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Langmuir monolayers of an amphiphilic spiropyran, 1',3’-dihydro-3’,3’-dimethyl-6-nitro-1’-octadecyl-8-
docosanoyloxymethylspiro[1-benzopyran-2,2’-indole] (SP1822) on pure water at 30 °C was investigated by
measurements of surface pressure—area (1—A4) isotherms and Brewster angle microscopy (BAM). The n—A4
isotherm shows a phase transition at 7.5 mN m~'. The BAM image reveals drastic morphological changes
accompanying the phase transition. Many circular domains appear on uniform monolayers. Atomic force
microscopy (AFM) images of as-deposited Langmuir—Blodgett (LB) films suggest that the circular domains
consist of bilayers. In addition, monolayers are transformed into bilayers during deposition, which result in the
formation of further larger circular domains. Furthermore, the relationship between photochemical property
and morphology in the SP1822 LB films was characterized by UV-visible spectroscopy and AFM. We have
demonstrated that whether J-aggregates are formed upon irradiation with UV light at room temperature is
strongly dependent on the morphology of the SP1822 LB films before irradiation.

Introduction

The preparation and photochemical reaction of spiropyran
derivatives have been a focus of research aimed at creating
switching devices.!” Spiropyran (SP) isomerizes to open
colored photomerocyanine (PMC) with a broad absorption
band in the visible region upon irradiation with UV light. A
number of PMCs with different absorption bands have been
developed by changing the skeleton of SP and by introducing
various substituents into SP. The photochemical behavior
has been investigated in various matrices® such as the crystal-
line state,*> Langmuir—Blodgett (LB) films,*” self-assembled
monolayers,'® vacuum-deposited films,'! casting films,'* liquid
crystals,'>!* solution,'>!® and bilayer membranes dispersed in
water.!”

In particular, the LB technique is interesting, because
monolayers with a thickness less than several nanometers
can be fabricated onto solid substrates at a molecular level.
Much work has been reported on the photochemical reaction
at the air-water interface and in deposited LB films of
amphiphilic spiropyran derivatives such as 1’,3’-dihydro-3',3'-
dimethyl-6-nitro-1’-octadecyl-8-docosanoyloxymethylspiro[1-
benzopyran-2,2"-indole] (SP1822). J-aggregates are induced
on irradiation with UV light under external stimuli such as
lateral compression at the air-water interface'®° and heating
of samples on solid substrates,'** which makes spiropyran a
potential candidate for photonic applications such as multiple
optical memories because of the thermal stability and the sharp
absorption band.>*** However, most of the photochemical
reactions have been studied in mixed LB films with matrices
such as fatty acid and n-alkane.

Recently, we have succeeded in transferring single-compo-
nent SP1822 films without matrices by utilizing a high subphase
temperature (30 °C). We have been systematically investigating
the photochemical properties of spiropyran in single-compo-
nent SP1822 LB films.>>*’ Many large circular domains are
observed in AFM images of the SP1822 LB films, irrespective
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of the concentration of the SP1822 solution. However,
J-aggregate formation upon irradiation with UV light depends
strongly on the surface structure of the circular domain before
irradiation, which leads to a difference in the temperature for
the J-aggregate formation. In the case of a dilute solution,
irregularly shaped structures in the center of the circular
domains trigger J-aggregate formation upon irradiation with
UV light at room temperature. On the other hand, when using
a concentrated solution, no such structures are observed on the
surface of the circular domains. Instead, heating of the sample
during UV irradiation is required for J-aggregate formation.

In this paper, surface pressure-area (n—A) isotherms and
Brewster angle microscopy (BAM) of SP1822 were measured to
increase the understanding of the formation of the circular
domains occurring at the air-water interface. Furthermore,
we fabricated single-component SP1822 LB films at various
surface pressures. The relationship between the photochemical
reaction and morphological changes was investigated by
UV-visible spectrocopy and atomic force microscopy (AFM)
of the deposited SP1822 LB films.

