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ABSTRACT: Monomolecular films of a poly(vinyl alcohol) derivative having an azobenzene (Az) side chain
(6Az10-PVA) transferred onto mica by the Langmuir—Blodgett technique were observed by atomic force
microscopy in the noncontact mode. Multifarious features of the film morphology after the thermal and
photostimulated processes were revealed, which were strongly dependent on the humidity of the
atmosphere, the lateral packing density of the monolayer, and the light exposure dose. In a humidified
atmosphere, a low-density film (1.2 nm? Az 1) showed a network morphologythat exhibited a two-
dimensional expansion upon irradiation with UV (365 nm) light (trans — cis Az isomerization). The films
having the higher densities (0.4 or 0.3 nm? Az ') gave spongy-shaped or partially collapsed films and
indicated a formation of three-dimensional protrusions on UV light illumination. In comparison with the
spectroscopic data, these morphological changes could be related with the proceeding of the Az
photoreaction. The morphological changes were basically reversible, however, and showed large deviations
depending on the back (cis — trans) processes, i.e., thermally or photochemically with visible light (436
nm). In-situ tapping mode observations of 6Az10-PVA monolayer on mica in water were further performed.
The monolayers immersed in water showed completely different photoinduced deformations with no

reversibility.

1. Introduction

In the past two decades, much attention has been paid
to light-stimulated mechanical effects observed in pho-
tochromic monomolecular films (monolayers) on a water
surface.r~® In the monolayer systems, molecular motions
taking place in the each photochromic unit may be
accumulated to show the macroscopic response in the
two dimensions. This situation allows precise under-
standings of the molecular motility of photoresponsive
materials.

Our current work has been devoted to the observation
of photoinduced area changes of monolayers consisting
of a poly(vinyl alcohol) bearing an azobenzene unit in
the side chain (6Az10-PVA, Figure 1) on water. The
trans-to-cis photoisomerization of Az upon UV (365 nm)
light irradiation leads to a large increase in the dipole
moment of this unit,1° and this part gains a high affinity
to a water surface. This gives rise to an expansion of
the molecular film at low pressures.”® On visible light
(436 nm) irradiation, the reverse process takes place,
and the alternate irradiation results in the expansion
and contraction with full reproducibility. The validity
of the molecular model mentioned above have been
strongly supported by the surface pressure—area iso-
therm,”8 surface potential, X! and X-ray reflectivity?
measurements.

Microscopic observations are found to be of particular
use to gain essential understandings of the photore-
sponse behavior of monolayers. Brewster angle micro-
scopic (BAM) measurement having a resolution of a few
micrometers provided a great deal of information on the
morphological and rheological features induced by il-
lumination®® and revealed a strong molecular cooper-
ativity involved in the photomechanical response on the
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water surface.l1* On the other hand, our preliminary
work also revealed that the monolayer of 6Az10-PVA
exhibits large photoinduced morphological changes on
a mica surface in a humidified atmospheres.’®> The
hydration on the surface should play an important role
in the film motility on the solid surface (see illustration
in Figure 1). Since AFM provides morphological infor-
mation from micrometers down to the molecular level,
it is anticipated that more in-depth interpretation and
clarification of the molecular mechanism are available
by this method.1® A closely related phenomenon on the
morphological photoinduction in Az-containing polyion
complex type LB films on mica has also been investi-
gated by Matsumoto and co-workers.” In their work,
the experiments are carried out at ambient atmosphere,
and atmospheric factors such as the humidity and light
exposure energy had not been considered.

In the above contexts, this paper describes our
detailed explorations on the photostimulated morpho-
logical changes in the 6Az10-PVA monolayer on mica.
The aspects such as effects of humidity, lateral density
of the Az unit, and light exposure dose on the film
morphologies are presented. This report also includes
the results obtained by the in-situ tapping mode AFM
observations of this monolayer on mica immersed in
water, which can be regarded as the extreme condition
of the hydration state.

