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ABSTRACT: Excitation energy transport through an ultrathin film has been investigated with a designed
structure of copolymers containing carbazole and anthracene chromophores. Poly(isobutyl methacrylate)
gives a stable monolayer at the air~water interface, and it is transferrable to a solid substrate. Various kinds
of chromophores can be incorporated into this monolayer in the form of methacrylate esters. Using the
Langmuir-Blodgett (LB) technique with these copolymers, artificial arrangements of the chromophoric units
can be realized in a layered structure of the LB film. The carbazole chromophore exhibited simple monomer
emission, and no excimer was detected. This spectroscopic property enabled us to carry out quantitative
analyses of the interlayer energy-transfer process. Time-resolved fluorescence spectroscopy clearly showed
efficient energy migration among carbazole chromophores. After several steps of interlayer migration, the
excitation energy transfers to the anthracene layer coated on the carbazole layers. Although some unknown
traps exist in this LB film, statistically random distribution of both the donor and acceptor moieties in each
layer results in a high quenching yield of the carbazole excitons. Besidesthe uniform distribution, an advantage
of polymer LB films is the thinness of each layer. These properties make possible the efficient energy

transport through the layered structure.

Introduction

Photophysical processes in polymer matrices have been
widely investigated.! Excitation energy transfer and
migration are fundamental processes caused by interaction
between two chromophores in the concentrated system.
Artificial control of these photoprocesses is a fascinating
subject for many researchers. The Langmuir-Blodgett
(LB) technique is an elegant procedure for making an ul-
trathin film with a thickness of only a few nanometers.2
LB films are constructed from a monolayer at the air-
water interface, and the repeated deposition of the mono-
layer on a substrate enables one to make spatial arrange-
ments of each layer, e.g., the thickness, sequence, and
distance of the photofunctional layers.® The designed
structure in molecular dimensions results in the control
of the photophysically fundamental processes occurring
at a distance of a few nanometers.

Recently, some preformed polymers have been found
to form a stable monolayer and are transferrable to solid
substrates.®!2 Polymeric materials have a variety of mo-
lecular structures which are easily modified with conven-
tional chemical reactions. Various chromophoric units
can be introduced with covalent bonds.!3 Such new LB
polymers have some remarkable properties: mechanical
stability, amorphous character, fewer pinholes, and thin-
ness of each layer.* These characteristics will aid in
overcoming the disadvantages of conventional LB mate-
rials with long-chain fatty acids.

From the standpoint of polymer photophysics, energy
transport from a light-excited chromophore plays an
important role in subsequent reactions. Insolid matrices,
molecular diffusion is negligibly slow, while excitation
energy transport due to the multistep migration results in
effective sensitization of the reaction sites with a high
quantum efficiency. The photophysics of the carbazole
chromophore has been widely studied because of the
peculiar properties, e.g., two kinds of excimer forma-
tion,1415 electron transfer, and carrier generation at
extrinsic acceptor sites.® These processes in the film are
highly enhanced by energy transport despite the low
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concentration of the reaction sites. In a previous paper,
we reported efficient energy migration in a polymer, poly-
[2-(9-carbazolyl)ethyl methacrylate] (PCzZEMA), and the
copolymers with methyl methacrylate.l” These polymers
do not form excimers even in the neat film and exhibit
only monomer emission. The trap-free character is
responsible for efficient energy migration. Because of the
spectroscopically pure excited state, the quenching process
of the mobile exciton could be quantitatively analyzed by
a time-resolved measurement.!®

In the current study, CZEMA was copolymerized with
isobutyl methacrylate. Naito et al. reported that poly-
(isobutyl methacrylate) yields a stable monolayer.!! We
utilized this polymer as a base unit of the LB film and
incorporated a CzZEMA unit into this by random copo-
lymerization. As an energy acceptor, a methacrylate
monomer having an anthracene unit was also prepared.
Using the LB method, some artificial arrangements of the
donor and acceptor layers were realized on a quartz plate.
Energy migration and transfer processes through the
layered structure were investigated. The present work is
an approach for controlling fundamental photophysical
processes by a designed polymer structure.
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Experimental Section