Experimental
Materials

SP1822 (Nippon Kankoh-Shikiso Kenkyusho Co., Ltd.) was
used without further purification. Chloroform of spectroscopic
grade (Dojindo Lab.) was used as a spreading solvent.

Monolayer formation

Surface pressure—area (n—A) isotherms were measured with a
Lauda Film Balance. The subphase water was purified by
distillation after passing through a Milli-Q filtering system.
Chloroform solutions of SP1822 at a concentration of 1 X
107* M were spread under yellow light conditions onto the
pure water at 30 °C. After allowing the solvent to evaporate for
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10 min, the monolayers were compressed at a speed of 5 x
1072 nm? molecule ™! min~".

Brewster angle microscopy (BAM)

Measurement of the macroscopic structure of monolayers on
the water surface by Brewster angle microscope (BAM) was
carried out in a home-constructed system equipped with a
rectangular Teflon trough and a Wilhelmy plate pressure
sensor.”® The BAM system is composed of a 20 mW He—Ne
laser, a Gran-Thompson polarizer, an analyzer, a zooming
microscope for long distanceworking , and a high sensitivity
CCD camera connected to a TV monitor and a video recording
system. The n-A isotherms were also measured using the
Wilhelmy trough. The results obtained were identical, irre-
spective of the manner in which the surface pressure was
measured.

Atomic force microscopy (AFM)

SP1822 LB films were transferred at a constant surface pressure
onto freshly cleaved mica by a vertical dipping method. Atomic
force microscopic (AFM) measurements were taken in air using
a Seiko SPA300 microscope operating in the noncontact mode
using a scanner with 100 x 100 pm? scan range. A silicon tip
with a resonant frequency of 28 kHz and a spring constant
of 1.9 Nm~! was employed for the observation of surface
morphology of single-component SP1822 LB films.

Irradiation

A 500 W high-pressure mercury lamp was used as the source
of UV light. The sample was set on a rotating table and 334 nm
monochromatic light was used for irradiation at room
temperature (25 °C). The UV-visible absorption spectral
changes were monitored using a Cary 500 Scan UV-Vis-NIR
spectrophotometer.

Results and discussion
Surface pressure—area isotherms

Fig. 1 shows the surface pressure-area (n—A4) isotherms of
SP1822 on pure water. The change in the slope followed by
a plateau region of constant surface pressure is observed at
7.5 mN m !, corresponding to a first-order phase transition.
Upon further compression, the slope increases gradually at
the end of the plateau. Finally, the isotherm becomes steep,
suggesting a more densely packed structure.

The shape of the isotherm around 7.5 mN m~' depended
strongly on the compression speed. A bump in surface pressure
at the beginning of the plateau appears above a certain
compression speed. The size of the bump is a function of the
compression speed, which can be reduced by using a slower
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Fig. 1 Surface pressure-area (n—A) isotherms of SP1822 on pure water
at 30 °C. The inset shows the chemical structure of SP1822 used in this
study.

compression speed. The bump disappears at a compression
speed of 5 x 1072 nm? molecule ! min~! in the present study.
The bump in surface pressure is due to a Kkinetic effect
accompanying a slow rearrangement of SP1822 molecules.
Brewster angle microscopy (BAM) images support this
suggestion as described below.

Brewster angle microscopy

We investigated the morphological changes accompanying the
phase transition by measurement of Brewster angle microscopy
(BAM). The time dependence of the BAM images after
stopping the compression around 7.5 mN m ! is shown in
Fig. 2. When the compression is stopped at the beginning of the
plateau, one nucleus appears on uniform films immediately
accompanying the change in the brightness. Once the nuclea-
tion occurs, other nuclei are induced successively in the
surrounding regions. Respective nuclei continue to grow up
spontaneously with the increase in the holding time, forming
circular domains. Finally, the size and the number of the
circular domains achieve the saturated state. Many circular
domains with uniform size become dominant at the air-water
interface after a few tens of minutes. The shape of circular
domains remains unchanged even when increasing further the
holding time. These results suggest a quite dramatic phase
transition of the SP1822 molecules at the air—water interface.
Similar morphological changes are also observed during lateral
compression up to 10 mN m™!. To follow the detailed
morphological changes above 10 mN m~! by BAM is,
however, difficult because of the strong brightness in the
circular domains.

