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a b s t r a c t

Magnetic field effects on photoluminescence (PL) in the presence of external electric fields have been
examined for a variety of electron donor and acceptor pairs, either linked with methylene chain or ran-
domly distributed in polymethyl methacrylate (PMMA) films, which show intermolecular photoinduced
electron transfer (PIET). Application of electric fields changes the energy separation among different
electronic states, because the electric dipole moment at the state under consideration is usually differ-
ent from the others. The energy levels within the same spin multiplicity are also shifted or splitted by
application of magnetic field. Then, simultaneous application of electric field and magnetic field induces
lectric field effect
agnetic field effect: synergy effect of

lectric and magnetic fields
hotoinduced electron transfer
xciplex fluorescence
E fluorescence

interesting effects on PL which cannot be observed when only electric field or magnetic field is applied to
molecules. In this article, experimental results of the magnetic field effect of the electric field effect both
on LE fluorescence and on exciplex fluorescence resulting from PIET are presented, and the mechanism
of the synergy effects of the electric and magnetic fields on PL are discussed. The hyperfine interaction
of the various radical–ion pairs produced by PIET has been also determined on the basis of the synergy

lts a

olymer film

effects on PL, and the resu

. Introduction

Photoinduced electron transfer (PIET) and its subsequent pro-
esses play fundamental and important roles in a number of
hotochemical reactions. The photosynthetic reaction center in
lants is one of the most representative systems where PIET
akes place efficiently. The importance and complexity of electron-
ransfer reactions in nature as well as in material science have lead

any researchers to look for the ways to study the fundamental
hemistry of these processes with various model systems [1–4].
large number of molecular systems composed of donor (D) and

cceptor (A) with a rigid spacer or a bridging element or composed
f D and A as the separate constituents, which mimic the PIET in
hotosynthetic reaction center, have been designed and synthe-
ized with the aim of the construction of an artificial PIET system
quivalent to biological system. For the proper exploitation of such
–A systems, however, the elucidation of the kinetics and mecha-
isms of forward electron transfer as well as back electron transfer

n the excited states is prerequisite [5–19].
The PIET reactions, which involve formation of radical–ion pairs
RIPs), can be affected by an external magnetic field, due to the
resence of spin correlated electrons. In fact, magnetic field effects
n intra- and intermolecular electron transfer processes have been
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E-mail address: nohta@es.hokudai.ac.jp (N. Ohta).

010-6030/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2011.04.009
re compared with the calculated values.
© 2011 Elsevier B.V. All rights reserved.

examined to elucidate the PIET processes, and the observed mag-
netic field effect on fluorescence has been explained [20,21]. By far
the most common and satisfactory theory is the radical–ion pair
mechanism, which describes how weak magnetic field below one
Tesla can influence the electronic structure and dynamics of RIPs
[22–25]. One of the important characteristics of the magnetic field
effect on PIET is the distance dependence between D and A. The
optimum magnetic field effects can be observed only when the
RIPs are composed of D and A which have an optimum distance,
i.e., not too short and not too long. With the optimum distance, the
exchange interaction of RIP is so small that the electron–nuclear
hyperfine coupling induces efficient mixing between the singlet
state (S) and the triplet state (T) of RIPs. The application of external
magnetic field of the order of hyperfine interaction removes the
degeneracy of the triplet states and reduces the intersystem cross-
ing (ISC), resulting in an increase in the population of the initial
spin state. When the D–A distance of RIPs is very short, S–T energy
separation caused by the exchange interaction is much larger than
the hyperfine coupling so that spin evolution cannot be affected
by magnetic field. If the D–A distance of RIPs is too long, on the
other hand, the geminate characteristics get lost, and consequently
magnetic field effect cannot be observed. Therefore, an optimum
distance between D and A is required for the feasibility of the effi-

cient magnetic field effect. In solution, optimum D–A distance of
RIPs strongly depends on solvent polarity. Then, a number of inves-
tigators have explored higher magnetic field effects with medium
polarity rather than in solvents with high polarity [26–31].

dx.doi.org/10.1016/j.jphotochem.2011.04.009
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:nohta@es.hokudai.ac.jp
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Recently, a new approach has been developed to detect the mag-
etic field effects on photoluminescence (PL) in combination with
pplication of external electric fields, which has been applied to
IET system of D–A pairs [32–36]. It is well known that molecu-
ar energy levels are shifted by application of electric fields (the
tark shift), depending on the electric dipole moment and molec-
lar polarizability of the state under consideration [37–47]. In D–A
airs which show PIET, the energy separation between the reactant
nd product of PIET may become smaller or larger by application of
lectric field, depending on the direction of the applied electric field
elative to the direction of PIET because of the large dipole moment
f RIP. As a result, forward electron transfer as well as back electron
ransfer may be affected by application of electric field [37,48–58].
he energy separation between two states of S and T of RIPs may be
lso affected by application of electric field since RIPs with differ-
nt spin states may have different D–A distances from each other.
hen, the magnetic field effects on spin dynamics which are dif-
erent from the ones observed in the absence of external electric
eld may be expected. In the polymer films where D and A are dis-
ributed, further, hopping migration of hole or electron following
IET may occur, which may produce RIPs whose D–A distance is
ifferent from the original one produced by PIET. As a result, RIPs
here D–A distance is suitable for the observation of the efficient
agnetic field effect on PL may be formed. Accordingly, simulta-

eous application of electric field and magnetic field is expected to
resent the new way to control the photochemical reactions.

The present study is focused to the role of electric field which
lays in the magnetic field effects both on the fluorescence emitted
rom the locally excited state (LE fluorescence) of D or A and on
xciplex fluorescence resulting from PIET of D–A pairs, either linked
ith methylene chain or separately distributed in solid polymer
lms. The important finding from the approach of synergy effects of
lectric and magnetic fields is the significant magnetic field effects
n the electric-field-induced change in PL not only for the exciplex
uorescence but also for the LE fluorescence from D or A even under
he condition where PL is essentially independent of the applied

agnetic fields.

. Experimental

A linked or unlinked compound of D and A is randomly dis-
ributed in a solid film of poly(methyl methacrylate), abbreviated
s PMMA. A certain amount of benzene solution of D and A or
inked compound of D–A together with PMMA is poured onto an
ndium-tin-oxide (ITO) coated quartz substrate with a spin coating
echnique. The thickness of the sample polymer film, which was
ypically 0.7 �m, was determined using a thickness measurement
ystem. Then, a semitransparent aluminum (Al) film was deposited
n the dried sample polymer film by a vacuum vapor deposition
echnique. The deposited Al and ITO films were used as electrodes.
xternal electric field, the strength of which was determined by
he ratio of the applied voltage relative to the thickness of the film,
as applied between Al and ITO. The concentration of the sam-
le was calculated as the ratio relative to the monomer unit of
MMA.

Electroabsorption (E-A) and electro-photoluminescence (E-PL)
pectra, i.e., plots of the electric field-induced change in absorption
ntensity and PL intensity, respectively, as a function of wavelength
r wavenumber, were obtained under the same experimental con-
ition using the electric field modulation technique. The details of
he experimental procedures are described elsewhere [59]. Briefly,

onversing light beam from Xenon lamp of a fluorometer irradiated
he sample. PL emitted at right angle to the propagation direc-
ion of the irradiation light was detected. The E-A and E-PL spectra
ere measured by detecting the transmitted light intensity and PL
Fig. 1. Possible reaction scheme of photoexcitation dynamics in an electron donor
(D) and acceptor (A) system. The processes which may be affected by application of
electric field and magnetic field are indicated by F and H, respectively.

intensity, respectively, in the presence of electric fields. Actually, a
modulation both of the transmitted light intensity of the irradiation
light (I) and of the PL intensity (IPL) was induced by application of
the sinusoidal ac voltage with a frequency of 40 Hz to the sample. In
the presence of electric field, I and IPL contain both ac and dc compo-
nents. The dc component, which essentially corresponds to the total
transmitted light intensity or total PL intensity, was recorded by a
personal computer following the analog-to-digital conversion. The
ac component, i.e., the change in I(�I) or in IPL (�IPL), synchronized
with the sinusoidal ac voltage applied to the sample was detected
at the second harmonic of the modulation frequency by using a
lock-in amplifier. A function generator combined with an amplifier
was used to apply a desired ac voltage.

The synergy effects on IPL of D–A pairs in a PMMA film were
observed in the steady state measurements with a simultaneous
application of electric field (F) and magnetic field (H) at room tem-
perature under the vacuum conditions; the magnitude of �IPL was
measured at the second harmonic of the modulation frequency of
F with a lock-in amplifier both in the absence and in the presence
of H [32]. In the latter case, a static magnetic field, whose strength
was measured with a Bell 640 Incremental Gaussmeter, was applied
during the measurements of �IPL. The sample, installed in a vac-
uum cell and placed between the pole pieces of an electromagnet
NS (Tokin), was excited by a UV light from a 500 W xenon lamp
(ILC Technology) dispersed with a monochromator (JASCO, CT-10).
PL that propagates perpendicular to the direction of the applied
magnetic field was dispersed by a monochromator (Nikon, P-250)
and then detected by a photomultiplier (R446, Hamamasthsu Pho-
tonics). PL that propagates perpendicular to the direction of the
applied magnetic field was dispersed by a monochromator and then
detected by a photomultiplier.

