sentially the identical contracted morphology after
thermal reaction spending for a few days. When the
layer is more densely packed (0.4nm? per Az unit),
the layer shows a sponge-shaped structure with a
number of defects. Upon UV light illumination, most
of the defects disappear and instead huge shallow pan-
like protrusions of 200-300 nm in diameter and ca.
10nm in height appear. This 3D change is also nearly
a reversible process. The 3D protrusions probably
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consisted of bubbles instead of multi-layering from
the following facts.

Matsumoto et al.**** have prepared LB films con-
sisting of an ion complex formed between an anionic
Az derivative and a cationic polymer. A very flat sur-
face in the ion-complex LB monolayer on mica is ob-
served before illumination. After UV light illumina-
tion the morphology drastically changes to form a
number of hills having diameter of ca. 100 nm with
the height of 5 nm. The highly undulated structure re-
verted to the original flat surface after irradiation with
visible light. The humidity conditions are not men-
tioned for this work, but their observations are in es-
sential coincidence with Seki’s observed at a highly
dense packing state.** Thus, an interpretation of the
photoisomerization behavior of Az based on the free
volume is not hold in such soft film systems.

As an extremely diluted state, the 6Az10-PVA
monolayer was isolated to a single chain level.*> To
avoid complexities as mentioned above, observation
of intrinsic photoresponse of the monolayer isolated
ideally to a single chain level is highly desired. Segre-
gation to the level of the single polymer involvement
may be achieved by high dilution of solutions*® or in
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Figure 4. Topological AFM images showing reversible expansion and contraction of 6Az10-PVA monolayer on mica. The monolayer
is two dimensionally diluted via skeletonization with stuffing amphiphile (see text).

monolayers.*’ For 6Az10-PVA monolayer, however,
the lipophilic long side chain strongly promotes ag-
gregation and prohibits isolation to a single chain. In
such case, the process of so-called skeletonization of
the LB monolayer is effectual. Skeletonization in-
volves selective removal of one component from a
mixed organization.***° 6Az10-PVA is mixed with
a stuffing amphiphile (oleic acid or methyl oleate) that
shows a high expansion at the air water interface. Af-
ter transfer onto a mica surface at very low pressures,
the stuffing material is then removed by washing or
evaporation in reduced pressures at elevated tempera-
tures. Dot shaped films having ca. 20-30nm radius
are obtained consequently. Volume estimations and
some considerations lead to an aspect that the dot
films are consisting of single polymer chain or at least
separated at a comparable level. The in-situ AFM
measurement indicates the actual expansion (after
UV light irradiation) and contraction (visible light)
behavior of the isolated polymer monolayer accompa-
nied by a thickness reduction from 1.2nm to 0.5 nm,
which reasonably agrees with the model shown in
Figure 2. These motions are fully reversible. A more
crowded ensemble also indicates fully reversible mor-
phological changes between a completely isolated
film in the trans state and continuous film formation
in the cis state (Figure 4). This fact implies that the
polymer chains restricted in the 2D state cannot be en-
tangled with each other. This reasonably accounts for
the rapid separation and reproducibility of the dot
structure.

Photocontrol of Two Dimensional Phase Separation
Hybrid monolayers consisting of 6Az10-PVA and
a polar liquid crystal (LC) molecule, 4’-pentyl-4-cya-
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nobiphenyl (5CB) provide a good interface model of
the command surface for photoswitching of LC align-
ment.* A strong molecular cooperativity and essential
factors of orientation switching behavior resulted by
the photoisomerization of Az have been revealed by
this approach.’®>? The surface pressure—area (7—A)
isotherms obtained at various mixing ratios (r =
[SCB]/[Az units]) indicate that one Az side chain
can accommodate two 5CB molecules. Above this
critical ratio, thinner parts consisting of pure 5CB
monolayer start to grow to show a two-dimensional
phase separation.

Topographical AFM images of mixed monolayers
and its analysis reveal that the phase separated struc-
ture consists of thicker monolayered domains involv-
ing two 5CB molecules per Az unit and thinner ones
comprising pure SCB monolayer.”®> The reason for
the capacity to accommodate two SCB molecules with
one Az unit can be as follows. One 5CB molecule can
be inserted into the spatial cavity formed between the
Az unit and the backbone (spacer part) and the other
can be positioned on the air side of the 6Az10 side
chain (tail part). In situ X-Ray reflectometry shows
that the 6Az10-PVA/5CB hybrid monolayer (r = 1)
is composed of a dense lower layer and a less dense
upper layer, indicating that 5CB molecules are insert-
ed into the spatial cavity of the Cq spacer part.>*

