3402 J. Phys. Chem. A999,103,3402-3409

Energy Migration and Excimer Formation in Quasi-Two-Dimensional Polymer Films As
Revealed by the Time-Resolved Fluorescence Depolarization Measurement
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Excitation energy migration and subsequent energy transfer to excimer-forming sites occurring in a quasi-
two-dimensional plane of poly(isobutyl methacrylate) Langmilodgett films were investigated through

the time-resolved analyses of anthracene fluorescence. Fluorescence anisotropy decays showed that the energy
migration occurred more efficiently as the anthracene fraction increased. A further increase of the anthracene
gave rise to the excimer-forming sites acting as energy traps, and finally the anthracene fluorescence was
markedly quenched from the energy transfer to the traps. The migration process was quantitatively analyzed
by a computer simulation based on the Monte Carlo method, which allowed estimation of the number of
hopping and the mean-square displacement of excitons. The initial growth of the mean-square displacement
with time became gradually gentle, while the number of hopping linearly increased with time. This result
shows that the excitons are not diffusive and tend to stay within a small cluster of chromophores, especially
for small chromophore density at short times.

Introduction in the latter case, the fluorescence decay does not vary with the
migration rate. In practice, however, some energy traps, such
interaction has been widely studied as a powerful tool for as excimers orimpurities, often exist, and then the flu_orescence

guenchlng can be observed as a result of the migration and the

evaluating nanometer-scale distance because the rate of th S ubsequent transfer to the trans. To develop efficient ener
transfer markedly depends on the separation distance between d PS. P gy

an energy donor and an acceptor. Moreover, the fIuorescencegsgsﬁlortthsgﬁf w%hlg:ﬁoeiiigtﬁé;;treduce the trap density,
decay profiles reflect the spatial distribution of the donors and Fp g d g ke%kzgd loped Y. h d ibing th
the acceptors so that they provide structural information on the '~ 8Y&r and co-wor eveloped a theory describing the

system where the chromophores are embedded. Recent intere rvival probability of an excitation being on the initially _exc_ited
in artificially organized molecular assemblies gives more chromophore even for a case that energy traps exist in the

significance to energy-transfer studies on geometrically restrictedzyStem; this su_rvn:al pro_lk_)ﬁblllty 'S”d'rﬁ‘:tg relatetgétg)[éthe
structures, such as LangmuiBlodgett (LB) filmsl=7 mi- uorescence anisotropy. They exceliently demons

celles?® and the phase-separated structure of block copoly- coincidence between their theory and the experimental results;
merslo-12 however, mathematical complexity makes it difficult to be

On the other hand, the characterization of the transfer processapp“ed to a variety of systems. As will be described below, we

in such specific structures is an interesting issue from the studied a double layer of LB films, which wasquasitwo-

standpoint of photophysics. LB films have been extensively ;jr:mens(ggnalﬂs%stem, ansl the[eftore,Fn wasthallrd to aptpl()j/ their
utilized!3~18to control the chromophorechromophore distance eory directly to our system. Later, Fayer et al. presented more

by changing the layer separation. They also have a feature thatkh)andy EXpressions based on t.he two-particle modgl, which can
the space dimensionality of the system can be varied by € applied to various geometrigsThey also_deal with dogble
changing the number of layers of the built-up fihAs a layer systems in the paper, but the well-defined expressions are
limiting case, a two-dimensional field is obtainable by depositing given only. when the layer separation Is sufficiently Iarge_ or
only a single monolayer. Thus LB films give a unique feature small relative to the Fwster radius. Since the I:?l_yer separation
for the energy-transfer studies. Polymer LB films, in particular, of gur system (vlldnm{ Vﬁs cct)t:npatrablte to :h&ﬂé@er radmi_l
have advantages from both applicational and scientific points (~2 nm), we could not ut 1€ Iheir treatment. Moreover, while
of view in (1) mechanical and thermal stability, (2) thinness of the Qecay of fluqrescence anisotropy is WeII-descrl.bed, behqwor
each layer, and (3) uniform and random dispersion of functional of migrating excitons cannot be understood from this calculation.

groups. Therefore, numerous studies have been reported on the Another effective approach for revealing the characteristics
energy transfer in polymer LB film&:-20 of the excitation energy migration is a computer simulation.

