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Electric field effects on photochemical dynamics have been examined with particular regard to photoinduced elec-
tron transfer (PIET) and excimer formation, based on the measurements of the field effects on emission spectra and emis-
sion decays. In various pairs of electron donor and acceptor and in their linked compounds, the following processes are
shown to be significantly influenced by an electric field in a polymer film: the initial step of PIET, back-electron transfer
which produces an fluorescent state, charge recombination, and dissociation of radical-ion pairs generated by PIET.
With an oriented molecular system where vectorial interlayer PIET occurs, PIET is shown to be controlled by an electric
field; the rate is depressed or enhanced by an electric field, depending on the field direction relative to the direction of the
electron transfer. Electric field effects on excimer formation processes suggest that not only the level shift but also the
change in orbital overlap between different chromophores play an significant role in electric field effects on photochemi-

cal dynamics.

A photochemical process such as photoinduced electron
transfer, proton transfer or molecular complex formation usu-
ally depends on the electronic structure and level structure in
the excited states. In order to elucidate the relation between
dynamics and structure, observation of the change in dynamics
will be essential in the presence of some external perturbation
whose influence in structure can be well estimated. Such an
approach may lead to a new way to control the photochemical
reaction.

A shift of the molecular energy level induced by an external
electric field is well known as the so-called Stark shift, and this
effect has been extensively applied in molecular spectroscopy
to examine the electronic structure in the excited state.'™
Therefore, application of external electric fields seems to in-
duce a significant change in photochemical dynamics, as a re-
sult of the field-induced change in level structure of the excited
molecules.”” An applied magnetic field is another typical per-
turbation, which induces the so-called Zeeman shift, and the
magnetic field effects on photochemical processes have been
extensively examined.®!'! It is likely that the magnitude of the
level shift which can be induced by an external electric field is
larger than that induced by an applicable magnetic field. Fur-
ther, electric field effects on photochemical dynamics seem to
be related to a photoinduced function of materials such as pho-
toconductivity, nonlinear optical property or the generation of
electroluminescence. However, the significance of the electric
fields in enhancement or de-enhancement of the primary pro-
cesses of photochemical reactions has not been referred to as
much as the magnetic field effects especially in condensed
phase.

Electric field effects on photochemical dynamics have been
examined with particular regard to the field effects on photoin-
duced electron transfer and excimer formation, based on the
measurements of the field-induced change in emission spectra,
emission quantum yield and emission decays. Hereafter, pho-
toinduced electron transfer is abbreviated as PIET. Electric
field effects on PIET may be expected in two mechanisms: one
is the field effects on the initial step of electron transfer and the
other is the effect on dissociation or recombination process of
the radical-ion pairs produced by PIET. The latter field effect,
which competes with the Coulomb attraction and Brownian
motion of radical-ion pairs, has been examined already, in re-
lation to the photocarrier generation.'>>> On the other hand,
the study on the former effect is quite limited except for the
field effect on the charge separation process in photosynthetic
reaction centers.”®

When electron donor (D) and acceptor (A) molecules are
randomly distributed in three dimensional space, the analysis
of the field effect is quite complicated, even if the field effect
exists, since different pairs of D and A will show different
magnitudes of field effects. If D and A can be arranged with a
well defined molecular order, where PIET occurs with a defi-
nite direction, the mechanism of PIET and its field dependence
may be elucidated much more clearly since the direction of
PIET relative to the field direction can be well defined. The
Langmuir—Blodgett (LB) technique can be used to prepare
such a molecular assembly,”’28 and the electrochromism has
been successfully applied to the LB films in order to study
electric properties of the embedded chromophores or layer
structures.
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Photoexcitation dynamics of chain molecules, where two re-
actants are attached to chain ends, is also highly interesting,
because of the fixed distance of two chromophores and of the
through-bond interaction between two chromophores.>®
Therefore, electric field effects on fluorescence of linked com-
pounds have been also examined.

In the present review, electric field effects on PIET are re-
ported for a mixture of D and A molecules which are separate-
ly doped in a polymer solid film and for their linked com-
pounds similarly doped in a polymer film. Electric field effects
on interlayer vectorial PIET, which have been examined with
LB multilayer films, and on excimer formation process, which
have been examined for pyrene doped in a polymer film, are
also reported.

Principle

When an electric field is applied to molecules, each energy
level is in general shifted, and the magnitude of each shift de-
pends on the electric dipole moment (i) and the molecular po-
larizability () of the state concerned; the level shift is given
by —uF —aF?/2, where F represents the external electric
field. As a result, the transition energy for absorption as well
as for emission is changed in the presence of an electric field.
Hereafter, applied electric field is denoted by F. For an isotro-
pic and immobilized sample, the presence of F will broaden an
isolated transition due to the change in electric dipole moment
following absorption transition, giving rise to a Stark effect
line shape which is approximately the second derivative of the
absorption spectrum (see Fig. 1). If the change in molecular
polarizability following photoexcitation is significant, the
Stark effect line shape is the first derivative of the absorption
spectrum. If the transition moment is affected by F, the Stark

Stark Shift
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Fig. 1. Spectral shift (upper) and spectral broadening (lower)
induced by an electric field.
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effect line shape is the same as the absorption spectrum. By
assuming that the original isotropic distribution is maintained
even in the presence of F, the change in absorption intensity at
wavenumber, V, in the presence of F, i.e., AA(V) , may be given

by the following equation:***#!

AA®V) = (fFAAWV) + Bv{dAW)/v)/dv}
+ Cv{d*AW)/v)/dv}] (1)

where fis the internal field factor. The coefficient A depends
on the transition moment polarizability and hyperpolarizabili-
ty, and B and C are given as follows:

B = [A®/2 + (Ao, — Aar)(3cos’y — 1)/101/(he) )
C = (Au)* [5 +(Bcos*E — 1)(Bcos’y —1))/(30K*c®)  (3)

where 4 is the Planck’s constant and c is the light speed. Here,
Au and Aa are the differences in electric dipole moment and
molecular polarizability, respectively, between the ground state
(g) and the excited state (e), i.e., AL = U — Uy, and A = 0%

~ oy
A = |AM|; AT =(1/3)Tr(A) (4)

Aoy, denotes the diagonal component of Ao with respect to the
direction of the transition dipole moment, y is the angle be-
tween the direction of F and the electric vector of the excita-
tion light, and & is the angle between the direction of A and
the transition dipole moment. The value of Au or A can be
easily obtained from the analysis of the derivative parts of the
electroabsorption spectra.*?

The electric field-induced change in fluorescence intensity,
i.e., AIg(Vv), observed at the second harmonic of the modulation
frequency in a polymer film, where molecules are randomly
distributed, may be also given by an equation similar to Eq. 1,
i.e., by a linear combination of the fluorescence spectrum and
its first and second derivative spectra as follows:

AI(v) = (fF[AT{(V) + B'V{dIx(W)/V3)/dv}
+ CVH{PUT(V)/IVHIAVY] 5)

The first and the second derivative components correspond to
the spectral shift and the spectral broadening resulting from the
difference in molecular polarizability and electric dipole mo-
ment between the fluorescent state and the ground state, re-
spectively.*’*®* Here, a perfectly isotropic distribution of the
emitting molecules is assumed, though this assumption may be
not always valid.*

Let us consider the extreme system where no nonradiative
process occurs, and the excited molecules dissipate excitation
energy only through the emissive processes. In such a case,
the emission intensity does not change even in the presence of
F, as far as the numbers of the excited molecules are the same.
Even when the transition dipole moment is changed by F, the
fluorescence quantum yield (intensity) is not affected by F, al-
though the fluorescence lifetime is changed. When a molecule
is excited, it always comes down to the ground state through
emissive processes. When a nonradiative process competes
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Fig. 2. Absorption spectrum, E-A spectrum and the first derivative of the absorption spectrum (left, from top to bottom), and fluo-
rescence spectrum, E-F spectrum and the first derivative of the fluorescence spectrum (right, from top to bottom) of pyrene doped
in a PMMA film at a concentration of 1.0 mol%. Excitation for fluorescence was at 322.0 nm. Intensity is given in arbitrary units

in every case.

with the emissive processes, on the other hand, the field-in-
duced change in transition dipole moment as well as in nonra-
diative process will induce a change in fluorescence intensity.
Therefore, the component of Alx(v) which gives the same
shape as the emission spectrum, i.e., the first term in Eq. 5, cor-
responds to the field-induced change in emission quantum
yield. Hence, the evaluation of the magnitude of the change in
emission intensity, i.e., A" in Eq. 5 provides us with informa-
tion about the electric field effects on excitation dynamics.

