
PHYSICAL REVIEW APPLIED 13, 024006 (2020)

Diffusion Mechanism of Exciplexes in Organic Optoelectronics

Hwang-Beom Kim1 and Jang-Joo Kim 1,2,*

1
Department of Materials Science and Engineering, Seoul National University, Seoul 151-742, South Korea

2
Research Institute of Advanced Materials (RIAM), Seoul National University, Seoul 151-744, South Korea

 (Received 23 June 2019; revised manuscript received 30 October 2019; accepted 7 January 2020; published 5 February 2020)

Excited-state charge-transfer complexes (exciplexes) are actively exploited in organic optoelectronics
to understand their nature in the solid state and improve device performance. However, the diffusion
of exciplexes is not actively studied, despite its ever-growing importance in such devices due to the
lack of apparent charge-transfer (CT) absorption. Here, we report, based on time-resolved photolumi-
nescence spectroscopy, that energy transfer (ET) takes place directly from exciplexes to exciplexes; this is
called exciplex-exciplex ET. Recent reports and our own observation of the subband-gap CT absorption in
exciplex-forming systems support the direct exciplex-exciplex ET. The ET takes place dominantly via the
Dexter-type exchange mechanism, as revealed by the exponential decrease of the ET rate constant with
separation between the energy-donating exciplex and the energy-accepting exciplex.
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I. INTRODUCTION

Excited-state charge-transfer complexes (exciplexes)
are formed by partial charge transfer in the excited state
between electron-donor molecules and nearby electron-
acceptor molecules after photoexcitation of the molecules
[1,2]. Exciplexes are widely observed in nature, such
as photosynthetic systems, and organic optoelectronic
devices, such as organic photovoltaics (OPVs) or organic
light-emitting diodes (OLEDs), where heterojunctions
between electron-donor and -acceptor molecules are
employed. Exciplexes have long been considered as an
obstacle because they have low emission efficiency in
OLEDs and reduce the dissociation probability of charge-
transfer (CT) states in OPVs. Recently, however, exci-
plexes have been actively used as thermally assisted
delayed fluorescence (TADF) emitters in OLEDs to take
advantage of their higher luminescent exciton ratio, due
to their small energy difference between the singlet and
triplet excited states [3–6]. Exciplexes are also used as host
materials in highly efficient OLEDs, exploiting low driving
voltage, good charge balance, and low-efficiency roll-off
[7–9].

Exciplexes are known for a new emission band that is
redshifted from molecular emission bands, but the absence
of the absorption band for the exciplex state when electron
donors and acceptors are close together [1,2]. The forma-
tion, electronic structure, and excited-state dynamics of
exciplexes in films have been actively researched in recent
years [1,4,5,10–17]; however, the diffusion of exciplexes
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has not been studied until very recently, primarily because
of the lack of apparent CT absorption in exciplex-forming
systems measured by standard steady-state absorption
experiments, which is a necessary condition for diffusion to
take place via energy-transfer (ET) mechanisms. The lack
of apparent CT absorption in standard steady-state absorp-
tion experiments in exciplex-forming systems is the reason
for the term “exciplex” [2].

There are papers describing the diffusion of exciplex or
polaron pairs. Deibel and co-workers suggest that the dif-
fusion of polaron pairs might account for efficiency loss
in OPVs by applying Monte Carlo simulations [18]. Baldo
et al. report that CT exciplex states can be transported via
an “inchworm” mechanism [19]. The spatial distribution
of the photoluminescence (PL) intensity of exciplexes over
the decay time of CT exciplex states is measured and the
diffusion of exciplexes is confirmed. This phenomenon is
explained through geminated charge recombination at dif-
ferent sites, from which CT exciplex states are initially
formed. The movement distance of CT exciplex states is
in the range 5–10 nm for about 20 µs. It is discussed that
Förster-type resonance energy transfer (FRET) for the dif-
fusion of CT exciplex states will not be effective because of
the negligibly low optical absorption of CT exciplex states
and that Dexter-type exchange energy transfer (DET) will
also not be effective because CT exciplex states are weakly
bound.

