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slightly changed after their incorporation in polymer matrices,
the optical properties of the resulting composites are, in prin-
ciple, determined by the properties of the initial CdTe nano-
crystals in solution. Therefore, this new synthetic route opens
up an alternative method to produce highly fluorescent
CdTe-polymer composites with predictable properties. More-
over, the fluorescent microbeads of nanocrystal-polymer
composite could find application in biological labeling.*"
Further attempts are underway to produce micrometer-sized
CdTe-PS beads by swelling crosslinked PS beads in a solvent
mixture containing OVDAC-coated CdTe and styrene, and
followed by the polymerization of composite CdTe nanocrys-
tals in the swollen PS beads.

Experimental

A series of aqueous colloidal CdTe solutions were prepared by adding
freshly prepared NaHTe solution to 1.25 x 10 N N-saturated CdCl, solutions
at pH 9.0 in the presence of 3-mercaptocarboxylic acid (MPA) as a stabilizing
agent [5,19]. The molar ratio of Cd*/MPA/HTe ™ was fixed at 1:2.4:0.5. The
resulting mixture was then subjected to reflux that controlled the growth of
the CdTe nanocrystals. Octadecyl-p-vinylbenzyldimethylammonium chloride
(OVDAC) was synthesized according to the procedure reported by Aoyagi et
al. [23] and dissolved in styrene at a concentration of 2 mgmL™. 10 mL of
OVDAC styrene solution was added to 20 mL of CdTe aqueous solution under
vigorous stirring. The styrene phase was then separated and polymerized in a
glass tube in an oil bath at 72~74 °C for 30 h using 0.2 wt.-% azobisisobutyroni-
trile (AIBN) as initiator. Transparent CdTe-polystyrene composites resulted.
For more quantitative syntheses, chloroform was used instead of styrene. Pow-
ders of the OVDAC-coated CdTe was obtained after evaporation of chloroform
and a drying process. Then the composite nanocrystals were redispersed quanti-
tatively (from 0.1 wt.-% to 10 wt.-%) in styrene, which was followed by free-
radical polymerization initiated by 0.2 wt.-% AIBN in an oil bath. CdTe-poly-
styrene/poly(methyl methacrylate) (PS/PMMA) composites were obtained in a
similar way by dispersing CdTe-OVDAC in the mixture of methyl methacrylate
and styrene with 10:1 volume ratio. The concentration of AIBN is 0.1 wt.-% in
the following polymerization which was realized by a programmed heating pro-
cess from 50 to 80 °C.

The relative PL quantum yields of all CdTe samples were estimated using
Rohodamine 6G as PL reference [5,19]. For the measurement of PL quantum
yield of CdTe in PS composites, composite plates were fabricated using a planar
chamber as the polymerizing mode. The concentration of the inorganic nano-
crystals in the polymer composites was characterized by thermogravimetric
analysis (TGA), which was performed on a Mettler Netzsch STA 449C thermo-
analysis instrument (Analyses were carried out under N, flow in the range of
30-800 °C with heating rate of 20.0 °C min™'). For the CdTe-PS composite sam-
ples containing 10 wt.-% CdTe~OVDAC composites, the concentration of inor-
ganic CdTe was around 3 wt.-%. This value was used to estimate the CdTe con-
centrations in other polymer composites by normalizing the absorption spectra
of CdTe-OVDAC in corresponding monomer solutions. UV-vis transmission
spectra were recorded by using a Shimadzu 3100 UV-vis near-infrared (NIR)
spectrophotometer. Fluorescence experiments were performed with the help of
a Shimadzu RF-5301 PC spectrofluorimeter. Transmission electron microgro-
scopy (TEM) images obtained on ultrathin sections of CdTe-PS composites
were recorded by a JEOL-2010 electron microscope operating at 200 kV.
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Templated Surface Sol-Gel Synthesis of SiO,
Nanotubes and SiO,-Insulated Metal Nanowires**

By Nina I. Kovtyukhova,* Thomas E. Mallouk,
and Theresa S. Mayer

In the past few years there has been a dramatic increase in
research activity on high aspect ratio inorganic nanoparticles.
This work has been stimulated by the availability of new tech-
niques for making nanotubes, wires, scrolls, and ribbons from
various materials, and by interest in the new physical proper-
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ties of these unique forms of matter. Research in this field is
also driven by the real practical potential of using nanowires
and nanotubes as components of field emitter displays, mag-
netic media, sensors, resonators, solar cells, and electronic cir-
cuits.