As an example of the typical spectra of AA(V) or Alg(V)
which show the Stark shift, the observed spectra of pyrene
doped in a PMMA film are shown in Fig. 2. Both spectra are
essentially the same in shape as the first derivative of the ab-
sorption or fluorescence spectrum, indicating that the field-in-
duced change in absorption or fluorescence intensity essential-
ly comes from the change in molecular polarizability follow-
ing absorption or emission. Because of the D,;, symmetry, iso-
lated molecules of pyrene have no permanent electric dipole
moment, and so it is well understood that Au is zero at a low
concentration of pyrene in PMMA films. The fact that the sig-
nal intensity of AA(V) relative to the first derivatives of the ab-
sorption spectrum decreases, as the excited state becomes
higher, indicates that the magnitude of Ao depends on the
electronic states to which transition occurs.® Plots of AA or
AlF as a function of wavenumber or wavelength are called elec-
troabsorption spectrum and electrofluorescence spectrum, re-

spectively; these are hereafter abbreviated as E-A and E-F
spectra, respectively.

In an oriented system where molecules are arranged with a
well-defined order, the change in absorption intensity or in
emission intensity which is linearly proportional to the applied
field strength will be significant, in contrast with the randomly
distributed system. Therefore, the field-induced change in ab-
sorption or emission intensity may be observed at the first har-
monic of the modulation frequency, and E-A spectra or E-F
spectra may be given by a linear combination between the ab-
sorption or emission spectrum and its first derivative spec-
trum.*2*3! The first derivative part corresponds to the Stark
shift induced by a nonzero value of Au in both spectra. On the
other hand, E-F spectrum which gives the same shape as the
fluorescence spectrum corresponds to the field-induced change
in emission quantum yield, while E-A spectra which give the
same shape as the absorption spectrum results from the transi-
tion moment polarizability. In an oriented system, therefore,
field-induced changes in excitation dynamics can be examined
by measuring the E-F spectra at the first harmonic of the mod-
ulation frequency.

Experimental

Polymer films of poly(methyl methacrylate) (PMMA)
where dye chromophores are randomly distributed and multis-
tacking LB films were used as solid thin films. Following the
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cast of the polymer film on ITO-coated quartz plate or on
semi-transparent aluminum film, a semi-transparent aluminum
(Al) film is deposited on the film. Following the deposition of
the LB multilayer films on semi-transparent Al film, a semi-
transparent Al film is also deposited. The aluminum films and
ITO films were used as electrodes. The thickness of the poly-
mer films was determined directly using the measurement sys-
tem, while total thicknesses of the LB films were calculated by
assuming that the thickness of each LB monolayer film of
palmitic acid, stearic acid, arachidic acid, and behenic acid is
22.4,25.0,27.3,and 29.9 A, respectively.52

All the optical measurements were carried out at room tem-
perature under vacuum conditions. A sinusoidal ac voltage
was applied between the electrodes. A small amount of ac
component of transmitted excitation light intensity or emission
intensity at wavelength A, AI(A), synchronized with the applied
voltage, was detected with a lock-in amplifier at the first har-
monic of the modulation frequency in LB multilayer films and
at the second harmonic of the modulation frequency in poly-
mer films. A dc component of the transmitted light intensity or
the total emission intensity at A, I(1), was simultaneously ob-
tained. The procedures have been described in detail else-
where % E-A spectra were obtained from —AI(1)/2.3031(A).
In the measurements of the E-F spectra, excitation was done at
the wavelengths where AA(V), i.e., AA(A), is negligibly small.

The strength of F, which was determined by dividing the
applied voltage by the total thickness of the solid films, is rep-
resented in rms value. Usually, the internal electric field (Fj,)
is not the same as the applied field, F, because of the dielectric
properties of the environment, but the relation between these
two may be regarded as Fi,y = fF (see Egs. 1 and 5).

Fluorescence decays were measured by using a picosecond
or femtosecond pulse laser and a single-photon-counting sys-
tem equipped with a microchannel plate photomultiplier.>

Results and Discussion

1. Photoinduced Electron Transfer (PIET). Energy lev-
els of the radical-ion pairs produced by PIET are expected to
be significantly affected by F because of their large electric di-
pole moments. It is also expected that electric fields induce a
change in overlap between the wavefunctions of the initial and
final states of the electron transfer because of the field-induced
orbital polarization. Consequently, electric fields may induce a
remarkable change in the rate of the initial step of PIET, since
the processes of PIET are considered to depend on the free en-
ergy gap between reactant and product and on the electronic
coupling between donor and acceptor (see Fig. 3).3¢ By
measuring the electric field dependence of the fluorescence
properties, we can examine field effects on PIET both in a ran-
domly distributed system and in a well-oriented molecular sys-
tem.

a) Random Distribution of a Mixture of Donor (D) and
Acceptor (A). The initial step of PIET is influenced by F in
a mixture of D and A molecules separately doped in a polymer
film. At first, the results of a mixture of N-ethylcarbazole and
dimethyl terephthalate, denoted by ECZ and DMTP respec-
tively, are described.”” Fluorescence spectra and E-F spectra
of a mixture of ECZ and DMTP doped in a PMMA film are
shown in Fig. 4, where the ECZ concentration is 1.0 mol% in
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Electric Field Effects on PIET

hv 1)
D+ A — D"+ A — Dt—A
hv . D
D+A—D + A— Dt—A"

Process 1)

I) Change in Free Energy Gap

II) Change in Electronic Coupling
Field-Induced Orbital Polarization

Fig. 3. Photoinduced electron transfer (PIET) and the possi-
ble mechanism of the field-induced change in the initial
step of electron transfer.

every case. In addition to the sharp fluorescence emitted from
the locally excited state of ECZ, broad exciplex fluorescence
appears with a peak at ~440 nm, as a result of PIET from the
excited state of ECZ to DMTP, as the DMTP concentration in-
creases. Hereafter, the sharp structured fluorescence is re-
ferred to as ECZ fluorescence or LE fluorescence. The E-F
spectrum observed in the absence of DMTP is nearly identical
with the first derivative of the fluorescence spectrum, indicat-
ing that the field effect on the ECZ fluorescence in the absence
of DMTP results from the so-called Stark shift. As the DMTP
concentration increases, the E-F spectrum in the shorter wave-
length region becomes closer in shape to the ECZ fluorescence
spectrum. The negative value of Alx(4) of the ECZ fluores-
cence shows that the quantum yield of the ECZ fluorescence is
reduced by F in the presence of DMTP. Actually, the observed
E-F spectra of ECZ are well reproduced by a linear combina-
tion of the fluorescence spectrum with its first derivative spec-
trum. The former, which gives a shape similar to the fluores-
cence spectrum, is attributed to the field-induced change in flu-
orescence quantum yield (A®g), while the first derivative term
corresponds to the Stark shift induced by a nonzero value of
A between the fluorescent state and the ground state.
Time-resolved fluorescence intensity, Ig(f), observed for the
ECZ fluorescence in the absence of DMTP shows a nearly sin-
gle exponential decay, and its lifetime (7°) is determined to be
12.5 ns. Here, ¢ presents the time. In the presence of DMTP,
ECZ fluorescence shows a nonexponential decay, suggesting
that ECZ molecules doped in a film interact with each other in
various manners. The average lifetime of fluorescence, denot-
ed by 7p, was determined with the following equation:
Tp = _[Ip(t)dt/IF(O).SS Tr of the ECZ fluorescence at 1.0
mol% obtained with various concentrations of DMTP shows
that the average lifetime monotonically decreases with increas-
ing DMTP concentration. Then, the average rate constant of
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Fig. 4. Fluorescence spectra (solid line) and E-F spectra of a
mixture of ECZ and DMTP doped in a PMMA film. The
concentration of DMTP was 0, 0.5, 2.0, and 10.0 mol%
from top to bottom, while the ECZ concentration was 1.0
mol% in every case. Applied field strength was 0.6 MV
cm™!, and excitation wavelength was 294 nm. The maxi-
mum fluorescence intensity is normalized to unity in every
case. The first derivative of the fluorescence spectrum is
also shown by a dotted line in the top.

the electron transfer from photoexcited ECZ to DMTP, k., is
evaluated by using the following equation: k = 1/7p — 1/7.
As shown in Fig. 5, the rate of PIET from the excited state of
ECZ to DMTP, i.e., ke, increases with decreasing D-A dis-
tance, i.e., R. Note that R is inversely proportional to ¢!,
where ¢ is the DMTP concentration. Usually, k. depends on R
exponentially,””-*%% but the present results show that k in-
creases multiexponentially with decreasing R.