The energy transfer is classified into two cases: one is BY USiNg appropriate models, one can analyze photophysical
“energy transfer” in a narrow sense, occurring between different PFOcesSes in a variety of systems that are hard to deal with
kinds of chromophores, and the other is “energy migration” the(_)retlcally and also can wsqahze the m_otlon of the hopping
between the same kind. In the former case, the time course of€XCiton. For example, Ohmori et &investigated the energy

the fluorescence intensity well-characterizes the transfer processtranSfer in polymer LB films by using a Monte Carlo simulation
based on the Feter kinetics and clarified the relaxation of the

* To whom correspondence should be addressed. E-mail: sito@polym. 18Y€r structure, assuming a Gaussian distribution of chro-
kyoto-u.ac.jp. mophores.

Electronic excitation energy transfer through dipetiépole

10.1021/jp9840735 CCC: $18.00 © 1999 American Chemical Society
Published on Web 04/16/1999



Quasi-Two-Dimensional Polymer Films J. Phys. Chem. A, Vol. 103, No. 18, 1999103

TABLE 1: Anthracene Fraction (f) and Weight-Average
Molecular Weight (M,,) of Sample Polymers — ]
- — PVPe x 4 —

sample f1% 1073 My - —
A-0.5 0.53 95.6 -
Al 1.2 136 —anthracene-labeled PiBMA x 2
A-3 2.7 89.9
A-4 3.7 73.0 [ ]
A6 6.0 50.4 — PVPe x 4 —]
A-12 12 52.1 ]

In this study, we prepared a quasi-two-dimensional plane by
the LB method using anthracene-labeled poly(isobutyl meth-
acrylate) and investigated the fluorescence behavior to reveal Hs Hs
the photophysical processes in two dimensions. We also applied
a computer simulation based on the Monte Carlo method to CHZ“? CHZ‘?
the results of the fluorescence depolarization measurement in 0 0
order to reveal the feature of energy migration in two dimen- ? ?

sions. (P 1-f (? -

Experimental Part

C

Materials. The polymer used was poly(isobutyl methacrylate) CH3/ CH; @@@
(PIBMA), which forms a stable monolayer at the air/water
interface and has good transferability onto solid substrétes. CHj
As a fluorescent probe, various fractions of anthracene moieties
were introduced into the side chain. Anthracene has the anthracene-labeled PiBMA
transition moment along its shorter axis and shows large intrinsic
anisotropy. The anthracene-labeled monomer, 9-(10-methylan-
thryl)methyl methacrylate, was obtained as follows. Commercial
10-methylanthracene-9-carboxyaldehyde (Aldrich) was reduced HZ—?H_CHZ"?H CHZ_?H
with NaBH, in an ethanol solution, and then the product, 9-(10- 0_?1-1—0 OH
methylanthracene)methanol, was reacted with methacryloyl
chloride in a THF solution. The anthracene-labeled polymer was CaHy x 1-x
synthesized by radical copolymerization of isobutyl methacrylate
and 9-(10-methylanthryl)methyl methacrylate in a benzene PVPe
solution with AIBN as an initiator. The polymer obtained was Figure 1. Layer structure of sample LB film.
purified through reprecipitation from benzene into methanol
three times. Table 1 shows the characteristics of the polymers Fluorescence MeasuremeniSteady-state fluorescence spec-
used. The molecular weights were determined by gel permeationtra were measured with a fluorescence spectrometer (Hitachi
chromatography (GPC) with reference to polystyrene standards.model 850). Time-resolved measurements were carried out with
The fractions of anthracene units were determined from the UV a time-correlated single photon counting system. A Ti:sapphire
absorbance with reference to the molar extinction coefficient laser (Spectra Physics model 3950) pumped by an Ar ion laser
of a reference compound, 9-(10-methylanthracene)methanol,(Spectra Physics model 2060) was used as a light source. The
which was found to be 9200 cth M™% at 377 nm in a beam after passing through a frequency doubler had a wave-
dichloromethane solution. Poly(vinyl pentanal acetal) (PVPe), length of 398 nm at which anthracene has a sufficient absor-
employed for the pre- and overcoating layers, was synthesizedbance. The measurement system was setup as follows. An
by the acetalization of poly(vinyl alcohol) with 1-pentanal. The s-polarized excitation beam was introduced into a sample film
detailed synthetic procedure was reported elsewhere. from the opposite side of a detector with an incidence angle of