Materials. 2-(9-Carbazolyl)ethyl Methacrylate
(CzEMA). A DMF solution of carbazole (19 g; synthesized in
this laboratory) and ethylene carbonate (11 g; Wako Pure
Chemical Industries, Ltd.) was refluxed for 4 h in the presence
of a small amount of sodium hydrozide. After being cooled to
room temperature, the mixture was extracted with benzene. Three
recrystallizations from hexane gave white crystalline 9-(2-hy-

© 1992 American Chemical Society



186 Ito et al.

Table I
Composition, Molecular Weight, and Refractive Indices of
Synthesized Isobutyl Methacrylate Copolymers

content,® mol %

sample CzEMA AnMMA M,,© X104 nd

C1 1.0 0.0 9.8 148
C2 4.9 (4.4)® 0.0 1.49
C3 9.5 (10.0)® 0.0 9.8 1.50
C4 15.2 (14.6)° 0.0 1.51
C5 20.2 (20.0)® 0.0 12.0 1.52
AC1 15.2 0.07 1.51
AC2 15.2 0.12 8.0 1.51
AC3 15.0 0.18 1.51
AC4 15.2 0.38 8.0 1.51
A 0.0 9.8 6.3

2 Based on the monomer molar contents at the reaction. ® Ob-
tained by measuring !H NMR. ¢ Determined by GPC caliblated with
polystyrene standards. ¢ Calculated from two limiting values of
PCzEMA, 1.632, and poly(isobutyl methacrylate), 1.477.22

droxyethyl)carbazole, mp 89 °C. To a dichloroethane solution
of 9-(2-hydroxyethyl)carbazole (8 g) and pyridine (10 mL) was
added methacryloyl chloride (6 g; Tokyo Kasei Kogyo Co. Ltd.)
at 0 °C. After the mixture was stirred for 3 h at room temper-
ature, the product was extracted with dichloromethane. Re-
crystallization from methanol solution gave white crystalline
CzEMA: mp 88°C;'H NMR (CDCly) 4 1.80 (s, 3 H, methyl), 4.56
(t, 2 H, methylene), 4.60 (t, 2 H, methylene), 5.45 (m, 1 H, vinyl),
595 (s, 1 H, vinyl), 7.1-7.6 (m, 6 H, aromatic), 8.10 (d, 2 H,
aromatic); IR (KBr) 3060, 2990, 1720, 1630, 1600, 1450, 1160, 740
cmL

9-Anthrylmethyl Methacrylate (AnMMA). This monomer
was prepared by the same method as was CZEMA. The ester-
ification of methacryloyl chloride with 9-anthrylmethanol (Na-
calai Tesque, Inc.) gave the crystalline monomer: mp 93 °C; ‘H
NMR (CDCls) 6 1.90 (s, 3 H, methyl), 547 (m, 1 H, vinyl), 6.04
(s, 1 H, vinyl), 6.19 (5, 2 H, methylene), 7.4-8.5 (m, 9 H, aromatic);
IR (KBr) 3060, 1710, 1630, 1320, 1160, 900, 740 cm™..

Isobutyl Methacrylate. Commercial isobutyl methacrylate
(Nacalai Tesque) was purified by distillation under reduced
pressure before use.

Copolymers. Weighed quantities of these monomers were
dissolved in distilled benzene containing azobisisobutyronitrile
as an initiator and polymerized at 60 °C. The copolymers
obtained were purified by repeated reprecipitation and dried in
vacuo, The contents and characteristics of these copolymers are
listed in Table I. The contents of monomer units are based on
the monomer molar contents in the reaction. These values agree
with those of polymer compositions which were obtained from
the measurements of 'H NMR. Three kinds of isobutyl meth-
acrylate copolymers were prepared: (1) a series of copolymers
containing various contents of CZEMA, (2) a series of copolymers
with a fixed content of CZEMA (ca. 15 mol %) but with small
amounts of AnMMA, and (3) a copolymer containing AnMMA
(9.8 mol %). They are abbreviated as Cn (n = 1-5), ACn (n =
1-4), and A, respectively.