A field-induced change in quantum yield of the ECZ fluo-
rescence is considered to be caused by a field-induced change
in ke, i.e, Ake. The quantum yield of the ECZ fluorescence at
zero field and its field-induced change are denoted by @r and
Ay, respectively. If one assumes that the relaxation processes
of the photoexcited molecule of ECZ are irreversible, @k and
@Dp + AD; are given by k/(k; + ky + ko) and k/(k, + ke + ke
+ Ake), respectively. Here, k. and k,, represent the rate con-
stants of radiative processes and of nonradiative processes oth-
er than the electron transfer, respectively. By assuming that 7
is given by 1/(k, + ky + ke), Ake is related to ADe/Pg and Tp
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Fig. 5. Plots of k. (M) and Ak, (@) for a mixture of ECZ and
DMTP as a function of the inverse cube root of DMTP
concentration. ECZ concentration was 1.0 mol%, and ap-
plied field strength was 0.6 MV cm™ L.

by the following equation:
Akey = —(AD/ Dp)/[{1 + (ADH Dp)} Tr] (6)

The values of Ak, evaluated with Eq. 6 are shown in Fig. 5 as a
function of ¢~ 3, together with k.. Ake also increases mono-
tonically with decreasing donor—acceptor distance, i.e., R.

According to the classical theory,®* the rate constant of
electron transfer is given by

P S _(AG+ A’
b (AmksTA)'" AksT o

Here, J, #i, kg, T, and AG are the transfer integral, Planck’s con-
stant divided by 27, the Boltzmann constant, temperature, and
free energy gap of the reaction, respectively, and A, is the so-
called reorganization energy. The external electric field is re-
garded as a perturbation, and the electron transfer rate can be
expanded as a power series in F. Hereafter, the zeroth, the first
and the second order terms in F are considered, and other
higher terms are neglected. It is assumed that only AG is af-
fected by F. Then, AG is replaced by AG, — uF, where AGy is
the free energy gap in the absence of F and i is the dipole mo-
ment of the produced radical—ion pair.

The values of k. in the presence and absence of F are denot-
ed to be k.(F) and k.(F = 0), respectively. By assuming that
the rate constant of PIET in a polymer film is given by Eq. 7,
Ak, which is defined as ky(F) — ko(F = 0), divided by ke (F
= 0) is given by

exp[ ] @)

Akelka(F = 0) = —2D(AG, + Ao)(UF)
+ D{1 + 2D(AG, + 20)*}(uF)? ®

where D = —(4kgTAo) .
In a polymer film where the sample is regarded as randomly
distributed, the average value of uF and (uF)* integrated over
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the full space is given by zero and |g|*|F|%3, respectively.
Then, Eq. 8 can be rewritten as

Akalka(F = 0) = D{1 + 2D(AG, + o)’ }(|4*|F|*/3)  (9)

When 1 >> (ADy/Px), Ak, is nearly proportional to ADg
according to Eq. 6, and Ak, is expected to be proportional to
|F|>. In fact, the quadratic field strength dependence of the
field-induced change in fluorescence intensity was observed
for the ECZ fluorescence; A®y/ @ x F?. The direct measure-
ment of the field dependence of the fluorescence decay rate as
well as theoretical treatment also shows the quadratic field
strength dependence of the decay rate.®*®!

Both Ak, and k., increase monotonically with decreasing D—
A distance, i.e., R, as shown in Fig. 5. The value of R is esti-
mated at each concentration of DMTP with the specific gravity
of 1.19 for PMMA.%2 For example, R is estimated to be 9 A
and 7 A at 5 and 10 mol% of DMTP, respectively. The radii of
D and A are assumed to be 3 A. By adopting the data of Ak,
and ko (F = 0) to Eq. 9, AGy is estimated to be —0.7 eV for
PIET from ECZ to DMTP, which shows the validity of Eq. 9.
In other words, the electric field effect on the ECZ fluores-
cence in a mixture of ECZ and DMTP could be interpreted in
terms of the field-induced change in the free energy gap be-
tween reactant and product by assuming that AGy is —0.7 eV.

Tachiya and Murata® reported that the D—A distance depen-
dence of k results from the interplay of the distance depen-
dence of J and Ay and depends on the magnitude of AGy. Ac-
cording to their calculations, k. decreases monotonically with
decreasing R when AG is relatively large. On the other hand,
ke was shown to have a maximum at a certain distance, when
AGy is small. The fact that k. increases multiexponentially
with decreasing R, observed in the present experiments, is pre-
dicted theoretically for the case where AG, is quite large.

In contrast with the ECZ fluorescence, exciplex fluores-
cence is slightly enhanced by F, and the magnitude of A®g/Px
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is nearly independent of the DMTP concentration, as far as the
ECZ concentration is as low as 1 mol%. Actually, E-F spectra
of the exciplex fluorescence are reproduced by a linear combi-
nation between the exciplex fluorescence spectrum and its first
derivative spectrum. The former corresponds to the field-in-
duced change in @, while the latter corresponds to the Stark
shift.

Fluorescent exciplex composed of ECZ and DMTP is as-
sumed to be formed through the radical-ion pair state follow-
ing the electron transfer from photoexcited ECZ to DMTP, as
proposed for poly(vinylcarbazole) (PVCz) where an electron
acceptor is doped.'*'* Field-induced increase of k. may in-
crease the formation yield of the radical-ion pair. As a result,
exciplex fluorescence may be enhanced. The enhancement
may also result in part from the field-induced inhibition of the
charge recombination process since the exciplex fluorescence
quenched as a result of the charge recombination of the radi-
cal-ion pair may be recovered in the presence of F. In fact, the
charge recombination is inhibited in the presence of F, as men-
tioned for D—A linked compounds.

ECZ fluorescence is quenched by F, but exciplex fluores-
cence is always enhanced by F, as far as the ECZ concentra-
tion is low. When the ECZ concentration is high, however, the
field effects on exciplex fluorescence are very different from
the ones at low concentrations,'® as shown in Fig. 6. With high
concentrations of ECZ, exciplex fluorescence is efficiently
quenched in the presence of F. These results remind us of a
similar quenching of exciplex fluorescence observed in PVCz
with an electron acceptor, where the quenching is attributed to
the field-assisted dissociation of radical-ion pairs.”>* The
fluorescence spectrum itself is roughly the same both for a
mixture of ECZ (1 mol%) + DMTP (10 mol%) and for ECZ
(10 mol%) + DMTP (1 mol%); the intensity of the exciplex
fluorescence relative to the ECZ fluorescence is roughly the
same in both spectra, implying that the efficiencies of the elec-
tron transfer in both samples are roughly the same. Thus, there

ECZ = 10 mol%, DMTP = 1 mol%
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Fig. 6. Fluorescence spectra (solid line) and E-F spectra for a mixture of ECZ and DMTP observed with different field strengths.
The concentrations of ECZ and DMTP were 1.0 and 10.0 mo% in the left, respectively, and 10.0 and 1.0 mol% in the right, re-
spectively. The maximum fluorescence intensity is normalized to unity.
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is no doubt that the efficiency of PIET does not decide whether
exciplex fluorescence is quenched or enhanced in the presence
of F. The quenching of the exciplex fluorescence at high con-
centrations of ECZ is attributed to an efficient hole mobility, as
will be mentioned later.

E-F spectra both of the ECZ fluorescence and of the exci-
plex fluorescence can be reproduced by a linear combination
between the fluorescence spectrum and its first derivative spec-
trum at any concentrations. The former gives A®, while the
latter results from the Stark shift induced by a non-zero value
of A« following the fluorescing process. The observed field
effects on fluorescence are interpreted in terms of Reaction in
Scheme 1.

Krel Ke k
D**+ A —=+ D' A == DA - (D'A")*
k'eJ:t /Il
,
LE kd]j/ : Ker Kex
hv Fluo. / 1 Exciplex
‘ ) Fluo.
D'+A" g l
D+A D+A D+A
Scheme 1.