Figure 5 shows photoinduced morphological
changes of the monolayer of 6Az10-PVA/5CB at r =
4 deposited on a mica as revealed by AFM. The film is
first irradiated with UV light and then with visible
light under highly humid conditions. After UV light
irradiation, virtually all domains disappear, resulting
in smoother film with a surface roughness within
0.2nm (b). Subsequent visible light irradiation regen-

Polym. J., Vol. 36, No. 6, 2004



Functions of Azobenzene-containing Polymers

Figure 5. Photocontrol of phase separation behavior of 6Az10-PVA/5CB monolayer on mica (r = 4): (a) as-transferred from water,

(b) after UV light illumination, and (c) after visible light illumination.

erates the thicker domains of 50-100 nm in diameter
and approximately 1.5nm in height (c). Although
the size of each projected domain becomes smaller,
phase separation occurred again. The round domains
are thicker than the thinner regions by 1.5 nm, indicat-
ing good coincidence with those of the initial state be-
fore photoirradiation. It is to be noted that the change
in morphology after the photocycle unequivocally
shows that the polymer chain can migrate at microme-
ter levels. This may be related to photo-triggered
large-distance mass migration as will be mentioned
below.

On the mixing of a polymer with 5CB, Nagano
et al. have found that the hybridization of 5CB and
a polysilane, poly(di-n-hexylsilan) (PDHS) on the wa-
ter surface provides very interesting aspects in regard
to surface physical chemistry of polymers.’>® When a
mixed solution of PDHS and 5CB is spread onto a wa-
ter surface, an ideally extended monolayer of PDHS is
spontaneously formed on 5CB monolayer. The mono-
layer of PDHS can be prepared on water despite the
fact that the polymer is fully hydrophobic. Layer-by-
layer transfer of the monolayer onto a substrate further
leads to valuable information on the conformational
behavior of the polymer.’’ Although this knowledge
gives new implications in polymer nano-processing,
details are not described here because this topic is
somewhat deviated from the framework of this article.

Supramolecular Approach Using Urea Derivatives
Supramoleuclar architecture formed through hydro-
gen bonding is now occupying a major research area
in polymer chemistry.’®>° It seems of value to conduct
such approach in the photoresponsive monolayer sys-
tems instead of employing polymers. Here, urea-con-
taining Az derivatives are adopted (Figure 6).00-64
Urea is chosen as the hydrophilic head because the
monolayer of alkylureas shows interesting characteris-
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tic properties attributed to the formation of so-called
bifurcated (double) hydrogen bond among the urea
units on water.5-68

When urea is connected with Az unit, further inter-
esting behavior appears as follows. 1) The trans-to-cis
photoisomerization of Az is completely hindered at
the air—water interface despite the fact that the absorp-
tion maximum of the m—x7* band almost coincides
with that in solution.® 2) A transferred monolayer
on a hydrophilic substrate shows characteristic humid-
ity-sensitive spectral change due to alternations of the
2D packing state in a reversible manner.®"-%° This may
provide an interesting molecular system for environ-
mental sensors. 3) Obvious and multifarious carbon
parity (even—odd) effects are observed with respect
to carbon number of the spacer connecting the Az
moiety and urea in both monolayers and multilayer
systems. 364

The crucial role of the bifurcated hydrogen bonding
for the appearance of above features is clearly indicat-
ed by the chemical modification of urea moiety.®
Figures 7 displays the area changes of the monolayers
of 6Azl0-urea, 6Az10-UM, 6Az10-UM2, and
6Az10COOH upon irradiation with UV and visible
light at 20°C and 2mNm~'. As seen from Figure 7,
no photoreaction and thus no photoinduced area
change are observed in the 6Az10-urea and 6Az10-
UM monolayers. In sharp contrast, the spectrum of
6Az10-UM2 monolayer exhibits reversible area
changes under alternate irradiation. Also, the
6Az10-COOH monolayer behaves in the same man-
ner. The discrepancy is attributed to the mode of hy-
drogen bond formation, namely, the above two mono-
layers can form the bifurcated hydrogen bonds,
whereas the rest two form only single strand hydrogen
bond (see the cartoons in Figure 7).

Odd-even effects in Langmuir monolayers found
by Kobayashi et al. are particularly worth mentioning
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Figure 6. Az-containing urea derivatives and homologous
carboxylic acid derivative.

(Figure 8).5% In the m—A isotherms of 6Azn—urea
(n =3-7) in the trans form, the limiting area per
molecule, which is estimated by extrapolating the
steepest slope to zero pressure, indicate systematic al-
ternations with n (figure in the left). For the com-
pounds of odd carbon numbered spacer (n =3, 5
and 7), the limiting area ranges 0.29-0.30nm?. On
the other hand, the monolayers of 6Azn—urea having
the even numbered spacer (n = 4 and 6) shows signif-
icant area expansions with higher compressibility.
Since the cross section of vertically aligned Az is
0.25 nm? as estimated from the X-Ray diffraction data
of crystals,” it can be thus interpreted that the mole-
cules in these monolayers are tilted with respect to the
surface normal. The degree of molecular tilt for the
even numbered carbon spacer should be greater than
that of the odd numbered ones. This is, to our knowl-
edge, the first example to indicate carbon parity ef-
fects even in the monolayer state floating on a highly
fluid water surface.

