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Intramolecular electronic excitation transfer in anthracene dimers in solution at room temperature has been inves-
tigated by probing the fluorescence anisotropy decay with a femtosecond up-conversion method. Two types of anthra-
cene dimers were used: anthracenophane (DTA) in which two anthracene rings are stacked parallel, but with nearly or-
thogonal orientation, and two dianthrylbenzenes (m- and 0-DAB) in which two anthracene rings are linked to a benzene
ring at meta- and ortho-positions. There appeared damped oscillations of apparent periods of 0.6-1.0 ps and damping
time constants of 0.7-1.2 ps. The ordinary fluorescence decay (excited-state population decay) obtained with the magic
angle excitation exhibits no oscillation in all the cases. It has been found from a theoretical analysis that the oscillatory
behaviors on fluorescence anisotropy are consistent with the coherent recurrence motion of an exciton between two an-
thracene moieties. The magnitudes of the dipole—dipole energy transfer interaction are estimated to be 10-80 cm™!,
which are considerably smaller than the experimental value (30-100 cm~') deduced from the angular frequencies of
oscillation. This means that some interchromophore interaction other than the dipole—dipole resonance interaction is in-
volved in the energy transfer interaction in strongly coupled dimers. The longer dephasing time can be explained as a
consequence of rigid dimeric conformations in anthracene dimers.

1959

Recent progress of organic synthesis research has provided
us with various kinds of supramolecular systems with impor-
tant features of photophysical and photochemical responses.
In our recent studies of porphyrin arrays and porphyrin dendri-
mers, we found that the intramolecular electronic excitation
transfer occurs from an outer-surface donor to the inner-core
acceptor on the time scale of ~1 ps or less.!~ It is to be noted
that a direct energy transfer from the S, states of donor plays a
more important role than the ordinary transfer process from a
thermally equilibrated S; state. Furthermore, the reaction rate
is larger than or comparable to those of the intramolecular en-
ergy relaxation processes such as the vibrational relaxation
(VR), the internal conversion (IC), and the internal vibrational
redistribution (IVR). Such ultrafast and non-equilibrium exci-
tation transports are associated with fairly strong energy trans-
fer interactions (8 = 10-50 cm™') in a pair of an excited do-
nor and an acceptor incorporated in a supramolecular frame-
work. Such transports make a striking contrast to many cases
of the ordinary energy transfer processes (8 < 1 cm™!) be-
tween randomly dispersed molecules in solution.

In cases of the ordinary energy transfer under weak interac-
tion, the reaction is characterized by an irreversible reaction
which occurs according to Fermi’s golden rule, and the reac-
tion mechanism can be formulated as Forster’s very weak cou-
pling case.* On the other hand, a stronger interaction may oc-

cur as the reversible motion of an exciton wave packet through
a molecular system. This type of reaction is known as Forster’s
intermediate or strong coupling case.* If the quantum mechan-
ical phase of the reaction in an ensemble is preserved during
the reaction, in other words, if the reaction is completed before
the quantum coherence is lost, the energy transfer process
could be observed as the recurrence motion of an exciton
wavepacket by the use of a time-dependent spectroscopy with
sufficiently high time resolution. In fact, such coherent proc-
esses can be observed in the excitation energy transfer in pho-
tosynthetic light-harvesting antenna proteins where many Bchl
a molecules are arranged in a space with highly specific struc-
tures.>® In the vertically oriented ring inside a LH2 protein
complex, an excitation energy propagates coherently around
the ring structure as a quantum wavepacket of the exciton.
The quantum beat phenomenon was observed with a time pe-
riod of 100-200 fs. Also, for the primary step of the charge
separation in the special dimer, a similar damped oscillation
is seen.” These oscillatory behaviors indicate that the energy
transfers and electron transfers in highly organized molecular
systems can occur as coherent processes even in condensed
phase at room temperature.

For artificial molecular systems particularly for the bichro-
mophoric molecules as shown in Fig. 1 in which two identical
chromophores are connected closely to form a stronger interac-
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Fig. 1. Molecular structures of anthracene dimers (m-DAB
and 0-DAB) and dithiaanthracenophane (DTA) concerned
in the present study.

tion, the quantum mechanical theory predicts that the inter-
chromophore energy transfer will occur via recurrence motion
of excitation between the two chromophores. Following photo-
exciting coherently the “exciton” states, i.e., the superposition
states of two locally excited states which are split by an inter-
action energy 23, the local excitation moves back and forth be-
tween the two coupled chromophores. The recurrence motion
of exciton could be observed, in principle, with a time-depend-
ent fluorescence anisotropy measurement based on the photo-
selection method. However, such a predicted phenomenon is
essentially difficult to observe experimentally because of very
fast randomization (dephasing) of the exciton wavepacket in
an ensemble. To observe such a recurrence experimentally
through a fluorescence anisotropy decay, one must employ
the following experimental conditions; (1) the spectral coher-
ence of excitation light pulse must be broad enough to span
the two eigenstates so that the off-diagonal density matrix el-
ements may become populated and therefore select localized
states; (2) the time period of the coherent oscillation should
be shorter than the electronic dephasing time; (3) the lab frame
orientation of the electronic transition moments of absorption
or emission is different between the different halves of bichro-
mophore system. Under such conditions (1)—(3), the recur-
rence motion of an exciton may appear as a damped oscillation
on the fluorescence anisotropy decay, which is defined as the
intensity difference of the probe signals parallel (/;) and per-
pendicular (1, ) to the polarization plane of the excitation laser
divided by the omni-directional signal (I +2I,), ie.,
r(t) =y —10)/y +211).

Whether or not such a predicted macroscopic quantum co-
herence is observable depends on the strength of the coupling
of the exciton to the heat bath. In fact, theoretical studies on
the energy transfer between two coupled chromophores pre-
dicted that the initial electronic coherence and the dephasing
path which randomize the quantum mechanical phase have
sensitive effects on the fluorescence anisotropy. Rahman et
al.® and Knox and Giilen’ treated this problem theoretically
on the basis of the stochastic Liouville equation using the den-
sity matrix. They demonstrated that the initial value of the ani-
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sotropy is larger than 0.4, i.e., the anisotropy value usually ob-
served for a collection of randomly oriented molecules. Matro
and Cina!® calculated the time course of the fluorescence ani-
sotropy based on the Redfield theory, and demonstrated an im-
portant role of vibronic transitions. Fujimura et al.'! presented
an oscillating profile of the excited-state population in two
coupled molecules by a model calculation using Liouville
equation. From these theoretical predictions, one can expect
to observe the electronic coherence or the recurrence dynamics
of energy transfer if one uses molecular systems of suitably de-
signed arrangements of chromophores.