2. Experimental Section

2.1. Materials. The synthesis of 6Az10-PVA was described
previously.*® Chloroform for monolayer spreading was of UV
spectroscopic grade (Uvasol, Ciba-Merck). Mica was of C&SS
(clear and slightly stained) grade and was purchased from
Watanabe Shoko Co.

2.2. Methods and Characterizations. All procedures were
carried out in dimmed red light at 20 + 1 °C.

Light irradiation was performed with a 150 W Hg—Xe lamp
(San-ei UV Supercure-203S) equipped with an optical fiber
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Figure 1. Structure of 6Az10-PVA and plausible molecular mechanism for the water-assisted photoresponsive behavior of this

monolayer.

which favors irradiation to a target part. The 356 nm (UV)
and 436 nm (visible) lines from the lamp were selected passing
through combinations of Toshiba optical filters, UV-35/UV-
D36A and Y-44/V-42, respectively. Light intensity was evalu-
ated with an optical power meter (Advantest TQ-8210). The
light power was adjusted to 1.0 mW cm~2 for both 365 and
436 nm lines.

The monolayer of 6Az10-PVA was spread from a chloroform
solution (1.0 x 1072 mol dm~2) on pure water (Milli-Q grade,
18 MQ cm™?) filled on a Lauda FW2 film balance. The spread
film was compressed at a speed of 30 cm? min~t. The
chloroform solution was preirradiated with UV or visible light
before spreading, which was effective for homogeneous film
formation and an area control in a wide range (see section 3.1).
A freshly cleaved mica of 20 x 10 mm? in size was first
immersed into water, and then the 6Az10-PVA monolayer was
spread onto the water surface. The monolayer was transferred
onto mica by the upstroke vertical lifting at a speed of 0.2 mm
min~t. These mica plates were attached onto a glass slide with
an adhesion tape for AFM measurements.

Control of relative humidity (RH) was attained in a sealed
vessel wherein a proper saturated salt aqueous solution was
present [NaClO; (ca. 80%), NaHSO, (60%), and CaCl, (ca.
40%)]. The dry atmosphere (RH < 25%) was supplied in the
presence of drying silica gel beads.

UV—vis absorption spectrum measurements were carried
out on a JASCO MAC-1 spectrometer at ambient atmosphere.

AFM measurements in air atmosphere were conducted in
the noncontact dynamic force mode with a Seiko Instruments
SPA300/SP13700 system. A microcantilever of SI-DF20 (20 um
scanner, a rectangular-shaped Si tip) was used. The radius of
the tip terminus was 10—15 nm, and a spring constant was
11 N/m according to the manufacturer. The scanning speed
was 2.0—4.1 Hz. The contact mode AFM measurement was
carried out with a microcantilever of SN-AF01 (SizN4 tip).
Measurements were performed at ambient atmosphere at RH
below 40%. In general, the contact mode AFM observation of
the monolayer films used in this study was destructive.
Scratched and damaged traces in the direction of cantilever
scans were observed for the 6Az10-PVA monolayers particu-
larly in the cis-Az state. However, the trans-6Az10-PVA
monolayer in a dried state was robust enough for the contact
mode measurements. The film thickness of 6Az10-PVA was
measured in both the contact and noncontact modes. The

thickness of a film (A, (given area per Az) = 0.4 nm? Az 1,
see below) evaluated in the contact and noncontact mode was
2.6 £0.1and 2.4 4+ 0.1 nm, respectively. Essentially the same
values were obtained, indicating that the height profiles
observed in the noncontact mode were sufficiently accurate.
Therefore, all images were taken in the noncontact mode.