Film Preparation. Quasi-two-dimensional planes were pre- approximately 4% and the fluorescence was observed along
pared in LB films, the structure of which is depicted in Figure the plane normal of the sample film. The parallel and perpen-
1. Monolayers were prepared on pure water that was treateddicular components were alternately obtained by rotating an
with a water purification system (Barnstead NANO Pure Il). A analyzer by 90. Optical filters (SC-42 and B-370) were placed
benzene solution (ca. 0.1 g} of the polymer was dropped in front of the detector to select monomer emission of anthracene
onto the water surface in a Teflon-coated aluminum trough. around 430 nm. A diffuser to remove a polarization effect was
Twenty minutes after the solution was spread, the monolayer also placed there. A microchannel-plate photomultiplier
was compressed up to a surface pressure of 10 mNand (Hamamatsu R3809U) was used as the detector. The full width
deposited by the vertical dipping method onto a hydrophobic at half-maximum (fwhm) of the response function was 60 ps.
quartz substrate treated with trimethylchlorosilane in advance. For the time-resolved fluorescence spectroscopy, both excita-
Four layers of PVPe were deposited for pre- and overcoating, tion and emission lights were made depolarized with diffusers.
respectively, to reduce the influence of the substrate and theAn optical filter (SC-41) and a monochromator were installed
qguenching by oxygen in the air. The adjacent two layers of in front of an end-on photomultiplier (Hamamatsu R3234). The
PiBMA were deposited as a Y-type fildf.The film preparation response function had a fwhm of 600 ps.
and the measurement of surface pressarea isotherms were The Faster radius, for anthraceneanthracene was deter-
carried out at 20.0C. mined from fluorescence and absorption spectra of a model

S~y
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T samples with fractions below 3% showed rather high intensity
below 350 nm, owing to the emission of PVPe, which will be
- mentioned later.

Figure 4a shows normalized emission spectra excited at 377
nm. As the fraction increased, the peak at4@Q0 nm became
- weaker and a broad band around 470 nm became stronger. The
emission at shorter wavelengths whose relative intensity in-
creased with decreasing anthracene fraction was attributed to
— that of PVPe used for the pre- and overcoating layers. Although
we employed PVPe as a nonfluorescent polymer, it showed a
weak and broad emission over 40800 nm whose intensity
. was comparable to that of the anthracene fluorescence at small
\ fractions. The higher intensity at ca. 330 nm in the excitation
- -~ A-33 spectra mentioned before was also ascribed to the PVPe
B ) . emission.

(WO RE TR A TR B> Emission intensity from the sample films increased with
0 0.1 0.2 03 04 increasing anthracene fraction but then decreased at higher
2 -1 fractions. Figure 4b represents the emission intensity of the peaks

Area /nm (monomer unlt) at ca. 430 nm as a function of plane density of the anthracene
Figure 2. Surface pressurearea isotherms for the monolayers of the unit, which was measured under the same spectroscopic
polymers studied. The increase in anthracene fraction gave rise to thecondition. Although the intensity increased almost in proportion
alteration of the profiles, especially at the large fractions.. to anthracene density at low densities, yet fluorescene was
greatly quenched at densities higher than 0.25%ithe value
of which corresponds to the A-6 sample. This behavior will be
discussed together with the results of the fluorescence decay
measurement.

To investigate the broad band around 450 nm, we examined
time-resolved spectra. As shown in the normalized spectra of
Figure 5, the relative intensity at 470 nm increased with time
for the large fraction samples; therefore, this band can be
assigned to the emission of anthracene excimers. A broad band
of A-1 at short times is due to the PVPe emission.

Fluorescence DecayThe time course of the total emission

300 350 400 intensity, I(t), can be obtained from the parallel and perpen-

dicular components, denoted Iyt) and I (t), respectively,
Wavelength / nm according to the equation beldt.