Sample Preparation. The copolymer was dissolved in
benzene (Dojindo Laboratories, spectroscopic grade) and spread
onto pure water in a Teflon-coated trough (Kenkosha Model
SI-1) with a Wilhelmy-type film balance. The water in the sub-
phase was purified by deionization, distillation, and passage
through a water filtration system (Barnstead Nanopure II). The
surface film was compressed at a rate of 10 mm min~!. A non-
fluorescent quartz plate which is a substrate for spectroscopic
measurements was cleaned in oxidative sulfuric acid, rinsed
repeatedly with pure water, and then dipped in a 10% solution
of trimethylchlorosilane in toluene to make it hydrophobic.
Instead of the quartz plate, silicon wafers (Shin-etsu Chemical
Industries, Ltd.) were used for the measurement of film thickness
by ellipsometry. The LB multilayers were prepared by dipping
the quartz plate vertically at a speed of 10 mm min!. First, four
layers of poly(vinyl octal) (PVO) were deposited on the substrate
to remove the effect of the interface and to facilitate the
subsequent deposition of chromophoric layers.” A good transfer
ratio was obtained at a surface pressure of 10 mN m at 19 °C.
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Figure 1. Surface pressure-area isotherms of poly(isobutyl meth-
acrylate) copolymers: (a) C1, (b) C2, (¢) C4, and (d) C5.

The transfer of the monolayer took place at each downward and
upward dip (Y type). After deposition of the chromophoriclayers,
four layers of PVO were again deposited to avoid the effect of
theairinterface. Castfilmswere prepared from atoluenesolution
of the copolymer (4 wt %) by a spin-coating method at 5000 rpm
for 90 s. The thickness is ca. 400 nm.

Measurements. Fluorescence spectra were recorded with a
Hitachi 850 fluorescence spectrophotometer. Absorptionspectra
were measured with a Shimadzu UV-200 spectrophotometer.
Fluorescence decay curves were measured by a single photon
counting method using a picosecond laser system as the excitation
light pulse.’®® The details have been described elsewhere.2! Two
types of detectors were used in this study. The fwhm of the
instrumental response function was 75 ps for the microchannel
plate photomultiplier (Hamamatsu R1564U-01) and 500 ps for
the end-on photomultiplier (Hamamatsu R3234). The former
was used for measurement of time-resolved fluorescence spectra,
and the latter was used for decay curve measurements. Theo-
retical decay curves were simulated by the Monte Carlo method
with a Fujitsu M382 computer. The molecular weights of
copolymers were determined by GPC (Tosoh HLC-802UR) on
the basis of calibration with polystyrene standards. The thickness
of the multilayered films was measured by an ellipsometer (Mi-
zojiri Kogaku).

Results and Discussion

Deposition of Polymer LB Films. A benzenesolution
of the copolymer (0.01 wt %) was spread at the air-water
interface. Figure 1 shows the surface pressure—area
isotherms. Withincreased carbazole content, the collapse
pressure becomes low and the limiting area increases from
0.20 to 0.27 nm? because of the larger molecular size of the
carbazole unit compared to the isobutyl group. Insample
C5, which has the highest content of CZEMA (20 mol %),
the isotherm shows that the surface film collapses only at
12 mN m™!, However, the transfers were all made at 10
mN m~! with a transfer ratio of unity within experimental
error. Although we prepared another sample containing
30 mol % of CzEMA, it did not form a stable monolayer.

Deposition was successful up to 40 layers. Figure 2A
shows the absorbance of multilayered films of C5 vs the
number of deposited layers. In this paper, the number of
layers represents the one on one side of a substrate.
Therefore, the absorbance in Figure 2B corresponds to
the value for twice the number of layers on the abcissa,
because LB films are transferred to both faces of the quartz
plate.

The absorbance for a few number of layers is too small
to be measured quantitatively. Therefore, the propor-
tionality was checked from the fluorescence intensity of
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Figure 2. Fluorescence intensity and UV absorbance of built-
up films as a function of the number of layers (on one side): (A)
UV absorbance of Cb films at 296 nm and (B) fluorescence
intensity of C1 films at 363 nm.
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Figure 3. Film thickness of the built-up film of C4 as a function
of number of layers.

the C1film. Asmentioned later, the fluorescence quantum
efficiency of LB films decreases with the number of layers,
since some additional quenching process is accelerated by
energy migration between the carbazole chromophores as
the film thicknessincreases. However, such a process does
not take place at low concentrations of the carbazole unit.
Since the content of C1 is only 1 mol %, the fluorescence
intensity is proportional to the number of carbazole chro-
mophores per unit area. Figure 2A shows the relation
between the fluorescence intensity and the number of
layers. The fluorescence intensity is clearly proportional
to the number of layers, even in the range of a few layers.