3. Reaction scheme

In a randomly distributed system of D and A in a polymer film,
dynamical processes following photoexcitation of D or A are con-
sidered as follows (see Fig. 1): (1) a pair of excited state of D (D*)
and A or a pair of D and excited state of A (A*) which induce inter-
molecular PIET, represented as (D*. . .A) or (D. . .A*), respectively,
is encountered following energy migration of excited molecules;
(2) LE fluorescence of D is emitted from D* of D* + A or (D*. . .A);
(3) a complex which emits the exciplex fluorescence of EX(1),
i.e., (D+. . .A−)1, may be produced from (D*. . .A) or (D. . .A*); (4)
the singlet state of RIPs represented as 1(D+. . .A−) is produced by
intermolecular PIET from (D. . .A*) or (D*. . .A); (5) a complex rep-
resented as (D+. . .A−)2, which emits the exciplex fluorescence of

EX(2), or (D*. . .A)2 or (D. . .A*)2, which emits the LE fluorescence of
LE(2), may be produced from 1(D+. . .A−); (6) dissociation to pro-
duce free ions, i.e., D+ + A−, may occur from 1(D+. . .A−): (7) ISC
occurs between the singlet RIP, i.e., 1(D+. . .A−), and the triplet RIP,
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Fig. 2. Molecular structure of electron donor (D) and acceptor

.e., 3(D+. . .A−); (8) the singlet RIP, i.e., 1(D+. . .A−), may be produced
rom the fluorescent exciplex, i.e., from (D+. . .A−)1, and vice versa. It
s considered that LE(1) and LE(2) show a little different LE fluores-
ence spectra from each other since the interactions between the
xcited molecule and the ground state molecule of the counterpart
re a little different from each other. It is also considered that EX(1)
nd EX(2) show different spectra from each other, since the D–A
istances or the conformations of the emitting species are differ-
nt from each other. In solution, exciplex is considered to be formed
ollowing a conformational change of RIPs produced by PIET. In a
olymer film, molecules are fixed, and 1(D+. . .A−) whose confor-
ation is suitable for exciplex formation may be formed through a

opping migration of hole or electron, and the back electron trans-
er to produce LE fluorescence or exciplex fluorescence may have to
e considered. The reaction scheme shown in Fig. 1 is given for exci-
ation of donor molecule, i.e., D*, but similar scheme is applicable
or excitation of acceptor molecule, A*.

. Results
We have found that application of external electric field induces
he magnetic field effects on PL which are not observed in the
bsence of F. In D–A pairs which show intermolecular PIET, electric
eld effect on PL is significantly affected by H. At first, electric field

ig. 3. PL spectra (upper) and E-PL spectra (lower) in a PMMA film for a mixture of ECZ (1
center) and for linked compound of Py-(CH2)3-DMA (5 mol%) (right). E-PL spectra were
pectra are decomposed to the LE fluorescence spectrum (dotted line) and exciplex fluore
the linked compound of D–A discussed in the present article.

effects on PL of D–A systems are introduced. Then, it is shown how
the electric field effects on PL are affected by H.

4.1. Electric field effects on PL of D–A pairs in PMMA

PL spectra as well as E-PL spectra were measured for D and A
which were separately doped in a solid film of PMMA and for linked
compounds of D and A in a PMMA film. Molecular structure of D and
A as well as the linked compound employed in the present study
are shown in Fig. 2. D–A pairs which show PIET give the so-called
broad exciplex fluorescence besides the LE fluorescence of D or A.
Here, D–A pairs are classified into two types, type (I) and type (II),
depending on the magnetic field effect of the electric field effect on
PL. The D–A pairs of N-ethylcarbaole (ECZ) and dimethyl terephtha-
late (DMTP), pyrene (Py) and N-methylphthalimide (NMPI), or Py
and N, N-dimethylaniline (DMA) are classified into type (I), while
the D–A pairs of ECZ and 1,3-dicyanobenzene (DCB), Py and DCB
or 9-methylanthracene (MAnt) and DCB are classified into type (II).
Magnetic field effects on E-PL are different from each other; E-PL
of the exciplex fluorescence is well affected by H in type (I), while

E-PL of the LE fluorescence is well affected by H in type (II).

In the present D–A systems, LE fluorescence is quenched by F
(see Figs. 3 and 4) suggesting that PIET is enhanced by F. RIPs pro-
duced by PIET have a large dipole moment, and their energy levels

0 mol%) and DMTP (1 mol%) (left), for a mixture of Py (1 mol%) and NMPI (10 mol%)
obtained with 0.8 MV cm−1, 1.0 MV cm−1 and 0.8 MV cm−1 (from left to right). PL
scence spectrum (thick broken line).
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ig. 4. PL spectra (upper) and E-PL spectra (lower) in a PMMA film for a mixture of
center) and for a mixture of Py (1 mol%) and DCB (10 mol%) (right). E-PL spectra we
dotted line, and the exciplex fluorescence spectrum in each D–A system is shown

hift in the presence of F. As a result, the rate of the initial step
f electron transfer is expected to be affected by F [37,60]. This is
egarded as the principal mechanism of the electric field effect on
ntensity of the LE fluorescence, since PL is emitted from A* or D*.
ype (I) and type (II) show different electric field effects on exciplex
uorescence; exciplex fluorescence is well quenched by F in type
I), while exciplex fluorescence is little influenced or enhanced by
in type (II). The detailed results of the electric field effect on PL as
ell as its origin will be presented below for each D–A pair.

.1.1. ECZ + DMTP
In a mixture of ECZ and DMTP in a PMMA film, broad exciplex

uorescence with a peak at 450 nm, denoted by EXECZ-DMTP(45),
as observed following excitation into ECZ as a result of PIET from

he excited state of ECZ to DMTP besides the structured LE fluo-
escence emitted from ECZ in the region of 350–400 nm, and both
uorescence emissions were quenched by F (see Fig. 3a and b). It

s worth mentioning that the electric field effect on PL depends on
he concentration of ECZ and DMTP. Only when the ECZ concentra-
ion was high in a mixture of ECZ and DMTP, EXECZ-DMTP(45) was
uenched by F, irrespective of the DMTP concentration [61].

The quenching of the LE fluorescence by F is ascribed to the
lectric-field-induced enhancement of PIET, i.e., the process from
D*. . .A) to 1(D+. . .A−) in Fig. 1 is enhanced by F. On the other hand,
he quenching of EXECZ-DMTP(45) by F is ascribed to an electric-field-
ssisted dissociation of RIPs through a hopping migration of holes;
he process from 1(D+. . .A−) to D+ + A− in Fig. 1 is enhanced by F,
esulting in the decrease of the number of RIPs from which fluo-
escent exciplex is produced. As a result, EXECZ-DMTP(45) becomes
eaker in the presence of F. In this connection, photocurrent was
etected in a mixture of ECZ and DMTP in PMMA, when the ECZ
oncentration was high [61]. The electric field-induced quench-
ng of EXECZ-DMTP(45) became more efficient with increasing ECZ
oncentration, and the photocurrent was much larger at 10 mol%
f ECZ than 5 mol% of ECZ concentration. The fact that the pho-
ocurrent was not detected at low concentrations of ECZ indicates
hat only hole transport efficiently occurs and that electron trans-
ort does not occur in a mixture of ECZ and DMTP in a PMMA
lm. Thus, electric-field-induced dissociation of RIPs composed of
CZ and DMTP, which leads to photocurrent, occurs, only when the

CZ concentration is high. In a mixture of 1 mol% ECZ and 10 mol%
MTP, where PL spectra are nearly the same as the one of a mix-

ure of 10 mol% ECZ and 1 mol% DMTP, LE fluorescence of ECZ is
uenched by F as a result of the field-induced enhancement of PIET,
mol%) and DCB (10 mol%) (left), for a mixture of MAnt (1 mol%) and DCB (10 mol%)
tained with 1.0 MV cm−1 in every case. PL spectrum of ECZ, MAnt or Py is shown by
hick broken line.

but the exciplex fluorescence (EXECZ-DMTP(45)) is not quenched by
F, though the Stark shift given by the first derivative of the fluores-
cence spectrum is observed (see Fig. 5e and f) [61].