The chemical assembly of nanowires is now considered a
potentially viable alternative to the conventional lithographic
fabrication of nanoscale circuits, which is increasingly ap-
proaching physical and economic limits. Most assembly ap-
proaches to electronic circuits target defect-tolerant architec-
tures in which cross-point arrays of nanowires and/or
nanotubes connect device elements. The possibility of fabri-
cating transistors, diodes, and memory elements from individ-
ual crossed semiconductor nanowires!!! and carbon nano-
tubes>?! has now been convincingly demonstrated. These
arrays can be further integrated into patterns in order to make
larger scale logic and memory circuits.**! While most of this
research has involved semiconductor nanowires and carbon
nanotubes, noble metal nanowires are also of interest for cir-
cuit assembly.”’g] Highly conductive metals offer some special
advantages, particularly as low-resistance interconnects in
high-speed circuits. A further reduction in RC and LC (resis-
tance—capacitance and inductance—capacitance) time con-
stants for nanoscale circuits can be expected if low dielectric
constant materials can be introduced as insulating spacers be-
tween metallic nanowires.")

A wide variety of elemental (metal, carbon, silicon, germa-
nium) and compound (metal chalcogenides, metal oxide,
III-V compound) nanowires and nanotubes are now available
with metallic, semiconducting, and insulating electronic prop-
erties. In general, these high aspect ratio nanoparticles are
prepared either from the vapor or solution phase, by one-di-
mensional growth from a seed or by growth on top or inside a
template. Both methods now allow relatively simple prepara-
tion of composite concentric structures from components with
different electronic properties.”’”'“’] Some of the particular
advantages of the ambient temperature pore replication
method are relatively easy access to bulk quantities of tubular
structures,'17 181 the incorporation of inorganic and/or or-
ganic mono- and multilayer stripes and/or shells,”*! and the
preparation of concentric nanowire structures with open tips
that are accessible to further functionalization.”"*!

Nanotubes of different compositions have been grown as
thin films on the walls of cylindrical pores of membranes using
preparative techniques developed for planar thin films. Con-
ventional sol-gel methods, which involve immersing an anodic
aluminum oxide membrane in a precursor sol followed by ge-
lation inside the pores, have been used to prepare free-stand-
ing TiO,, ZnO, WO;, MnO,, Co50,, and SiO,!""! nanotubes.
In this method, internal nanotube diameter can be adjusted
by varying concentration and viscosity of the initial sol as well
as the immersion time. However, precise control over their
thickness and morphology, especially for those tubes that are
only a few nanometers thick, has not been demonstrated yet.

More reliable control over the quality of planar thin films
has been realized in layer-by-layer deposition methods, in
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which i) preformed colloidal particlesm] or ii) molecular pre-

cursors® ! are successively adsorbed as a layer at a time
onto the growing surface. Recently we demonstrated applic-
ability of the first layer-by-layer technique to membrane sub-
strates by preparing uniform and smooth free-standing semi-
conductor/polymer nanotubes and coated metal wires.[’]

The second, “surface sol-gel” (SSG) method, involves re-
peats of two-step deposition cycles, in which the adsorption of
a molecular precursor and the hydrolysis (in the case of oxide
film growth) steps are separated by a post-adsorption wash.
The washing step desorbs weakly bound molecules that form
additional layers.” Ideally, the SSG technique can limit each
adsorption cycle to a single monolayer. However, in practice,
thicker layers have been found for planar oxide SSG
films.?>%] Nevertheless, SSG allows very fine control over
film thickness because a nanometer or sub-nanometer thick
layer is grown in each two-step adsorption/hydrolysis cycle.

Here we report synthesis of silica nanotubes in anodic alu-
minum oxide membranes (AAQO) using the SSG technique.
To attempt to understand the dynamics of the tube growth,
the process has been monitored by transmission electron mi-
croscopy (TEM) and SiO, mass uptake measurements. While
still in the membrane, the SiO,-coated pores can be electro-
chemically filled with metal and then released by etching in
acid to give free-standing insulated wires. We have electrically
characterized these insulated wires, and report here that the
SSG method gives a very high-quality dielectric oxide.