The right side of Figure 8 shows absorption spectra
of the 6Azn—urea monolayers on a hydrophilic quartz
plate. The monolayers of 6Azn—urea transferred on a
hydrophilic substrate give spectra showing H-aggre-
gate formation of Az. Here, the spectra of the transfer-
red monolayers indicate zigzag alternations of Apax
(mr—m* absorption in the long axis transition) with in-
crease of the carbon spacer (closed squares in the inset
of right figure). The alternations in the molecular ori-
entation in these monolayers are also suggested from
the spectra. The ratio of absorption intensity of two
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peaks, A4r/Ajong, Where Aygp and Ay, being absor-
bances at 242nm and Ay, respectively, are plotted
against the carbon number of spacer (open circles in
the inset of Figure 8). This absorbance ratio can be
a measure of molecular tilt. The smaller value of
A243/Ajong indicated the larger molecular tilt from
the surface normal in the transmission mode measure-
ments. The results obtained here indicate that the
monolayers of even carbon numbers are tilted to more
extents, which are consistent with the data of molecu-
lar occupying area in the spreading behavior. The al-
ternations in the molecular tilt are also consistent with
other data of X-Ray analysis and infrared spectrosco-
py obtained for multilayers.**

SURFACE-MEDIATED CONTROL OF
MATERIALS ON AZ MONOLAYER

The surface-mediated photochemical alignment
switching of nematic LCs on an Az-containing mono-
layer (command surface) was first reported by
Ichimura et al.*’' The application to LC systems is
the earliest and widely examined example of the sur-
face-mediated photocontrol,”> and, perhaps provides
the most smart and practical systems due to the highly
cooperative assembling nature of these anisotropic
fluid matter. This section introduces our attempts to
photo-align organized materials other than typical
LCs, namely, polysilane and mesoporous silica.

Conformational and Orientational Control of Poly-
silane Films

Light triggered alignment of polysilane has been in-
itiated by Fukuda er al.”>"7> A polysilane is employed
due to its versatile optical property, namely the
strongly light absorbing property attributed to the
o-electron conjugation.”® The absorption property is
strongly dependent on the backbone conformation
and directional, being parallel to the backbone exten-
sion. PDHS is particularly suited since the optical
properties coupled with the conformational state is al-
ready well investigated.”®

A spincast film of PDHS (ca. 60 nm thickness) is
prepared on a 6Az10-PVA monolayer (Figure 9).
The crystallization process after casting can be readily
monitored from the spectral change. The crystalliza-
tion rate is accelerated on the cis-Az monolayer, and
retarded on the trans-Az monolayer.”> Most probably,
the nucleation process at the interface between the
PDHS film and the Az monolayer is altered by the
photoisomerization, which then result in the crystalli-
zation control of the whole film. This fact provides an
important issue that the photoersponsive molecular
surface can control the physical state throughout the
entire thickness of the polymer film.
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A vast amount of investigations on photoalignment
of LCs have been reported during the last one and half
decades. Irradiation with linearly polarized light
(LPL) induces photoinduced anisotropy in which
molecules are generally oriented to an unexcitable di-
rection, namely, perpendicular to the electric vector of
the polarization direction. This effect is called the
photoinduced optical anisotropy.'*>7> Such photo-
control becomes particular effective in relatively vis-
cous molecular organized media such as polymeric
LCs”"" and LB films.3*8#! Optically induced surface
anisotropy in the Az polymer films has been success-
fully transferred to the orientation of various types of
LC materials, as widely investigated by Ichimura
et al., including thermotropic chiral nematic® and dis-
cotic LCs,%* lyotropic LCs,% and also side chain lig-
uid crystalline polymers.®

Exposure of the 6Az10-PV A monolayer to LPL in-
duces the in-plane orientation of Az side chain as stat-
ed above. A spincast film of PDHS is subsequently
prepared onto this photooriented Az monolayer. After
crystallization the PDHS film exhibits a strong in-
plane optical anisotropy as shown in Figure 10.73
The polarized absorption spectra reveals that the Si
backbone is highly aligned perpendicular to the polar-
ization plane of the actinic light. The aligned direction
of PDHS main chain agrees with that of the Az orien-
tation on the substrate. The crystallization of PDHS
chain occurs on the photooriented Az monolayer in
an epitaxial manner.