Atomic force microscopy

We fabricated the SP1822 LB films at various surface pressures
above the phase transition. The morphology was investigated
by measurement of AFM. Fig. 3 shows AFM images of SP1822
LB films transferred onto mica at 10 mN m~'. The AFM
images show many large circular domains with a width of 10—
20 um and a height of 4-5 nm, which are significantly separated
from each other and of uniform size. The shape of the domain
was identical, irrespective of compression speed, although the
size varies slightly. From the cross-section analysis of the height
image, the surface of the circular domains is smooth. Only a
few small domains of cone-shaped structures are observed
between the circular domains. Considering that the molecular
length estimated from the CPK model is 2.5 nm, the circular
domains probably consist of bilayers.

To confirm whether the films exist between the circular
domains, the SP1822 LB films were removed by using a contact
AFM. When scratching the regions of the circular domains by
the AFM cantilever tip with an applied force of 10”° N, the
scratched regions were the same height as those between
circular domains. This result indicates that almost all the
regions between the circular domains correspond to mica

Fig. 2 Time dependence of the Brewster angle microscopy (BAM)
image of SP1822 on pure water at 30 °C after stopping the compression
around 7.5 mN m™ : (a) 0 min; (b) 1 min; (¢) 5 min; (d) 10 min.
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Fig. 3 AFM image (100 pm x 100 pm) of SP1822 LB film transferred
at 10 mN m ™ L. A cross section profile along the black line is shown at
the bottom.

substrate. However, when following the change in the BAM
images during the continuous compression, the circular
domains due to bilayers and the surrounding homogenous
monolayers coexist above the phase transition at 7.5 mN m™".
Therefore, it is likely that the rearrangement of the monolayers
between circular domains occurs during deposition when
transferring SP1822 films at surface pressure above the phase
transition onto solid substrates. We propose the deposition
process as follows. Almost all the monolayers are incorporated
into circular domains accompanying the transformation into
the bilayer. The other monolayers crystallize each other and
form small domains of cone-shaped structures between the
circular domains. Therefore, monolayers do not exist between
the circular domains in SP1822 films onto solid substrates.
Fig. 4 shows AFM images of SP1822 LB films at higher
surface pressure. The AFM image at 15 mN m™! reveals that
the circular domains are densely packed and coalesce partially.
The irregularly shaped structures, which correspond to the
brighter parts in the AFM image, are observed in the boundary
regions of the circular domains at 20 mN m ™~ '. The height was
higher than for the circular domains. The structures increase

Fig. 4 AFM image (100 um x 100 um) of SP1822 LB film: (a)
15mNm™'; (b) 20 mN m™'; (c) 25 mN m™'; (d) 35 mN m ™',
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in number and size with the increase in surface pressure. The
monolayers between the circular domains may collapse during
the continuous compression at the air-water interface and/or
the deposition onto solid substrates. Upon compression to
35 mN m~ ' the circular domains are pushed together in the
direction of the compression. Consequently, the irregularly
shaped structures are assembled into wire with a length of
several hundred micrometers.

Photochemical reaction

We investigated photochemical reactions of spiropyran in
SP1822 LB films deposited at various surface pressures. UV-
visible absorption spectra after reaching the photostationary
state upon irradiation with UV light at room temperature are
shown in Fig. 5. A broad absorption band appears around
580 nm in the LB films at 10 mN m ™', indicating photoisome-
rization of SP1822 to monomeric PMC. On prolonged
irradiation, only the intensity of the absorption due to
monomeric PMC increased without changing the spectral
profile. In contrast, the photochemical reaction of SP1822
in LB films at higher surface pressure exhibited different
behavior. In addition to the broad absorption due to PMC, a
sharp absorption band is observed at 620 nm in the larger
wavelength region, corresponding to the J-aggregate of PMC.
Furthermore, the intensity of the J-band is enhanced with the
increase in the surface pressure. These results indicate that
the photochemical reaction depends strongly on the surface
pressure.