Silicon oxide nanotubes were grown inside AAO mem-
branes as shown schematically in Figure 1, route 1. In the first
step, SiCly molecules are adsorbed on the hydrated surface of
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Fig. 1. Scheme showing the SSG synthesis of SiO, nanotubes (route 1) and
SiO,-coated nanowires (route 2).

the alumina membrane. Subsequent washing with CCl, re-
moves the unbound adsorbate molecules from the pores. In
the second step, the adsorbed SiCly is hydrolyzed to give
SiO,. Free-standing nanotubes were obtained by etching the
alumina membranes in 50 % H,SO,. Energy-dispersive X-ray
(EDX) analysis of the product showed Si and O, with no de-
tectable (0.5 %) Cl or Al. Hence the conversion of SiCly to
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silica is complete, and no alumosilicate phase is present. This
allows us to describe the chemical composition of the oxide as
(8i0,),(SiOH),.

TEM images (Fig. 2a,b) show robust SiO, nanotubes with
smooth and uniform walls. Their shape clearly replicates the
pore structure of AAQ, including branches. Tubes 20-30 um
long can be found in optical micrographs (not shown), imply-

100 nm

50 nm

Fig. 2. TEM images of a,b) SiO, nanotubes, and c,d) Au wires grown inside the
SiO, nanotubes. a,c) Five deposition cycles in 90 + 20 nm diameter pores.
b.d) 20 deposition cycles in 280 20 nm diameter pores.

ing the growth of continuous tubules along the pore length.
Figure 2a illustrates the remarkably high flexibility of these
long silica nanotubes. A 100 nm diameter tube grown in five
deposition cycles does not break even when bent at right an-
gles. The external diameter of the tubes is determined by the
pore diameter, and their internal diameter is adjustable by
varying the number deposition cycles and/or the concentra-
tion of SiCly. Nanotubes with external diameters ranging from
40 to 300 nm, and with wall thicknesses from 2 to 30 nm, were
prepared. The dependence of the nanotube wall thickness
(which was estimated from TEM images of metal-filled nano-
tubes (Fig. 2c,d)) on the number of the deposition cycles is
shown in Figure 3a, trace 1. The graph is not linear: the
amount of SiO, deposited per cycle increases gradually as the
tubes are grown. For example, under the conditions shown in
Figure 3a, trace 1, the thickness change per cycle increases
from 8.7 A in the 4th-10th cycles to 153 A in the 10th-20th
cycles. Both values exceed the film thickness increase (~3 A)
expected if only one Si-O-H monolayer is added per cycle.
The shape of this film thickness graph closely resembles that
of the mass uptake of SiO, (Fig. 3a, trace 2). This correlation
allows one to follow the process of nanotube growth by simply
weighing the dry membrane after each SSG cycle.

The film growth at different SiCl, concentrations is shown
in Figure 3b. At any SiCly concentration, a steep rise is ob-
served in the first deposition cycle. After this, the film growth
slows down significantly but the amount of SiO, deposited
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Fig. 3. a) Plots of SiO, wall thickness (1,3) and amount of SiO, deposited (2)
from a 67 mol-% solution of SiCly versus the number of deposition cycles: pore
diameter 280 £ 20 nm (1,2) and 90 + 20 nm (3). b) Amount of SiO, deposited
versus the number of deposition cycles for different concentrations of SiCly in
CCly: 1) 5 mol-%; 2) 100 mol-%; 3) 67 mol-%; 4) 100 mol-% SiCl, was used in
the first five cycles and 67 mol-% SiCly was used in the next 15 cycles; arrow
shows the point where the concentration was changed. Pore diameter 280 +
20 nm. ¢) Amount of SiO, deposited per cycle on alumina (1) and silica-cov-
ered (2) membrane surface versus SiCl, mole fraction. Pore diameter 280 +
20 nm, bare membrane weight 0.033g +2 %.

per cycle gradually increases. Ferguson and co-workers?*! at-
tributed upward curvature in layer-by-layer growth of clay
films to island nucleation and growth; however, this model is
not consistent with the smooth morphology of SSG silica films
seen in the TEM images.

Another possibility is that the upward curvature arises from
occlusion of water in the growing film. Water is always present
as a surface layer on hydrophilic surfaces under ambient con-
ditions. The extent to which this surface-bound water will
result in multilayer deposition depends on the amount of
water present, the extent to which H,O and CCl, molecules
compete for interaction with SiCly, and the permeability of
the deposited [SiOCl(OH),], film to water, SiCly, and CCly.

http://www.advmat.de Adv. Mater. 2003, 15, No. 10, May 16
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The coexistence of these three factors may cause the complex
character of graphs shown in Figures 3b and 3c. The fact that
multiple layers of SiO, are grown in each cycle indicates that
at high concentration, a multilayer of SiCl, molecules is pres-
ent in the adsorption layer. In the subsequent washing step
with CCly, all unreacted (unbound) SiCly is removed. The fol-
lowing SSG step (immersion in water) completes hydrolysis
of any remaining Si—Cl bonds and restores the water surface
layer.