As expected, this phenomenon depends on the
thickness of PDHS film. The orientational order of
the PDHS backbone becomes higher for the thinner
films. The effective control is available for films thin-
ner than ca. 30 nm,”* which coincides with the region
of so-called ultrathin films where the thickness is
comparable to the coil dimension of a single polymer
chain.?® When the molecular weight is in the range of
ten thousand, the order parameter is enhanced after

10-100 nm

ca.2nmI ¢

6Az10-PVA

Figure 9. Schematic illustration of a PDHS cast film prepared
on a 6Az10-PVA monolayer.
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another cycle of annealing and crystallization. For
PDHS with molecular weight in the range of billions,
the photoalignment is largely suppressed.

The length of tail part is anticipated to influence the
order of photoinduced anisotropy because the Az
monolayer is anchored to the hydrophilic substrate
surface via the polar PVA backbone and the tail part
is positioned to the outermost surface. Thus, PDHS
should interact directly with the tail part of the Az side
chain. In this motivation, the tail length (carbon num-
ber) is varied from 2 to 12.7> The photoinduced di-
chroic ratio (DR) of Az monolayers and the order pa-
rameter of PDHS give the largest values in the Az
monolayer having Cg tail. The magnitude of the DR
has a good relationship with the degree of spectral
shift. Also, the 2D density of Az side chain in the
monolayer is altered from 1.2 to 0.3 nm? per Az unit.
When the occupying area is 0.4 nm? per Az unit, the
largest anisotropy is obtained. In this optimum densi-
ty, effective collective and cooperative motions as ob-
served in LC materials are anticipated.

Figure 11 shows a polarized optical microscopic
image of a locally photoaligned PDHS film indicated
as a bent line. The rotation of the crossed polarizers
indicates the alternated emergence and disappearance
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Figure 10. Polarized UV-vis absorption spectra of a PDHS
film placed on a 6Az10-PV A monolayer pre-irradiated with polar-
ized light. The backbone of PDHS is aligned perpendicular to the
actinic polarized light. The upper illustration shows the geometric
relationship between the light polarization and resulting polymer
orientation.
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of the line at every 45°. This fact indicates that the
bright line area is birefringent and the PDHS chains
are uniaxially aligned. The dark parts are always dark
by rotation, indicative of the random orientation of the
polymer at micrometer levels. Thus, the micro-pat-
terning of polymer alignment at 6 um resolution can
be successfully achieved.”> In the photoprocess, basi-
cally any patterned shape is applicable. It would be
impossible or laborious to attain such locally ad-
dressed orientation via conventional mechanical proc-
esses. This is a great benefit to apply photoprocess for
polymer chain orientation.

Photo-orientation of Mesoporous Silica Film

Further challenge has been made for orientation of
mesochannels of inorganic materials which are syn-
thesized through the sol—gel condensation in the pres-
ence of templates of rod micelle aggregates of surfac-
tant.8”:8% Mesoporous materials are usually obtained as
powders. However, recent efforts have been made to
prepare thin films. Among them, attracting work has
been reported by Miyata and Kuroda.?>*® They pro-
posed the uniaxial alignment of mesoporous silica
film deposited on a rubbed polyimide®® or an LB
film.”° If such surface-mediated alignment is applica-
ble also by means of a photochemical process, one can
expect a facile achievement of micro-patterning of
alignment of mesochannels.

Such approach has been conducted by Kawashima
et al.®!? In this attempt, the photoorientation of the
Az monolayer is first transferred to a photoorientated
spincast film of PDHS as mentioned above, and then
deposition of mesoporous silica film is performed
(Figure 12).

In the optical microscopic images of the deposited
surfactant/silica hybrids, uniaxially aligned elongated
particles with widths of a micrometer range are ob-
served. The orientation of each particle is highly

Figure 11. Locally aligned PDHS film irradiated with polar-
ized light through a photomask.
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aligned parallel to each other, the direction of the
longer side of silica particles being parallel to the po-
larization plane of the actinic LPL. A PDHS film sur-
face without exposure to LPL yields round and spher-
ical silica particles with no preferential orientation.
The effect of photo-irradiation on the morphology of
the deposited silica is obvious.

The patterning of mesochannel orientation can be
performed as follows.”> A substrate modified with
the 6Az10-PV A monolayer was first uniaxially photo-
aligned in the whole area as described above. Half of
the area is then shadowed by a mask. The open area of
the substrate is subjected to irradiation of LPL set in
the polarization rotated by 90°. A spincast film of
the PDHS is then prepared on this substrate with the
Az monolayer. Figure 13 shows the optical micro-
scopic image of the mesostructured surfactant/silica
film deposited onto the above patterned surface. The
underlying Si main chain in the two areas are perpen-
dicular to each other, and the morphological features
of the deposited mesostructured surfactant/silica hy-
brids characterized by formation of linear cracks are
also perpendicular to each other accordingly. Such
morphological feature strongly suggests the existence
of aligned mesochannels existing in the distinct two
directions.