In the experimental study, Hochstrasser and his co-work-
ers'? investigated the coherent excitation energy transfer be-
tween two identical chromophores in 9,9’-bifluorene and
2,2'-binaphthyl in different solvents at room temperature; the
anisotropy decay of transient absorption in binaphthyl exhibit-
ed a damped oscillation corresponding to the excitation recur-
rence associated with the interaction energy (2f8) of 41 cm™!
and the dephasing time (73) of 0.2 ps. Recently we reported
a damped oscillation that appeared on the fluorescence aniso-
tropy decay in an anthracene dimer, 2,15-dithia[3,3](1,5)an-
thracenophane (DTA, as shown in Fig. 1).!* Although our ex-
perimental data of damped oscillation are quite impressive, as
evidenced by the close agreement with the theoretical predic-
tion, the contribution of the oscillating part is very small rela-
tive to the overall anisotropy signal. In order to observe the co-
herent dynamics more precisely, one must use a molecular sys-
tem in which two chromophores are connected rigidly so that
the dimeric conformation is fixed with a specific energy trans-
fer interaction and a well-defined energy level structure. Sub-
sequently, we reported a preliminary experiment on the coher-
ent behaviors in the exciton motion for several anthracene di-
mers. 4

We here report a comparative study on the coherent recur-
rence motion of exciton for different types of anthracene di-
mers in which two anthracene rings are connected closely.
Figure 1 illustrates the structures of compounds concerned
here. The present study will establish that the coherent recur-
rence motion of exciton between coupled chromophores will
survive or outlast the dephasing process even in a room-tem-
perature solution if one uses specially designed molecular sys-
tems of rigid dimeric conformation. In the present paper, first
the theoretical background and formulation for the recurrence
motions of exciton is presented in section 2. In sections 3 and
4, the oscillatory behaviors in fluorescence anisotropy decays
are shown for various types of anthracene dimers, and the re-
sults of theoretical analyses are presented. In the last section,
section 5, overall kinetic behaviors are discussed in relation
to the phase relaxation time and the molecular structures.

1. Experimental

The picosecond fluorescence decay kinetics were measured
with a time-correlated single-photon counting (TCPC) appara-
tus.”> The femtosecond fluorescence decays were taken with a
fluorescence up-conversion method composed of a femtosecond
pulse laser and polarization anisotropy detection system.'® The
experimental setup is shown in Fig. 2.

The excitation light pulse source was the second harmonic of a
Ti:Sappire laser (Spectra Physics Tsunami, 816 nm, 80 MHz)
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Fig. 2. Schematic diagram of experimental setup for fluo-
rescence upconversion method. Disc., discriminator of
photoelectron pulse; PMT, photomultiplier; MC, mono-
chromator; ND, neutral density filter; VD, valuable optical
delay line.

pumped with a diode-pumped solid state laser (Spectra Physics,
Millenia X). The output laser pulse had a pulse width of 80 fs
(FWHM), and a pulse energy of 16 nJ at 816 nm. Approximately
half of the laser light was frequency doubled in a BBO crystal for
excitation of the sample (0.5 nJ at 408 nm), and the remainder was
used for the gating pulse. The gating pulse is passed through a var-
iable delay line composed of a step-motor driven translation stage
(Sigma STM-20X) which has the minimum displacement of 1.0
mm (corresponding to the delay time of 6.7 fs) under computer
control. The fluorescence emission and the gating pulse were
focused by a lens of 5.0-cm focal length into a BBO crystal of
0.5-mm thick. The wavelength of the up-conversion signal was
adjusted by rotating the BBO crystal in a type-1 phase matching
geometry. The wavelength of the detected signal, in practice,
was approximately 290 nm, corresponding to a fluorescence wave-
length of 450 nm. The sum frequency signal was filtered and fre-
quency-selected by using a monochromator (JASCO CT-10) and a
single-photon counting instrument equipped with a Hamamatsu
R106UH photomultiplier.

The spectral width of the excitation laser pulse (the uncertainty-
principle limited pulse) is estimated from the relation Av.Ar >
0.44 between the spectral width Av and the laser pulse width
At. From the pulse width of the laser used in this study, Ar =
70 fs, so the spectral width is Ay (FWHM) >211 cm™!. Since
the magnitude of energy transfer interaction 28 for DTA is calcu-
lated to be 10-80 cm™!, as shown in Section 5.1, the two eigen-
states split by 28 may be excited coherently by using the present
light source.

The two polarization components of fluorescence up-conver-
sion signals, i.e., parallel (/) and perpendicular (/, ) to the polar-
ization plane of the excitation laser light, were measured alternate-
ly for the time-dependent fluorescence anisotropy. The data taken
several times from alternate measurements were collected, and the
anisotropy r(¢) = {I;(t) — I .(}/{I;(t) + 21, (1)} were calculated
as a function of time. The fluorescence decay curves and the an-
isotropy decay curves were measured, respectively, with a time-
correlated single-photon timing apparatus for the ps time region
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and with a fluorescence up-conversion method for the fs time
region.

All experiments were carried out at room temperature. The con-
centration of each sample solution was ~107> M, and a sample
cell 1-mm thick was used.

2. Theory of Recurrence Motion of Excitation

A Scheme of Exciton Interaction and Time-Evolution of
Locally Excited States. The recurrence motion of excitation
in a molecular system consisting of two identical chromo-
phores can be formulated theoretically by the time-dependent
perturbation theory. Figure 3 illustrates a scheme of the inter-
chromophore interaction related to the recurrence motion of
local excitation in a molecular dimer. Suppose an excited state
is generated by the S; ('L,) < Sy transition of either half of
the bichromophore. A singly excited state of this system is de-
scribed as a product of the wavefunctions of the excited state
of moiety a, ¢,’, and the ground state of the other moiety b,
¢y, ie., @, = @,'¢, (the prime stands for the excited state).
Similarly the other excited state of the system is defined as
¢, = ¢,p,’. These two degenerate states ¢, and ¢,, which
are the eigenfunctions of the zeroth-order Hamiltonian Hy,
can interact with each other through a Coulombic resonance
interaction which can be approximated as a dipole—dipole in-
teraction. From the first-order perturbation calculation, the res-
onance interaction creates two superposition states: Y, =

State 1 State 2
=
¢1 = ¢;¢b ¢2 = ¢a¢l:

Y, 2%@1"%)