We suggest that the amount of SiO, deposited in each SSG
cycle is mainly determined by the amount of SiCl, adsorbed
in the first step rather than by the hydrolysis step. In this case,
a plot of SiO, amount deposited per cycle (ASiO,) versus
SiCly mole fraction can be considered as a qualitative ana-
logue of a SiCl, adsorption isotherm. Figure 3c traces 1,2
shows two such plots taken 1) for the first deposition cycle
and 2) as an average for the range of 5th-10th cycles, in which
SiO, deposition is linear for all concentrations. The first iso-
therm (Fig. 3c trace 1) characterizes SiCly adsorption on the
alumina surface while the second one (Fig. 3c trace 2) is re-
lated to silica surface adsorption since, according to the TEM
data, the pore walls are completely covered with SSG film
after five cycles. The low concentration region of both plots is
concave to the concentration axis, which is characteristic of
strong interaction between surface and adsorbate,*! and is
consistent with the chemical reaction of SiCl, with H,O cov-
ered alumina and silica surfaces. It is evident from the low
concentration region of the plots that the SiCly interaction
with the alumina/H,O surface is stronger. Further flow of the
adsorption isotherms for alumina and silica surfaces is differ-
ent. On the silica/H,O surface, the amount of SiO, deposited,
as expected, increases gradually with the SiCl, mole fraction.
However on the alumina surface, the plot has a long plateau
parallel to the concentration axis. We suggest that in the SiCl,
mole fraction range of 0.05-0.67, fast formation of the [SiOCl,-
(OH),],, layer at the alumina/H,O//(SiCl4+CCly) interface oc-
curs, and this layer is dense enough to block further penetra-
tion of SiCly through the film. An increase in adsorption on
the alumina surface is observed when the SiCl; mole fraction
equals 1. Apparently, in the absence of CCl, the hydrolysis re-
action can continue until all water in the surface layer is con-
sumed and replaced by the [SiOCI,(OH),], layer. Hence the
amount of water available for hydrolysis of SiCl, determines
its adsorption value. The fact that film growth is faster on the
alumina pore walls (Fig. 3c, trace 1) than it is on several
layers of the SSG film (Fig. 3c, trace 2) is consistent with the
idea that the more polar alumina surface retains more water.
Interestingly, in the plot of film grown on the silica/H,O sur-
face, a higher adsorption value is found at the SiCl, mole frac-
tion of 0.67 than at that of 1 (Fig. 3c, trace 2).

Heat-treatment (100°C, 3-13 h) of SiO,-containing mem-
branes dried at ambient temperature in Ar results in a weight
loss of ~4 %, which can be ascribed to the removal of un-
bound water from the SiO, film. This indicates that the SiO,
film is relatively porous, and the pore fraction is estimated to
be ~0.09 taking the SiO, density at 2.17 gcm™.?"! This porosi-
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ty is associated with relatively large pores and does not in-
clude micropores (if any) with radii approaching the thickness
of an adsorbed water layer, because water in those pores can
only be removed at higher temperatures. The porous structure
of the SiO, film is consistent with the idea of occluded water
assisting in multilayer film growth and is likely to be responsi-
ble for the gradual increase in the amount of SiO, deposited
per cycle (Fig. 3a,b) rather than narrowing the pores during
the SSG procedure. The tube growth inside the 90 nm wide
pores is not found to be faster than that inside the 280 nm
wide pores (Fig. 3a, traces 1,3).

The same percent weight loss is observed for initial SiCly
concentrations of 5 mol-%, 16 mol-%, 33 mol-%, and
100 mol-%, while for 67 mol-% SiCly solution, the weight loss
is 5.6 % after the 10th and 10 % after the 20th deposition
cycle. Accordingly, the estimated porosity is 0.126 for the
SiO, film deposited in ten cycles and it increases to 0.225 dur-
ing the next ten cycles. The porosity of the SiO, film measured
under different growth conditions is consistent with the data
shown in Figure 3. In a 100 % SiCl, solution the layer growth
is actually slower than it is at 67 mol-% SiCl, (Fig. 3b,
traces 2,3). The 100 mol-% solution gives lower film porosity
(0.09 after five deposition cycles), but upward curvature in
film growth is found (Fig. 3b, trace 4) if the concentration is
lowered to 67 mol-%, which provides higher porosity (0.144
after 15 cycles). These facts suggest that, at relatively low
CCly concentration, thicker and more poorly ordered
[SiOCI(OH),], layers, which may occlude both H,O and
CCly molecules, are formed at the adsorption step of SSG cy-
cles. Thus by an appropriate selection of synthesis conditions,
one can control not only the thickness of nanotube walls, but
also their porosity.