4.1.2. Py + NMPI
In a mixture of Py and NMPI in a PMMA film, broad exciplex

fluorescence with a peak at ∼450 nm was observed as a result of
PIET from the excited state of Py to NMPI, besides the structured
LE fluorescence emitted from Py in the region of 350–400 nm. Both
LE fluorescence and exciplex fluorescence are well quenched by F
(see Fig. 3d) [33]. Actually, not only the field-induced quenching
but also the Stark shift were observed for both LE and exciplex flu-
orescence, and E-PL spectra could be simulated by a superposition
both of the linear combination of the LE fluorescence spectrum and
its first derivative spectrum and of the linear combination of the
exciplex fluorescence spectrum and its first derivative spectrum
for the mixture of Py 1 mol% and NMPI 10 mol%. It is noted that the
presence of the zeroth derivative component corresponds to the
quenching induced by F.

The quenching of the LE fluorescence by F is ascribed to the
electric-field-induced enhancement of PIET, i.e., the process from
(D*. . .A) to 1(D+. . .A−) in Fig. 1 is enhanced by F. In fact, fluores-
cence decay measurements both in the absence and presence of
F show that the lifetime of the LE fluorescence becomes shorter in
the presence of F, indicating that the field-induced quenching of the
LE fluorescence is attributed to a lifetime-shortening, i.e., the PIET
is enhanced by F. On the other hand, the quenching of the exci-
plex fluorescence by F is ascribed to a field-assisted dissociation
of radical–ion pairs from which the fluorescent exciplex is consid-
ered to be produced. In fact, time-resolved decay measurements
of the exciplex fluorescence both in the absence and presence of
F show that the initial population of the fluorescent exciplex is
de-enhanced by F [33].

4.1.3. Py-(CH2)3-DMA
In methylene-linked compounds of pyrene (Py) and N,N-

dimethylaniline (DMA), i.e., in Py-(CH2)3-DMA, remarkable electric
field effects both on LE fluorescence emitted from Py chromo-
hore and on exciplex fluorescence with a peak at 450 nm were
observed (see Fig. 3f), only when the concentration of the linked

compounds in PMMA was high. These results are very similar to
those in ECZ + DMTP or Py + NMPI (see Fig. 3). In solution or in a
supersonic jet [62], Py-(CH2)3-DMA shows exciplex fluorescence
whose spectrum is very similar to the one in Fig. 3e, as a result of
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Fig. 5. PL spectra (upper left) and E-PL spectra (upper middle) of a mixture of 10 mol% ECZ and 1 mol% DMTP in a PMMA film at H = 0 (solid line) and at H = 0.09 T (dotted
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ine), the difference of the PL spectra (lower left) and the difference of the E-PL spe
MTP (10 mol%) in a PMMA film at H = 0 (solid line) and at H = 0.09 T (dotted line) (r

dotted line). E-PL spectra were obtained with F = 0.8 MV cm−1.

ntramolecular PIET. When the concentration of Py-(CH2)3-DMA
as low in PMMA, however, exciplex fluorescence was negligi-

ly weak [63], indicating that the strong exciplex fluorescence of
y-(CH2)3-DMA in PMMA shown in Fig. 3e results from the inter-
olecular PIET from DMA chromophore to the excited state of

y. The exciplex fluorescence is considered to be formed via RIP
roduced by intermolecular PIET, and the electric-field-induced
uenching of the LE fluorescence is attributed to the field-induced
nhancement of the PIET rate [63]. The field-induced quenching of
he exciplex fluorescence is attributed to an electric-field-assisted
issociation of RIP produced by PIET, i.e. a dissociation of RIPs into
ree ions occurs as a result of electric field-assisted hopping migra-
ion of photoinduced hole and/or electron.

.1.4. ECZ + DCB
In a mixture of ECZ and DCB in a PMMA film, broad exciplex

uorescence with a peak at ∼420 nm was observed as a result of
IET from the excited state of ECZ to DCB besides the structured
E fluorescence emitted from ECZ in the region of 350–400 nm,
nd both LE fluorescence and exciplex fluorescence were quenched
y F (see Fig. 4b) [35]. This exciplex fluorescence is denoted by
XECZ-DCB(42). The E-PL spectrum could be simulated by a linear
ombination between the LE fluorescence spectrum and its first
erivative spectrum and by a linear combination of the exciplex
uorescence spectrum and its first and second derivative spectra
35]. The first and second derivative components correspond to
he spectral shift and the spectral broadening resulting from the
ifference in molecular polarizability and electric dipole moment,
espectively, between the emitting state and the ground state. From
he presence of the zeroth derivative component, both LE and exci-
lex fluorescence are known to be quenched by F. Actually, the
agnitude of the field-induced quenching of the exciplex fluores-

ence in a mixture of ECZ (1 mol%) and DCB (10 mol%) was very
mall in contrast with the pair of ECZ (10 mol%) and DMTP (1 mol%),
hough the electric-field-induced quenching of the LE fluorescence
as large. It is worth mentioning that exciplex fluorescence is much
eaker in a mixture of ECZ (1 mol%) and DCB (10 mol%) than that of
mixture of 10 mol% ECZ and 1 mol% DMTP or a mixture of 1 mol%
CZ and 10 mol% DMTP.

The quenching of the LE fluorescence by F is ascribed to the

lectric-field-induced enhancement of PIET, and the faint quench-
ng of the exciplex fluorescence by F may be ascribed to a
eld-induced enhancement of the nonradiative process at the emit-
ing state of the exciplex fluorescence.
tween H = 0 and 0.09 T (lower center), PL spectra of a mixture of ECZ (1 mol%) and
pper) and the difference of the E-PL spectra between H = 0 (shaded line) and 0.09 T

4.1.5. MAnt + DCB
In a mixture of MAnt and DCB in PMMA, PL following excita-

tion of MAnt is assigned to the LE fluorescence of MAnt, and this LE
fluorescence is quenched by F (see Fig. 4d). The spectral shape of
the LE fluorescence is very different from the PL spectrum of MAnt
observed in the absence of DCB (see Fig. 4c and d), indicating that
the interaction between DCB and the excited molecule of MAnt is
very strong [36]. The observed E-PL spectrum cannot be assigned
only to the LE fluorescence. In the longer wavelength region, the
E-PL spectrum shows structureless positive band; either the Stark
shift or/and field-induced enhancement must be considered for the
broad band located in the wavelength region longer than that of
the LE fluorescence. The broad band in E-PL may be assigned to the
exciplex fluorescence. Both in the time-resolved PL spectra and in
the steady-state PL spectra of a mixture of MAnt (1 mol%) and DCB
(10 mol%), PL spectrum which was different from the one of the LE
fluorescence was not confirmed, indicating that the exciplex flu-
orescence is extremely weak even if it exists [36]. In the analysis
of the E-PL spectrum, the contribution of the LE fluorescence spec-
trum was subtracted from the observed E-PL spectrum by assuming
that the intensity at the peak located in a shorter wavelength region
was the same in both PL and E-PL spectra. The subtracted spectrum
given in Fig. 4c, which shows a broad band with a peak at ∼450 nm,
can be assigned to the exciplex fluorescence spectrum. Thus, the LE
fluorescence is quenched by F, but the broad exciplex fluorescence,
which is originally negligibly weak, is enhanced by F.

E-PL spectra both of the LE fluorescence and of the exciplex flu-
orescence are regarded as given by a linear combination between
the zeroth, first and second derivatives of the emission spectrum;
the Stark shift is expected for both LE and exciplex fluorescence
besides the field-induced change in PL intensity. It is noted that the
E-PL spectra of MAnt at 1 mol% in a PMMA film in the absence of
DCB are given by the first derivative of the PL spectrum of MAnt and
that fluorescence intensity is not affected by F in the absence of DCB,
which is a counterpart for PIET; only the Stark shift was observed
for MAnt in the absence of DCB [36]. Then, there is no doubt that
the electric-field-induced quenching of the LE fluorescence of MAnt
in the presence of DCB results from the electric field effect on PIET
between MAnt and DCB. Then, the electric-field-induced quenching
of the LE fluorescence is attributed to the field-induced enhance-

ment of PIET from the excited state of MAnt to DCB. In a mixture
of MAnt and DCB, fluorescent exciplex may be originated from the
contact pair between the excited state of MAnt and DCB, that is, the
exciplex may be a precursor of RIP. The fact that the exciplex flu-
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Fig. 6. (a) Plots of �IPL(H)/IPL(0) at 380 nm, (b) plots of �IPL(H)/IPL(H) divided by
�IPL(0)/IPL(0) at 380 nm, (c) plots of �IPL(H)/IPL(0) and �IPL(H)/IPL(H) divided by
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rescence is enhanced by F suggests that exciplex formation from
he contact pair is enhanced by F, resulting in the field-induced
uenching of the LE fluorescence. It should be stressed that the
xciplex fluorescence is not quenched by F in the D–A pair of MAnt
nd DCB, indicating that RIP or exciplex is not dissociated into free
on even when electric field is applied.