¥() = Jvie

I¢z|1 0.0

0 1 2 3
Time ( h/28 unit)

|¢1|2 1.0

Fig. 3. Diagramatic illustration of the interchromophore in-
teraction () in a dimer of @ and b, and the creation of the
two superposition states ¢, and ¢, split by 2. In the ex-
pression ¢,¢," or ¢,’¢,, the prime stands for the excited
singlet state of the chromophore. When the two states
are excited coherently with an ultrashort pulse laser, the
quantum state undergoes a time evolution. The recurrence
motion of excitation is shown in the bottom.
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(1/2)(@, + ¢,) and ¥, = (1/5/2)(@, — ¢,), which are the
stationary states appearing in the static spectrum with a split-
ting of the interaction energy 28. When the two superposition
states are excited coherently by an ultrashort pulse laser of par-
ticular polarization, the quantum state is no longer a stationary
state and undergoes a time evolution expressed as

wZe—iEzt/h. (1)

W) ==y 4

1 1
V2 V2
Taking the probability density of the quantum state in Eq. 1,
we obtain

(WP = (1/297 + (/25 + ¥, ¥, cosl(Ey — Ent/hl (2)

where the third term manifests a time evolution generated from
interference between the two states ¥, and ¥,. Rewriting Eq. 2
by using the original basis functions ¢, and ¢,, we obtain the
following equation:

[W(g, 1)|* = cos™(Bt/m)¢ + sin’(Bt/h);. 3)

This alternative expression provides us with a more appropri-
ate expression that an excitation localized on either half of a
bichromophore moves back and forth between the two chro-
mophores with a time period of #/2. The oscillatory changes
of the probability densities of ¢, and ¢, are illustrated in
Fig. 3. The angular frequency of an oscillatory curve of the lo-
cal excitation ¢,, for example, is related to the energy transfer
interaction B. This oscillatory behavior can be observed in
principle by detecting selectively the fluorescence component
generated from either ¢, or ¢,. Note that the relative orienta-
tions of the electronic transition dipole moments in the two
chromophores are different. As described later, the actual
measurement for each particular polarization component is
performed by using the photoselection method.

One should note here that the theoretical scheme mentioned
above is for a special case in which either half of two chromo-
phores is initially excited. Actually there is a continuum of dif-
ferent initial conditions making different superpositions that
are used in an average over the ensemble. Also noteworthy
is the fact that such a recurrence could appear only in a short
time (<1 ps) because the electronic dephasing process may be
so fast that the macroscopic quantum coherence is lost rapidly
in the condensed phase.

Rate Equation Including the Dephasing Process. Usual-
ly, molecules in solution undergo solute—solvent interactions
that will change at each instant the electronic transition fre-
quency and the energy transfer interaction. Such random and
chaotic modification of the energy transfer interaction causes
the reaction dynamics of an ensemble to change from a coher-
ent to an incoherent process. In order to formulate the coherent
reaction dynamics involving the dephasing process, the quan-
tum mechanical treatment is performed on the basis of the den-
sity matrix. The time evolution of the density matrix elements
P11 and p,,, i.e., populations of the states ¢, and ¢,, respec-
tively, can be expressed by the following differential equation
which is derived from the optical Bloch equations:'’

it (24 Z)ai+ (4 +—=)an=0. @
n+<T1+T2) n+<ﬁ+T1T2> n=0. “)

Here An is the population difference An = p;; — py,; B is the
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energy transfer interaction energy; and the phenomenological
decay times T, for populations and 7, for coherence are con-
nected in a relation 1/7T, = 1/(Q2Ty) + 1/T5’, where T, is the
pure dephasing time (i.e., the decay of p,,). The differential
equation of Eq. 4 can be solved for the three cases, depending
on the ratio of the interaction energy 2 to the energy width of
the pure dephasing process (7). In the underdamped condi-
tion 28T, > 1, the following solution is obtained:'8-2%

An(0)

An(t) = eV cos(Wysct + J) 5)
cosd

where

and

tand = —

Ll ©)
Wosc Tl T2/ '

A sum of populations S = p;; + 0y, is derived also from
Bloch equations as follows:

S(@r) = e‘(%)’S(O). (7N

Equation 5 shows that the population difference p;; — P2
oscillates at an angular frequency wys, but the oscillation
does not continue indefinitely and is damped with a rate
1/Ty + 1/T,'. Equation 7 shows that the sum of populations
P11 + Py decays exponentially with a rate 1/7;, which corre-
sponds to the ordinary fluorescence decay obtained by the
magic angle excitation.

Expression for the Fluorescence Anisotropy Decay. In
an experiment for observing a recurrence motion of excitation
through the fluorescence anisotropy decay, we need to corre-
late the propagators for the density matrix elements 0, 0},
0,1, and p,, with the respective polarization components of
fluorescence intensity. The magnitude of the density matrix el-
ement depends not only on the strength of the transition dipole
moment but also on the projection of the pump pulse polariza-
tion in the laboratory frame onto the transition dipole moment
vector. The polarized fluorescence intensity /(¢) is obtained af-
ter calculation of the stochastic averages of the correlation
functions for an isotropic medium as follows:'8-20

1(t) = 2{LLypupy)e™ + (Ep) 1+ fO] + (L)1 — f(] (8)
where f(¢) is the term of the damped oscillation in Eq. 5, i.e.,
f(t) =V COS(Wosct + 5) &)

li, mj, and n; are the direction cosines of the field polarization
vector onto the molecular polarization dipole i, and p; is that
for the probe emission polarization. We consider first the case
where the electronic transition dipole moments coincide be-
tween the excitation absorption and the probe fluorescence.
If p; is chosen parallel to the pump polarization, we obtain
I (¢) with the substitutions p, = I, p, = l,; if it is perpendicu-
lar, we obtain [, () with the substitutions p, = m,, py = my.
After calculating the average of the correlation function, the
anisotropy is expressed as;
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I”(t)—]l(t) 1 _
rt) = —————=—[1+3f(t) + 37" 10
0= o= ol YO+ a0
where y = 2/T,’. It is worth noting that /;(¢) + 21, (r) is a con-
stant value 10/15, suggesting that the isotropic decay shows no
oscillation. In the case of a dimer as in the present case, the

equation for r(f) is expressed as:'®

r(t) + %[3 + eV —3f(t)] cos? O

1+e 7V cos?f

r(t) =
B 0.1

T l+e7cos26

+3f(1)(1 — cos® B) + (3 + cos® B)e V"] (11)

[(1+ 3cos?6)

where 0 is the angle between the transition dipole moments of
the two chromophores. Equation 11 means that the fluores-
cence anisotropy depends on the angle between the transition
dipole moments of the two chromophores; the second term
generates the oscillation with its amplitude depending on 6;
when 0 = 1/2 the amplitude is largest, but when 6 = 0 the os-
cillation is not observed. In the case of DTA, for example, 0 is
near 90° and cos 0 ~ 0, so Eq. 10 is the proper one to be used
for analyzing the present experiments. Equations 10 and 11
suggest that the excitation population in either half of bichro-
mophore undergoes an oscillation with an angular frequency
Wosc, but the oscillation is damped exponentially with a time
constant determined by the phase relaxation time. In the pres-
ent case, ) is approximated to be 1/7, + 1/T," ~ 1/T>’, since
1/T) < 1/T,’ (T; = 3-7 ns in the anthracene dimers studied).
Therefore, an analysis of the oscillatory pattern based on
Eq. 10 or 11 provides us with information on the interchromo-
phore interaction energy and the electronic dephasing time.