The tapping mode AFM measurements in water was carried
out with an Olympus NVB100 (AFM system, Nanoscope 111,
Digital Instruments) which is most suited for biological soft
specimens in aqueous solutions. In this microscopic system,
in-situ monochromatic light irradiation can be achieved with
a ready-equipped Xe lamp (100 W) through optical filters. This
light source is routinely used for light excitation of fluorescence
imaging. The height profile was calibrated by measuring of
the standard crystal step of Si(111) (0.35 & 0.03 nm).*®

3. Results and Discussion

3.1. Film Deposition onto Mica. The surface pres-
sure—area isotherms of 6Az10-PVA monolayer on pure
water in the trans- and cis-Az at 20 °C are already
reported previously (see, e.g., Figure 1 of ref 13). We
have selected three area conditions for deposition onto
mica, the occupying areas per Az unit (Aq) being 1.2,
0.4, and 0.3 nm? Az~1. The most sparse (A, = 1.2 Nm?
Az™1) and the medium (Aoc = 0.4 nm? Az~1) films were
prepared from the highly expanded cis-6Az10-PVA
monolayer®® which was preirradiated with UV light
before spreading. The most dense film (A, = 0.3 Nnm?2
Az™1) was transferred from the trans-6Az10-PVA mono-
layer. Also in this monolayer, 10% of cis isomers were
involved by irradiation with 436 nm light for successful
and homogeneous deposition. The corresponding surface
pressures of deposition for the films of A, = 1.2, 0.4,
and 0.3 nm? Az were 2, 13, and 30 mN m™%, respec-
tively.

3.2. UV—vis Absorption Spectroscopy. Spectral
changes of the 6Az10-PVA monolayer upon illumination
were directly observed on the mica surface. Since it was
difficult to evaluate the background absorption of mica
for the monolayer sample, the photoreaction was moni-
tored in the difference spectra, in which the spectra of
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Figure 2. UV—vis absorption difference spectra of 6Az10-PVA
monolayer on mica at A,c = 0.4 nm? Az~! on the processes of
UV light (a) and successive visible light (b) illumination. The
spectra at each stage were subtracted from that of the initial
trans-Az state.

irradiated films were subtracted from that of the initial
trans-Az state. The difference spectra so obtained are
indicated in Figure 2 for the film of A, = 0.4 nm2 Az~1
as an example. The irradiation with 365 nm light
brought about a depression in the spectra in the
wavelength region below 400 nm (corresponding to the
m—m* transition) and a rise in the region of 400—500
nm (n—x*) (a). These changes show the features of the
trans-to-cis photoisomerization of the Az unit. The
reaction reached to the photostationary state at an
exposure energy of 150—200 mJ cm™2,

The reverse changes were observed upon irradiation
with 436 nm light (b). The photostationary state in this
case was attained within 400 mJ cm~2. The spectrum
at the final stage did not completely revert to the initial
horizontal baseline, indicating a partial involvement of
the cis isomers.

The light energy required for the photoequilibration
was essentially invariable by the change in the density
of Az unit and humidity conditions.

3.3. Morphological Observation by AFM. 3.3.1.
Thermal Film Contractions at Various Humidi-
ties. AFM topographies showed that the surface of the
fresh monolayer films within 30 min after deposition
for Aoc = 1.2 and 0.4 nm? Az~! were defect-free and
molecularly smooth with a roughness below 1 nm.

These films were stored in the dark at room temper-
ature for 4—7 days in humidified atmospheres. The film
exhibited completely different morphologies after dark
adaptation. As stated in the section 3.1, the transfer of
these films was carried out in the cis-rich state (ca. 90%
cis content). The full thermal reversion to the trans form
of Az was completed in 4 days as evaluated by UV—vis
absorption spectroscopy. It is reasonable to assume that

Azobenzene Side Chain Polymer on Mica 2711

the morphological change, i.e., contraction of the mono-
layer, is associated with this thermal process (denoted
as “thermal” in Figure 1).