Here, we report that there is not one single mecha-
nism for exciplex diffusion and that DET is the dominant
mechanism based on the analysis of time-resolved PL
measurements of high-energy exciplexes and low-energy
exciplexes. Even though the CT absorption is orders of
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magnitude weaker than that of the normal resonance
absorption [20–25], recent reports and our own observa-
tion for the subband-gap CT absorption in organic electron
donor-acceptor systems support that exciplex-exciplex ET
takes place. The exciplex-exciplex ET means that ET
from exciplex 1 to exciplex 2. In that case, exciplex
1 loses its excitation energy and exciplex 2 is gener-
ated from the ground state near exciplex 1. When D and
A represent the electron-donor and -acceptor molecules,
respectively, and δ is the degree of CT in the exciplex
state, the exciplex-exciplex ET could be described by
[(Dδ1+

1 Aδ1−
1 )

∗ + (D2A2) → (D1A1) + (Dδ2+
2 Aδ2−

2 )
∗
], where

(Dδ1+
1 Aδ1−

1 )∗ and (Dδ2+
2 Aδ2−

2 )∗ represent exciplex 1 losing
its excitation energy and exciplex 2 gaining its excitation
energy, respectively.

II. EXPERIMENTS

Four donor molecules of 4,4′-bis(3-methylcarbazol-
9-yl)-2,2′-biphenyl (mCBP), di-[4-(N,N -ditolylamino)
phenyl]cyclohexane (TAPC), tris(4-carbazoyl-9-ylphenyl)
amine (TCTA), and 4,4′,4′′-tris (3-methylphenylphenyl
amino)triphenylamine (m-MTDATA) and one accep-
tor molecule of (1,3,5-triazine-2,4,6-triyl)tris(benzene-3,1-
diyl)tris(diphenylphosphine oxide) (PO-T2T) are used as
the exciplex-forming materials. They are purchased from
Nichem Fine Technology and used as received without fur-
ther purification. All organic films are deposited by thermal
evaporation at a rate of 1 Å s−1 on precleaned quartz sub-
strates under vacuum at a base pressure of <5 × 10−7 Torr.
Extinction coefficients are measured using variable-angle
spectroscopic ellipsometry (VASE, J. A. Woolam M-2000
spectroscopic ellipsometer). A spectrofluorometer (Pho-
ton Technology International, Inc.) with an incorporated
monochromator (Acton Research Co.) is used for steady-
state PL spectra measurements. A nitrogen gas laser with
an excitation wavelength of 337 nm (3.68 eV) and a
pulse width of 800 ps (KEN-2X, Usho), combined with
a streak camera (C10627, Hamamatsu Photonics), is used
for time-resolved PL experiments.

III. RESULTS

A. ET from high-energy exciplexes to low-energy
exciplexes

We conduct two different experiments to investigate ET
from exciplexes to other kinds of exciplexes. The first
experiment exploits a bilayer system with two different
kinds of exciplexes. The second one is carried out for a
codoped system with two different kinds of exciplexes,
where two different kinds of electron-donor molecules are
codoped (5 mol % each) into an electron-acceptor host.

First, an exciplex-forming TAPC/PO-T2T mixed film
(1:1 molar ratio, 2 nm thick) is stacked on another
exciplex-forming mCBP/PO-T2T mixed film [1:1 molar
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FIG. 1. (a) Molecular structures of mCBP, TAPC, and PO-
T2T and bilayer structure of film A. (b) Energy levels of mCBP,
TAPC, and PO-T2T excitons and mCBP/PO-T2T and TAPC/PO-
T2T exciplexes in the films, where S1 and T1 represent the lowest
excited singlet and triplet excited states, respectively.