The thickness of LB films was determined by ellip-
sometry. Figure 3shows the thickness of C4 films (15.2%)
for various numbers of layers. Naito et al. reported the
thickness of a poly(isobutyl methacrylate) monolayer to
be 1.05 nm.!! In the present study, the thickness of the
chromophoric layers is a critical factor in determining the
interlayer photophysical processes. Therefore, we have
to obtain the exact value as a fundamental parameter. In
Figure 3, the proportionality vs the number of layers is
again confirmed up to 40 layers. The intercept at O layer
shows the sum of the thickness of the oxidized silicon layer
at the surface of a wafer and the thickness of the pre-
coated PVO layers. These layers have refractive indices
quite similar to that of poly(isobutyl methacrylate): n; gy
= 1.477.22 The refractive index of C4 must be known to
calculate the precise thickness. The value was estimated
to be 1.51 from the content of carbazole units and the
refractive index of poly(CzEMA): nc.gma = 1.632. The
calculation was performed in the range of n = 1.48-1.52,
and the deviation of thickness in the range of n is
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Figure 4. Schematic illustration of the multilayer structure of
the polymer LB films. Circles represent anthracene chro-
mophores, and triangles are carbazole chromophores.
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Figure 5. Fluorescence spectra of the 20-layer films of (a) C1,
(b) C4, and (¢) C5. The excitation wavelengthis 296 nm. Spectra
are recorded with a bandwidth of 2 nm and normalized to the
same intensity at the maximum.

represented with error bars in Figure 3. The deviation is
negligibly small, and the thickness obtained from the slope
isfound tobe 1.06 nm/layer. This value is in fair agreement
with Naito’s data for poly(isobutyl methacrylate) ho-
mopolymer.!! This means that the isobutyl parts act as
a stable monolayer, and the thickness of LB films is kept
constant with the alternation of part of the isobutyl groups
with the carbazole units. On the basis of these results, we
employed the assumed model shown in Figure 4, Since
the film was transferred as a Y-type deposition, the
hydrophobic carbazole chromophores are located in two
parallel planes with a distance of separation of 2.1 nm. LB
films containing carbazole units were piled up to 20 layers,
and some of them were coated further with anthracene
LB films (A) as energy acceptor layers.

Fluorescence Characteristics. Fluorescence spectra
of the LB films are shown in Figure 5. All the samples
exhibit similar emission spectra consisting of the monomer
fluorescence bands of the carbazole chromophore. How-
ever, trace amounts of broad emission appeared at longer
wavelengths (450-550 nm) as the carbazole concentration
increased and the number of layers increased. This
additional emission was assigned to exciplex emission of
carbazole with unknown acceptors. The acceptors are
probably introduced in the LB films during the spreading
of the monolayer, since the emission was not seen for the
films prepared by spin-coating or casting methods. How-
ever, the spectra in Figure 5 show neither partially
overlapped excimer nor sandwich excimer emission which
would appear at around 380 and 420 nm, respectively.14.15
As described in the previous paper, P(CzZEMA) has no
excimer-forming site even in the homopolymer film.}? The
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Figure 6. Fluorescence decay curves of the carbazole emission
in C4 films at various transferred layers: (a) 2-, (b) 6-, (¢) 12-,
and (d) 20-layer films. Plot e shows the instrument response
function for an excitation pulse at 296 nm.

characteristics were retained in the copolymers with isobu-
tyl methacrylate. The combination of two kinds of
monomers (isobutyl methacrylate as a base unit to form
a stable monolayer and CzZEMA as a chromophoric unit)
results in a spectroscopically simple excited state of car-
bazole chromophores in the layered structure of LB films.

Figure 6 shows fluorescence decay curves of C4 films
with various numbers of layers. The shorter decay time
for the large number of layers indicates that there are
some quenching processes due to unknown impurities. The
quenching may be due to energy traps formed by the
interaction of the carbazole units. Inany case, the quench-
ing processes are accelerated by efficient energy migration
among the carbazole chromophores. As reported previ-
ously, chromophore concentration is a critical factor in
determining the rate of energy migration.!® In addition
to this, the dimensionality must be taken into consideration
for the LB system. With an increase in the number of
layers, the two-dimensional (2D) system changes toa three-
dimensional (3D) system, in which the quenching process
takes place with a higher efficiency than that in the 2D
system, because of the increase in the number of molecules
within the reaction “sphere” of an excited species.