Figure 3. Excitation spectra monitored at 430 nm. These curves are
normalized with the intensity at 377 nm. Since the spectra of samples () =1, + 2141 (1)
from A-4 to A-33 are nearly identical, they are not shown here for
Clarity. The emission at Wavelengths belOW_ 350 nm is ascribed to that Figure 6 shows fluorescence decay curves in a |ogarithmic
from PVPe used for the pre- and overcoating. scale; the excitation wavelength was 396 nm. The decay curves
from A-0.5 to A-3 were well-fitted with two-component
exponential functions. Judging from the time-resolved fluores-
cence spectra, the fast decay component with a time constant
of ca. 1.5 ns is due to the PVPe emission. Consequently, the
time constant of the slow component (12.5 ns) corresponds to

Monolayer Property. Surface pressurearea isotherms are  the intrinsic lifetime of the anthracene in the LB films, being
shown in Figure 2. At small fractions, the isotherms were similar close to the lifetime of the anthracene moiety in degassed
to that of the unlabeled polymer reported previol#lAs the solutions. As the anthracene fraction increased, the fraction of
fraction increased, however, the surface pressure of the plateauhe fast component from PVPe decreased and the decay curves
region (ca. 16 mN m') decreased. Furthermore, above 10% in approached a straight line. However, when the fraction was
fraction, the plateau region disappeared and the slope becaméarger than 6%, the curve deviated again from a straight line
steeper. This indicates that the monolayer becomes less comand did not follow even two-component exponential functions.
pressible as the anthracene fraction increases. The change ofhis deviation indicates the presence of the excitation energy
the monolayer property affected the transferability of the transfer to energy traps. As the anthracene fraction became
monolayers onto the solid substrate. While the transfer ratios larger, the quenching occurred more markedly.
were close to unity for A-0.5 through A-12, those for A-23 and Fluorescence DepolarizationThe result of the fluorescence
A-33 were quite smaller than unity and indicate incomplete depolarization measurement is shown in Figure 7 where
deposition of these monolayers. fluorescence anisotropy ratio(t), is defined by the following

Fluorescence SpectrakFigure 3 shows normalized excitation  equation.
spectra monitored at 430 nm. The samples with fractions above
4% showed identical spectra that resemble the absorption r(t) = [1,®) — 15OV, + 215)] 2
spectrum of anthracene in solutions or in thick films. This is
indicative of no special interaction among the anthracene Since the small fraction samples showed an anomalous rise from
moieties at the ground state, such as dimer formation. The PVPe emission in the short time region, we omitted it in the
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compound, 9-(10-methylanthryl)methyl trimethyl acetate in
cyclohexane:Ry = 2.5 nm.

Results
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Figure 4. (a) Fluorescence spectra normalized at 430 nm. Emission
of the anthracene excimer appears around 470 nm at large fractions.
The emission around 400 nm was caused by the PVPe emission. (b)
Emission intensity as a function of plane density of the anthracene unit.

Figure 5. Time-resolved fluorescence spectra. The observed time
ranges are©1, 10-11, 20-21, and 36-31 ns. The arrows in the figure
represent this time order. Especially for A-33, the excimer band
becomes prominent as time passes.

following discussion. The anisotropy ratio hardly decayed for
A-0.5 and A-1 but decayed faster as the fraction increased. SinceP® transferred to more EFS. As a summary of the above

the anthracene moieties embedded in the LB films are hardly conside_ration, we can offer the f_oIIowing qualitative schema.
allowed to rotate, the anisotropy decay is caused only by the At fractlo_ns be!ow l%, the_ excited state of the anthracene
energy migration. Consequently, the anisotropy decays indicate'€laxed without interacting with one another. Fert6, energy

that the migration occurred more efficiently with increasing Migration between the anthracene moieties appreciably occurred;
anthracene fraction. For A-23 and A-33, however, the decays however, the monomer fluorescence was hardly quenched
became slower despite the large fractions. There may be twobecause the migration distance was short, and there were only
reasons for this: (1) a contribution of the long-lived anthracene a few EFS. Above 6%, the monomer fluorescence was markedly
excimer and (2) incomplete deposition of the monolayers from quenched by the energy transfer to EFS via the efficient energy

the air/water interface. migration among the anthracene moieties.
_ ) Analysis of the Anisotropy Decay.The anisotropy decay
Discussion curve has a direct relationship with the migration process of