The morphologies of the sparse monolayer (A, = 1.2
nm? Az™1) after 7 days were observed at various
humidities (Figure 3). For the films stored at RH
exceeding 40% (a—c), the morphology considerably
changed depending on the humidity. The more humid
condition gave rise to the lateral film contraction in
larger scales. At RH = 40% (c), split open round gulfs
below 1 um in diameter were observed, seemingly as a
result of incomplete lateral movement. On the other
hand, complete shrinkage performed at RH exceeding
60% yielded network morphologies (a and b). The more
humid condition led to the larger scale of the network
structure. In a dry state (RH = 25%), in contrast, a
complete flat film that preserved the initial state was
observed (d). The humidity dependence observed here
undoubtedly shows that the hydration of the monolayer
on mica?® plays a critical role in the lateral migration
of the film material. Under all these conditions, the film
thickness were maintained below 2—3 nm, indicating
that the lateral motions proceeded with retention of the
two-dimensional monolayer state.

Chen and Israelachivili?* described based on the
surface force measurements that the hydration on mica
will influence the above-layered monolayer in the fol-
lowing manners: (i) the monolayer is lifted from the
mica surface to gain the overall thickness, (ii) the
hydration layer reduces the monolayer-substrate adhe-
sion, and (iii) the hydrated headgroup becomes able to
move father apart laterally. The hydration on mica
would provide a similar environment as on water for
the 6Az10-PVA monolayer. Self-contraction of the 6Az10-
PVA monolayer on water in the course of the cis-to-trans
photoisomerization is actually observed by BAM.1
Essentially the same process should be occurring on
hydrated mica. In a dry atmosphere, in contrast, the
headgroup of the monolayer strongly adhered to the
mica surface through dipole—dipole interaction and
hydrogen bonding, and no lateral motion is attained
irrespective of the cis-to-trans isomerization of the Az
unit.

Importance of hydration in the mobility of the mono-
layer of amphiphilic molecules on mica has been dem-
onstrated for single- and double-chain ammonium salts
and a biological lipid.2223 In regard to polymer chain
motility, extensions of poly(methyl methacrylate) chains
on mica under humidified conditions was directly visu-
alized by AFM.24

UV—vis absorption spectroscopy gave additional in-
formation on the thermal contraction process (data not
shown here). The 6Az10-PVA monolayer on a quartz
plate stored in a dry state for 1 week gave the absorption
peak at 350 nm (the long axis w—xa* band of Az) as
observed in solutions. In contrast, a hypsochromic shift
with an absorption maximum at 340 nm was observed
for the network films that were stored at a high
humidity. This blue shift for the hydrated film can be
ascribed to the formation of H-type aggregation.2® Thus,
the film shrinkage to the network structure gives rise
to the packing of the side chains to the level where the
electronic state of Az unit is influenced.

3.3.2. Photoinduced Morphologies in Humidified
Atmospheres. Figures 4, 5, and 6 show the UV light
induced morphological changes of 6Az10-PVA monolay-
ers of A,c = 1.2, 0.4, and 0.3 nm? Az™1, respectively,
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Figure 3. Topographical AFM images of 6Az10-PVA monolayers on mica at A,c = 1.2 nm? Az ! after dark adaptation at room
temperature for 1 week under various humidity conditions. Relative humidities were above 80% (a), ca. 60% (b), ca. 40% (c), and
below 25% (d). The monolayer was transferred in the cis-Az form and kept in the dark for 1 week, which allowed the complete
thermal isomerization from the cis to trans form of Az (the back process in Figure 1). The most dark areas correspond to the bare

mica surface. The film thickness were ca. 2 nm for all cases.

starting from the thermally reverted state at ca. 80%
RH. In each series, the photoirradiation was performed
on the mounting stage of the AFM module, and the
images were taken at the identical position.

For the network film obtained at A, = 1.2 nm? Az !
(Figure 4a), UV light irradiation immediately induced
an expansion of the film. The expansion ceased at an
exposure dose of 120 mJ cm~2, which corresponds to that
required to reach the photoequilibrium state. No ap-
preciable change was perceived upon further illumina-
tion at the dose of 480 mJ cm~1 (b). The film thickness
was reduced by ca. 1 nm through the film expansion
from 2.4 + 0.1 (initial) nm to 1.1 £ 0.1 nm (after
exposure).