3. Anthracene Dimers'*

Two anthracene dimers (Fig. 1) were synthesized: 1,2-bis-
(anthracen-9-yl)benzene (0-DAB) and 3,5-bis(anthracen-2-
yl)-t-butylbenzene (m-DAB).'* The X-ray crystallography for
0-DAB showed a dihedral angle 66.2° between the two anthra-
cene rings with the center-to-center distance ry = 5.13 A. For
m-DAB, the dihedral angle in the most stable conformation
was estimated to be ca. 60° and ry = 10.2 A was found from
MO calculations. All the experiments were carried out for tol-
uene and THF solutions with a concentration of ca. 107> M at
room temperature (296 K).

Absorption and Fluorescence Spectra. The absorption
and fluorescence spectra of m-DAB and 0-DAB in toluene so-
lution are shown in Fig. 4, together with those of the anthra-
cene monomer. The absorption spectra of the dimers for the
Si <= Sy transition are approximately similar to that of anthra-
cene monomer with several vibronic bands, but red-shifted by
10 nm. The spectral profiles are somewhat diffuse relative to
that of the monomer; the bandwidth of the 0-0 band (FWHM)
is 880 cm~! in m-DAB and 1050 cm™! in 0-DAB, while that of
the monomer is 496 cm™!. Such band broadening is caused
predominantly by an inhomogeneous broadening due to con-
formation distribution of the dimers in solution, in addition
to a spectral band overlap with a nearby vibronic band due
to a Vip (Ajy) vibrational mode of anthracene which appears
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Fig. 4. Absorption (left) and fluorescence (right) spectra of
anthracene dimers in toluene solution.

as a shoulder in the monomer spectrum. The fluorescence
spectra of the dimers show a mirror image with the absorption
spectra, and diffuse similarly to the absorption. In the experi-
ment for the fluorescence decay kinetics, the dimers were ex-
cited at 390 nm, i.e., the 0-0 band of S; < Sy (L,) absorption,
with a pulsed laser of pulse width 80 fs and spectral width
Av =190 cm™".

Fluorescence Decays and Fluorescence Anisotropy
Decays. The two dimers, m-DAB and 0-DAB in toluene, ex-
hibit the fluorescence decay curves of single exponential form
in the ps time region with the lifetime of 6.3 ns in m-DAB and
7.5 ns in 0-DAB. The decay curve of m-DAB as an example is
shown in Fig. 5a. These Ty values are close to the values of
anthracene monomer (Tp = 5.24 ns), suggesting that the excit-
ed-states population of the dimers decays with the lifetime of
anthracene itself. The fluorescence anisotropy decays in ps
time region (Fig. 5b) were also single exponential with the de-
cay constants of 87 ps for m-DAB and 75 ps for 0-DAB in tol-
uene. These values can be considered reasonably to be time
constants of the rotational diffusion of a whole molecule in flu-
id solution. The decay constants of fluorescence decays and
fluorescence anisotropy decays are summarized in Table 1.
The phenomena that we are interested in here take place on
a time scale much shorter than that of the rotational diffusion
of a molecule. Therefore the rotational diffusion effects can
thus safely be ignored for the present analysis.

The fluorescence anisotropy decays r(f) in the fs time region
are shown in Figs. 6-8 for m-DAB and 0-DAB together with
the fluorescence decay obtained by the magic angle excitation.
In every case, the ordinary fluorescence decay (excited-state
population decay) Ir(f) shows a instantaneous spike at the
same time region as the excitation laser pulse, followed by a
slow (seemingly flat) decay. The initial sharp pulse is recog-
nized as arising from scattering of the excitation laser pulse,
and the slow decay corresponds to the excited-state population
decay that appears in the picosecond time domain. On the oth-
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Table 1. Decay Constants of Fluorescence (7g) and Fluores-
cence Anisotropy (7;) in Anthracene Dimers in Solution

Molecules m-DAB 0-DAB DTA
Solvents THF Toluene Toluene THF
Tg/ns 52 6.3 7.5 0.063%
3.2
T./ps 50 87 75 45

-
o_.

Fluorescence Intensity

e
o
©

| J&

0.30

Time/ns

14

r(t)

0.20

0.00

(b)

a) Monitored at 430 nm. b) Monitored at 500 nm.

0.0 0.1 0.2 03 04 05
Time/ns

Fig. 5. Fluorescence decay (a) and fluorescence anisotropy
decay curve (b) in picosecond time domain for m-DAB in
toluene, measured with the TCPC apparatus. The wave-
length of excitation is 310 nm, and the monitoring wave-
lengths are 430 and 500 nm.
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Fig. 7. Fluorescence anisotropy r(t) (upper) and fluores-

cence decay (lower) curves in femtosecond time domain
for m-DAB in THF. The center wavelength of excitation
laser light is 390 nm, and the monitoring wavelength is
427 nm. The solid line in r(¢) curve is the theoretical best
fit curve.
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Fig. 6. Fluorescence anisotropy r(t) (upper) and fluores-
cence decay (lower) curves in femtosecond time domain
for m-DAB in toluene. The center wavelength of excita-
tion laser light is 390 nm, and the monitoring wavelength
is 427 nm. The solid line in r(¢) curve is the theoretical
best fit curve.

er hand, the r() curves in 0-2 ps time region exhibit distinct
oscillation, followed by slow decays due to the rotational dif-
fusion (T = 50-90 ps). The time periods of oscillation are

cence decay (lower) curves in femtosecond time domain
for 0-DAB in toluene. The center wavelength of excitation
laser light is 390 nm, and the monitoring wavelength is
427 nm. The solid line in r(¢) curve is the theoretical best
fit curve.

0.34 ps in 0-DAB and 0.91 ps in m-DAB in toluene, and the
damping time constants ) are 1.0 ps in 0-DAB and 0.73 ps
in m-DAB. It is seen that the oscillatory behavior depends
on the solvent: the time period of oscillation in m-DAB is
shorter in THF (0.55 ps) than in toluene (0.91 ps).
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Table 2. Characteristics of Coherent Energy Transfer Dynamics of Bichromophores in Solution at

296 K

Tosc Wosc TZ, 2ﬂ€xpu ’

Molecules Solvents ps 10”2 rados—! p— em-! 28T,
m-DAB? Toluene 0.91 6.9 0.73 374 5.1
THF 0.55 114 0.78 61.0 9.0

0-DABY Toluene 0.34 18.5 1.02 98.2 18.9
DTAY THF 1.0 6.3 1.2 33.6 7.6
Binaphthyl® CCly 1.2 2.2 0.18 39.7 1.4

a) Present work. b) From Ref. 13. ¢) From Ref. 12. All the values are with an accuracy of about
+10%.