SiO,-insulated metal nanowires were prepared as shown
schematically in Figure 1, route 2, using a conventional elec-
trochemical plating technique.[27] Typical TEM images
(Fig. 2c,d) show the gold wires inside uniformly thick and
smooth silica tubes. The tube walls remain defect-free and no
metal penetration of the walls is seen. The top ends of the
wires are typically flat or convex, unlike nanowires grown in
unmodified alumina membranes, which have cup-shaped
ends. This cup-like shape has been explained as a conse-
quence of the high surface tension of the alumina pore walls.”!
The interaction of gold with the less polar silica pores is
apparently weaker. The coulombic efficiency for plating Au
and Ni wires is about 1.2 times higher (judging from wire
lengths) in silica-modified pores than it is in unmodified anod-
ic alumina.

When the silica-coated nanowires are released from the
membrane, both ends are open, because the tube shells break
near the ends of the metal wire (Fig. 2d). This allows one
to make electrical contact by evaporating metal onto the
wire ends.

The current-voltage (I-V) characteristics of SSG SiO, films
of different thicknesses (measured in Au@SiO,/Au configura-
tion) are shown in Figure 4 (top). The curves show typical
insulating behavior with breakdown voltages that increase
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Fig. 4. Top: I-V characteristics of SiO,-coated gold nanowires with different
thickness of SiO, [nm]: 1) 25, 2) 14, 3) 8, 4) 4.5, 5) 3.5. A scheme of a test struc-
ture for measuring the electrical properties is shown in the inset. Bottom: Opti-
cal micrograph of a test structure for measuring the electrical properties of
SiOy-coated gold nanowires (left). A plot of the breakdown voltage versus
thickness (right).

linearly with film thickness (Fig. 4, bottom). The hard break-
down field is estimated at 4.8 MV cm™, which is only slightly
less than the breakdown fields (1015 MV cm™) of the SiO,
dielectric used in complementary metal oxide semiconductor
(CMOS) integrated-circuit technology.

Because the SiO, tubes are porous, their dielectric constant
is expected to be lower than that of dense silica (¢=3.811")).
Porous silica is a promising dielectric material for nanoelec-
tronics applications because of its relatively low dielectric
constant.”! Theoretical calculations predict a dielectric con-
stant of 1.8-2.8 for a volume pore fraction of 0.4, and an al-
most linear decrease in ¢ with increasing porosity. In our ex-
periments, it was difficult to measure the dielectric constant of
the SiO; films precisely because of the uncertainty in the con-
tact area in the Au@SiO,/Au configuration. Nevertheless it is
interesting to note that the synthesis offers some control over
porosity, and that this will probably be reflected in the dielec-
tric constant of the films.

In conclusion, the surface sol-gel method is a simple way to
prepare robust and flexible silica nanotubes and nanotube-en-
capsulated metal nanowires. The thickness and porosity of the
tubes can be precisely controlled by varying the composition
of the precursor solution and the number of adsorption/hy-
drolysis cycles. The thickness of the SiO, layer deposited in
each cycle, which always exceeds that of a monomolecular
layer, can be explained assuming occlusion of water present
as a surface layer. Free-standing SiO, nanotubes with 2-
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30 nm thick walls, which are smooth and uniform along their
length, were grown and characterized. The hard breakdown
field obtained for insulating SiO, nanotube coating on gold
nanowires is only slightly lower than that of SiO, dielectric
used in CMOS integrated circuits, and this is a surprising re-
sult given the fact that a wet chemical deposition method was
used.

The SSG thin film deposition technique is well developed
for other classes of materials, including metal oxides, chalco-
genides, and phosphates. When performed in porous tem-
plates, as we have demonstrated here for SiO,, the SSG meth-
od should offer a route to concentric multicomponent
structures with well-controlled layer thickness and, presum-
ably, tunable electrical and optical properties. The good con-
trol in film thickness that is obtained by SSG suggests that it
should also be possible to precisely adjust the internal diame-
ter of the AAO pores, and hence the diameter of nanowire
replicas.