Qualitative Schema for the Migration and the Quenching. the excitation energy. It. is ponsequently pos;ible to explicate
The monomer fluorescence of the anthracene moieties wast"® mede of the migration in the two-dimensional system by
appreciably quenched at fractions above 6%. Because the@nalyzing the obtained anisotropy decays. The current system
emission of the anthracene excimer became noticeable abovdS Not exactly two-dimensional because the anthracene moieties
6%, this quenching was attributable to the excimer-forming sites are distributed in two layers; accordingly, we attempted to
(EFS). Considering the anisotropy decay results, the considerablesimulate the anisotropy decays on the basis of the Monte Carlo
quenching of the anthracene fluorescence was due not only tomethod, employing an exciton-hopping model in the double-
an increase of EFS but also to a more vigorous energy migrationlayer system. Since energy trapping by EFS complicates
between the anthracene moieties as the fraction became largeirinterpretation of the anisotropy decay data, we focused on the
The apparent transfer distance of the excitation energy becamesamples from A-0.5 to A-6 in which the quenching by the traps
longer because of the migration so that the excited state couldwas negligible.
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Figure 6. Fluorescence decay curves observed for the excitation at
396 nm. The fast decay observed at short times for A-0.5 is due to the
PVPe emission. At small fractions, the curves are fitted with one-

component exponential functions, if the short component is neglected.
The longer time constant corresponds to the unquenched lifetime of
the anthracene in the film. For large anthracene fractions, the curves
deviate from a straight line, indicating that the energy transfer to energy  J
traps occurred.

Figure 7. Time course of the measured anisotropy ratio. A-0.5 exhibits
an anomalous rise at short times because of the PVPe emission. For
the samples with fractions larger than 6%, the efficient energy migration
occurred.

Detailed Procedure of the Simulation.Figure 8 schemati-
cally illustrates the arrangement of the simulation space. In the
beginning, two square regions with a side length afe placed
parallel to each other with a separationdfand one of the
squares is set as they-plane. ThenN chromophores are
distributed as follows. One chromophore with an orientation
vector aligning with they-axis is located at the origin of the
xy-plane, and the otheN(— 1) chromophores are randomly
distributed in the two planes with their transition moment vectors
taking random and isotropic orientations. The chromophore at
the origin is excited initially. The distributed chromophores are Figure 8. Schematic illustration of the arrangement of the simulation
distant enough from one another not to come closer than thespace and the distribution of the chromophores. ®eand y-
excluding area of the chromophore(.28 nn?. In this condi- components of the orientation vector correspond to Ithand I,
tion, p, the number density of the chromophores in a single "€SPectively.
plane, is given adl/(2L?). _ 2.6 -6 -1

Next, a singlet exciton hops around the chromophores in the k= (3/2) Ry'Irj| 7o )
following manner, until it is deactivated. First, the migration
rate from the currently excited chromophore to every other one
is calculated. The orientation factef of chromophorg with
respect to chromophore is calculated with the following
equatior?®

pe

1.1 nm

whereR; is the Faster radius for anthracer@nthracene and
7o is the intrinsic lifetime of the anthracene. Second, the
probability of the migration to chromophojeor that of the
deactivation at chromophore is determined. The former
probability, p;, is given as

i” = [M-M; = 3(M;-ry) (M-r)/Iry ] (3) B =KI(Sk+70Y (5)

whereM; and M; are the orientation vectors of a unit length ~While the latterpq, is given as
andr;j is a position vector of chromophojewith respect to _ _

- igrat s gi =5 NSk +7 Y (6)
chromophord. Then, the migration ratk is given below. Pa = To ij To
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The duration time until a next event (migration or deactivation) ' T T T
is determined with a random number following an exponential

e : L s e
distribution with a parameter ofy§ + 7o~ %). As long as the - A-O.°5-
exciton is alive, the probability calculation and the exciton
migration are repeated. - o E A N COPR

When the deactivation occurs, that is, the fluorescence is ~ A-1 -
observed, the number of photon court;), is increased by 1 o
at the channetj corresponding to the elapsed timerhus, the bl B Skt -
profile of c(t;) represents the fluorescence decay. The number e [ A‘é 7
of exciton hoppingh(t;), and the square displacement from the 2 vy .
origin, 12(t)), are also recorded &t The simulated anisotropy, = s A
resim(t)), is calculated with eq 2 whete(t) andl(t) correspond A-4
to the squares of the- and y-components of the orientation
vector, respectively. .
The above procedure (distribution, hopping, and deactivation)
is repeated 18-10° times, and finally, the averaged curves of 1

c(t) andrsim(t;) are obtained. The values bt;) andI?(t) are 0 100 200
also averaged and then normalized with the valugtgfbecause
the magnitude oh(t;)) andl2(t}) depends ore(t). Channel (0.136 nS/Ch)