.1.6. Py + DCB
In a mixture of Py and DCB in a PMMA film, PL as well as E-PL

pectra, similar to the ones in a mixture of MAnt and DCB, were
bserved (see Fig. 4e and f). PL of a mixture of Py + DCB in PMMA
s assigned to the LE fluorescence from Py, but the shape of the
bserved PL spectrum is different from the one of Py observed in
he absence of DCB. PL spectrum was subtracted from the E-PL
pectrum by assuming that the intensity at the peak located in the
horter wavelength region was the same in both PL and E-PL spec-
ra. The subtracted spectrum, presented in Fig. 4e, shows a broad
and with a peak at 420 nm, which can be assigned to the exci-
lex fluorescence spectrum. Thus, the broad exciplex fluorescence

s known to be enhanced by F. PL spectrum which is different from
he LE fluorescence was not confirmed both in the time-resolved
mission spectra and in the steady-state emission spectra of a mix-
ure of Py (1 mol%) and DCB (10 mol%), indicating that the exciplex
uorescence is very weak in a mixture of Py and DCB at zero field
ven if it exists [36]. The quenching of the LE fluorescence by F indi-
ates that PIET from the excited state of Py to DCB is enhanced by F.
ote that PL of Py at 1 mol% shows only the Stark shift in the absence
f DCB, and the E-PL spectrum is given by the first derivative of the
L spectrum [59].

If the exciplex is formed from the LE fluorescent state,
eld-induced enhancement of the exciplex fluorescence may be
xpected along with the quenching of the LE fluorescence, as
bserved in MAnt-DCB and Py-DCB pairs, respectively. If the
xciplex formation is dominant, strong exciplex fluorescence
ay have to be observed. Accordingly the fact that exciplex

uorescence is very weak suggests that the direct electron trans-
er, i.e., (D*. . .A) → 1(D+. . .A−) in the reaction scheme shown in
ig. 1, occurs efficiently and that the exciplex formation, i.e.,
D*. . .A) → (D+. . .A−)1 in Fig. 1, is a minor process at zero field in
he present D–A pairs. The electric-field-induced quenching of the
E fluorescence probably results from the electric-field-induced
nhancement of the direct electron transfer which produces RIP,
hile the electric-field-induced enhancement of the exciplex flu-

rescence may result from the field-induced enhancement of the
inor exciplex formation process from the LE fluorescent state.

.2. Magnetic field effect on electro-photoluminescence (E-PL) of
–A pairs in PMMA

As already mentioned, there are two types of D–A pairs, i.e.,
ne is the D–A pairs where significant synergy effects of electric
nd magnetic fields were observed for exciplex fluorescence (type
I)), and another is the D–A pairs where significant synergy effects
ere observed for the LE fluorescence (type (II)). The experimental

esults of the synergy effect on exciplex fluorescence as well as the
E fluorescence will be described below for each of D–A pairs.

.2.1. Magnetic field effects on E-PL of D–A pairs in type (I)
In a mixture of ECZ (10 mol%) and DMTP (1 mol%) in a PMMA

lm, PL and E-PL spectra were observed at zero magnetic field
nd at H = 0.09 T. The magnetic field effect both on PL and on
-PL, i.e., the spectra both of (IPL(H = 0.09 T) − IPL(H = 0)) and of

�IPL(H = 0.09 T) − �IPL(H = 0)) are shown in Fig. 5. A noticeable

agnetic field effect was not observed in the absence of F for IPL

oth of the LE fluorescence and of the exciplex fluorescence, i.e.,
XECZ-DMTP(45), but a significant magnetic field effect was observed
�IPL(0)/IPL(0) as a function of H observed at 450 nm for a mixture of ECZ (10 mol%)
and DMTP (1 mol%).

for �IPL both of the LE fluorescence and of EXECZ-DMTP(45). It should
be noted that the magnetic field effect on IPL as well as on �IPL

was observed for the broad PL with a peak at ∼380 nm, assigned
to another exciplex fluorescence between ECZ and DMTP. This
emission, denoted by EXECZ-DMTP(38), noticeably increases with
application of H even in the absence of F (see Fig. 4b), which is
exceptional, as will be mentioned later.

Plots of �IPL(H)/IPL(H) relative to �IPL(0)/IPL(0) as well as
�IPL(H)/IPL(0) as a function of H are shown in Fig. 6c for
EXECZ-DMTP(45). The magnitude of �IPL(H) of EXECZ-DMTP(45) and of
the LE fluorescence becomes smaller with increasing H, i.e., appli-
cation of H reduces the magnitude of the electric-field-induced
quenching, which saturates at high fields, while IPL(H) is roughly
independent of H. The strength of H where the change in �IPL

becomes one-half of the saturated value, H1/2, is ∼0.0060 T [34].
Fig. 5e and f shows PL and E-PL spectra of a mixture of ECZ

(1 mol%) and DMTP (10 mol%) obtained at H = 0 and 0.09 T. The PL
spectrum is roughly the same in shape as the one of the mixture of
ECZ (10 mol%) + DMTP (1 mol%) (cf. Figs. 3a and 5e), implying that
the efficiencies of the electron transfer in both samples are roughly
the same. On the other hand, E-PL spectra of the exciplex fluores-
cence are different from each other; EXECZ-DMTP(45) was efficiently
quenched by F at a high concentration of ECZ(=10 mol%), whereas
EXECZ-DMTP(45) was not quenched by F at a low concentration of ECZ
(=1 mol%). When the ECZ concentration was not high in a mixture

of ECZ and DMTP, further, the magnetic-field-induced change was
not observed both in the PL spectrum and in the E-PL spectrum, as
shown in Fig. 5e and f.
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Fig. 7. (Upper part) E-PL spectra at zero magnetic field (solid line) and in the presence of H (dotted line), (lower part) the difference of the E-PL spectra in the absence and
presence of H in a PMMA film for D–A pairs of Py-(CH2)3-DMA (5 mol%) (upper left), a mixture of ECZ (1 mol%) and DCB (10 mol%) (upper right), a mixture of MAnt (1 mol%)
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nd DCB (10 mol%) (lower left) and a mixture of Py (1 mol%) and DCB (10 mol%) (low
uorescence spectrum and another spectrum, i.e., exciplex fluorescence spectrum.
.0 MV cm−1 for the others, respectively.

The D–A pair of ECZ and DMTP is exceptional in the sense that
XECZ-DMTP(38), which is affected by H even in the absence of F,
xists. Plots of �IPL(H)/IPL(0) as well as �IPL(H)/IPL(H) relative to
IPL(0)/IPL(0)as a function of H are shown in Fig. 6a and b. The

atio of �IPL(H)/IPL(0) monotonically increases with increasing H,
ut the ratio of �IPL(H)/IPL(H) relative to �IPL(0)/IPL(0) monoton-

cally decreases with increasing H. Saturation was not observed
ven at high magnetic fields in both cases, in contrast with the
ynergy effect both of the LE fluorescence and of EXECZ-DMTP(45).
t is noted that EXECZ-DMTP(38) becomes smaller, as the concentra-
ion of ECZ becomes lower. Further, the magnetic-field-effect of
XECZ-DMTP(38) was not observed without DMTP, even when the
CZ concentration was as high as 10 mol% in a PMMA film, indicat-
ng that EXECZ-DMTP(38) is a different type of exciplex composed of
CZ and DMTP from EXECZ-DMTP(45).

In a linked compound of Py and DMA, i.e., Py-(CH2)3-DMA, PL
pectra in PMMA are not affected by H, but E-PL spectra in PMMA
how a significant magnetic field effect at high concentrations such
s 5 mol% in PMMA (see Fig. 7a and b). The magnitude of �IPL is
educed by H both in the LE fluorescence and in the exciplex fluo-
escence. Plots of �IPL(H)/IPL(H) relative to �IPL(0)/IPL(0) as well as

PL(H)/IPL(0) as a function of H are shown in Fig. 8a and b. The mag-
itude of �IPL(H) both of the LE fluorescence and of the exciplex
uorescence becomes smaller with increasing H and saturates at
igh fields, i.e., the magnitude of the electric-field-induced quench-
ht). The difference spectrum for a mixture of ECZ and DCB is decomposed to the LE
trengths of H and F were 0.09 T and 0.8 MV cm−1 for Py-(CH2)3-DMA and 0.1 T and

ing becomes smaller with increasing H and saturates at high fields,
while IPL(H) is nearly independent of H. The strength of H where
the change in �IPL of the exciplex fluorescence becomes one-half
of the saturated value, H1/2, was ∼0.0075 T [32].