ratio, 5 nm thick; film A in Fig. 1(a)], and the emis-
sion characteristics of the bilayer film are compared with
those of the nonstacked single-layer films. The structures
for molecules in the films are shown in Fig. 1(a). The
energy levels of the mCBP, TAPC, and PO-T2T excitons,
and the mCBP/PO-T2T and TAPC/PO-T2T exciplexes,
are shown in Fig. 1(b). Formation of exciplexes in the
mCBP/PO-T2T and TAPC/PO-T2T films is confirmed by
the featureless redshifted emission from the constituent
materials, as shown in Fig. 2 [26,27]. mCBP and TAPC are
used as electron donors and PO-T2T is used as an electron
acceptor for the exciplexes. The thickness of the films is

/
/

FIG. 2. Extinction coefficients of mCBP, TAPC, and PO-T2T
films; steady-state PL spectra of mCBP film, TAPC solution
in dichloromethane at 10−4 M, and PO-T2T solution [27]; and
time-resolved PL spectra of mCBP/PO-T2T film (5 nm thick),
TAPC/PO-T2T film (2 nm thick), and film A integrated for 9 µs
after excitation at 337 nm.

024006-2



DIFFUSION MECHANISM OF EXCIPLEXES . . . PHYS. REV. APPLIED 13, 024006 (2020)

(a) (b)

/

/

FIG. 3. (a) Normalized transient PL intensities for
mCBP/PO-T2T film [molar ration (m.r.) 1:1] and film A
in the wavelength range of 455 to 475 nm (semilogarith-
mic plot). (b) Those for TAPC/PO-T2T (m.r. 1:1) film
and film A in the wavelength range of 620 to 660 nm
(semilogarithmic plot).

adjusted for clear observation of the interface quenching
effect (or ET) in the transient PL experiments. If the films
are too thick, the interface quenching effect will be buried
by a strong bulk effect because the interface effect is limited
at the interface no matter how thick the films are. If they
are too thin, the signal must be too small to clearly detect.
Figure 2 also compares the time-resolved emission spec-
tra integrated for 9 µs after excitation when the films are
excited with a N2 pulsed laser (337 nm wavelength with
a pulse width of 0.8 ns). The emission from the bilayer
film is composed of the exciplex emissions from the con-
stituent layers. The longer wavelength emission from the
TAPC/PO-T2T layer, with a peak wavelength of 560 nm, is
significantly increased and the exciplex emission from the
mCBP/PO-T2T layer. with a peak wavelength of 475 nm,
is reduced significantly in film A compared with that of
the single-layer emissions. The energy levels of the mCBP,
TAPC, and PO-T2T singlet excitons are estimated from
the onset of their absorption spectra. The energy levels
of the mCBP, TAPC, and PO-T2T triplet excitons and
mCBP/PO-T2T and TAPC/PO-T2T singlet exciplexes are
estimated from the onset of their integrated emission spec-
tra. The triplet energy levels of exciplexes are similar
to the singlet levels due to small overlap between the
highest occupied molecular orbital (HOMO) and the low-
est unoccupied molecular orbital (LUMO) because they
are mainly located in different materials, i.e., the HOMO
in the donor molecule and the LUMO in the acceptor
molecule, respectively [4,28–30]. The normalized tran-
sient PL intensities from the single layers are compared
with those of the bilayer for the mCBP/PO-T2T exci-
plex emission (detection wavelength 455–475 nm) and the
TAPC/PO-T2T exciplex emission (detection wavelength
620–660 nm) in Figs. 3(a) and 3(b), respectively, which are
semilogarithmic plots. The results show that the lifetime
of the delayed emission of the mCBP/PO-T2T exciplex in
the stacked layer is significantly reduced relative to that of
the single layer. In contrast, the lifetime of delayed emis-
sion from the TAPC/PO-T2T exciplex in the stacked layer
is significantly increased compared with that of the sin-
gle layer. The transient results show that ET takes place
from the mCBP/PO-T2T exciplex to the TAPC/PO-T2T
exciplex.