Here, D and A corresponds to ECZ and DMTP, respectively,
in a mixture of ECZ and DMTP. D** is the photoexcited state
of ECZ, and k, is the rate constant of relaxation from D** to
D*, following which a bimolecular encounter, D*-A, is
formed. This relaxation process includes both the internal con-
version to the lowest excited state of S; and the excitation ener-
gy migration among different molecules of ECZ. D*:+-A may
have a suitable conformation for the electron transfer from D*
to A. ECZ and DMTP do not form a complex in the ground
state, and the excited state charge transfer occurs only upon bi-
molecular encounter of an excited molecule and a quencher.
The electron transfer process competes with the radiative pro-
cess from D* which gives the LE(ECZ) fluorescence. D*—A~
shows a radical-ion pair state produced by the electron trans-
fer, whose rate is given by k.. (D"A™)* represents the fluores-
cent exciplex, and k,, is the rate constant of the exciplex forma-
tion from the radical-ion pair state. k. and k., represent the
rate constants for the charge recombination of the radical-ion
pair and the decay rate constant of the fluorescent exciplex, re-
spectively. Actually, a back-electron transfer which produces
the excited state of ECZ need not be considered; k,* = 0 in a
mixture of ECZ and DMTP. The relaxation processes between
D*-A" and (D*A")* are presented as irreversible in Reaction
Scheme 1, but it is not yet clear whether or not the process is
irreversible.

A field-assisted dissociation to free carriers with a rate con-
stant of kg, must be considered, if a charge can move from a
molecule to a neighboring molecule in the presence of F. This
dissociation, which will be important at high concentrations of
donor or acceptor, is related to the field-induced quenching of
the exciplex fluorescence (see Fig. 6) and is related to the pho-
tocurrent generation. If a hole can transport among ECZ mole-
cules, the efficiencies both of the photocurrent generation and
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Fig. 7. Photocurrent excitation spectrum and fluorescence
excitation spectrum (solid line) of a mixture of ECZ (10.0
mol%) and DMTP (1.0 mol%).

of the field-induced quenching of the exciplex fluorescence are
expected to become higher with increasing the ECZ concentra-
tion. If an electron can transport among DMTP molecules, it is
also expected that both efficiencies will become higher with
increasing the DMTP concentration. The fact that exciplex
fluorescence is quenched by F only when the ECZ concentra-
tion is high shows that only holes can move among ECZ mole-
cules and that electrons cannot move among DMTP molecules.

In order to verify the hypothesis that the efficiencies of hole
transport and of electron transport are very different from each
other, photocurrent generation has been examined in relation
to the field effect on exciplex fluorescence. In fact, a photocur-
rent was detected when the ECZ concentration is as high as 5
or 10 mol%." The photocurrent excitation spectrum observed
for a mixture of 10 mol% ECZ and 1 mol% DMTP doped in
PMMA is essentially the same in shape as the fluorescence ex-
citation spectra (see Fig. 7), indicating that the detected current
is generated following photoexcitation of ECZ. Field-induced
quenching of the exciplex fluorescence is much larger at 10
mol% of ECZ than that at 5 mol%. The detected photocurrent
is also larger at 10 mol% than at 5 mol%. Thus, the field-in-
duced quenching of the exciplex fluorescence is well correlat-
ed to the photocurrent generation, demonstrating that the mea-
surements of the E-F spectra are very useful to examine the
mobility of electrons or holes in solid films.

Electric field effects on fluorescence of other pairs of D and
A doped separately in a polymer film are briefly described.®
E-F spectra of a mixture of phenanthrene (PHE) and N-meth-
ylphthalimide (NMPI) doped in a PMMA polymer film at dif-
ferent concentrations are shown in Fig. 8. At low concentra-
tions, emission is dominated by the LE fluorescence of PHE,
and the E-F spectrum is given by the first derivative of the fluo-
rescence spectrum, indicating that only the Stark shift is in-
duced because of a nonzero value of Aa between the fluores-
cent state and the ground state. As the concentration increases,
broad exciplex fluorescence appears in a longer wavelength re-
gion, indicating that PIET occurs from the excited state of
PHE to NMPI. Under such conditions, LE fluorescence of
PHE is quenched by F. Thus, the rate of PIET is increased in
the presence of F, in agreement with the pair of ECZ and
DMTP. The magnitude of the quenching becomes larger with
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Fig. 8. Fluorescence spectra (solid film) and E-F spectra of a
mixture of phenanthrene (PHE) and N-methylphthalimide
(NMPI) doped in a PMMA film at different concentrations.
The concentrations of PHE and NMPI are the same in ev-
ery case. Excitation wavelength was in the region of
295.0-295.5 nm. The maximum fluorescence intensity is
normalized to unity in every case. Applied field strength
was 1.0MV cm ™.

increasing the concentration, indicating that both the rate and
its field-induced change of PIET from the excited state of PHE
to NMPI, i.e., k and Ak, increase with shortening the D-A
distance. In contrast with the LE fluorescence of PHE, exci-
plex fluorescence increases in the presence of F, probably as a
result of field-induced enhancement of PIET. The absence of
the field-induced quenching of the exciplex fluorescence im-
plies that both hole mobility and electron mobility are very in-
efficient among PHE or NMPI molecules, respectively. In a
mixture of PHE and NMPI, therefore, only k is considered to
be enhanced by F in Reaction of Scheme 1. A marked differ-
ence in efficiency of the field-induced quenching of the exci-
plex fluorescence between a pair of ECZ and DMTP and a pair
of PHE and NMPI shows that both hole mobility and electron
mobility are definitely dependent on the molecule employed as
a donor or acceptor.

The Stark shift which gives the E-F spectrum given by the
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first derivative of the fluorescence spectrum is observed both
for the LE fluorescence and for the exciplex fluorescence, indi-
cating that A is significant and that Au is negligible. Based
on the analysis with Eq. 5, Ac of the LE fluorescence of ECZ
is estimated to be ~100 in units of 47e, A3, while A& of the
fluorescent exciplex is estimated to be ~1800 in units of 47g,
A% in a mixture of ECZ and DMTP>* Similarly, A is esti-
mated to be ~13 and 140 in units of 47g, A3 for the LE fluo-
rescence of PHE and exciplex fluorescence, respectively, in a
mixture of PHE and NMPL®* The magnitude of Aer of fluo-
rescent exciplex is larger than that of the LE fluorescent state
by more than one order-of-magnitude in both D—A pairs.

b) Linked Compounds of Donor and Acceptor. Methyl-
ene-linked compounds of donor (D) and acceptor (A) also
show a remarkable electric field effect on fluorescence. How-
ever, some effects are very different from the ones observed in
a mixture of D and A separately doped in a solid film, implying
that the methylene chain plays a significant role both in photo-
excitation dynamics and in its field dependence. It is con-
firmed in linked compounds that electron transfer, back-elec-
tron transfer, charge recombination and dissociation of radical
ion-pair are influenced by F, and Reaction Scheme 1 is also
applicable to interpret the field effects on excitation dynam-
ics 6470

At first, electric field dependence of PIET in linked com-
pounds of carbazole—(CH,),—(terephtalic acid methyl ester),
denoted by CZ—(n)-TAM or D—(n)-A, is described. E-F spec-
tra of linked compounds with short and long methylene chains,
respectively, i.e., CZ—(3)-TAM and CZ—(20)-TAM, doped in
PMMA are shown in Fig. 9, together with the fluorescence
spectra. At low concentrations, fluorescence is dominated by
the LE fluorescence of carbazole chromophore (CZ), and the
exciplex fluorescence is very weak, implying that the forma-
tion of intramolecular exciplex is very inefficient in PMMA
films even in linked compounds. With increasing the concen-
tration, exciplex fluorescence becomes stronger, indicating that
exciplex resulting from the intermolecular processes appears,
probably because D and A belonging to different molecules
can approach closely and have a suitable conformation for an
exciplex formation.

As shown in Fig. 9, LE fluorescence of CZ is always
quenched in the presence of F, and the magnitude of the
quenching becomes larger with increasing concentration.
These effects are very similar to the ones observed for a mix-
ture of ECZ and DMTP doped in PMMA. The field-induced
quenching is attributed to the enhancement of the rate constant
of electron transfer (k), as in the case of a mixture of ECZ and
DMTP. The concentration dependence of the quenching in
linked compounds is similar to that for a mixture of ECZ and
DMTP, which results from the intermolecular D—A distance
dependence of both k. and its field-induced change (Ak.).