Figure 7A shows the fluorescence spectra of AC2 LB
films with various numbers of layers. The intensities are
normalized at the second peak of anthracene emission.
This indicates that the energy-transfer efficiencies rise
with the increase in the film thickness, regardless of
constant acceptor concentration. The intensity ratios of
anthracence emission to carbazole emission are plotted in
Figure 7B. The thickness dependence is an important
characteristic of the polymer LB films, resulting from the
thinness of each layer. If the thickness is much larger
than the reaction radius, photophysical processes in each
layer would be independent of the other layers; that is, no
thickness dependence would be seen. However, the
thickness of polymer LB films is only ca. 1 nm. The
distance between the chromophore planes is assumed to
be ca. 2 nm (Figure 4), which is comparable to the Forster
radius of energy transfer between carbazole groups.
Therefore, the incorporated chromophores can easily carry
out energy transfer between neighboring layers. Conse-
quently, the interlayer energy migration makes the LB
system 3D-like.

Energy Migration in Cast Films. The diffusion
coefficient of excitation energies in this copolymer was
evaluated by decay curve analysis for 3D systems: thick
films of ACn (n = 1-4), prepared by the spin-coating
method. The decay curves are shown in Figure 8. Of
course, the decay rate of carbazole emission becomes faster
with increased anthracene concentration. However, the
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Figure 7. (A) Fluorescence spectra of AC2 films at various
numbers of transferred layers. Numerals in the figure show the
number of layers. The excitation wavelength is 206 nm. (B)
Relationship between the number of layers and intensity ratios
of anthracene emission (I5, at 416 nm) to carbazole emission (I¢,
at 347 nm): (a) AC4 and (b) AC2,
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Figure 8. Fluorescence decay curves of C4 and ACn (n = 1-4)
films prepared by a spin-coating method: (a) C4, (b) AC1, (¢)
AC2, (d) AC3, and (e) AC4. The solid lines are the curves
calculated by the Yokota-Tanimoto model, and the upper part
of the figure is the plot of the weight residuals for them. The
x2 values are (b) 1.26, (c) 1.46, (d) 1.55, and (e) 1.64. The broken
line shows the instrument response function.

decay curves could not be reproduced with the Forster
equation based on the static kinetics, in which the
excitation energy localizes at the original position of light
absorption and directly transfers to an anthracene unit.2
In these concentrated systems, energy migration exists
between carbazole chromophores, which results in efficient
diffusion followed by energy transfer to the anthracene
moieties. The energy-transfer process involving exciton
diffusion can be well represented by the Yokota—Tani-
moto Pade model.* The equations are given as follows
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I(t) = In(t) exp(-K[A]) 6))
K =*%,x%’N'(at)"/*B
B =[(1 + 10.87x + 15.50x%)/(1 + 8.743x)1%/*
a= RDAS/TD

x = AaV3?3

where [A] is the molar acceptor concentration, I(t) is the
fluorescence decay function of donor emission, Ip(t) is the
fluorescence decay of donor without acceptor, N’ is
Avogadro’s number per millimole, Rpa is the Férster radius
from donor to acceptor, 7p is the lifetime of the donor
without any quenching processes, and A is the diffusion
coefficient of excitation energy. Rpj is evaluated by the
spectral overlap between the absorption of the acceptor
and the fluorescence of the donor; Rpa = 2.7 nm for car-
bazole—anthracene chromophores. Therefore, only one
parameter, A, is variable for the curve fitting of I(t) with
the observed decays. The best fit value of A is found to
be 9 X 10° cm? 571, and the solid lines in Figure 8 show
the calculated decay curves. It should be noted that the
curves for various acceptor concentrations were calculated
with the same value of the diffusion coefficient and fitted
well with the experimental data. This result indicates
that the energy transport takes place efficiently among
carbazole chromophores and that the diffusion length given
by (6At)V/? is 8 nm, during the intrinsic lifetime of the
carbazole unit, 13 ns. Such an efficient energy transport
should occur between neighboring layers of the LB films,
although the microstructure is different from the spin-
coated films.