Mesoporous silica can be obtained after removal of
the organic surfactant template from the composite.”!
The surfactant molecules are generally removed by
calcination by heating up to high temperatures ex-
ceeding 573 K. Here, photo-decomposition (photocal-
cination) by vacuum UV light achievable at room
temperature is applied according to a modified method
of Hozumi et al.”? It is expected that the distortion of
the mesoporous structure in this method is more sup-
pressed than that obtained via decomposition by heat-
ing.

The complete removal of the organic template sur-
factant can be confirmed by Fourier transform infrared
spectroscopy for a photoaligned composite film syn-
thesized on a silicon wafer.”? Before the photo-de-
composition of organic components, the symmetric
and asymmetric bands of CH, and CHj stretching
are observed in the range of 2840-2970 cm~!. These
bands are attributed to the alkyl chains in both surfac-
tant molecule and PDHS. After photo-decomposition,
no peaks are observed in these regions. The complete
disappearance of these IR peaks indicates the removal
of the ‘“‘alignment template” of the PDHS film lying
underneath is attained in addition to the template of
the mesopores (surfactant molecules). On the other
hand, the Si—O stretching band around 1070 cm~! is
essentially unchanged, indicative of the retention of
siloxane network structure. The removal of PDHS
can be further confirmed by the disappearance of the
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Figure 12. A scheme for photo-orientation of mesoporous
silica film.

UV absorption band around 370 nm.

The uniaxially aligned honeycomb mesochannel
structure can be justified from X-Ray diffraction
(XRD) patterns.”! In as-synthesized mesostructured
surfactant/silica composite films, two diffraction
peaks are observed at 260 = 2.63 and 5.20 correspond-
ing to (100) and (200) of the hexagonal packing of the
mesochannels (djgp = 3.3nm). The absence of the
(110) and (210) diffraction peaks in this XRD pattern
indicates that the mesochannels is oriented parallel to
the PDHS surface plane. The in-plane orientation of
the mesochannels can be further evaluated by the
XRD measurement. The diffraction intensity at a graz-
ing angle gives the maximum at every 180° in the
sample rotation, indicating that the photo-oriented
mesochannels have a preferential orientation perpen-
dicular to the direction of the polarization of the actin-
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10 um

Figure 13. Optical microscopic image of a mesoporous silica
film oriented with two polarized light beams. The arrows indicate
the direction of the electric vector of the polarized light.

ic light over the whole film plane.

Decisive evidence for the formation of uniaxially
aligned mesochannels is obtained by transmission
electron microscopy (TEM).?> The two TEM photo-
graphs in Figure 14 depict the cross-sectional struc-
ture of the as-synthesized surfactant/silica hybrid film
observed in the two directions orthogonal to each oth-
er. Figure 14 (upper) shows the image when the film is
sliced parallel to the direction of the actinic polarized
light. The hexagonal structure of the mesochannels is
clearly visualized through overall thickness of the
film. On the other hand, when the film is sliced per-
pendicular to the direction of the actinic polarized
light, the lines with a periodicity of 3—4 nm running
parallel to the substrate are observed (Figure 14 (low-
er)). The periodic length coincides well with that of
the hexagonal spacing obtained by XRD. The cylin-
drical structure of the mesochannels is fully stretched
straight in the film. Figure 14 (lower) obviously visu-
alizes the hetero-interface regions composed of the Si
wafer (the dark region at the bottom), Az monolayer
(2nm thickness, not clearly shown), PDHS film (40—
60 nm thickness, brighter region) and deposited meso-
channels with parallel stripes.

PHOTO-TRIGGERED INSTANT MASS
MIGRATION

This section describes another attracting phenom-
enon, instant photo-triggered mass migration, exhibit-
ed as a consequence of a strong and dynamic molecu-
lar cooperativity. Here, the motions involved are not
at a monolayer level but at collective mass levels in
thin films. The films of typically less than 100 nm
thickness are prepared by simple spin-casting. Here,
the amphiphilic and liquid crystalline polymers spon-
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Figure 14. TEM images of a mesoporous silica film sliced in
different directions; sliced in parallel (upper) and perpendicular
(lower) to the polarized light. The aligned hexagonal packing of
the photoaligned mesochannels is clearly observed.

taneously forms organized smectic bilayer structures
within the film. In this sense, the phenomena observed
have close connections with data obtained with mon-
olayer systems.