Based on the measurements of the field-induced change in
fluorescence decay profile, the lifetime shortening of the LE
fluorescence in the presence of F was directly observed, con-
firming that the field-induced quenching of the LE fluores-
cence results from Ak..*® At high concentrations, intermolecu-
lar exciplex composed of the excited state of CZ and TAM is
dominant, and exciplex fluorescence is quenched in the pres-
ence of F. The field-induced quenching of the exciplex fluo-
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different concentrations. Applied field strength was 0.5 MV cm™!. Excitation wavelength was in the region of 294.0-295.0 nm,

and the maximum fluorescence intensity is normalized to unity.

rescence is attributed to a field-assisted dissociation of radical-
ion pairs to free carriers; kg;s in Reaction of Scheme 1 increases
in the presence of F.% As already mentioned, hole mobility is
very efficient among ECZ molecules, whereas an electron does
not move among DMTP molecules. Then, the efficient
quenching of the exciplex fluorescence in CZ-(n)-TAM proba-
bly results from an efficient mobility of holes among CZ chro-
mophores.

At low or medium concentrations, exciplex fluorescence is
enhanced in the presence of F, and a remarkable chain length
dependence is observed. As the chain length becomes shorter,
the magnitude of the field-induced enhancement of the exci-
plex fluorescence becomes larger, as shown in Fig. 10. Espe-
cially, a marked chain length dependence is observed with n
less than 5 in CZ-(n)-TAM. When the chain length becomes
longer than n = 5, the magnitude of the enhancement looks
limited.

Remarkable field-induced enhancement of the exciplex flu-
orescence can be also interpreted in terms of Reaction Scheme
1, by assuming that the radical ion-pair shows a charge recom-
bination at zero field. D" and A~ of an ion pair which are
bound to each other have a probability of recombining because
of the Coulomb potential. When a charge recombination oc-
curs in the ion-pair state, exciplex fluorescence is quenched be-
cause of the decrease in exciplex formation efficiency. The
charge recombination may be enhanced by F when the field is
antiparallel to the dipole moment of D*~A~. In other cases,
however, recombination processes are presumably inhibited by

F. Then, the exciplex fluorescence is expected to be enhanced
in the presence of F. Field-induced inhibition of the charge re-
combination, which leads to a fluorescence enhancement,
competes with the field-assisted dissociation, i.e., carrier gen-
eration, which leads to a fluorescence quenching. The former
effect is important only at low concentrations. The latter effect
becomes more important with increasing concentration. Actu-
ally, the magnitude of the field-induced enhancement decreas-
es with increasing the concentration. It is also noted that the
E-F spectra could be simulated by a linear combination be-
tween the fluorescence spectrum and its first derivative spec-
trum, indicating that the Stark effects induced by a nonzero
value of Ao also exists besides the field-induced change in flu-
orescence quantum yield, which is similar to the above-men-
tioned mixtures of D and A.

A methylene chain plays a significant role in the enhance-
ment of the exciplex fluorescence. In order to interpret the
chain length dependence at medium concentrations, e.g., 1
mol%, both intra- and intermolecular processes must be con-
sidered. Here, three D—(n)—A molecules, denoted by i, j and k,
respectively, are considered with the following arrangement:
Di—~(n)—(A;” D )~(n)—~(A; Dy )~(n)-A;, where we as-
sume the electron transfer from donors of molecules j and & to
acceptors of molecules i and j, respectively, and the ion-pair
state which leads to the fluorescent exciplex state is formed be-
tween molecules i and j and between j and k. If the intramolec-
ular charge recombination occurs in this arrangement, i.e.,
within j molecule, both ion pairs disappear and exciplex fluo-
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Fig. 10. E-F spectra of CZ-(n)-TAM with n from 2 to 20
doped in a PMMA film at 1.0 mol%, together with the flu-
orescence spectra (solid line). The maximum fluorescence
intensity is normalized to unity in every case. Applied
field strength was 0.6 MV cm™".

rescence is quenched. The intramolecular charge recombina-
tion results from the Coulomb interaction, and so the efficiency
of the recombination may become higher as the D—A distance
becomes shorter. Then, such an intramolecular recombination,
which leads to a quenching of intermolecular exciplex fluores-
cence, is expected to occur more efficiently as the chain length
becomes smaller. If the intramolecular charge recombination
is thoroughly prevented by F, exciplex fluorescence increases
by the amount of intensity quenched by the recombination.
Thus, fluorescence enhancement observed at medium concen-
trations is attributed dominantly to the field-induced inhibition
of the intramolecular charge recombination through a bond,
which probably occurs following the intermolecular PIET.
The methylene chain is not always straight. A methylene chain
in CZ—(20)-TAM may be like a random coil. Then, the D-A
distance in each molecule of CZ—(20)-TAM may be not so dif-
ferent from that of CZ—(3)-TAM. If a charge recombination
occurs through a space, not only through a bond, the enhance-
ment might be independent of the chain length. Therefore, the
monotonic chain length dependence suggests that the charge
recombination through a bond occurs very efficiently.
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LE fluorescence of CZ—(n)-TAM is quenched in the pres-
ence of F, as mentioned above. This is true when n is larger
than 3. When the methylene chain is very short, i.e., in CZ—
(2)-TAM, LE fluorescence is slightly enhanced by F (see Fig.
10).% The enhancement of the LE fluorescence is interpreted
by assuming an efficient back-electron transfer in Reaction
Scheme 1. If the population of the radical-ion pair is in-
creased by the field-induced inhibition of the charge recombi-
nation through a bond, the efficiency of the back-electron
transfer is increased. As a result, LE fluorescence as well as
exciplex fluorescence is enhanced in the presence of F. Thus,
the efficiency of the back-electron transfer is considered to be
also influenced by F.

Other linked compounds of D and A also show significant
electric field effects on fluorescence, which can be interpreted
in terms of Reaction Scheme 1. E-F spectra are shown in Fig.
11 for PY-(3)-PI and PY-(3)-DMA, where PY, PI and DMA
represent the chromophores of pyrene, phthalimide and N,N-
dimethylaniline, respectively, and in Fig. 12 for PH—(n)-PI,
where PH and PI represent phenanthrene and phthalimide
chromophores, respectively. Both in PY—(3)-PI and in PY-
(3)-DMA, where PY acts as a donor in the former and as an
acceptor in the latter, LE fluorescence of PY is significantly
quenched in the presence of F even at very low concentrations.
Further, the magnitude of the quenching increases monotoni-
cally with increasing the concentration, indicating that both in-
tra- and intermolecular processes of PIET are enhanced in the
presence of F. Efficient back-electron transfer need not be
considered in the two compounds, and the quenching of the ex-
ciplex fluorescence at high concentrations suggests a photocar-
rier generation. Electron mobility among PI chromophores is
very inefficient, as mentioned in a mixture of PHE and NMPIL.
Hole mobility among DMA chromophores is not so efficient
either.”” Accordingly, mobilities both of hole and of electron
among pyrene chromophores are known to be very efficient in
solid films.

As shown in Fig. 12, E-F spectrum of PH—(12)-PI at low
concentrations is very similar to the first derivative of the fluo-
rescence spectrum, indicating that only the Stark shift is ob-
served and that the intramolecular process is negligible both in
the absence and in the presence of F. With increasing concen-
tration, some exciplex fluorescence resulting from PIEI be-
tween PHE and PI chromophors appears, and the LE fluores-
cence is quenched in the presence of F. Thus, intermolecular
PIET is enhanced in the presence of F. When the chain length
becomes shorter, on the other hand, E-F spectra at low concen-
trations are quite similar in shape to the fluorescence spectrum,
and the integrated intensity is anomalously positive, indicating
that LE fluorescence is enhanced in the presence of F. At high
concentrations, exciplex fluorescence appears as a result of in-
termolecular PIET from the excited PH to PI chromophore,
and the field-induced quenching is observed for the LE fluores-
cence. As the concentration increases, the magnitude of the
field-induced enhancement of the LE fluorescence becomes
smaller monotonically, indicating that LE fluorescence is en-
hanced and quenched as a result of the field effect on intramo-
lecular processes and as a result of the field effect on intermo-
lecular processes, respectively. Thus, it seems that the electric
field effects on intramolecular and intermolecular processes
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E-F spectra of PY-(3)-PI (left) and PY-(3)-DMA (right) doped in a PMMA film at different concentrations, together with

the fluorescence spectra (solid line). Applied field strength was 1.0 MV cm™!. The maximum fluorescence intensity is normalized
to unity in every case. Excitation wavelength was in the region of 318.5-321.0 nm.

are completely opposite.