Interlayer Energy Transport in LB Films. To
demonstrate interlayer energy transport through carba-
zole layers, we prepared some multilayerd LB films
consisting of n-layered C4 and then coated these with two
layers of A polymer. The samples are abbreviated as
nC+2A. The carbazole chromophores were selectively
excited at 296 nm with a picosecond laser pulse. At this
wavelength, the extinction coefficient of the carbazole unit
is 40 times larger than that of the anthracene unit: e, =
12400 and ean = 340 L mol* ¢cm™!. Furthermore, the
number of carbazole chromophores per unit area is larger
than that of anthracene chromophores. Therefore, the
probability of direct excitation of anthracene units is
negligibly small compared withthe carbazole units. Figure
9 shows the time-resolved fluorescence spectra of 6C+2A
and 20C+2A. Each spectrum is normalized to the max-
imum intensity. For6C+2A, the excitation energy rapidly
transfers to the anthracene unit because of the short mean
distance of separation between the donor and acceptor
layers. The anthracene emission at around 420nm appears
immediately after the excitation. After 15 ns, all of the
energies on the carbazole units have been already quenched
and no emission is detected besides the anthracene one.
In contrast to this result, Yamazaki et al. reported that
fatty acid LB films containing carbazole units showed a
slow-decay component in the fluorescence decay curve.2
Their result indicates that the distribution of chro-
mophores is not statistically random in the LB films and
is in an island structure. Such an irregular distribution
yields both energy traps and isolated species in the LB
plane. The lower quenching yield of the fatty acid system
isattributed to this irregular distribution. Onthe contrary,
the quenching of donor emission in the polymer LB film
is completed within 15 ns. Recently, we have shown that
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Figure9. Time-resolved fluorescence spectra of (A) 6C+2A and
(B) 20C+2A LB films. The excitation wavelength is 296 nm.
Time zero corresponds to the time when the excitation laser pulse
shows the maximum intensity.
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Figure 10. Decay curve fitting for (A) 6C+2A and (B) 20C+2A
films by the Monte Carlo method involving the energy migration
effect. The broken lines show the results for the energy transfer
without migration process.

auniform distribution of chromophores is attainable with
polymer LB films containing pyrene chromophore.!?
Therefore, in polymer LB films the excitation energy flows
to the acceptor layer smoothly.

The right side of Figure 9 shows the time-resolved
spectra of 20C+2A. Inthis case, the transfer rate is rather
slow. The anthracene emission gradually grows, and the
carbazole fluorescence is still observed at 15 ns after the
pulsed excitation. This means that part of the excited
states randomly generated in the carbazole layers cannot
reach the active sphere of the anthracene unit. As
mentioned above, the thickness of 20-layer films is ca. 20
nm, which is much longer than the diffusion length of
energies, 8 nm, measured in the 3D system. Therefore, it
isreasonable that the carbazole emission is fully quenched
for 6C+2A but only partly for 20C+2A.

Decay Curve Analysis by the Monte Carlo Method.
Quantitative analysis should be performed on the basis of
the fluorescence decay curve. Figure 10 shows the decay
curves of carbazole emission at 363 nm. With an increase
in the number of layers, the decay rates become slower
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because of the increase in the mean distance to the acceptor
layers. We tried to simulate these decay curves by
calculation with the Monte Carlo method including the
energy migration process.? The model is based on the
following assumptions.

(1) Energy transfer (carbazole-anthracene) and energy
migration (carbazole—carbazole) processes occur by dipole—
dipole interaction expressed by the Forster formula?

Wpa = Rpa/rps)’/mp 2

where Wp, is the probability of energy transfer per unit
time from an excited donor molecule D to an acceptor
molecule A, rpa is the distance between D and A, and Rpa
is the critical transfer radius (Férster radius) at which
donor D has an equal probability of energy transfer to
other decay processes, and rp is the unquenched lifetime
of D.

(2) The Forster radius is given by the fluorescence
spectrum of D and the absorption spectrum of A as
follows23:27

Rp, = [(9000 In (10K*®p))J/(1287°r*N)1VE  (3)
J=[{Fp(\) e,V X dX (4)

where K2 is the orientation factor, in this case, the value
is 2/3 since depolarization of excited donors occurs by “in-
tralayer” migration before “interlayer” migration, n is the
refractive index of the medium, ®p is the quantum
efficiency of donor D, Fp()) is the fluorescence spectrum
normalized such that (Fp(A) dx = 1, and es() is the
extinction coefficient of A at wavelength A. The calculated
values of Rpa are 2.7 nm for carbazole to anthracene units
and 1.9 nm for carbazole to carbazole chromophores.