The initial anisotropy ratior®sm(0) is unity because the  Figure 9. Comparison of the simulated curves with the experimental
initially excited chromophore is always set along tpaxis, dt_acays. The broken Ii_nes in the figurt_e indicate the initial anisotrepy
but actual initial anisotropy ratio is less than unity because the Fine results are obtained wighlisted in Table 2 and, of 0.33.
excitation probability varies W|t_h the orientation of gxcne(_j TABLE 2: Plane Density (p) of Anthracene in a Single
chromophores. For example, the isotropically random orientation | ayer
yields 2/5 as the ideal initial anisotropy ratio for linearly

polarized excitation. In this simulation, the excitation probability : : 1% p/nm™2 :
is considered as a constant multipliertgn(t;). Thus, simulated sample simulatich experimental
anisotropy decay curves are given as A-0.5 0.78 2.2
Al 1.2 4.7
) = 16 gnf1) ™ v 30 14
A-6 8.8 25

whererg is the initial anisotropy ratio. In principlep can be
determined theoretically if the orientation of chromophores are
known; in practice, however, the experimental initial anisotropy
ratio is often different from the theoretical one. Therefaxge,
was determined so that the experimental decay curves for
different p values might be best fitted with the samgvalue.
Prior to executing the simulation, we checked its validity in
the following two ways. (1) We applied the simulation for a
three-dimensional system after modifying the distribution of the
chromophores and compared with an experimental anisotropy
decay measured for a spin-coated thick film (ca.hbthick)
of A-0.5. By using spectroscopically obtaind®, (Forster
radius), the simulation curve coincided with the experimental
one. This coincidence not only shows the validness of the
simulation but also indicates th& obtained for the model
compound in cyclohexane solution is acceptable for the LB films

as mentioned in Experimental Part. (2) The model was modified
: In £xper (2) W " Figure 9 shows the simulated decays compared with the

for exactly two dimensions, and the simulated curves were ; | d A oned in th ) .
compared with the theoretical expression developed by BaumanrEXPerimental decays. As mentioned In the previous section,

and Faye?S When their theory is applied to our case in which anomalous rises from the PVPe emission were found at short
chromophores were distributed in two dimensions with static times for the small fraction samples; accordingly, the data points

and isotropic orientation, the°s(t) under the polarized of the_ rises are not plotted fo_r clarity. Th_e best fits to the
excitation parallel to the plane is given by experimental curves were achieved by using the values of

listed in Table 2 and, = 0.33.
° _ = u Figure 10 shows the time evolution of the number of hopping
Msim(t) = exp-AUo) 3] ®) h and mean-square displacemdfflobtained with the best fits
of rsm(t). One can see that the number of hopping linearly
increases with both time and the fraction. For A-4, as an
o3 s o3 example, the exciton hops ca. 100 times during the lifetime of
A= prRy"2 “(3/2) k| "IN (2/3) 9) the anthracene, 12.5 ns. Similarly, the mean-square displacement
increases with both time and the fraction. However, the rises
whereI'(2/3) is a gamma function andk|?3Cequals 0.7641. with time are not linear: the gradient gradually becomes gentler
The simulated curves followed well this expression, also at shorttimes. This means that the diffusion of the exciton does
indicating the validness of our simulation model. not follow Fick’s law with a constant diffusion coefficient. This

aThe values with which the best fitting results were achieved.

Results of the Simulation.The values used for the simulation
are as follows. Fister radiudgly was 2.5 nm and the unquenched
lifetime 7o was 12.5 ns. Despite being determined in a solution,
the value ofR; is acceptable even for the LB film because the
results of the simulation and the experiment agreed for the three-
dimensional film, as described in the previous subsection. The
layer separatiord was 1.1 nm, as reported for a PIBMA LB
film.26 The appropriate value df was harder to determine.
Whereas a small simulation area reduces the load of the
computer used, it restricts the diffusion length of excitons and
may yield different results. We determined accordingly the
appropriate size by testing for various simulation areas and found
that 30-40 nm was adequate far The value of is calculated
from N andL.

with
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curves reproduced the experimental decay. Nevertheless, con-
trary to our expectation, the valuesmfor the best fits become

a little smaller (e.g., 0.025 nm for A-4). The cause for this
may be attributed to the fact that a double layer system is not
exactly two-dimensional. Anyhow, these values are far smaller

400 than the experimentap value, and thus, the preferential
< orientation is not the principal cause for the disagreement
~ between the simulation and the experiment.