Table 3. Geometrical Parameters of Bichromophore Molecules in Solution

Ro 61,9 01 ) 2Bac”
Molecules A degree degree degree " cm™!
m-DAB¥ 10.2 60° 41° 79° 0.93 11.2
0-DABY 5.13 66° 58° 58° 1.1 81.2
DTAY 3.41 81° 90° 90° 0.16 13.8

a) MO calculation by MOPAC. b) From X-ray crystallography. ¢) From X-ray crystallography.
d) Calculated from the direction of the transition moment of constituent chromophore which
were calculated from MO calculation by MOPAC. e) The dipole—dipole interaction energy cal-

1965

culated by using the geometrical parameters listed in this table and Eq. 13.

The oscillation patterns in anisotropy decays were analyzed
with the theoretical equation (Eq. 11). From the observed r(¢)
curve, the tentative values for the oscillation frequency (®ysc)
and the dephasing time (7,") were evaluated. Using these val-
ues and a plausible value for 8, we fit the theoretical curves of
Eq. 11 to the respective experimental curves by varying the §
value until the best fit curve was obtained. In these processes,
the tentative parameter values were refined to obtain much
more reasonable fitting. It is seen in Figs. 6-8 that the respec-
tive experimental curves are fitted to the theoretical curves
(solid lines). Then using the values of w,s and 7>’ thus ob-
tained, we evaluated the interaction energy B from Eq. 6.
The parameter values thus obtained are summarized in Table 2.

One striking feature of the results is that the interaction en-
ergy is two times larger in 0-DAB (28 = 98.2 cm™!) than in
m-DAB (28 = 37.4 cm™!). This difference is consistent with
an expectation deduced from molecular structures (Fig. 1)
and geometrical parameters (Table 3) for the two dimers; for
an example, the interchromophore distance Ry in 0-DAB is
one half of that in m-DAB; such a difference may result in a
large difference in the interaction energy. In the Discussion
section, we will discuss the origin of the interaction energies
by reference to the values calculated on the basis of the Cou-
lombic dipole—dipole interaction. Also noteworthy is that the
dephasing time 75’ in 0-DAB is longer than m-DAB. It appears
that the pure dephasing time is correlated to the rotational de-
gree of freedom of partial moieties. In m-DAB, the two anthra-
cene rings can rotate around a single bond, whereas in 0-DAB
the librational motion of anthracene rings is suppressed by
steric hindrance.

4. Dithiaanthracenophane (DTA)'?

Similar undulating behavior to that as seen in DAB’s was
observed in 2,15-dithia[3,3](1,5)anthracenophane (hereafter

referred to as DTA)'32! that has a pair of identical chromo-
phores stacked rigidly. The molecular structure determined
from X-ray crystallography is shown in Fig. 9. Two anthracene
rings are connected through two thioethers at « positions al-
most parallel (dihedral angle 5.0°) with an interplanar distance
of 3.41 A and one of the rings is rotated by 88.5° around the
center of the anthracene ring.22 Therefore, DTA is suitable
for examining the coherent dynamics of excitation transfer,
since the spatial arrangement of two chromophores is rigid
and gives a confined conformation of dimeric structure even
in fluid solution. The nearly orthogonal orientation of the
two anthracene rings, and therefore the orthogonal orientation
of their transition dipole moment vectors, enable us to detect
selectively the emission from the local excitation on ether half
of bichromophore by using the photoselection method.
Absorption and Fluorescence Spectra. Figure 10 shows
absorption and fluorescence spectra of DTA in THF. The ab-
sorption spectrum of DTA is similar to the anthracene spec-
trum with several vibrational bands. The stationary fluores-
cence spectrum in THF exhibits only a diffuse and broad band
centered at 469 nm (curve 2 in Fig. 10), which is obviously dif-
ferent from the mirror image of the absorption band profile.
Previously, we examined the picosecond time-resolved fluo-
rescence spectra (see Fig. 2 of Ref. 22) in relation to the intra-
molecular excimer formation in DTA.?> The fluorescence
spectrum in a short time region (0-25 ps) exhibits a well-de-
fined, structured spectrum, as shown in Fig. 10 (curve 1), with
a mirror image of the absorption spectrum, while after 50 ps it
changes into a broad and diffuse one centered at 469 nm which
is identical to the stationary fluorescence spectrum (curve 2 in
Fig. 10). From analyses of the fluorescence rise and decay
curves as well as the time-resolved spectra, we assigned the
structured band (0-25 ps) to a monomer fluorescence and the
broad red-shifted band (after 50 ps) to an excimer fluores-
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Fig. 9. (a) Molecular formula of dithiaanthracenophane
(DTA), and (b) a view of DTA on least-squares plane
defined with an anthracene ring determined from X-ray
analysis.

Relative Absorbance
Fluorescence Intensities
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300 400 500
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Fig. 10. Absorption (left) and fluorescence (right) spectra
of DTA in THF solution. Curve 1 is the time-resolved
fluorescence spectrum in 0-25 ps taken from Fig. 2 in
Ref. 22, and curve 2 is the stationary fluorescence spec-
trum.

cence. Since we are concerned here with the time domain
shorter than 5 ps, we are therefore able to neglect the excimer
process and to confine our discussion to the excited-state dy-
namics under the stronger energy-transfer interaction.
Fluorescence Decays and Fluorescence Anisotropy De-
cays in ps Time Domain. Figure 11 shows the picosecond
fluorescence decay curves measured with a time-correlated,
single-photon counting (TCPC) apparatus. The decay curve
depends on the monitoring wavelength; the decay curve moni-
tored at 430 nm is biexponential with the lifetimes of 7z = 63
ps and 3.2 ns, while at 500 nm it is almost single exponential
with Tg = 3.2 ns. Note that the time-resolved fluorescence
spectra of DTA, as mentioned above, show the spectrum of
the anthracene monomer in a time region of 0-25 ps. Then it
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Fig. 11. Fluorescence decay curves of DTA in THF, ob-
tained with the picosecond TCPC apparatus. The wave-
length of excitation is 310 nm, and the monitoring wave-
lengths are 430 and 500 nm.

follows that the 63-ps lifetime corresponds to the time constant
of the excimer formation between the excited and unexcited
chromophores, and the lifetime of 3.2 ns corresponds to the de-
activation of the excimer state to the ground state of monomer.
The r(¢) curve in the picosecond time domain (Fig. 12b),
which was measured with the TCPC system at 450 nm, shows
a rather slow decay which can be well fitted to a single expo-
nential decay with 45-ps time constant. The molecular process
which randomizes the fluorescence anisotropy in the picosec-
ond time region is recognized to be due to the rotational diffu-
sion. It will be reasonable from comparison to the correspond-
ing values of DAB (7, = 50-90 ps) and binaphthyl (7, = 35
ps).'? Then it follows that the excited-state population decay
kinetics and the rotational diffusion kinetics both occur on a
much slower time scale than the intramolecular energy transfer
concerned here, and the internal angular jump of excitation
could be viewed as occurring in a relatively fixed dimer orien-
tation. The decay constants obtained from the fluorescence de-
cay and anisotropy decay are summarized in Table 1.