These results may be also interpreted in terms of Reaction
Scheme 1. D and A correspond to PH and PI chromophores,
respectively. It is assumed that a back-electron transfer occurs
efficiently in PH-(3)-PI from D*—A~ to D*-A with a rate
constant of k.. As far as the same pairs of D and A chro-
mophores are employed, it would be unlikely that the opposite
field effects on the electron transfer are induced between in-
tramolecular and intermolecular processes. It seems very like-
ly that k., in scheme I increases in the presence of F for both
intra- and intermolecular processes, though the magnitudes of
the increase may be different from each other. Then, it is con-
sidered that PH-(3)-PI shows a reversible intramolecular PIET
and that the efficiency of the back-electron transfer, which pro-
duces the fluorescent state of PH, becomes larger in the pres-
ence of F. The increase of the efficiency in back-electron
transfer may result from the field-induced inhibition of the
charge recombination through a short methylene chain, i.e., k.,
in Reaction Scheme 1 decreases in the presence of F, as in the
case of CZ—(n)-TAM.

As mentioned above, the field effects on the initial step of
electron transfer in solid films seem to be the same both for the
D and A separately doped system and for the linked system;
the rate is enhanced in the presence of F. However, a remark-
able enhancement of the LE fluorescence and of exciplex fluo-
rescence is observed in the presence of F only for linked com-
pounds of D and A, e.g., CZ—(2)-TAM and PH—(3)-PI. These

phenomena are very sensitive to the chain length, and such pe-
culiar behavior comes from the field effects on the charge re-
combination and/or back-election transfer though a bond. It
should be also noted that a remarkable field-induced enhance-
ment of fluorescence is not always observed, but depends cru-
cially on the pair of D and A, suggesting that free energy gap
for the reaction and geometrical restrictions for exciplex for-
mation play a significant role in the field effects which are
characteristic of the linked compounds.”! These results also
suggest that a linkage by a molecular chain plays an unpredict-
able effect both on photoexcitation dynamics and on its elec-
tric field dependence under certain conditions.

¢) Vectorial Interlayer Electron Transfer. Electron do-
nor and acceptor layers separated by a spacer layer have been
prepared with a cyanine dye as a donor and viologen as an ac-
ceptor using an LB technique. A schematic illustration of the
prepared layer structure is shown in Fig. 13 for D—A pairs of
N,N’-dioctadecyloxacarbocyanine (OCC) and N,N’-dioctade-
cyl-4,4’-bipyridinium dibromide (VIO) with a spacer layer of
arachidic acid (AA). Besides an AA layer, an LB monolayer
film of palmitic acid, stearic acid and behenic acid was used as
a spacer layer between OCC and VIO. In these systems, inter-
layer vectorial photoinduced electron transfer occurs from the
excited state of OCC to VIO through a spacer layer. As a re-
sult, fluorescence quenching and lifetime shortening of the
OCC fluorescence are observed in the presence of the VIO lay-
er. Actually, each layer of OCC and VIO was deposited as a
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mixture with a fatty acid.

A mixture of AA and methyl arachidate (MA) whose ratio is
1:1 (AA/MA) was used as a matrix. Various mixing fractions
of OCC to AA/MA have been employed. Two kinds of stack-
ing multilayer films were prepared: one includes a VIO mono-
layer (sample(1)), and the other doesn't include a VIO mono-
layer (sample(2)). Sample (1) was prepared as follows: at first,
seven layers of AA were deposited on the quartz substrate
coated by a semi-transparent aluminum film; one mixed mono-
layer composed of OCC and AA/MA was deposited; one AA
monolayer was deposited; one mixed monolayer composed of
VIO and AA/MA was deposited; deposition of these three
monolayers were repeated with a spacer of four monolayers of
AA; seven layers of AA were deposited for protection; a semi-
transparent aluminum film was again coated with evapora-
tion. Aluminum films were used as electrodes. Sample (2) has
the same layer structure as sample (1) except that the VIO
mixed layer is replaced by an AA layer.

As the OCC fraction increases, absorption spectrum and flu-
orescence spectra change, indicating that molecular aggregates
(probably OCC dimer) are formed at high OCC fractions.>!
Figure 14 shows fluorescence spectra and E-F spectra of sam-
ples (1) and (2) with a low OCC fraction of 0.5 mol%, where
fluorescence spectra are very similar to a diluted-solution spec-
trum of OCC and can be regarded as the monomer fluores-

cence spectra of OCC. In the presence of VIO, fluorescence
intensity is reduced by about 20%.” This quenching is attrib-
uted to the electron transfer from the fluorescent state of OCC
to VIO, which occurs in competition with radiative and other
nonradiative deactivation processes, as in the case of other cya-
nine dyes.”>”> Fluorescence decays observed in the presence
and in the absence of VIO also indicate that fluorescence of
OCC is quenched by VIO as a result of electron transfer.”?
Fluorescence shows a non exponential decay even at a low
concentration of 0.5 mol%, and so the average lifetime ( Tf) is
defined, as mentioned previously. The 7r value is determined
to be 1.0 and 0.8 ns in the absence and in the presence of VIO,
respectively, indicating that the average rate constant of the
electron transfer from photoexcited OCC to VIO at 0.5 mol%
with a spacer layer of AA, denoted by ke, is 2.5 X 10%s7".

The E-F spectrum of OCC in the absence of VIO, observed
at the first harmonic of the modulation frequency, is very simi-
lar to the first derivative of the fluorescence spectrum, as
shown in Fig. 14, indicating that the field effect on the fluores-
cence spectrum of the OCC monomer in the absence of VIO
results from the Stark shift induced by a non-zero value of Au
between the ground state and the fluorescent S; state. The E-F
spectra indicate that the fluorescence spectrum shows a blue
shift in the presence of F with the molecular arrangement and
the field direction shown in Fig. 13.
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shown in Fig. 14. The E-F spectra in the presence of VIO are
quite similar in shape to the fluorescence spectra, indicating
that the fluorescence quantum yield of OCC is significantly af-
fected by F. The E-F spectra shown in Fig. 14 were obtained
with the field direction shown in Fig. 13 with the excitation
wavelength where AA is negligible. When the field direction is
inverted, the spectral shape and the magnitude of the field-in-
duced change are essentially the same, but the sign of the spec-
tra is changed (see Fig. 15). Thus, the fluorescence quantum
yield is increased by F with the field direction shown in Fig.
13, whereas the quantum yield is decreased by F with the op-
posite field direction.”>’S Actually, the E-F spectra in the pres-
ence of VIO could be simulated by a combination of the fluo-
rescence spectrum and its first derivative, i.e., both the Stark
shift induced by a change in i between the fluorescent state
and the ground state and the field effect on the fluorescence
quantum yield are induced in the presence of VIO. The ratio
of A@Y"0/DEV© could be evaluated from the fluorescence in-
tensity and its field-induced change. Here, @"'° and A®:"'°
represent the fluorescence quantum yield of OCC and its field-
induced change in the presence of VIO, respectively. The re-
sults show that A@"%/®:"'° is linearly proportional to the ap-
plied field strength and is given by 1.7 X 10~ F in units of V
cm ™! for F.

The field effect of A@x"™© can be interpreted in terms of the
field effect on the rate of electron transfer which occurs from
the photoexcited OCC to VIO. With a simple kinetic scheme,
@0 and PY"° + ADE'© can be expressed by k/(k; + ky +
ko) and k/(k; + kg + kee + Akey), respectively. Here, k., kn, ket
and Ak, represent the radiative rate constant, nonradiative de-
cay rate constant except for electron transfer, electron transfer
rate constant and its field-induced change, respectively. Then,
Ak, is given by Eq. 6. By employing the above-mentioned val-
ue of 7y in the presence of VIO, i.e., 75 "'© (0.8 ns), Ak, is de-

OCC (0.5 mol% ) + VIO ( 10 mol% )
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with a field strength of 1.0 MV cm™! in LB films. The spectra in

the right were obtained in the presence of VIO, while the spectra in the left were obtained in the absence of VIO. The dotted line
shows the first derivative of the fluorescence spectrum. Excitation wavelength was 430.0 nm.
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Fig. 15. E-F spectra observed with a field direction shown in
Fig. 13(a) and with the opposite field direction (b), togeth-
er with the fluorescence spectra (solid line). Field strength
was 1.0 MV ecm™!. The maximum fluorescence intensity is
normalized to unity.

termined to be —2.1 F in units of s! at 0.5 mol% using units
of V.cm™! for F. The negative value indicates that the electron
transfer becomes slower as the field becomes stronger with the
same direction as in Fig. 13. Note that the electron transfer is
enhanced in the presence of F with the opposite direction and
that the sign of the above-mentioned Ak, changes.