The dark adaptation in a humidified atmosphere for
the film of A,, = 0.4 nm? Az~1 gave spongy-shaped
morphology with a number of defects (Figure 5a). The
film thickness was 2.1 + 0.1 nm. Upon UV light
irradiation at the dose within the photostationary state
(160 mJ cm~2), smaller defects were filled in to yield a
more smooth film (b). Further exposure (340 mJ cm~2)
led to a three-dimensional modification, namely an
appearance of many protrusions having ca. 100 nm in
diameter (undeconvoluted for the tip width) and 2—3
nm in height (c).

The most dense film at Ay, = 0.3 nm?2 Az ! at the
initial state did not have defects but already possessed
small projections of collapse with 1—2 nm height (Figure
6a). Unlike other films, illumination at 120 mJ cm~2
dose did not effect any changes in the film morphology.
Appreciable changes were observed at 480 mJ cm~2, an
exposure dose far exceeding the photostationary state.
Many larger protrusions with the diameter of 100—300
nm and the height of 7 + 2 nm appeared (b).

Figure 7 summarizes the features of the morphologi-
cal changes as a function of UV light exposure energy.
The figure involves the light-induced changes of the
monolayer coverage (percent) (a), film thickness (b), and
height of the light-induced three-dimensional protrusion
(c). The film coverage was evaluated by the NIH image
processing. Areas of the film were calculated with a 20%
threshold of the highest level in the AFM image to
exclude the noise signal. The hatched part corresponds
to the regime where the photoisomerization of Az
proceeds to reach the photostationary state based on the
data of Figure 2. The followings can be deduced. First,
the 2D morphological changes, as seen from the changes
of the monolayer coverage and thickness variations (a
and b), are attained within the doses of the photoequili-
bration. Second, the 3D protrusion formation is starts
at exposures beyond the photostationary state (c). Thus,
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Figure 4. Topographical AFM images of the 6Az10-PVA
monolayer on mica at A, = 1.2 nm? Az! before (a) and after
UV light irradiation at 480 (b, 480 s) at RH = 80%. Essentially
the same image as (b) was already obtained with irradiation
at 120 mJ cm=2 (120 s). The film thickness in (a) and (b) were
2.4 4+ 0.1 and 1.1 + 0.1 nm, respectively.

the 2D motional process is almost in accord with the
proceeding of the photoisomerization, and the 3D motion
is a delayed process achieved after the completion of the
2D expansion.

The height versus diameter of randomly selected
photoinduced 3D protrusions in Figure 6b was plotted
to gain insight into the 3D structure formation (Figure
8). Two explanations would be possible for the formation
of the 3D protrusions, namely, a film collapse to form
multilayers and a bubble formation resulting from the
film distortion. If the former is the case, the height
values should be settled in the integral multiples of the
monolayer thickness irrespective of the diameter. How-
ever, the height values observed were scattered and
proportional to the diameter, and the extrapolation line
comes to the zero point of the two axes. This strongly
suggests that the bubble formation is more plausible for
the mechanism of the 3D structuring. The bubble
formation is probably the consequence of an excess
lateral pressure after the defect coverage.

3.3.3. Photoinduced Segregation. The above UV
light-induced morphologies were essentially reverted to
the original ones when films were stored in the dark
for 4 days at high RH exceeding 80%.'> On the other
hand, the photoreversion from to the trans-Az with 436

m_|
Figure 5. Topographical AFM images of the 6Az10-PVA
monolayer on mica at A, = 0.4 nm? Az~ before (a) and after

UV light irradiation at 160 (b, 160 s) and 340 mJ cm~2 (c, 340
s) at RH = 80%. For the height profiles of these films, see text.

nm light provided a completely different shape of the
film (Figure 9). The network film at Ac = 1.2 nm? Az™1
(a) showed an expansion upon UV light irradiation (b,
expansion was not complete in this case). The successive
photoirradiation with 436 nm light produced even-sized
dot films (c). The images (b) and (c) were reproducible
on the alternate illumination of UV and visible light.
Thus, for the cis-to-trans back-reaction, the thermal
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Figure 6. Topographical AFM images of the 6Az10-PVA
monolayer on mica at A, = 0.3 nm? Az™! before (a) and after
UV light irradiation at 480 mJ cm~2 (b, 480 s) at RH = 80%.
No change was admitted with the irradiation at 160 mJ cm™2
(160 s). For the height profiles of these films, see text.