Experimental

SiO, Nanotubes: These were prepared as follows. Commercial (Whatman
Anodisc 25) and homemade membranes 60-35 um thick with a pore diameter
of 280 + 20 nm, 90 + 20 nm, and 55 £ 15 nm were used. A membrane was im-
mersed in a SiCly (Acros) solution in CCly (5-100 mol-%) for 2 min and
quickly washed with CCl, to remove the reagent from the faces. The membrane
was then placed in a beaker with a fresh portion of CCl, for 15-30 min to re-
move unbound SiCly from the pores. Finally, the membrane was soaked in
CCly/MeOH 1:1 (2 min) and EtOH (5 min) to displace CCly, and dried in an
Ar stream. Then the membrane was immersed in deionized water for 5 min,
washed in a beaker with MeOH (2 min), and dried in an Ar stream. To make
sure that all the SiCly was washed away from the pores, we conducted several
control experiments with washing performed under vacuum in a suction filter-
ing unit. Both washing procedures resulted in the same amount of deposited
SiO,. Drying the membrane before each adsorption and hydrolysis step re-
moves the residual reagents (if any) and solvents from the pores and provides
quick convective transport of the reagents in the next step. Longer times for
each step did not have noticeable effects on the amount of SiO, deposited. This
implies that the shape of graphs shown in Figure 3c cannot be attributed to a
simple kinetic effect.

Insulated Metal Nanowires: These were prepared as follows. An alumina
membrane with a thin Ag film evaporated on its branched side was used as a
cathode in an electrochemical cell equipped with a Pt wire anode and a saturat-
ed calomel electrode (SCE) reference electrode. First, 15-20 um long Ag wires
were grown inside the membrane to fill the branched part of the pores. SiO,
tubes were then grown on the exposed pore walls, and 5-8 um long Au nano-
wires were electroplated inside the tubes in potentiostatic mode at —0.9 V. The
Ag backing and the alumina membrane were dissolved in 50 % HNO; and
50 % H,SOy, respectively.

Electrical Measurements: SiO,-coated Au nanowires (Au@SiO,) were
aligned between two metal pads on a lithographically patterned Si substrate
using an electrofluidic method described elsewhere [29]. Electrical contacts
were fabricated by evaporating 200 nm thick Au pads on top of the wire ends
and 50 nm thick Au lines on top of the SiO, coating (Fig. 4, bottom left). In
some experiments, electrical contact to the SiO, coating was made by electro-
fluidically positioning the nanowires over the Au lines (inset in Fig. 4, top). I-V
characteristics were recorded with Precision Semiconductor Parameter Analyz-
er Hewlett Packard 4156B.
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MATERIALS

A Novel Photochromic Film by Oxidation
Polymerization of a Bisbenzothienylethene with
Phenol Groups**

By Kingo Uchida,* Atsushi Takata, Masaaki Saito,
Akinori Murakami, Shinichiro Nakamura, and Masahiro Irie

Photochromic molecules attract much attention from both
fundamental as well as practical points of view because of
their potential for applications in optical devices such as opti-
cal memories and switches.!" Among various photochromic
compounds, diarylethenes are regarded as the best candidates,
because of the thermal stability of both isomers and their
fatigue resistance.”! For applications, it is essential to fabricate
thin photochromic films. The most convenient method for
preparing photochromic films is to disperse photochromic
molecules into polymer films.®! Although higher dye concen-
trations are strongly desired in order to enhance photochro-
mic efficiency, the preparation of thin films containing high
concentrations of dyes is not easy, because, after long term
storage, segregation takes place to some extent. Crystalline
photochromism has also been extensively studied for solid
photochromic materials.*! However, it is difficult to fabricate
crystalline thin films.

Here, we present a novel method for preparing diarylethene
photochromic thin films, in which the diarylethene molecules
were densely packed and the photochromism could be non-de-
structively monitored by infrared absorption measurements.”!
In the films, diarylethene molecules were fixed in a photoreac-
tive antiparallel (a-p) conformation'* by crosslinking.®! There-
fore, the films were expected to have high photosensitivity.

1,2-Bis[2-methyl-6-(o-hydroxyphenyl)-1-benzothiophen-3-
yl]hexafluorocyclopentene (1a) was synthesized according to
the literature procedure,”’xl and oxidation polymerization of
the closed-ring isomer 1b yielded thin photochromic films
(see Scheme 1).

Figure 1 illustrates the absorption spectral changes of an
ethyl acetate solution of 1a (1.78 x 10 mol L™). Upon irra-
diation with UV light (A=313 nm), the solution turned to
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