The electron transfer rate depends on various parameters:
the free energy gap between the initial and final states; the
magnitude of the electronic coupling between D and A, which
depends on the mutual distance and orientation; the overall re-
organization energy involving both the external and internal re-
organization. On photoinduced vectorial electron transfer
through a fatty acid monolayer in the molecular architecture of
LB assemblies, D—A distance dependence of the fluorescence
quenching suggests that electron tunneling through a potential
barrier of a fatty acid occurs from the initial state.”>”>’’ In
such a case, k, may be proportional to K which is expressed as
follows:

K = Ky exp (—Bd), B = 22me)"*/h (10)

Here m is the electron mass, 7 is Planck’s constant divided by
2r, ¢ is a height of barrier represented by the fatty acid spacer,
and d is the D-A distance. External electric field may play a
role to change a barrier height of tunneling. When an external
electric field is applied with a direction in Fig. 13, the barrier
height may become higher, while the barrier may become low-
er in the opposite direction. Then, ¢ may be replaced by ¢, +
¢'F in the presence of F, where ¢ is the height at zero field
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and ¢’ is the first derivative of the potential barrier with respect
to the field strength. By using Eq. 10, Ak(F) divided by k. (F
= 0) may be approximately given by

Ak F)ke(F = 0) = [2mdh™'2mey) " "*(¢'F)] (In

In the present D—A system, k. and Ak, were determined to
be 2.5 X 108s7 ! and —2.1 F 57!, respectively; Akefke is —8.4
X 107° F, where F is written in units of V. cm™!. Tt is worth
mentioning that the negative sign shows the de-enhancement
of the electron transfer rate with the field direction in Fig. 13.
When 0.7 eV is employed as ¢,’® the above value of Ak./k
can be reproduced with ¢’ of 3.2 X 10™° eV(V/cm) .

E-F spectra with various fatty acid spacers were observed at
2 mol% of OCC. At this fraction, some fluorescence emitted
from an aggregate of OCC (probably dimer) with a peak at
~16500 cm ™! exists, but most fluorescence is emitted from the
OCC monomer, as in the case of the 0.5 mol% mixed mono-
layers. In the presence of VIO, fluorescence quenching is ob-
served as a result of PIET from the excited state of OCC to
VIO, irrespective of F. The magnitude of the quenching be-
comes larger with shortening the spacer distance, and the elec-
tron transfer rate is proportional to the exponential function of
the spacer distance, i.e., D-A distance. A similar dependence
of the fluorescence quenching on the D-A distance has been
reported in other LB film systems which show PIET.”*->7°

The magnitude of the quenching of the OCC fluorescence,
which occurs in the presence of the VIO mixed layer, signifi-
cantly depends on the spacer distance, while the magnitudes of
the field-induced change in fluorescence intensity relative to
the total fluorescence intensity are roughly the same. The
magnitudes both of k; and of Ak, were similarly estimated at 2
mol% of OCC for different spacer layers.3’ The evaluated val-
ues of Ak./ky give a straight line as a function of the spacer
distance, in agreement with the expectation. From the slope of
Akelky, i.e.,3.4 X 1074 A™!, ¢/ is evaluated to be 2.9 X 107 '°
eV(V cm 7!, ie., the barrier height increase or decreases,
depending on the field direction relative to the direction of the
electron transfer. Note that the barrier height increases, e.g.,
by 0.29 meV in the presence of 1.0 MV ¢cm™! with the applied
field direction shown in Fig. 13. By using the fluorescence
lifetime of the OCC monomer in the absence of VIO, i.e., 7"
= 1.0 ns,” ky as well as Ak, could be estimated for each spac-
er. Plots of ky and |Ak,| are shown in Fig. 16, as a function of
the spacer distance. It is clear that both k. and |Ak.| increase
monotonically with shortening the D—A distance.

It is concluded that the electron tunneling from OCC mono-
mer to VIO through a fatty acid monolayer is influenced by ¥
and that the barrier height for the tunneling becomes higher
and lower, depending on the field direction. It was shown that
the magnitude not only of the electron transfer rate but also of
its field-induced change becomes larger with shortening the
D-A distance.®’ This distance dependence of k., and Ak, is
very similar to that observed in random distribution system (cf.
Figs. 5 and 16).

If the OCC fraction in mixed LB films is increased, OCC
dimer is formed. The excitation dynamics of dimer is different
from that of the monomer.’! Then, field effects on excitation
dynamics of OCC dimer both in the absence and in the pres-
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for interlayer PIET from OCC to VIO through a fatty acid.
Applied field strength was 1.0 MV cm ™.

ence of the VIO layer are briefly discussed. The fluorescence
spectrum with an OCC fraction of 20 mol% is a mixture of the
monomer spectrum and the dimer spectrum. The E-F spec-
trum of the dimer in the absence of VIO observed at the first
harmonic of the modulation frequency is quite similar in shape
to the dimer fluorescence spectrum, indicating that the rate of
excitation dynamics of OCC dimer is enhanced by F with the
field direction given in Fig. 13 even in the absence of VIO.
When the field direction was inverted, the spectral shape and
the magnitude of the field-induced change in fluorescence in-
tensity were essentially the same, but the sign changed. Thus,
the excitation dynamics of the dimer, which is affected by F
even in the absence of VIO, is regarded as a vectorial process
along the normal to the surface.

The E-F spectrum with an OCC fraction of 20 mol% in the
presence of VIO is rather similar in shape to the first derivative
of the fluorescence spectrum, indicating that the field-induced
quenching of dimer fluorescence, which occurs in the absence
of VIO with the field direction given in Fig. 13, is cancelled by
the presence of VIO. As in the case of monomer, therefore, the
initial step of PIET from OCC dimer to VIO is regarded as re-
duced by F with the field direction given in Fig. 13.7%%! Simi-
lar field dependence was also found for interlayer electron
transfer from the excited state of N,N’-dioctadecylthiacyanine
perchlorate to VIO.®

2. Excimer Formation. Excimer formation process of
pyrene is also influenced by F in a polymer film, indicating
that the production of the radical-ion pair having a large elec-
tric dipole moment is not always necessary to induce an effi-
cient electric field effect on photochemical processes.3> At low
concentrations of pyrene in a film, fluorescence is dominated
by the sharp structured LE fluorescence emitted from the local-
ly excited state of S;, and the E-F spectra are essentially the
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Fig. 17. E-F spectra of pyrene doped in a PMMA film at dif-
ferent concentrations, together with the fluorescence spec-
tra (solid line). Applied field strength was 0.8 MV cm ™",
Maximum fluorescence intensity is normalized to unity in
every case. Excitation wavelength was in the region of
322.0-322.5 nm.

same as the first derivatives of the fluorescence spectra, as
shown in Fig. 2. Thus, the electric field effect on LE fluores-
cence at low concentrations results from the so-called Stark
shifts caused by a nonzero value of Ao between the ground
state and the excited state.”® As the concentration increases, a
broad excimer fluorescence with a peak at ~470 nm appears
besides the LE fluorescence (see Fig. 17). Hereafter, the exci-
mer fluorescence with a peak at ~470 nm is referred as the
first excimer fluorescence, which probably corresponds to a
sandwich-type conformation.

Along with the appearance of the first excimer fluorescence,
E-F spectra of the LE fluorescence become rather similar in
shape to the LE fluorescence spectrum, indicating that the
quantum yield of the LE fluorescence becomes smaller in the
presence of F. The magnitude of the quenching of the LE flu-
orescence relative to the total LE fluorescence intensity was
evaluated to be 5.5 X 1073 and 6.3 X 1073 at 5 and 10 mol% ,
respectively, with a field strength of 1.0 MV cm™!. Thus, the
field-induced quenching of the LE fluorescence becomes more
efficient with increasing concentration. Note that the field-in-
duced quenching is regarded as zero at low concentrations, be-
low 1 mol%.