processes and photoprocesses led to completely different
morphologies. The following explanations would be
possible. The fast photoisomerization process that ceases
in minutes allows only a local film contraction, leading
to the dot formation. Through the slow thermal process
spending for days, on the other hand, the migration of
the monolayer in the submicrometer scale becomes
possible; thereby the original network structure can be
reproduced.t®

The dot films observed in (c) probably consist of a
single polymer chain of 6Az10-PVA in consideration of
the dot size.?6 The average volume of the dot film was
estimated to be 4.6 x 102 nm? with an assumption that
the film has a cylindrical shape and with a lateral size
correction by the transmission electron microscope. On
the other hand, one polymer particle of 6Az10-PVA (My
= 1.0 x 10°) should occupy a volume of 1.7 x 10% nm?
assuming a tentative film density of 1.0 g cm=3. We
suppose that this coincidence is satisfactory taking into
account the undeterminable quantities concerning the
film density and geometry. The method for complete
separation of these dot films and their photoresponse
behavior was reported elsewhere.26

Also in the thermal contraction process, the dot
formation, although incompletely, can be recognized
under relatively low-humidity conditions as seen in
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Figure 3c for RH = 40%. The lateral migrating motion,
in this case, should be more suppressed due to a less
degree of hydration on mica. This will cause limited local
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Figure 9. Morphological changes of 6Az10-PVA monolayer at A, = 1.2 nm? Az~ after the UV—vis photocycle at RH = 80%.
Initial state (a), after irradiation with 365 nm light (b), and after successive irradiation with 436 nm light (c). The states of (b)

and (c) were reproducible after photocycles.

migrations as observed for the photoprocess. These facts
should indicate that the resulting morphology after the
contraction, i.e., either the network or dot structure, is
governed by the lateral migration mobility given in the
monolayer. When the migration rate of the monolayer
is faster than the cis-to-trans isomerization, the lateral
movement at a submicrometer scale will be possible,
resulting in a network morphology. On the other hand,
the segregation to dot film will be observed in the case
that the lateral migration cannot overtake sufficiently
the isomerization rate.

3.3.4. lllumination in a Dry State. Identical pro-
cedures were undertaken also for the films at A, = 0.4
and 1.2 nm2 Az 1in a dry atmosphere (RH = 30—40%).
As expected, these films did not show any photoinduced
morphological changes with irradiation of UV light at
300—500 mJ cm~2 (see Supporting Information).

On the other hand, the most dense film (A, = 0.3 Nm?
Az™1) indicated some morphological changes upon UV
light illumination in the dry atmosphere (see Supporting
Information). Photogenerated protrusions obviously in-
creased as shown in Figure 7a. The height of the
protrusions was enhanced by 1.5 times on UV light
illumination with retention of the number at the pho-
tostationary state (150 mJ cm~2). Further illumination
(540 mJ cm~2) brought about an increase of the protru-
sion almost to the double in number.

The heights of protrusions were ca. 4 nm, which were
lower than that obtained in the humid atmosphere (ca.
7 nm). Matsumoto et al.1” also observed the reversible
photoinduced protrusion formation in polyion complex
type Az containing LB films at ambient atmosphere. In
their LB film, the transfer was carried out at 25 mN
m~1 from the monolayer in the trans-Az state. These
conditions are very similar to that adopted for the most
dense film of 6Az10-PVA (30 mN m~1) under investiga-
tion. Height of protrusions of Matsumoto’s monolayer
is ca. 5 nm with a diameter of ca. 100 nm in their film.
Thus, the morphological features of their film are very
similar to ours.