In a mixture of Py (1 mol%) and NMPI (10 mol%) in a PMMA film,
the significant H dependence was observed for �IF both of the
LE fluorescence and of the exciplex fluorescence, even under the
condition where the total fluorescence intensity, i.e., IPL, was inde-
pendent of H. Plots of �IPL(H)/IPL(H) relative to �IPL(0)/IPL(0) are
shown in Fig. 8c and d as a function of H, together with IPL(H)/IPL(0).
In both fluorescence emissions, the magnitude of �IPL(H) becomes
smaller with increasing H and saturates at high fields, i.e., the mag-
nitude of the electric-field-induced quenching becomes smaller
with increasing H and saturates at high fields, while IPL(H) is nearly
independent of H in both emissions, which is very similar to the LE
fluorescence and EXECZ-DMTP(45) in a mixture of ECZ + DMTP with a
high concentration of ECZ. The strength of H where the change in
�IPL(H) becomes one-half of the saturated value, denoted by H1/2,
is as small as ∼0.0070 T both for the LE fluorescence and for the
exciplex fluorescence.
4.2.2. Magnetic field effects on E-PL of D–A pairs in type (II)
The D–A pairs of ECZ + DCB, Py + DCB or MAnt + DCB show very

different synergy effect from the one of the D–A pairs in type (I)
in the sense that E-PL of the LE fluorescence is well affected by
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Fig. 8. Plots of �IPL(H)/IPL(H) divided by �IPL(0)/IPL(0) (©) and of �IPL(H)/IPL(0) (�) as a function of H for PL of Py-(CH2)3–DMA (5 mol%) (left) and for a mixture of Py
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1 mol%) and NMPI (10 mol%) (right). LE fluorescence at 378 nm and 375 nm (upper
y-(CH2)3–DMA and for a mixture of Py and NMPI, respectively. The strength of F u

. Detailed experimental results in these D–A pairs are presented
elow.

PL and E-PL spectra of a mixture of ECZ (1 mol%) and DCB
10 mol%) in a PMMA film were observed at H = 0 and 0.1 T. E-PL
pectra at H = 0 and 0.1 T are shown in Fig. 7c, together with the
ifference spectrum between these two spectra (Fig. 7d). Plots of
IPL(H)/IPL(H) relative to �IPL(0)/IPL(0) as well as IPL(H)/IPL(0) were

lso obtained by monitoring the LE fluorescence at 370 nm and the
xciplex fluorescence at 410 nm as a function of H. The results are
hown in Fig. 9a and b. Note that the magnetic field effect was not
bserved in the absence of F both for the LE fluorescence and for
he exciplex fluorescence.

A noticeable magnetic field effect was observed for �IPL in the
resence of F (Fig. 7c). The difference spectrum of the E-PL spec-
ra in the absence and presence of H shown in Fig. 7d is different
n shape from the LE spectrum of ECZ or the EXECZ-DCB(42) spec-
rum shown in Fig. 4a. The fact that the difference of the E-PL
pectra mentioned above is essentially zero at wavelengths longer
han 430 nm (see Fig. 7d) indicates that �IPL as well as IPL of
XECZ-DCB(42) are not affected by H. Actually, the difference spec-
rum of the E-PL spectrum is regarded as a superposition between
he LE fluorescence spectrum and a broad spectrum with a peak
t ∼400 nm, as shown in Fig. 7d. The broad spectrum, denoted by
XECZ-DCB(40), is regarded as fluorescence of another exciplex com-
osed of ECZ and DCB, which probably has a different conformation
rom EXECZ-DCB(42). Application of H reduces the electric-field-
nduced quenching of the LE fluorescence, and the intensity of
XECZ-DCB(40) is a little increased by H in the presence of F.

In both LE fluorescence and EXECZ-DCB(40), �IPL(H) becomes
maller with increasing H and saturates at high fields (see Fig. 9a
nd b), while IPL(H) is essentially independent of H. The strength of
where the change in �IPL of the exciplex fluorescence and LE flu-

rescence becomes one-half of the saturated value, H1/2, is 0.0036 T
n both LE and exciplex fluorescence.

The pair of ECZ and DCB is very different from the one of ECZ
nd DMTP in a PMMA film. In the latter case, electric-field-induced
uenching becomes less efficient in the presence of H, only when

he ECZ concentration is high. At low concentrations of ECZ, no mag-
etic field effect was observed in the E-PL spectrum, suggesting that
ole carriers play an important role in the synergy effects of F and
on the exciplex fluorescence in a mixture of ECZ and DMTP. In the
exciplex fluorescence at 449 and 470 nm (lower) were monitored, respectively, for
r the measurements of �IPL was 0.8 MV cm−1 in both cases.

former case, however, the synergy effect of F and H was observed
even when the concentrations of ECZ and DCB were replaced by
each other, as mentioned below. In the pair of ECZ and DMTP, fur-
ther, two kinds of exciplex fluorescence, i.e., EXECZ-DMTP(38) and
EXECZ-DMTP(45), exist in a PMMA film. The former exciplex fluo-
rescence shows the magnetic field effect even in the absence of F,
while EXECZ-DMTP(45) shows the synergy effect which is similar to
the one observed in the pair of ECZ and DCB. Thus, the magnetic
field effects of the exciplex fluorescence in the ECZ and DCB pairs
are very different from the one in the pair of ECZ and DMTP, indi-
cating that the synergy effect as well as the magnetic field effect or
electric field effect depend on donor (D) as well as on acceptor (A).

In order to verify the role of hole migration or electron migra-
tion in the synergy effect of F and H, PL and E-PL spectra of a
mixture of ECZ (10 mol%) and DCB (1 mol%) were measured under
the simultaneous application of F and H. The observed PL and
E-PL spectra were roughly the same both for a mixture of ECZ
(10 mol%) + DCB (1 mol%) and for a mixture of ECZ (1 mol%) + DCB
(10 mol%), implying that neither hole transport nor electron trans-
port play a significant role in the synergy effect observed in the D–A
pair of ECZ and DCB probably because hole–electron interaction is
very strong in the pair of ECZ and DCB.

In a mixture of MAnt and DCB or Py and DCB in PMMA, a
noticeable magnetic field effect was not observed in the absence
of F for the PL intensity in the whole spectral region. A noticeable
magnetic field effect was not observed for �IPL of the exciplex flu-
orescence either. PL and E-PL spectra of a mixture of 10 mol% of
DCB and 1 mol% of MAnt or Py in a PMMA film were observed
under the simultaneous application of F and H. E-PL spectra of
a mixture of MAnt and DCB or Py and DCB at H = 0 and H = 0.1 T
are shown in Fig. 7e and g, together with the difference between
these two spectra (Fig. 7f and h). Plots of �IPL(H)/IPL(H) relative to
�IPL(0)/IPL(0) as well as IPL(H)/IPL(0) were also obtained by mon-
itoring the LE fluorescence at 417 nm in MAnt and DCB and at
396 nm in Py and DCB as a function of H. The results are shown
in Fig. 9c and d. Remarkable synergy effect of F and H was observed
for the LE fluorescence; application of H reduces the magnitude

of the electric-field-induced quenching of the LE fluorescence in a
mixture of MAnt and DCB or Py and DCB. The magnitude of �IPL

of the LE fluorescence becomes smaller with increasing H and sat-
urates at high fields, while IPL(H) is essentially independent of H.
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Fig. 9. (©) Plots of �IPL(H)/IPL(H) divided by �IPL(0)/IPL(0), (�) plots of �IPL(H)/IPL(0)
as a function of H for a mixture of ECZ (1 mol%) and DCB (10 mol%) at 370 nm (a) and
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t 410 nm (b), for a mixture of MAnt (1 mol%) and DCB (10 mol%) at 417 nm (c) and
or a mixture of Py (1 mol%) and DCB (10 mol%) at 396 nm (d). The strength of F used
or the measurements of �IPL was 1.0 MV cm−1.

he strength of H where the change in �IPL of the LE fluorescence
ecomes one-half of the saturated value, H1/2, was 0.0039 T and
.0045 T for MAnt-DCB and Py-DCB pairs, respectively [36].

. Discussion

Electric field effect on LE fluorescence is ascribed to the electric
eld effect on the initial step of electron transfer; field-induced
uenching of the LE fluorescence in the above-mentioned D–A
airs results from the enhancement of the electron transfer,
hat is, (D*. . .A) → 1(D+. . .A−) in Fig. 1 is accelerated by F, as
lready mentioned. Hereafter, electric-field-induced quenching
nd electric-field-induced enhancement are abbreviated as E-F-I-Q
nd E-F-I-E, respectively. The field-induced enhancement or de-
nhancement of PIET depends on the free energy gap between the
eactant and product of the D–A pairs [48,60]. Fluorescent exci-

lex may be produced from the contact pair of the LE state with
counterpart, i.e., (D*. . .A) → (D+. . .A−)1 in Fig. 1, in competition
ith the PIET to produce RIP. E-F-I-E of PIET leads to E-F-I-Q of the

xciplex fluorescence, if the exciplex formation process competes
Photobiology A: Chemistry 221 (2011) 1–12 9

with the PIET and this process is independent of F. As shown in
the reaction scheme in Fig. 1, further, it may be considered that
fluorescent exciplex is also formed from RIP produced by PIET, i.e.,
1(D+. . .A−) → (D+. . .A−)1 or (D+. . .A−)2. In fact, the rise profile of the
exciplex fluorescence usually does not agree with the decay profile
of the LE fluorescence. Then, dissociation of RIP to produce free hole
or electron in the presence of F is considered to be another mecha-
nism of E-F-I-Q of exciplex fluorescence. In the D–A pairs of type (I),
E-F-I-Q of the exciplex fluorescence was observed, only when the
concentration of D or A was very high. In the pair of ECZ and DMTP,
for example, E-F-I-Q was observed, only when the concentration of
ECZ was very high in PMMA. Therefore, E-F-I-Q of the exciplex fluo-
rescence is mainly attributed to the latter mechanism; RIP which is
a precursor of the fluorescent exciplex is dissociated into free ions
with application of F.