200 Next, since relaxation of the layer structure was also suspected

of causing this disagreement, we carried out the computation
taking account of the dispersion of the chromophores normal
to the film plane. The values became closer to the experimental

values; however, the fit of simulated decay curves with the
experimental ones got obviously worse.

Considering other possible reasons, we finally ascribed the
observed slow migration rates to the statistical nonuniformity
of the chromophore distribution. Judging from the fluorescence
excitation spectra, we supposed the statistically uniform distri-
bution of the anthracene chromophores in the two-dimensional
plane. However, owing to the strong hydrophobic interaction
among the aromatic rings, the chromophores tend to gather
together. Although this nonuniformity was not detectable by
spectroscopic observation, it might affect the process of energy
migration. Surface pressurarea isotherms told us that the
monolayers were stiffened at high contents of the chromophore,
at which the monolayers formed excimers. These are experi-
mental indications that the anthracene chromophores are likely
to get close. The simulation at small chromophore fractions
revealed that diffusion of excitons is retarded, owing to the
stagnation in the small clusters of chromophores. Therefore, the
present disagreement suggests the weak aggregation of the
chromophores in the monolayer, resulting in the less efficient
migration compared to that for a uniform distribution.

In any event, judging from the fact that profiles of the
simulated curves conform to those of the experimental decays,
it is safely said that the present simulation well describes the
feature of quasi-two-dimensional migration of excitation ener-
gies which were characterized by the number of hopping,
diffusion length, and their time evolution.

|
100 200

Channel (0.136 ns/ch)

l
100 200
Channel (0.136ns/ch)

Figure 10. Time evolution of the number of exciton hoppifig (top)

and the square displaceméififrom the origin potton), which are
obtained from the best-fit simulation. The valueBflincreases with
time and fraction. The value dff0Jalso increased with time and the
fraction, but the gradient with time becomes gradually gentler at short
times. The dashed lines indicate the lifetime of anthracene, 12.5 ns.

behavior of diffusing excitons, which were also theoretically
predicted by the Gochanour et &l.is understood as follows.
When the chromophores are randomly distributed and the
density of them is low, there is a case that some chromophores To clarify the nature of photophysical processes in a quasi-
form a small cluster. In this case, an exciton moves around the two-dimensional field, we investigated the fluorescence aniso-
chromophores only within the cluster and is hard to travel farther tropy of the anthracene-labeled poly(isobutyl methacrylate)

Conclusion

out of the cluster. For A-4i]PCis 7 nn? at 12.5 ns; that is, the
exciton diffuses ca. 2.6 nm during the lifetime of anthracene,
which is nearly equal to the Fster radius:Ry = 2.5 nm.

As shown in Figure 9, the profiles of the experimental
anisotropy decays are well described by this simulation.
However, the values gf listed in Table 2 are different between

layers included in LB films as adjacent two layers. The time-
resolved fluorescence depolarization measurement revealed that
the excitation energy migration between the anthracene moieties
became more efficient as the anthracene fraction increased. As
the anthracene fraction increased further, excimer-forming sites
appeared and the excitation energy was trapped there via the

the experiment and the simulation. To explain this discrepancy, efficient energy migration. A computer simulation based on the

we have to consider the orientation of the chromophores, Monte Carlo method was applied to the anisotropy decays to
because the Fster kinetics is strongly subject to the orientation elucidate the mode of the migration. The simulated anisotropy

of the transition moment vectors. For another possible mannerdecay curves reproduced the profiles of the experimental decays,
of orientation, we considered a case that the moment vectorsand the number of hopping and the square displacement of the
are positioned along the surface of a cone with a cone angle ofmigrating excitons were also obtained. An increase in anthracene
45° in the quasi-two-dimensional film. For the exact two- fraction led to the increase in both the number of hopping and

dimensional case, this cone model gives the orientation factor,the mean-square displacement. For a given fraction, both are
«2, smaller than the random and isotropic orientation; that is, also increased with time, but the increment of the mean-square
the value ofp for the best-fit simulation becomes larger and displacement gradually got smaller. This result arises from the

approaches the experimental value. According to this model, property that the exciton tends to stay in small clusters of the

we performed the simulation again, and as a result, the simulatedchromophores, especially for the small plane density.
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