Azobenzene polymers are potentially useful as ma-
terials for reversible holographic information storage
and photonic devices.***® Surface relief grating
(SRG, regular topological surface modification)
formed via the irradiation with an interference pattern
of coherent light has been demonstrated recently®®-'%!
and is perhaps the most attracting target in the current
research of Az polymers. A great deal of data has been
accumulated rapidly due to its basic phenomenologi-
cal interest'%>-1%8 and to attractive technological appli-
cations.!%1%8 This process has particular technologi-
cal advantages in view of relief formation since 1) it
offers a facile, all-optical and single step fabrication
process that does not require a wet development pro-
cedure, and ii) the surface topology is erasable by ap-
plication of circularly polarized light or heating above

Polym. J., Vol. 36, No. 6, 2004

glass transition temperature (7,), which realizes the
repeatable utilization. It is of no doubt that the SRG
is formed via large-scale polymer chain migration,
however, the precise mechanism is still the subject
of intensive investigation.

Earlier works are mostly devoted to inscription of
gratings using interference light beams, thus the phe-
nomenon has frequently been called as SRG. Howev-
er, the mass migration and relief formation is not lim-
ited to formation of gratings, namely, irradiation
though a patterned photomask or a single beam also
induces migration as will be indicated below. The
term “photoinduced surface relief (PSR)” seems more
appropriate to express these processes as proposed by
Fukuda.'” Typical Az-containing polymers used for
these studies are indicated in Figure 15.

Binary Component Systems

Unique photoinduced mass migration systems are
proposed by Ubukata et al. using liquid crystalline bi-
nary component materials comprised of 6Az10-PVA
and 5CB (see Figure 15).!1%1'2 This work was initiat-
ed as a serendipitous extension during evaluations of
the command surface model using 6Az10-PVA/
5CB hybrid LB films.’'*!13 The hybrid films are ir-
radiated with non-polarized UV (365 nm) light in ad-
vance to attain a cis-rich photoequilibrated state (UV
light treatment). Starting from this state, the irradia-
tion that induces the film migration is performed by
argon ion laser beam (488 nm) which also induces
back reaction to the frans form. The growth of the
first-order diffraction efficiency monitored with a
He—Ne laser and morphological evaluation by AFM
indicate that the mass migration is attained at very
small dose levels as less than 100 mJ cm~2, which is
comparable to photopolymer systems for photoresists.
Here, the energy level is three orders of magnitude
smaller than those required for conventional amor-
phous polymer systems hitherto reported. This means
that the process which formerly required several ten
minutes illumination can be shortened to that of sec-
ond levels with a beam of identical intensity.

Figure 16 indicates an essential feature of this bina-
ry system. This figure displays the diffraction efficien-
cy (closed circles) and the surface modulation depth
(open circles, Ah) of the hybrid films at various molar
fractions performed after UV light treatment. The dif-
fraction efficiency shows a sudden increase at
f = 0.67, which corresponds to the stoichiometry of
two 5CB molecules per one Az unit. Below and above
this ratio the diffraction efficiency rapidly decreases.
The profile of Ak almost follows that of the diffrac-
tion efficiency to give the maximum depth (100 nm)
at f =0.67. Differential scanning calorimetric
(DSC) analysis for the bulk mixtures'!" and the Lang-
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Figure 15. Typical Az-containing polymers used for studies of photoinduced mass transfer.

muir monolayer experiments on water>> both show
that one 6Az10-side chain can accommodate two
5CB molecules. Therefore, SCB acts not as only a
plasticizer but provides the stoichiometric supramo-
lecular material. The instant mass migration is the re-
sult from the cooperative interplay between 6Az10-
PVA and 5CB.

Soft Crosslinkable Polymers

Another important requirement for relief forming
material is the shape stability in terms of long-term
storage, and durability against water, organic vapors
and heating. The stability can be improved when
one employs amorphous polymers with high 7,''*!13
or liquid crystalline polymers having high 7; (transi-
tion temperature to isotropic state).!'® However, high
T, or T; materials severely reduce the mass mobility.

Zettsu et al. have developed unique soft and cross-
linkable liquid crystalline polymers.''”"!'® The poly-
mer involves an oligo(ethylene oxide) (EO) side chain
(6Az10-PEA4.5, see Figure 15). Introduction of the EO
chain gives the effects similar to the incorporation of
low-molecular-mass LC molecules, and the instant
mass migration also occurs. After the surface relief
structure is formed, the polymer is then subjected to
chemical crosslinking via formalization (acetal forma-
tion with formaldehyde) between the hydroxyl groups
at the terminus in the EO chain. AFM observations
justify the remarkable stability improvement after
crosslinking (Figure 17). The SRG structure disap-
pears by heating at 80 °C for the untreated film where-
as the formalized film exactly preserves the surface
modulation pattern even at 250 °C without any dam-
age. The process employed here can be compared
with a simple approach using Az polymers of high
T,. Fukuda et al."'*!15 employed maleimide-based
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Figure 16. Diffraction efficiency and top-to-valley height of
the relief gratings inscribed by two interference Ar ion laser
beams as a function of 5CB fraction of the 5CB/6Az10-PVA
mixtures. Note that the mass transfer becomes prominent at the
1:2 Az/5CB ratio.

high 7, amorphous polymer (T, = 170-279°C). In
their polymer systems, the thermal stability is consid-
erably improved, however, in compensation for re-
quirement of vast amounts of exposure energy. Light
doses required for SRG inscription for such high T,
polymer typically range some hundred Jcm™2. The
soft and crosslinked 6Az10-PE4.5 realizes unique
strategy in which the mass migration is achieved in
the soft state and immobilized at any desired stage
providing marked thermal stability comparable with
high T, polymers.