In the D–A pairs belonging to type (II), e.g., Py + DCB or
MAnt + DCB, exciplex fluorescence is enhanced by F. If the fluores-
cent exciplex is formed from RIP produced by PIET, the intensity
of the exciplex fluorescence increases with application of F, since
E-F-I-Q of the LE fluorescence leads to the increase of the num-
ber of RIPs. In type (II), however, synergy effect of the electric and
magnetic fields was not observed for those exciplex fluorescence
emissions, suggesting that the fluorescent exciplex is not formed
from RIP produced by PIET. In these D–A pairs, it seems that the
interaction between D and A in the ground state is very strong and
that the fluorescent exciplex is formed directly from the contact
pair of the LE state. Then, E-F-I-E of the exciplex fluorescence seems
to come from the enhancement of this exciplex formation process;
the process from (D*. . .A) to (D+. . .A−)1 shown in Fig. 1 exists, and
this process is enhanced by F. Since the exciplex may have a charge-
separated character in nature, the electric field effect on this process
may be similar to the one on PIET.

E-F-I-Q of PL becomes smaller monotonically with increas-
ing applied magnetic field and saturates at high fields (see
Figs. 6c, 8 and 9). E-PL of the exciplex fluorescence is largely affected
by H in type (I), while E-PL of the LE fluorescence is largely affected
by H in type (II); E-F-I-Q becomes less efficient noticeably in the
presence of H in the exciplex fluorescence (type (I)) and in the LE
fluorescence (type (II)). In both cases, E-PL is efficiently affected
by a weak magnetic field less than 0.1 T, and the magnetic field
effect on E-PL saturates at high magnetic fields. These results sug-
gest that the magnetic field effect on E-PL should be interpreted in
terms of the nuclear hyperfine coupling of RIP produced by PIET;
the spin conversion between the singlet and triplet states of RIP
produced by PIET, i.e., between 1(D+. . .A−) and 3(D+. . .A−) in Fig. 1,
is influenced by application of magnetic fields. The hyperfine inter-
action can couple 1(D+. . .A−) and 3(D+. . .A−), when the coupling
strength is greater than the exchange interaction. The initial step
of PIET which produces the singlet state of RIP, i.e., the process
from (D*. . .A) to 1(D+. . .A−) in Fig. 1 is regarded as unaffected by H,
though this process may be well affected by F.

If the nuclear hyperfine coupling of the produced RIP plays
an important role in the synergy effect, the hyperfine interaction
energy for freely diffusing D and A, i.e., H1/2, may be given as fol-
lowings [24]:

H1/2 = 2(B2
a + B2

b)/(Ba + Bb), (1)

where Ba or Bb =
[∑

i=1

A2
i
Ii(Ii + 1)

]1/2

. Here, index a and b corre-

spond to the radical cation and anion, respectively, and Ai and Ii

are the isotropic hyperfine coupling constant and the nuclear spin
quantum number of the ith nucleus, respectively. The hyperfine
coupling constants of cation and anion of D–A pairs, which show
the synergy effect, were calculated, and the results are shown in
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Table 1
H1/2 determined from the synergy effect of electric and magnetic fields on the LE
and exciplex fluorescence for different electron donor and acceptor pairs.

Donor Acceptor H1/2(G) (Exp.) H1/2(G) (Calc.) Ref.

DMA Py 75 58 [32]
Py NMPI 70 18 [33]
ECZ DMTP 60 26 [34]
ECZ DCB 36 26 [35]
MAnt DCB 39 19 [36]
Py DCB 45 21 [36]

DMA: N,N-dimethylaniline, Py: pyrene, NMPI: N-methylphthalimide, ECZ: N-
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thylcarbazole, DMTP: dimethyl terephthalate, DCB: 1, 3-dicyanobenzene, MAnt:
-methylanthracence.

able 1. As shown in Table 1, the hyperfine interaction energy for
reely diffusing D and A thus calculated is not exactly the same, but
ery close the experimental value of the magnetic field strength
here the change in �IPL(H) becomes one-half of the saturated

alue. These results also support that the spin conversion induced
y the hyperfine coupling between the singlet and triplet states of
IP is the origin of the synergy effect of F and H both on the LE
uorescence and on the exciplex fluorescence.

When the exchange interaction of the radical–ion pair is rather
mall in comparison with the hyperfine interaction, the intersys-
em crossing (ISC) between 1(D+. . .A−) and 3(D+. . .A−) is reduced
nd the population of 1(D+. . .A−) increases in the presence of H.
nder such conditions, the population of the LE fluorescent state
ecomes larger in the presence of H and E-F-I-Q of the LE flu-
rescence becomes less efficient, if the LE fluorescent state, i.e.,
D*. . .A) is produced from 1(D+. . .A−) by the back-electron transfer.
hus, the presence of the synergy effect on LE fluorescence suggests
hat electron transfer process between 1(D+. . .A−) and (D*. . .A), i.e.,
etween RIP and LE fluorescent state, is reversible. The presence of
he synergy effect on exciplex fluorescence also suggests that the
elaxation occurs from the singlet RIP to the fluorescent exciplex,
.e., from 1(D+. . .A−) to (D+. . .A−)1 or (D+. . .A−)2 in Fig. 1.

Significant magnetic field effects on PL were reported mainly
or the exciplex fluorescence of the D–A pairs which show PIET
20–31]. The magnetic field effects on PL of intra-/intermolecular
xciplex observed in solution results from the magnetic field-
nduced change in spin conversion between the singlet and triplet
tates of RIP produced by intra-/intermolecular PIET, with the same
echanism as the one mentioned above. Exciplex fluorescence

ntensity increases in the presence of H, since the concentration
f the singlet RIP is increased by a magnetic field-induced de-
nhancement of ISC. In fact, the magnetic field effect was observed,
nly when the D–A distance was intermediate, where both sin-
let and triplet states of RIP are closely located energetically. When
he chain length is as short as that of Py-(CH2)3-DMA, the mag-
etic field effect was not observed in solution because of the large
nergy gap between the singlet and triplet states of RIP, which
omes from the large exchange interaction of the ion pairs. Not
nly in Py-(CH2)3-DMA but also in D–A pairs where D and A are
andomly distributed in PMMA, PL is essentially independent of H
n the absence of F, which shows that most of the fluorescent exci-
lex are produced from the contact pair of (D*. . .A) or (D. . .A*) or
rom 1(D+. . .A−) where D–A distance is quite short and hyperfine
nteraction cannot overcome the exchange interaction. The reason

hy significant magnetic field effects on E-PL, not on PL itself, are
bserved in Py-(CH2)3-DMA is that fluorescent exciplex is formed
s the intermolecular D–A complex in PMMA, as confirmed from
he concentration dependence. Note that the synergy effect as well

s the electric field effect were observed only at high concentrations
or Py-(CH2)3-DMA in PMMA.

In the D–A pairs of type (I), E-PL of exciplex fluorescence is well
ffected by H in PMMA. This effect was observed only at high con-
Photobiology A: Chemistry 221 (2011) 1–12