We suppose that densely packed LB films consisting
of Az side chain polymers, regardless of the side chain
junction type (covalent or ion-complexed), commonly
show 3D deformation to release the pressure arisen from
the volume increase of the Az unit by the trans-to-cis
photoisomerization. Thus, the 3D protrusion formation
occurs for the densely packed LB films regardless of the
humidity conditions. Humidity only affects the magni-
tude of the deformation.

3.4. In-Situ AFM Observation in Water. Figure 10
shows the images obtained by the in-situ AFM tapping

mode measurements for the films of A, = 1.2 (a and b)
and 0.4 nm? Az (c and d). The film morphologies before
irradiation (a and c) were essentially the same as
obtained in the air atmosphere (cf. Figures 4a and 5a).
However, the height difference between the mica surface
and the film top was estimated to be 10—15 nm, ca. 5
times thicker than the monolayer thickness observed
in air. This does not indicate a damage of the monolayer
structure since subsequent drying of these samples gave
identical images as shown in Figures 4a and 5a with a
thickness ca. 2 nm. The height profile itself was suf-
ficiently accurate as confirmed by the calibration as
described in the Experimental Section. The overesti-
mated thickness is attributable to swelling of the
monolayer, participation of water (e.g., cluster formation
on the hydrophobic surface monolayer?’~2%), and experi-
mental artifacts. We are not yet able to figure out the
origin of the large thickness observed in water. At least,
immersion into water without irradiation does not
damage the monolayer since a redried film exhibited
exactly the same morphology of the original state.

UV light irradiation led to large morphological defor-
mations that were entirely different from those observed
in air. For the network film at A, = 1.2 nm?2 Az~ (a),
2D expansion was hardly observed, but the film showed
3D projections to form dot structure with ca. 20 nm
height (b). These protrusions showed some deformations
due to the drag of the AFM cantilever (horizontal
direction in the figure), probably indicating the elastic
nature of the cis-Az film. The spongy-shaped film at Ay
= 0.4 nm? Az also exhibited 3D structure formation
providing larger droplet structures with ca. 40—60 nm
height. These UV light-generated morphologies did not
change any more with visible light irradiation. The
morphological photoresponding process in water was
irreversible. It seems that the film showed large 3D
swelling with water due to increased polarity of the Az
unit in the cis form. AFM observations in water imply
that in air the strong adhesion to the mica surface
through the capillary force plays an important role in
the achievement of 2D and reversible deformation of the
monolayer.

4. Conclusion

As described above, this work presents multifarious
natures of thermally and photoinduced morphological
changes in monolayers of the amphiphilic polymer
having an Az side chain on mica. Intensive morphologi-
cal investigations by AFM together with the spectro-
scopic data provided proper answers to the previous
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Figure 10. In-situ observation of the tapping mode AFM in water for 6Az10-PVA monolayer on mica at A.c = 1.2 (a and b) and
0.4 nm? Az™! (c and d) . Before (a and c) and after (b and d) UV light illumination.

pending questions!®>1” concerning the effects of the
humidity variations, packing density of Az unit, and
light exposure energy. The importance of hydration
layer for the achievements of large photoinduced mor-
phological changes in the 2D motions on mica is clearly
indicated here. The photoinduced morphologies were
successfully related to the photoisomerization proceed-
ing in the both cases of the 2D and 3D processes.

It is worth pointing out that the most densely packed
monolayer shows 3D photoinduced morphological changes
even in a dry state, which is in agreement with Mat-
sumoto’s observation. On the other hand, laser beam
induced holographic surface grating formation has
become a subject of intensive research.’°=32 In such
systems, high power interference irradiation with a
laser beam onto thicker cast films of Az-containing
polymers shows lateral mass migration of the polymer
to form 3D surface relief gratings. The same principle
has recently been applied also in LB multilayer sys-
tems.33 Whether the surface grating formation and the
light-driven morphological changes of monolayer ob-

served in the present work are driven in the common
mechanism or not is unclear and an alluring subject to
be pursued in the future investigations.
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