On the Mechanism of Instant Mass Migration

The mass migrating systems mentioned here has no
polarization dependence, which shows marked con-
trast with widely known properties for hitherto inves-
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20pm

20um

Figure 17. AFM images demonstrating the shape stability against heating. Inscription of relief structure is first performed on a 6Az10-
PE4.5 film. Without crosslinking, the structure is readily destroyed after heating at 100 °C (left). In contrast the shape is fully maintained

after heating at 250 °C after the crosslinking is performed.

tigated polymers. In general, the migration shows
strong polarization dependency, and the migration
proceeds in the direction of electric field of
light.!%-19%8 The absence of polarization dependency
in the instant mass migration systems can be justified
at least from two kinds of experiments, a double beam
exposure experiment varying the polarizations config-
urations and irradiation through a patterned photo-
mask with non-polarized light.

Figure 18 shows the growth of the first order dif-
fraction intensity due to SRG formation starting from
the cis-rich Az polymer film as a function of irradia-
tion time under different polarization combinations.
Irradiation experiments are carried out under three
kinds of polarization configurations [(s-:s-), (p-:p-),
(s-:p-)]. When the two parallel writing beams are irra-
diated in intensity grating conditions, i.e., (s-:s-; O) or
(p-:p-; O) having no spatial variation of polarization
(intensity hologram), the SRGs are readily formed.
There is essentially no dependence of the SRG in-
scription rate under the two intensity holographic con-
ditions. On the other hand, when the two interfering
beams are orthogonal polarized (s-:p-; ©), providing
the pure polarization recording condition (polarization
holography), no growth of the diffraction intensity
profile is observed.

The lack of polarization dependence leads to a val-
idity of the process using a photmask and a non-polar-
ized light from a mercury lamp. Figure 19 shows a
photomask with a grid period of 4 um (transmitting
window) x 2um (shadow) and the resulting relief
structure. In this case, there is no optical-field compo-
nent present in any in-plane direction. The features of
the surface topology evidently indicate that the mass
migration occurs from the illuminated regions to the
unilluminated ones within the plane. The relief struc-
ture has two distinct heights. The corners have nearly
the double height of the sides of the square windows.

Polym. J., Vol. 36, No. 6, 2004

1st order diffraction intensity

Time /s

Figure 18. Growth of diffraction efficiency by illumination
with two polarized light beams. These data show that only the in-
tensity modulation induced the mass transfer and the polarization
dependency is negligible.

This fact strongly suggests that the mass migration oc-
curred evenly within the plane, namely, the film mass
coming from four directions (corners) has the double
height of that from two directions (sides). It is stressed
that, when the thickness of the initial film is less than
100 nm, the film material is almost perfectly expelled
from the illuminated area under suitable conditions.
Unexpectedly, mass transfer in the hybrid film con-
tinued proceeding even in the dark after switching off
the light irradiation.''>'?° Figure 20 shows the self-
growth behavior of the shallow cylindrical holes pro-
duced by spot irradiation (diameter, 20 um) with a
white-light beam to the hybrid film. The bright circle
in the optical microscopic image is a hole and the dark
annulus is a thicker rim. As shown, the cylindrical
hole spontaneously grew in size with time. Self-
growth of the hole continues for approximately 6h,
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10 um

Figure 19. Inscription of relief structure by illumination through a grid type photomask. The photomask (left) and the resulting relief

structure (right).

creating a hole having an approximately three-fold
larger diameter than the initial one. Such a spontane-
ous thermal process should be related to dewetting ob-
served in thin fluid polymer films.

The lack of polarization dependence and migration
in the dark clearly indicate that the processes involved
in this instant mass migration are thermal in essence.
The thermal driving factors can involve an attractive
force that may work between the isotropic and liquid
crystalline phase, surface tension, dewetting etc. In
this context, the process dealt with here should be
considered as ‘“‘photo-triggered” thermal migration
rather than “photo-induced” one.

Conveyer Actions

Thus far, applications of photoinduced migrations
considered have been almost limited to utilizations
of resulting static relief structures. They involve holo-
graphic recording, phase mask, LC alignment, wave-
guide couplers, fabrication of intricate surfaces
etc.!'106108 Tn the instant mass migrating system, the
motion itself can be a valuable function. In this sec-
tion application as “molecular conveyer” for pattern-
ing of light-inert (non-photoresponsive) functional
materials is proposed.'’ Functional materials such
as dye molecules, conjugated polymers, and semicon-
ductor quantum dots can be conveyed to the massive
motion of the Az polymers.