centrations of D or A in Py-(CH2)3-DMA and in other D–A pairs. It
is also noted that not only PIET process which produces a singlet
RIP but also dissociation process of RIP which produces free elec-
tron and hole are influenced by F. As a result, 1(D+. . .A−) whose
conformation is suitable for exciplex formation as well as for the
efficient magnetic field effects on spin conversion because of the
suitable D–A distance may be formed in a polymer film through a
hopping migration of hole or electron, even when molecules are
fixed. In other words, RIPs having a relatively long D–A distance,
which are different from RIP directly produced by PIET, may be
generated through a hopping migration of hole and/or electron,
by application of F. Fluorescent exciplex may be also produced
through these RIPs having a small exchange interaction, in addi-
tion to the direct formation of the fluorescent exciplex following
PIET. In such RIPs having a long D–A distance, the exchange inter-
action may be so small that ISC from the singlet to the triplet states
is reduced by H, as shown in solution [27,28] and at crystal surfaces
[29]. Since the population of the singlet RIPs relative to that of the
triplet RIPs becomes higher in the presence of H, exciplex fluores-
cence reduced by F is recovered to some extent in the presence of H;
E-F-I-Q of the exciplex fluorescence becomes less in the presence
of H. As already mentioned, it is also considered that fluorescent
exciplex in type (I) is formed not only from RIP produced by PIET
but also from a contact pair of the LE state, i.e., (D*. . .A) in Fig. 1,
since E-F-I-Q of the LE fluorescence, which leads to E-F-I-E of the
number of RIPs produced by PIET, does not induce an enhancement
of the exciplex fluorescence [61]. Exciplex is regarded as a partially
charge-separated state in nature, but it is unlikely that fluorescent
exciplex formed directly from the contact pair of the LE state shows
a significant magnetic field effect on spin conversion, because of the
small D–A distance in exciplex, giving a large exchange interaction.
Judging from the magnetic field effects in solution [21], intermolec-
ular exciplex fluorescence originated from the contact pairs of the
LE state and from RIP having a short D–A distance is supposed to be
independent of H in PMMA, because of the rigidity and low polarity
of the matrix [64]. In fact, the total intensity of the exciplex fluores-
cence of the D–A pairs was essentially independent of H in PMMA.
Fluorescence of only the exciplex produced from the RIP having
quite a long D–A distance, probably produced through a migration
of hole or electron, is regarded as showing a remarkable synergy
effects of F and H. In other words, the fluorescent exciplex which
shows E-F-I-Q is formed via a dissociative RIP which has a small
exchange interaction. By applying F, dissociative RIP with a suit-
able D–A distance, which is different from the RIP just produced by
PIET from the encountered intermolecular D–A pairs, may be gen-
erated through a hopping migration of hole and/or electron. Note
that the hyperfine interaction can couple the singlet and the triplet
states of RIPs, only when the coupling strength is greater than the
exchange interaction. Since the concentration of the dissociative
RIPs of the singlet state relative to that of the triplet state becomes
higher in the presence of H, exciplex fluorescence quenched by F
is recovered; E-F-I-Q of exciplex fluorescence becomes less in the
presence of H.

LE fluorescence shows a significant synergy effect in the D–A
pairs of type (II). Even in type (I), not only the exciplex fluorescence
but also LE fluorescence shows the synergy effect of F and H. As
far as the magnetic field effect on the spin conversion between the
singlet and triplet states of RIPs is considered to be the origin of the
magnetic field effect on LE fluorescence, reversible process between
the LE state and RIP must be considered, i.e., back-electron trans-
fer from 1(D+. . .A−) to (D*. . .A) in Fig. 1 plays an important role. In
the presence of H, the concentration of the singlet RIPs increases

because of the de-enhancement of ISC. Then, E-F-I-Q of the LE flu-
orescence becomes less in the presence of H, since the population
of the LE fluorescent state produced by the back-electron transfer
from the singlet RIP becomes larger [65].
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It is worth mentioning that the present D–A pairs of type (II)
how at least three emissions. In the D–A pairs of ECZ and DCB,
or example, LE fluorescence, EXECZ-DCB(40) and EXECZ-DCB(42) exist.
oth LE fluorescence and EXECZ-DCB(40) are quenched by F, and the
agnitude of quenching becomes smaller in the presence of H,
hich is the synergy effect of F and H similar to the one observed

or the exciplex fluorescence of the D–A pairs of type (I). It appears
hat the difference of the E-PL spectra of a mixture of MAnt + DCB
r Py + DCB in the absence and presence of H corresponds to the LE
uorescence spectrum (see Figs. 4c, e and 7f, h). However, the fact
hat the spectral shape of the difference is not identical with the
E fluorescence spectrum indicates that the LE fluorescent state
rom which electron transfer occurs is a little different from the
ne reached by the reverse process from the singlet RIP, i.e., the
nteractions between DCB and the excited state of MAnt or Py are
ifferent from each other. The LE fluorescence of both D–A pairs
hows the synergy effect similar to the one of the LE fluorescence
nd EXECZ-DCB(40) in a mixture of ECZ + DCB.

In the D–A pairs of ECZ + DCB, Py + DCB or MAnt + DCB, i.e., in type
II), E-PL signal of the exciplex fluorescence located in the longer
avelength region, e.g., EXECZ-DCB(42) in ECZ + DCB, is not affected

y H, suggesting that the emitting state of these exciplex emissions
re not generated from RIP produced by PIET. On the other hand, the
mitting state of the LE fluorescence or the exciplex fluorescence
hich shows the synergy effect of F and H is regarded as produced

rom the RIP.
In analogy with the synergy effects of F and H observed for the

xciplex fluorescence of the D–A pairs in type (I), the synergy effects
n the LE fluorescence suggest that a reverse process occurs from
he singlet RIP produced by PIET to the emitting state of the LE
uorescence. In other words, LE fluorescence produced by back-
lectron transfer from the RIP having a suitable D–A distance, i.e.,
aving a small exchange interaction, was extracted by the simulta-
eous application of F and H. Under such conditions, E-F-I-Q of the
E fluorescence becomes less in the presence of H, since the pop-
lation of the LE fluorescent state produced by the back-electron
ransfer from RIPs becomes larger in the presence of H.

Applied electric fields play a role to shift the energy gap between
he RIP state and the LE state, resulting in the change in the rate of
he initial step of electron transfer process. It is also true for the
ack electron transfer from RIP to the LE state. Depending on the
irection of F relative to the dipole moment of RIP, the energy level
f RIP shifts, and the ratio of the rate of the back electron trans-
er which produces the LE state relative to the forward electron
ransfer rate changes, resulting in the change in yield of the back-
lectron transfer process of the D–A pairs. Thus, the synergy effect
f F and H on the LE fluorescence of the present D–A pairs seems
o result from the field-induced change in the D–A distance of RIP,
hich induces a change in energy separation between the singlet

nd triplet states of RIP, and from the field-induced change in free
nergy gap between RIP and the LE fluorescent state, which influ-
nces the back-electron transfer from RIP to the LE fluorescent state.

Finally, the magnetic field effect on PL in a mixture of ECZ and
MTP is described briefly as an exceptional case. The synergy effect
f F and H observed at high concentrations of ECZ for LE fluores-
ence and broad exciplex fluorescence of EXECZ-DMTP(45) is very
imilar to the one observed for the other D–A pairs in type (I).
esides the LE and EXECZ-DMTP(45), EXECZ-DMTP(38), i.e., another
xciplex fluorescence between ECZ and DMTP, which shows the
agnetic field effects not only on �IPL but also on IPL, was observed.

he monotonic H dependence of IPL(H) of EXECZ-DMTP(38) reminds
s the �g mechanism for the magnetic field effects, where the

ifference of the g factor between both radicals plays an impor-
ant role in magnetic field effects on ISC between the singlet and
riplet states of RIPs [20]. Only when the ECZ concentration is high,
XECZ-DMTP(38) was observed, suggesting that this is a kind of exci-

[

[
[
[

Photobiology A: Chemistry 221 (2011) 1–12 11

plex composed of DMTP and an aggregate of ECZ, but the exact
origin of EXECZ-DMTP(38) is not known.

6. Summary

Electro-photoluminescence (electric-field-induced change in
photoluminescence) of electron donor and acceptor pairs which
show intermolecular photoinduced electron transfer (PIET)
presents a remarkable magnetic field effect in a PMMA polymer film
both for the LE fluorescence emitted from the locally excited state
and for the exciplex fluorescence resulting from PIET. For example,
electric-field-induced quenching of the LE fluorescence or exci-
plex fluorescence becomes less, as the magnetic field is applied.
The level structure composed of LE state, singlet radical–ion pair
state and exciplex state is influenced by application of electric
fields, resulting in the presence of electro-photoluminescence (E-
PL). With further application of magnetic field, the level structure
composed of the singlet and triplet states of the radical–ion pairs
also changes, resulting in the magnetic field effect on E-PL, i.e.,
the presence of the synergy effect of electric and magnetic fields.
Not only forward electron transfer and exciplex formation but also
back-electron transfer to produce the LE state as well as intersys-
tem crossing between the singlet and triplet states of the radical-ion
pairs can be controlled by application of electric field and magnetic
field. By using the synergy effect, the hyperfine interaction of the
radical–ion pairs produced by PIET can be also determined.

References

[1] M.R. Wasielewski, Chem. Rev. 92 (1992) 435.
[2] S. Franzen, J. Martin, Annu. Rev. Phys. Chem. 46 (1995) 453.
[3] J. Ye, H.Z. Chen, M. Wang, Mater. Chem. Phys. 82 (2003) 210.
[4] S.-H. Han, H. Yoshida, F. Iwahori, J. Abe, Sci. Technol. Adv. Mater. 7 (2006) 62.
[5] T.-F. Ho, A.R. Mclntosh, J.R. Bolton, Nature 286 (1980) 254.
[6] J.D. Megiatto Jr., R. Spencer, D.I. Schuster, Org. Lett. 11 (2009) 4152.
[7] P.K. Lo, K.F. Li, M.S. Wong, K.W. Cheah, J. Org. Chem. 72 (2007) 6672.
[8] H. Imahori, Y. Sakata, Eur. J. Org. Chem. (1999) 2445.
[9] H. Imahori, Org. Biomol. Chem. 2 (2004) 1425.
10] F. D‘Souza, G.R. Deviprasad, M.E. El-Khouly, M. Fujitsuka, O. Ito, J. Am. Chem.