Fluorescence Decays and Fluorescence Anisotropy De-
cays in fs Time Domain. Figure 12a shows the fluorescence
anisotropy decays in a femtosecond time region for DTA in
THEF solution at 296 K. In this measurement, DTA was excited
around the 0-0 band of 'L, absorption transition with a laser
pulse with a center wavelength of 408 nm (see Fig. 10). The
r(t) curve in femtosecond time domain, which was obtained
with fluorescence up-conversion technique monitored at 450
nm, shows that an oscillatory change is superimposed on the
slow (flat) decay in 0—4 ps, and that the anisotropy starts from
a certain negative value as is seen around 7 = 0. Monitoring
the fluorescence at 500 nm, however, gives only a very weak
oscillation on the decay curve (see Fig. 4 in Ref. 13). When
the excitation is performed at a longer wavelength band edge
of the 0-0 band at 415 nm (see Fig. 4 in Ref. 13), there appears
no oscillatory pattern, and the decay curve can be fitted with a
single exponential decay.
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Fig. 12. (a) Femtosecond fluorescence anisotropy decay of
DTA in THF, measured with the fluorescence up-conver-
sion apparatus. The excitation wavelength is 408 nm, and
the monitoring wavelength is 450 nm. The standard devi-
ation in four sets of measurements is shown in vertical
lines. (b) Picosecond fluorescence anisotropy decay meas-
ured with the TCPC apparatus. The excitation and moni-
toring wavelengths are the same as those in (a). The solid
line is the best-fitted curve calculated by using a single ex-
ponential form with 45-ps time constant.

Analysis of Oscillatory Anisotropy Decays. The theoret-
ical equation (Eq. 10) for the fluorescence anisotropy decay
holds for the usual case where the electronic transition dipole
moments for the excitation (absorption) and the probe (fluores-
cence) processes coincide, as shown in Fig. 13a. Equation 10
predicts that the anisotropy at very short time before dephasing
has a value of r = 0.7; then this value decreases to r = 0.4 due
to electronic dephasing. When the two degenerate states ¢,
and ¢, are completely dephased by the incoherent coupling,
the anisotropy attains a value of r = (0.1. Contrary to such a
theoretical prediction for the usual case, however, the experi-
mental anisotropy decay r(f) shown in Fig. 12a starts with neg-
ative value at r = 0 and then it converges on r(f) = +0.15 after
damping oscillation. We assume, therefore, that another fluo-
rescence component whose anisotropy is negative at t = 0 is
involved in the probed fluorescence. In the case that the final
state of fluorescence transition is a vibrational state of a non-
totally symmetric vibration, the fluorescence transition mo-
ment could be perpendicular to the absorption transition mo-
ment. This view might be supported by the experimental con-
dition that the anisotropy decay is monitored at 450 nm, i.e., a
spectral region corresponding to a vibrational level of 1800
cm™! (one quantum of b; vibrational mode, see below) above
the 00 transition energy.

For the case that the fluorescence transition dipole is per-
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Fig. 13. Energy level scheme with symmetries of states and
directions and signs of transition dipole moments in the
frame of a molecule with D, symmetry. The x- and y-axes
are taken to be orthogonal to the D, rotation axis (z-axis).
(a) The usual case for fluorescence. (b) An alternative case
that involves out-of-plane (z-polarized) transition due to
involvement of a b; vibrational state in the final electronic
state.

pendicular to the absorption dipole through a coupling to a
non-totally symmetric vibration in the final state, as shown
in Fig. 13b, the expression for /| (?) is obtained from Eq. 8 with
the substitutions p, = I, py = —I, as (2/15){2 — f(t) — e™ 7"},
and that for 7, (¢) is obtained with the substitutions p, = m,,
py = —my as (1/15){3 + f(r) + e~ 7"}. As a result, we obtain
the anisotropy decay as

r(t) = 11—0{1 —3f(r) —3e7""}. (12)

One should note that /;(#) 4+ 2/, (¢) is a constant value 10/15,
as in the usual case mentioned before. Equation 12 shows that
the value of anisotropy is r = —0.5 at r = 0, then r = —0.2 af-
ter dephasing and r = 0.1 after population equalization. We
assume that the fluorescence monitored at 450 nm is a super-
position of the two vibronic transitions: one is coupled to a to-
tally symmetric vibration and the other is coupled to a nonto-
tally b; vibration. The resultant time-dependent anisotropy is a
sum of the two anisotropy curves of Eqgs. 10 and 12. The best
fit curve was obtained with the ratio 1:0.35 of the amplitude of
the former function in Eq. 10 to that of the latter function in
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Eq. 12. The solid line in Fig. 12a is the best fit to the experi-
mental curve. We obtain wos. = (6.3 £0.2) x 10'> rad.s™!
and 7o' = 1.2 £ 0.1 ps, leading to the resonance energy trans-
fer interaction 28 = 33.6 cm™!.

Note that DTA has D, symmetry and the state ¢, and ¢,,
belong to B, and B3 symmetry classes, respectively. The vibra-
tional state which gives the transition dipoles perpendicular to
the absorption transition should have b; symmetry. From the
MO calculation using the PM3 method as parametrized within
the MOPAC 93.0,2 DTA has several normal vibrations be-
longing b; symmetry in a range of ~1800 cm™'. Therefore,
the probed fluorescence is due to the transition from a level
of 'L, (0-0) to a vibronic level of one vibrational quantum
of by symmetry mode.

5. Discussion

The present experimental results revealed the oscillatory be-
haviors for several types of anthracene dimers on the fluores-
cence anisotropy decays in the very short time region (<3
ps). In this section, we will discuss the origins of such oscilla-
tions in view of the quantum beat due to an quantum coherence
effect, i.e., the coherent recurrence motion of an exciton wave-
packet. The magnitude of the energy transfer interaction ener-
gy derived from the beat frequency is compared to those from
the theoretical calculation. The electronic dephasing time de-
rived from the analyses will be discussed in comparison with
the previous results regarding binaphthyl and bifluorene re-
ported by Hochstrasser’s group.!?