Similar behavior is observed in a different exciplex-
forming system, where two electron-donor molecules
(TCTA and m-MTDATA) are codoped in an electron-
acceptor host (PO-T2T) at 5 mol % each [film B in
Fig. 4(a)]. The molecular structures of TCTA and m-
MTDATA are shown in Fig. 4(a). The energy levels of
the system are shown in Fig. 4(b) and are estimated
using the same methods as those in Fig. 1(b). The fea-
tureless redshifted emission spectra of the mixed films
of TCTA/PO-T2T and m-MTDATA/PO-T2T in Fig. 5
confirm the formation of exciplexes between TCTA or
m-MTDATA and PO-T2T. The extinction coefficients of
TCTA, m-MTDATA, and PO-T2T neat films and m-
MTDATA/PO-T2T (m.r. 1:1) mixed film [31] are shown
in Fig. 5, along with the time-resolved emission spectra of
a TCTA/PO-T2T (m.r. 5:95) doped film, an m-MTDATA/
PO-T2T (m.r. 5:95) doped film, and film B integrated for
500 ns after excitation, when the electron donors in the
films are selectively excited by a N2 pulsed laser at the
wavelength of 337 nm. Again the emission from film B
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FIG. 4. (a) Molecular structures of TCTA, m-MTDATA, and
PO-T2T film codoped with TCTA and m-MTDATA (film B).
(b) Energy levels of S1 and T1 of TCTA, m-MTDATA, and
PO-T2T excitons and TCTA/PO-T2T and m-MTDATA/PO-T2T
exciplexes in the films.
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FIG. 5. Extinction coefficients of TCTA, m-MTDATA, PO-
T2T, and m-MTDATA/PO-T2T (m.r. 1:1) films; steady-state
PL spectra of a TCTA film, m-MTDATA film, and PO-
T2T solution [27]; and time-resolved PL spectra integrated
for 500 ns after excitation of TCTA/PO-T2T (m.r. 5:95) film
(×0.23), m-MTDATA/PO-T2T (m.r. 5:95) film (×1.8), and
film B.

is composed of the emissions from the TCTA/PO-T2T
exciplexes and m-MTDATA/PO-T2T exciplexes, which
are the high-energy exciplexes and low-energy exciplexes,
respectively. The intensity of the TCTA/PO-T2T exci-
plex in film B is significantly reduced to 23% compared
with the singly doped TCTA/PO-T2T (m.r. 5:95) film and
the m-MTDATA/PO-T2T exciplex emission increases to
1.8 times that of the singly doped film. These results
indicate that the energy is transferred from the excited
states involving TCTA molecules to those involving m-
MTDATA molecules, considering the energy levels of the
singlet excitons of TCTA and m-MTDATA and the sin-
glet exciplexes of TCTA/PO-T2T and m-MTDATA/PO-
T2T. Figure 6(a) compares the transient PL profiles on
a semilogarithmic scale of the TCTA/PO-T2T exciplex
emission from film B to that from the singly doped
TCTA/PO-T2T film measured in the wavelength range 510
to 530 nm, where the TCTA/PO-T2T exciplex emission is
dominant. The decay rate constant for the emission of the
TCTA/PO-T2T exciplexes in film B is faster than that in
the singly doped TCTA/PO-T2T film. On the other hand,

the decay rate constant of the m-MTDATA/PO-T2T exci-
plexes in film B is slower than that in the singly doped
m-MTDATA/PO-T2T film in the detection-wavelength
range of 700 to 800 nm, where the m-MTDATA/PO-T2T
exciplex emission is dominant, as shown in Fig. 6(b) as
semilogarithmic plots.

The reduction of the lifetime and intensity of the high-
energy exciplex PL and the increase of the low-energy
exciplex PL in the bilayer structure (Fig. 1) and in the
doped layer (Fig. 4) clearly indicate that ET from high-
energy exciplexes to low-energy exciplexes takes place,
resulting in the diffusion of exciplexes.