Soc. 123 (2001) 5277.
11] M.U. Winters, E. Dahlstedt, H.E. Blades, C.J. Wilson, M.J. Frampton, H.L. Ander-

son, B. Albinsson, J. Am. Chem. Soc. 129 (2007) 4291.
12] Y. Kobori, S. Yamauchi, K. Akiyama, S. T-Kubota, H. Imahori, S. Fukuzumi, J.R.

Norris Jr., PNAS 102 (2005) 10017.
13] H. Imahori, D.M. Guldi, K. Tamaki, Y. Yoshida, C. Luo, Y. Sakata, S. Fukuzumi, J.

Am. Chem. Soc. 123 (2001) 6617.
14] H. Imahori, N.V. Tkachenko, V. Vehmanen, K. Tamaki, H. Lemmetyinen, Y.

Sakata, S. Fukuzumi, J. Phys. Chem. A 105 (2001) 1750.
15] K. Tappura, O. Cramariuc, T.I. Hukka, T.T. Rantala, Phys. Chem. Chem. Phys. 7

(2005) 3126.
16] V.L. Davidson, Acc. Chem. Res. 33 (2000) 87.
17] I.R. Gould, S. Farid, Acc. Chem. Res. 29 (1996) 522.
18] G.L. Closs, J.R. Miller, Science 240 (1988) 440.
19] M. Halder, P.P. Parui, K.R. Gopidas, D.N. Nath, M. Chowdhury, J. Phys. Chem. A

106 (2002) 2200.
20] S. Nagakura, H. Hayashi, T. Azumi (Eds.), Dynamic Spin Chemistry, Kodan-

sha/Wiley, Tokyo, 1998.
21] C.B. Grissom, Chem. Rev. 95 (1995) 3.
22] Kh.N. Petrov, A.I. Shushin, E.L. Frankevich, Chem. Phys. Lett. 82 (1981) 339.
23] H. Staerk, W. Kühnle, R. Treichel, A. Weller, Chem. Phys. Lett. 118 (1985) 19.
24] A. Weller, H. Staerk, R. Treichel, Faraday Dis. Chem. Soc. 78 (1984) 271.
25] A. Weller, F. Nolting, H. Staerk, Chem. Phys. Lett. 96 (1983) 24.
26] D.R. Kattnig, A. Rosspeintner, G. Grampp, Angew. Chem. Int. Ed. 47 (2008) 960.
27] H.G. Busmann, H. Staerk, A. Weller, J. Chem. Phys. 91 (1989) 4098.
28] U. Werner, H. Staerk, J. Phys. Chem. 99 (1995) 248.
29] E.B. Krissinel, A.I. Burshtein, N.N. Lukzen, U.E. Steiner, Mol. Phys. 96 (1999)

1083.
30] S. Aich, S. Basu, J. Phys. Chem. A 102 (1998) 722.
31] S.D. Choudhury, S. Basu, Chem. Phys. Lett. 408 (2005) 274.
32] M. Mizoguchi, N. Ohta, Chem. Phys. Lett. 372 (2003) 66.
33] T. Yoshizawa, M. Mizoguchi, T. Iimori, T. Nakabayashi, N. Ohta, Chem. Phys. 324

(2006) 26.

34] K. Awasthi, M. Mizoguchi, T. Iimori, T. Nakabayashi, N. Ohta, J. Phys. Chem. A

112 (2008) 4432.
35] K. Awasthi, T. Iimori, N. Ohta, Chem. Phys. Lett. 470 (2009) 219.
36] K. Awasthi, T. Iimori, N. Ohta, J. Phys. Chem. A 113 (2009) 10603.
37] N. Ohta, Bull. Chem. Soc. Jpn 75 (2002) 1637.



1 ry and

[
[
[
[
[

[
[

[

[

[

[

[
[
[
[

[

[

[

[

[

[

[

[
[

2 K. Awasthi, N. Ohta / Journal of Photochemist

38] G.U. Bublitz, S.G. Boxer, Annu. Rev. Phys. Chem. 48 (1997) 213.
39] S.A. Locknar, A. Chowdhury, L.A. Peteanu, J. Phys. Chem. B 104 (2000) 5816.
40] E. Jalviste, N. Ohta, J. Chem. Phys. 121 (2004) 4730.
41] E. Jalviste, N. Ohta, J. Photochem. Photobiol. C: Photochem. Rev. 8 (2007) 30.
42] M.S. Mehata, K. Awasthi, T. Iimori, N. Ohta, J. Photochem. Photobiol. A: Chem.

204 (2009) 39.
43] M.S. Mehata, T. Iimori, T. Yoshizawa, N. Ohta, J. Phys. Chem. A 110 (2006) 10985.
44] A.M. Ara, T. Iimori, T. Yoshizawa, T. Nakabayashi, N. Ohta, Chem. Phys. Lett. 427

(2006) 322.
45] A.M. Ara, T. Iimori, T. Yoshizawa, T. Nakabayashi, N. Ohta, J. Phys. Chem. B 110

(2006) 23669.
46] T. Yoshizawa, Y. Iwaki, N. Osaka, T. Nakabayashi, K.A. Zachariasse, N. Ohta, J.

Phys. Chem. B 108 (2004) 19132.
47] T. Nakabayashi, Md. Wahadoszamen, N. Ohta, J. Am. Chem. Soc. 127 (2005)

7041.
48] N. Ohta, S. Mikami, Y. Iwaki, M. Tsushima, H. Imahori, K. Tamaki, Y. Sakata, S.

Fukuzumi, Chem. Phys. Lett. 368 (2003) 230.

49] M. Tsushima, T. Ushizaka, N. Ohta, Rev. Sci. Instrum. 75 (2004) 479.
50] M. Tsushima, N. Ohta, J. Chem. Phys. 120 (2004) 6238.
51] T. Iimori, T. Yoshizawa, T. Nakabayashi, N. Ohta, Chem. Phys. 319 (2005) 101.
52] Md. Wahadoszamen, T. Nakabayashi, N. Ohta, J. Photochem. Photobiol. A: Chem.

178 (2006) 177.

[
[
[

[

Photobiology A: Chemistry 221 (2011) 1–12

53] T. Fukuda, S. Masuda, Md. Wahadoszamen, N. Ohta, N. Kobayashi, Dalton Trans.
31 (2009) 6089.

54] Md. Wahadoszamen, T. Nakabayashi, S. Kang, H. Imahori, N. Ohta, J. Phys. Chem.
B 110 (2006) 20354.

55] H. Kawabata, Y. Nishimura, I. Yamazaki, K. Iwai, N. Ohta, J. Phys. Chem. A 105
(2001) 10261.

56] H. Kawabata, N. Ohta, H. Arakawa, M. Ashida, S. Kohtani, R. Nakagaki, J. Chem.
Phys. 114 (2001) 7723.

57] N. Ohta, M. Koizumi, Y. Nishimura, I. Yamazaki, Y. Tanimoto, Y. Hatano, M.
Yamamoto, H. Kono, J. Phys. Chem. 100 (1996) 19295.

58] N. Ohta, M. Koizumi, S. Umeuchi, Y. Nishimura, I. Yamazaki, J. Phys. Chem. 100
(1996) 16466.

59] S. Umeuchi, Y. Nishimura, I. Yamazaki, H. Murakami, M. Yamashita, N. Ohta,
Thin Solid Film 311 (1997) 239.

60] M. Hilczer, S. Traytak, M. Tachiya, J. Chem. Phys. 115 (2001) 11249.
61] N. Ohta, S. Umeuchi, Y. Nishimura, I. Yamazaki, J. Phys. Chem. B 102 (1998)

3784.

62] M. Kurono, M. Itoh, J. Phys. Chem. 99 (1995) 17113.
63] N. Ohta, T. Kanada, I. Yamazaki, M. Itoh, Chem. Phys. Lett. 292 (1998) 535.
64] J. Brandrup, E.H. Immergut (Eds.), Polymer Handbook, Wiley, New York,

1975.
65] E.S. Medvedev, M. Mizoguchi, N. Ohta, J. Phys. Chem. B 110 (2006) 3938.


	Magnetic field effects on electro-photoluminescence of photoinduced electron transfer systems in a polymer film
	1 Introduction
	2 Experimental
	3 Reaction scheme
	4 Results
	4.1 Electric field effects on PL of D–A pairs in PMMA
	4.1.1 ECZ+DMTP
	4.1.2 Py+NMPI
	4.1.3 Py-(CH2)3-DMA
	4.1.4 ECZ+DCB
	4.1.5 MAnt+DCB
	4.1.6 Py+DCB

	4.2 Magnetic field effect on electro-photoluminescence (E-PL) of D–A pairs in PMMA
	4.2.1 Magnetic field effects on E-PL of D–A pairs in type (I)
	4.2.2 Magnetic field effects on E-PL of D–A pairs in type (II)


	5 Discussion
	6 Summary
	References