5.1 Energy Transfer Interaction—Estimation Based on
the Dipole-Dipole Interaction between Two Chromo-
phores. We analyzed the oscillation patterns of fluorescence
anisotropy decays according to the theoretical scheme of exci-
ton interaction between two chromophores, and derived a mag-
nitude of energy transfer interaction ranging from 50 to 100
cm~! depending on the dimer structure. It must be crucial to
ensure that these interaction energies are reasonable from
viewpoints of the exciton interaction, i.e., the dipole—dipole
resonance interaction or some other interaction between two
coupled anthracene rings. Direct information on the interchro-
mophore interaction energy is given in principle from the ab-
sorption spectrum of a dimer in supersonic molecular beam;
the band splitting in a particular vibronic band, the 0-0 band
for example, may give directly the exciton interaction energy
2 (see Fig. 3). In the absorption spectrum in solution, this sort
of interaction may result in band broadening. In the present
cases, the full-width of half maximum (FWHM) of the 0-0
band is 496 cm™! in anthracene monomer, 880 cm™' in m-
DAB, 1056 cm™! in 0-DAB, and 850 cm~! in DTA. The band
broadenings on going from the monomer to dimers are recog-
nized as due predominantly to the structural distribution of di-
mer conformation (inhomogeneous broadening) because the
spectrum taken at 77 K for rigid glass gives a narrow spectrum
similar to those of the anthracene monomer. Furthermore, the
spectral overlap with the v, vibronic band nearby the 0-0
band makes it difficult to deduce the band splitting due to
the interchromophore interaction. Then we calculated the in-
teraction energy due to the dipole—dipole resonance interaction
scheme for various types of anthracene dimers.

The dipole—dipole interaction energy is expressed as
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where e is the elementary charge, My is the transition dipole
moment for the 0—0 vibronic transition, R is the distance
between the centers of chromophores, and € and € are the
permittivities of free space and of the solvent, respectively.
The orientation factor k is defined as Kk = cosf, —
3 cos O cos Bag, where 0, is the angle between the transition
dipole moments for the two chromophores, 0}y is the angle be-
tween the transition moment of one chromophore and the dis-
tance vector R, and Oy is the angle for the other chromophore.
In the present cases where the exciton splitting for 0—-0 band is
important, the electronic transition dipole moment My is tak-
en into consideration instead of the overall transition dipole
moment for S; < Sy, M.

The values of Mgy can be estimated from the experimental
data and literature value for the overall transition dipole mo-
ment for S; < Sy, i.e., M = 0.601 x 10~ m (estimated from
the oscillator strength f = 0.11%%). The relationship between
Mg, and M is expressed through the Franck—Condon factor
as follows:

Mool = IM[* x [(A10(Q) Ago(Q)I?

>

J

X [(A10(Q)Ago(Q))]* (14)

where Wi(g, Q) is the i th electronic state wavefunction when
the nuclei are at Q and the electrons are at g, Ajx is the k th vi-
brational wavefunction in the electronic state \W;, and r; is the
spatial coordinates of the j th electron. The second term of
Eq. 14 is the vibrational overlap integral (Franck—Condon fac-
tor) for the 00 transition of S; < Sy ('L,). If the overall tran-
sition dipole moment for S; < Sy is considered, a summation
is taken over all the vibronic transitions involved in the S; <«
Sy transition, and it gives unity: Y, [{A1£(0)| Ao (O))* = 1.
The magnitude of the Franck—Condon factor for each of the vi-
bronic transitions can be estimated from the relative absorption
intensities of respective vibronic bands; in the present case of
anthracene, the integrated band intensities for each vibronic
band were obtained for toluene solution as: 0.313 for 0—0 band,
0.258 for 1-0 band, 0.230 for 2—0 band, and 0.080 for 3-0
band (the total amount of these primary bands is 0.981). Here
we are concerned with the exciton splitting at 0-0 absorption
band; then the exciton interaction energy (Eq. 13) is calculated
by using |Mqo|, i.e., a value of 0.313 times the overall transi-
tion dipole moment.

The interchromophore distances and the orientational fac-
tors used in the calculation are listed in Table 3. For o-DAB,
the geometrical parameters are taken from the X-ray crystal-
lography results, while for m-DAB these are estimated from
the most stable conformation obtained from the MO calcula-
tion with the CNDO/S3 by MOPAC 93.0.* In the case of
DTA, geometric parameters are taken from the X-ray crystal-
lography results; the two planar anthracene rings are stacked in
parallel to each other with the interplanar distance of Ry =
3.41 A and the angle between the respective short axes of

13)

2

(Wi(g, Q) Vo(g, Q)
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two anthracene rings of 88.5°. For the angle between the elec-
tronic transition moments 65, the value taken from the MO
calculation was used. The electronic transition dipole moment
must be displaced from that of anthracene monomer (the short
axis for 'L,) because of a-substitution in DTA. From the MO
calculation with the CNDO/S3 by MOPAC 93.0?* for anthra-
cene-1,5-diylbis(methanethiol), the angle between the transi-
tion moment and the short axis of anthracene ring is estimated
to be 4.5°, and therefore the 6}, value is 81.0°. This value was
used for 0, in DTA.

By using these values, we calculated the interaction energies
2B for m- and 0-DAB and DTA. The results are listed in
Table 3. The calculated values 28, in all the cases are some-
what smaller than the experimental ones 2,Bexpﬂ, particularly in
m-DAB and DTA. This difference may be regarded as due to
some inadequacy of the point dipole approximation and/or
some contribution from the interchromophore interactions oth-
er than the dipole—dipole interaction, e.g., electron exchange
interaction. Particularly, it is expected that the close parallel
packing in DTA (Ry = 3.4 A) can induce the intramolecular
charge resonance interaction, and will enhance the interchro-
mophore interaction. As a consequence, the interaction ener-
gies derived from the experimental oscillatory behaviors are
interpreted reasonably in terms of the interaction energy aris-
ing from the dipole—dipole interaction and/or the charge reso-
nance interaction. Then it follows that the oscillations on fluo-
rescence anisotropy decay are accounted for as due to the elec-
tronic coherence, and originate from the coherent recurrence
motion of an exciton. This view is evidenced from our recent
study of the phase-locked, double-pulse excitation method.?

5.2 Dephasing Times. The electronic coherence observed
in the present study is an interference effect between two time-
evolutionary quantum states. The necessary condition for ex-
posing this effect as a macroscopic quantum coherence is that
the phase of the time evolution of quantum states is the same
among the molecular systems in an ensemble. Usually mole-
cules in solution undergo solute—solvent interaction at each in-
stant, so that individual molecular systems in an ensemble un-
dergo random and chaotic fluctuation of the energy levels and
the energy transfer interactions. This may randomize the quan-
tum phase of the time-evolutionary quantum state in an ensem-
ble, and cause the energy transfer to change from a coherent to
an incoherent process. In the optical Bloch equation expressed
in Eq. 4, this randomizing process is taken into account as a
relaxation process with a time constant defined as 75’. This
pure dephasing time 75" can be determined from the damping
time constant of oscillatory behavior which appears on fluores-
cence anisotropy decays. In other words, the measurement of
the quantum coherence gives direct information on the elec-
tronic dephasing time.