A blue rodlike diaminoanthraquinone-type dye is
embedded into the hybrid film of 6Az10-PVA and
5CB. At higher dye content, e.g. 10 mol % of the LC
molecule, the UV irradiation followed by dark adapta-
tion at room temperature for a day leads to a growth of
dendritic crystals of the dye (Figure 21 top). When the
crystallization is performed after the photoinscription
of the lined relief (18 um width in this case), the direc-
tion of dye organization is restrained and aligned
along the relief structure (middle). After sufficient
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Figure 20. Continuing mass transfer in the dark after irradia-

tion with a light beam of 20 um diameter. Optical microscopic im-
ages (upper) and AFM image after 4 h (lower) are shown.

crystallization at room temperature, the protruding
line showed high optical anisotropy. The polarized ab-
sorption spectra (bottom) reveal that the dichroic dye
is aligned in the direction of the inscribed line. As
shown, the absorption moment of the dichroic dye
was highly aligned parallel to the direction of the in-
scribed line. Most probably, the orientational anisotro-
py is induced by a uniaxial growth in the diffusion-
limited crystallization restricted in the one dimension-
al geometry.'"

Application of the mass conveying principle is not
limited to low-molecular-mass molecules; a larger
material, semiconductor nanocrystals (NCs)!?! of
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6nm diameter with 6 x 10° mass weight can be also
conveyed.'!” Spin-cast films are prepared from mixed
solution composed of 6Az10-PVA, 5CB, and cadmi-
um selenide (CdSe) NCs. After a short light exposure
through a grating photomask, surface relief undula-
tions are clearly formed. Observation of luminescence
from NCs by fluorescence microscopy shows that NCs
are transported following the patterned irradiation.
The conveying action may be widely applicable to
many other kinds of functional materials that are

themselves inert to light. A great advantage to use
the instant migration system can be the requirement
of small amounts of light, which would not damage
the host materials.

CONCLUSIONS
Many years have been passed since 1937 when the

photoisomerization of the Az dye was discover-
ed.!?>123 It seems, nevertheless, that attempts for cre-
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Figure 21. Crystallization of an anthraquinone type dye on a 6Az10-PVA/5CB film after UV light illumination without relief inscrip-
tion (top) and after line relief inscription (middle). The polarized absorption spectra taken for the middle are shown in the bottom. Note that
highly molecular alignment is attained as a consequence of one dimensional dye diffusion in the crystallization process.
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ation of new functionalities using Az polymers is still
expanding probably due to strong motivations men-
tioned in the introductory remarks. Azobenzene and
also other types of photochromic unit can be regarded
as a light-driven sub-nano machine. Here, how we can
transfer or amplify this molecular motion to larger hi-
erarchies in the materials becomes a very important
scenario. In this sense, design of flexible molecular or-
ganizations where sufficient motional freedom is al-
lowed becomes important. The approach focusing on-
to monolayers and comparable films summarized in
this article seems most effective and reasonable. This
article overviewed photomechanical effects in mono-
layers, orientational transfer of photooriented mono-
layers to other anisotropic materials, and finally
light-driven instant massive motions of organized
Az-containing polymers. The significance of polymer
organization and handling at interfaces is not limited
to interests in fabrication of light-responsive systems.
We anticipate that such strategy will provide many
implications in creations of various kinds of stimulus
or environment-responsive functions of soft materials.

This article introduced only limited topics and ac-
tivities regarding monolayers or thin films thinner
than 100 nm. For thicker films ranging over microme-
ter level thickness, intensive studies are being under-
taken for production of photonic materials and devices
that can be used for holographic memories and light
modulators.>>!>* New developments in organized
Az-containing polymer and LC systems in Japan are
worth describing. Examples are as followings. With
respect to photomechanical actuation, Ikeda et al. de-
veloped new LC elastomer films that show photoin-
duced bent or roll in response to light along the direc-
tion of rubbing!? or LPL electric vector.'?® Furukawa
et al. fabricated a solvent-swollen Az-containing fi-
brous gel that shows sharp bent by illumination.'?’
As light modulation systems, the structural color of
a hydrogel obtained after templating of crystalline
spheres'?® can be switched by the photoisomerization
of an embedded Az unit as shown by Takeoka et al.'?
Research on light modulation and memory /rewriting
effects in cholesteric LC systems are also making
marked progresses as shown by Tamaoki et al.'*®
and Moriyama and Kato.'3! It is emphasized that
above new trends together with light-driven thin film
systems described in this article strongly indicate the
versatility and utility of Az-containing polymers as
promising future materials.
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