(3) Each chromophore exists in a plane of LB films as
shown in Figure 4. The distance of a pair of adjacent
layers is 2.1 nm due to the Y-type deposition, but the
chromophores are in contact with the next layers. There-
fore, the plane density of chromophores is set to be twice
the value in a monolayer.

(4) The chromophores are uniformly distributed in the
lattice of the plane. The unit size of the lattice was
calculated from the plane density of chromophores which
is determined by the surface area at the deposition and
the concentration of chromophores. The calculated lattice
is 50 X 50 units: this size is large enough since the results
were not affected even if a 100 X 100 unit area was used.

(5) An excited state was generated at a carbazole layer,
and the transfer (migration) probabilities to other layers
were calculated. According to the Monte Carlo method,
the excitation energy moves to different layers with the
calculated transfer probability until it is captured by the
anthracene layers. The calculations were repeated for 1000
patterns of random walk. The obtained survival proba-
bilities at time ¢, that is, the decay of a carbazole chro-
mophore, were added and normalized.

The solid lines in Figure 10 show the calculated
functions. The calculated curves represent well the
experimental ones for various numbers of layers where
there is no adjustable parameter in this calculation.
Strictly speaking, the curve fitting is not as good. The
deviation may be due to the simple model of the film
structure. The actual decay curvesinvolve the components
of fast decay compared to the theoretical one. The fact
shows that the layer structure is disordered and the mean
distance of the donor and acceptor is shorter than the
assumed model. The results, however, clearly show the
effect of energy transport through the carbazole layers.
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Table I1
Calculated Rates of Interlayer Energy Migration and

Transfer

layer, n Bmig, 87! Rtrans, 871

0 8.1 X 10° 1.8 x 1010

2 7.0 X 108 1.3 X 10°

4 4.4 %107 8.1 x 107

6 8.6 X 108 1.6 X 107

We also obtained the theoretical curves with the same
assumption except that an interlayer migration process
does not exist. If the migration process is neglected, the
Monte Carlo method is not necessary. The decay function
of Cz at each layer was obtained by calculating the direct
transfer probability to the anthracene layer. The decay
function of a whole LB film was calculated by adding the
functions of several layers. The resulting decay curves
deviate to a great extent as shown by the broken lines in
Figure 10.

Table II shows the calculated rates of energy migration
and transfer from a carbazole layer to different layers.
The energy-transfer rate between two planes can be
directly calculated as the sum of transfer rates from chro-
mophore to other objective chromophores. In this case,
we need not use the random process (the Monte Carlo
method). The number in the first column means that the
objective layer is the nth layer from the excitation energy:
The distance is given by 1.05n nm where n = 0 means
intralayer migration or transfer (see Figure 4). The value
for intralayer migration is 10 times larger than that for
interlayer migration, but the intralayer process is inef-
fective on energy transport to the acceptor layer. The
migration rate to the adjacent layers is still so fast (7.0 X
108s71) that iterative migration occurs considerably during
the lifetime.

Conclusions

Multilayered LB films containing carbazole and an-
thracene chromophores were prepared from copolymers
with isobutyl methacrylate, which is a useful base unit to
make the LB film. The thickness of the monolayer is
quite thin, ca. 1 nm, which is smaller than the radii of
energy transfer between carbazole~carbazole or carbazole~-
anthracene chromophores. Efficient energy transport
through the thin films was demonstrated by time-resolved
fluorescence spectroscopy. Numerical simulation of the
interlayer migration and transfer processes was carried
out with the Monte Carlo method, where the excitation
energy migrates according to the rate for the Férster mech-
anism. The result showed that, after several steps of in-
terlayer migration, the excitation energy transfers to the
anthracene layer coated on the outside of carbazole layers.
Although some unknown traps exist in this LB film,
statistically uniform distribution in the planes of the donor
and acceptor chromophores results in a high quenching
yield of the carbazole energies. An advanatage of the
polymer LB film is the uniform distribution of chro-
mophoric units. If there are some defects, aggregation or
pinholes with respect to the chromophore density, the
energy transfer will be partly restricted by the defect part.
Another advantage of polymer LB films is the thinness of
each layer. This property is also responsible for the
efficient energy transfer between neighboring layers.
Thus, the polymer LB film is a promising material for
realizing an artificial molecular assembly in which pho-
tophysical processes can be controlled.
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