E-F spectra at wavelengths longer than ~470 nm are very
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Fig. 18. Fluorescence spectrum of the second excimer of

pyrene in a PMMA film (a), and the fluorescence spectra at
1.0 mol% (b) and at 10 mol% (c).

similar in shape to the excimer fluorescence spectrum, e.g., at
5 and 10 mol% (see Fig. 17), indicating that not only the LE
fluorescence but also the first excimer fluorescence are
quenched by F. In contrast with the LE fluorescence or the
first excimer fluorescence, the third fluorescence with a peak at
~415 nm is enhanced by F at high concentrations. The mag-
nitude of the change both in enhancement and in quenching is
proportional to the square of the applied field strength. The
third fluorescence is very weak in the steady state fluorescence
spectra, but the spectrum could be obtained using the fluores-
cence and E-F spectra at 10 mol%. It was assumed that fluo-
rescence at 10 mol% is a mixture of the LE fluorescence and
the first excimer fluorescence and that the E-F spectrum is giv-
en by a superposition of the LE, the first excimer and the third
fluorescence spectra. The derived spectrum of the third fluo-
rescence is shown in Fig. 18, together with the spectrum at 1.0
mol% (LE fluorescence spectrum) and the spectrum at 10
mol%, which is dominated by the first excimer fluorescence.
The third fluorescence shows a broad feature with a peak at
around 415 nm, and this fluorescence is attributed to a different
type of excimer from the first excimer. Then, the excited spe-
cies which gives the third fluorescence is called the second ex-
cimer.

A broad fluorescence other than the LE fluorescence or the
first excimer fluorescence has been reported to be located in
the region of 400-420 nm in a crystal,**%3 in an LB film,% in a
vapor deposited film of 12-(1-pyrenyl)dodecanoic acid®’ or in
a neat liquid.®® This fluorescence is assigned as a one-center or
partially overlapping type of excimer, as in the case of Y-type
of excimer in a perylene crystal. Thus, it is very likely that
the second excimer which is enhanced by F corresponds to the
one-center or partially overlapping type of excimer. Fluores-
cence decay measurements show that the second excimer ex-
ists even in the absence of F in a PMMA polymer film and that
its average lifetime is longer than that of the LE fluorescence,
but shorter than that of the first excimer fluorescence.

It is likely that the electric field effects on fluorescence
quantum Yyield result from the field-induced change in nonradi-
ative decay rate, i.e., excimer formation rate is influenced by
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F. The field effect on fluorescence quantum yield could be an-
alyzed with a simple kinetic scheme. Formation rate constants
of the first and the second excimers are denoted by k(I) and
k(ID), respectively. Their field-induced changes are represented
as Ak(T) and Ak(II), respectively. By using the data of relative
intensity of each component of fluorescence and the field-in-
duced change in fluorescence quantum yield of each compo-
nent, together with the average fluorescence lifetime, these rate
constants were evaluated. At 10 mol%, for example, k(I) is
evaluated to be 9.7 X 107 s~!, while k(1) is smaller than k(I) by
more than two orders of magnitude, and Ak(I) and Ak(I) were
determined to be 3.6 X 10° s 'and 2.7 X 10°s™ !, respectively,
with a field strength of 1.0 MV cm™~'. These results show that
formation rates both of the first excimer and of the second ex-
cimer are enhanced by F. The formation rate of the first exci-
mer, i.e., k(I), is much larger than that of the second excimer,
i.e., k(I), whereas the magnitudes of the field-induced change
in formation rate are not so different from each other. This is
the reason why the opposite field dependence of the electric
field effects on fluorescence intensity is observed for the first
excimer and for the second excimer.

Because of the large overlap of  orbitals between adjacent
two pyrene chromophores, the first excimer is much more sta-
ble than the second excimer: k(I) >> k(). If the applied elec-
tric field induces an orbital polarization of electrons, however,
the stability of the unstable excimer may be enhanced by F be-
cause of the change in orbital overlap. In fact, the second exci-
mer was shown to be largely influenced by F. Therefore, the
present results imply that electric fields induce an orbital polar-
ization even when the applied field strength is similar to the
one used in the present study, i.e, in the order of MV cm™

Similar electric field effects on fluorescence were observed
for the methylene-linked compound where two pyrene chro-
mophores are attached to the chain ends, i.e., 1,3-bis-(1-pyre-
nyl)propane doped in a PMMA film at high concentrations; LE
fluorescence and the first excimer fluorescence are quenched
by F, while the second excimer fluorescence is enhanced by
F.° In comparison with bare molecules of pyrene, however,
only the first excimer fluorescence is quenched extremely well
by F. Actually, the magnitude of the quenching is nearly pro-
portional to the fourth power of the applied field strength in
1,3-bis-(1-pyrenyl)propane only for the first excimer fluores-
cence. Further, efficient electroluminescence, which is similar
in shape to the first excimer fluorescence, is observed in the
linked compounds, probably by a radiative recombination of
the hole-electron pair through a short methylene chain. Such
surprising differences of the field effects on excimer fluores-
cence between pyrene and methylene-linked compound may
give an important guide for design of new organic materials
which show efficient electroluminescence.

Summary and Future Prospect

In a mixture of electron donor (D) and acceptor (A) sepa-
rately doped in a polymer film, fluorescence emitted from the
locally excited state is quenched by F, and the rate of intermo-
lecular electron transfer between the excited molecule and the
ground state of its counterpart is enhanced by F. The field ef-
fects on the initial step of electron transfer have been discussed
in terms of the field-induced change in free energy gap be-
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tween reactant and product. The electronic properties of the
fluorescent exciplex were examined by analyzing the Stark
shift in the fluorescence spectra. The efficiency of the carrier
mobility of photoinduced hole or electron in a polymer film
was examined by the measurements of the E-F spectra of exci-
plex fluorescence.

In polymethylene-linked D and A systems doped in a
PMMA polymer film, the chain length dependence is found in
the electric field effects both on the LE fluorescence and on ex-
ciplex fluorescence. This dependence is interpreted by assum-
ing that the initial step of electron transfer, charge recombina-
tion which leads to the original pair of neutral molecules, and
back-electron transfer which produces the fluorescent state of
the excited chromophores occur through a methylene chain.
The rate or efficiency of these processes depends on the chain
length. It is proposed that the charge recombination, which ef-
ficiently occurs through a bond, is inhibited by F and that the
efficiency of the back-electron transfer through a bond is influ-
enced by F, and the magnitude of the field effect depends on
the pair of D and A. Thus, photoexcitation dynamics of chain
molecules, where two reactants are attached to chain ends, is
very different in certain cases from that in unlinked systems
even in solid states.

External electric field effects on vectorial interlayer PIET
through a fatty acid monolayer have been examined with well-
ordered molecular assemblies of LB films. Field effects on flu-
orescence show that the initial step of the electron transfer is
enhanced or depressed by F, depending on the direction of F
relative to the field direction. The D—A distance dependence,
both of the electron transfer and of its field-induced change, is
interpreted in terms of the electron tunneling through a poten-
tial barrier of a fatty acid monolayer.

Excimer formation process is shown to be influenced by F
for pyrene doped in a PMMA film. The results show that elec-
tric fields induce a change in photochemical processes even
when photoexcitation is not followed by a charge transfer. It is
suggested that the electronic coupling is influenced by F with a
field strength in the order of MV cm™ ', as a result of the orbital
polarization.

As demonstrated in the methylene-linked compound where
two pyrene chromophores are attached to the chain ends, i.e.,
1,3-bis-(1-pyrenyl)propane, the measurements of the field ef-
fects on emission following photoirradiation are very useful to
elucidate the mechanism of the efficient generation of elec-
troluminescence. A radiative recombination of the hole-elec-
tron pair through a molecular chain may play a significant role
in efficient generation of electroluminescence.

The present results imply that many photochemical process-
es can be controlled by F. As the reaction mechanism of pho-
tosensitized enantiodifferentiating processes, a formation of a
two diastereomeric exciplex pair between the excited sensitizer
and substrate has been proposed,” and the exciplex formation
between the substrate and chiral sensitizer is enhanced by F.%?
Since the relative stability between the diastereomeric exci-
plexes is considered to be the major source of the enantioselec-
tivity in the asymmetric photoreaction, it is anticipated in prin-
ciple that not only the chemical yields but also the optical
yields can be manipulated by F. It should be also pointed out
that other photoinduced dynamics such as proton transfer or
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excitation energy transfer (especially Dexter-type) may be also
influenced significantly by an external electric field.

The author is grateful to all of the co-workers who contrib-
uted in this study. A part of this work was supported by
Grants-in-Aid for Scientific Research from the Ministry of Ed-
ucation, Science, Sports and Culture.
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