To clarify the difference in the photochemical reaction, the
morphology after irradiation was measured by AFM. Upon
irradiation with UV light, the morphological changes were
not observed in the LB films at low surface pressure. The
morphology remains the initial circular domains even after
reaching the photostationary state, although the photoisome-
rization of SP1822 to PMC occurs into the domains as reported
previously.”” On the other hand, the morphology in the LB
films at high surface pressure changes drastically after
irradiation, which is due to the J-aggregate formation. The
AFM images in the LB films at 25 and 35 mN m ' after
reaching the photostationary state upon irradiation with UV
light are shown in Fig. 6. Both AFM images show that many
tree-like structures are formed in LB films.

Compared to AFM images before irradiation for both LB
films at 25 and 35 mN m ™! (see Figs. 4c and 4d), it is clear that
the tree-like structures spread from the irregularly shaped
structures in the boundary regions. Similar morphological
changes have been observed in SP1822 LB films fabricated
from the dilute solution (0.1 mM).>>?® These results indicate
that the irregularly shaped structures play an important role in
the J-aggregate formation upon irradiation with UV light at
room temperature, irrespective of preparation conditions.
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Fig. 5 Change in absorption spectra of SP1822 LB films after reaching
the saturated state upon irradiation with UV light: (a) 10 mN m™'; (b)
25mNm ' (c)35mNm "



Fig. 6 AFM image (100 pm x 100 um) of SP1822 LB film after
reaching the saturated state upon irradiation with UV light: (a)
25 mN m™!; (b) 35 mN m~!. A cross section profile along the black
line in Fig. 6b is also shown.

When zooming around the tree-like structures, many
branches with a length of several tens of micrometers were
observed in the AFM images. From the cross-section analysis
of the height image, the structures accompany the lower regions
side by side. The height difference between the highest regions
and the lower one is 8—10 nm, which corresponds to twice the
height of the domains before irradiation. It is known that the
size of J-aggregates in which excitation can migrate without
being trapped by defects is less than several tens of
nanometers.”>>® These results indicate that the tree-like
structures are formed by the migration and diffusion of
many J-aggregates.

Returning to Fig. 5, we can now understand the influence of
these morphological features on the photochemical reaction of
spiropyran in the SP1822 LB films. When the irregularly
shaped structures exist in the LB films before irradiation, PMC
molecules are organized into J-aggregates spontaneously
upon irradiation with UV light at room temperature. The
J-aggregated PMC molecules are further assembled into tree-
like structures, irrespective of surface pressure. However, the
organization is greater in the LB films at higher surface
pressure, which results in the difference in the absorption due
to the J-band. Furthermore, the domains are not covered
completely by the tree-like structures, indicating that not all the
PMCs transform into the J-aggregate. In contrast, the J-
aggregate has been observed by heating the SP1822 LB films,
which were transferred at 10 mN m ™!, up to 50 °C during
irradiation.?” Such further external stimulus is required for
transforming monomeric PMC into the J-aggregate when the
LB films have no irregular structures. The conditions for J-
aggregate formation are associated strongly with the morphol-
ogy before irradiation.

Conclusions

A Langmuir monolayer of SP1822 at the air—water interface
was investigated by measurements of n—A4 isotherms and
BAM. We have revealed that circular domains are formed
accompanying phase transition at 7.5 mN m™ ' in 7—A
isotherms of SP1822 at 30 °C. AFM images of deposited
SP1822 LB films suggest that the circular domains consist of
bilayers and the rearrangement from monolayers into bilayers
occurs during the deposition. Furthermore, SP1822 LB films
were fabricated at various surface pressures. The photochemi-
cal reaction of SP1822 upon irradiation with UV light at room
temperature depended strongly on the surface pressure. We
have investigated the morphological changes after irradiation
by AFM, which allowed us to explain the J-aggregate
formation upon irradiation with UV light at room tempera-
ture. We have demonstrated that the conditions required for
J-aggregate formation are determined by the morphology
before irradiation.
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