Correlation between the Dephasing Time and the Libra-
tional Motion of Chromophores: The dephasing times ob-
tained in this study for anthracene dimers are summarized in
Table 2 together with the data for binaphthyl. It can be seen
that the 75" value is longer in DTA and 0-DAB relative to
those in m-DAB and binaphthyl irrespective of the magnitude
of interaction energy. The two cases of DTA and 0-DAB are
characterized by rigid dimer conformations (see Fig. 1); in
DTA, the two anthracene rings are connected through two thi-
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oether chains, and in 0-DAB, the two anthracene rings cannot
rotate because of the steric hindrance. The dimer structures are
almost fixed in a very close arrangement. On the other hand,
the other two cases of m-DAB and binaphthyl have flexible
conformations due to twisting around the single bonds, and
are subject to fluctuating forces from the heat bath. Such a ro-
tational degree of freedom of partial moieties may reduce the
electronic dephasing time. It is possible, therefore, that there
exists a correlation between the librational motion of partial
moieties and the dephasing time.

Comparison between Anthracene Dimers and Binaph-
thyl: Hochstrasser and his co-workers'? reported the coherent
excitation transfer in 2,2’-binaphthyl in different solvents at
room temperature. The transient absorption anisotropy decay
in CCly exhibited a damped oscillation with a time period of
1.2 ps and a damping time constant of 180 fs. They found from
the theoretical analysis that the anisotropy oscillation arises
from the energy transfer recurrence among two naphthyl moie-
ties associated with 23 = 40 cm™! and T,” = 0.18 ps (Table 2).
Comparing the case of binaphthyl with the present cases of an-
thracene dimers, one can see that the dephasing time is longer
in anthracene dimers by a factor of 3—6 than that in binaphthy],
while the interaction energy is comparable to those in m-DAB
and DTA. It is considered that the dimeric structure in bi-
naphthyl is much more flexible than in m-DAB from a compar-
ison of the molecular sizes of the two molecules, and is thus
subject to fluctuating forces. This may greatly reduce the elec-
tronic dephasing time in the case of binaphthyl.

Consequently, the longer dephasing time in anthracene di-
mers is predominantly responsible for the appearance of exci-
tation recurrence. In fact, the rapid librational motion of naph-
thalene rings in binaphthyl may cause the shortest dephasing
time of 0.18 ps. This makes also a striking contrast between
the anthracene dimers and binaphthyl with respect to the key
parameter for the coherent dynamics 28T »'. The 2,BT2' values
in the anthracene dimers (5.0-19,0) are much larger than unity,
whereas the value is close to unity in binaphthyl (1.4).

5.3 Solvent Effects. The results of m-DAB show that the
oscillation frequency in r(¢) curve is different in the two sol-
vents (Figs. 6 and 7); Wosc = 6.9 X 10'? rad-s~! in toluene
and 11.4 x 10'2 rad-s~! in THF. This difference results in a
fairly large difference in the interaction energy B according
to Eq. 6; B=18.7 cm™! in toluene and 30.5 cm~' in THF
(Table 2). It is rather surprising that the intramolecular param-
eter shows such a large dependence on solvents. Note that the
magnitude of f is sensitive to a change in the dimer conforma-
tion, it follows that the chromophores are much more mobile in
THEF than in toluene to take a dimer conformation preferable to
the interchromophore interaction. This view is consistent with
an experimental result that the rotational diffusion rate estimat-
ed from the r(¢) curve is faster in THF (50 ps) than in toluene
(87 ps) (Table 1), although the macroscopic solvent viscosity
is similar each other (17 = 0.460 in THF and 0.552 in toluene
at 25 °C). The related study for binaphthyl'> shows also a sol-
vent effect on the oscillatory behaviors; @y = 5.3 x 102
rad-s~! in CCly and @ = 2.2 x 10'? rad-s~! in hexane. In
this case, the interaction energy is similar with each other since
T, is different between the two solvents (75" = 0.18 ps in
CCly and 0.14 ps in hexane). At present, the solvent effect
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on oscillatory behaviors remains unsettled. Clearly further
studies are required before a fully consistent picture is availa-
ble for the solvent effect.

6. Concluding Remarks

We have observed the quantum coherence associated with
exciton migration in bichromophoric molecules in condensed
phase. For several types of anthracene dimers in solution at
room temperature, the damped oscillations were observed on
the fluorescence anisotropy decays in the short time region
<3 ps, and were analyzed in terms of a scheme of the recur-
rence motion of an excitation between coupled chromophores.
From the analyses based on the theoretical formula developed
by Wynne and Hochstrasser,'3-2 the exciton interaction ener-
gy and the pure dephasing time were evaluated. The magni-
tudes of interaction energy (28 = 30-100 cm™!) imply sub-
stantial contribution from the electron exchange interaction
in addition to the dipole—dipole resonance interaction. The
damping time constants for molecules having rigid dimer
structures (0-DAB and DTA) are significantly longer than
those of m-DAB and binaphthyl. Such a fairly slow dephasing
time can be regarded as due to a rigid and fixed dimeric con-
formation.

The interpretation for the anisotropy decay remains un-
solved. The observed r(7) curves do not fit with the theoretical
ones at early times <0.2 ps, particularly in 0-DAB. This dis-
crepancy might be attributed to a fast depolarizing process like
internal vibrational redistribution being involved besides the
dominant coherent process. In the case of DTA, the r(¢) curve
starts from a negative value, contrary to the case where the
transition dipole moments for absorption and fluorescence
are identical and r(0) = +0.7. The negative value at t =0
has been explained in terms of an additional contribution from
another fluorescent component due to a vibronic transition
with a nontotally symmetric vibration.

The present study provides additional examples of the co-
herent energy transfer dynamics in organized molecular sys-
tems. Particularly, the present study demonstrates that a rigid
and fixed conformation of reacting chromophores plays an im-
portant role in reducing the electronic dephasing rate, and in
leading the molecular system into the underdamped condition
2BT," > 1. Further experimental studies on the coherent ener-
gy transfer will be presented in a forthcoming paper for anoth-
er type of dimeric structure of anthracene chromophores. As
future work along this line, it would be interesting to investi-
gate the effect of breaking the site-energy degeneracy of the
chromophores by adding various substituent groups to one of
them.
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