B. ET kinetics

To ensure that ET from the high-energy exciplex to
the low-energy exciplex in film B can describe their tran-
sient decay profiles quantitatively, we fit the transient PL
profiles for the TCTA/m-MTDATA/PO-T2T mixed film
(m.r. 5:5:90), as shown in Figs. 6(a) and 6(b), using the
following equations:

d[(T/P)∗]
dt

= −kT/P
p [(T/P)∗] − kET[(T/P)∗], (1)

d[(m/P)∗]
dt

= −km/P
p [(m/P)∗] + kET[(T/P)∗], (2)

where [(T/P)*] and [(m/P)*] are the concentrations of
the singlet TCTA/PO-T2T exciplexes [(T/P)*] exciplexes)
and singlet m-MTDATA/PO-T2T exciplexes [(m/P)*] in
film B, respectively; kT/P

p and kET are the prompt decay
rate constant of the (T/P)* in the TCTA/PO-T2T film and
the ET rate constant from the (T/P)* to the (m/P)* in film
B, respectively; and km/P

p is the prompt decay rate constant
of the (m/P)* in the m-MTDATA/PO-T2T film. We ana-
lyze only the transient PL profiles in the prompt region
for the TCTA/m-MTDATA/PO-T2T system because the
triplet-triplet ET from the (T/P)* to the m-MTDATA exci-
ton, as well as to the (m:P)*, can occur considering their
energy levels, as shown in Fig. 4, which complicates the
analysis.

(a) (b)

Exptl. Exptl.

/

/

FIG. 6. (a) Normalized transient PL intensities (empty
squares); fit lines of the total (solid lines), prompt (dotted
line), and delayed (dashed line) parts for TCTA/PO-T2T
film (m.r. 5:95) and film B in the wavelength range of
510 to 530 nm (semilogarithmic plot). The decay time
constants for the prompt parts are also given. (b) Those
for the m-MTDATA/PO-T2T (m.r. 5:95) film and film B
in the wavelength range of 700 to 800 nm (semilogarith-
mic plot). The decay time constants for the prompt parts
are also given.
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The normalized solutions of the differential rate equa-
tions are

I T/P
p = e−(kT/P

p +kET)t, (3)

I m/P
p = km/P

p − kT/P
p − (1 + CT/P

0 /Cm/P
0 )kET

km/P
p − kT/P

p − kET
e−km/P

p t

+ (CT/P
0 /Cm/P

0 )kET

km/P
p − kT/P

p − kET
e−(km/P

p +kET)t, (4)

where (CT/P
0 /Cm/P

0 ) is the initial concentration ratio of
(T/P)* to (m/P)*. It is interesting to note that the prompt
part of (T/P)* in film B is a single-exponential line with a
decay time constant of 1/(kT/P

p + kET) and that of (m/P)*
in film B is a two-exponential line with decay time con-
stants of 1/km/P

p and 1/(kT/P
p + kET), respectively.

There are four parameters in Eqs. (3) and (4):
(CT/P

0 /Cm/P
0 ), kT/P

p , km/P
p , and kET. (CT/P

0 /Cm/P
0 ) is set as

2/5, considering the extinction coefficients of TCTA and
m-MTDATA at the excitation wavelength of 337 nm
and the singlet-singlet ET from the TCTA exciton to the
m-MTDATA exciton, by virtue of considerable spectral
overlap between the TCTA emission spectrum and the m-
MTDATA absorption spectrum, as shown in Fig. 5. The
remaining three parameters, kT/P

p , km/P
p , and (kT/P

p + kET),
are extracted by fitting the three transient PL pro-
files for (T/P)* in the TCTA/PO-T2T film, (m/P)* in
the m-MTDATA/PO-T2T film, and (T/P)* in film B
(TCTA/m-MTDATA/PO-T2T film), using a biexponential
decay model, considering the TADF of the exciplexes,
as follows [4,32], because the prompt part of the three
transient decays are expected to show single exponential
decays,

Inorm.PL(t) = Ip(t) + Id(t) = e−kp t + Cd(e−kdt − e−kp t),
(5)

where t is the time after excitation; I norm.PL(t), Ip (t), and
Id(t) are the normalized transient PL intensity, prompt tran-
sient PL intensity, and delayed transient PL intensity from
exciplexes, respectively; kp and kd are the prompt and
delayed decay rate constants, respectively; and Cd is the
pre-exponential constant for the delayed decay. (1 − Cd)

corresponds to the pre-exponential constant for the single-
exponential prompt decay term (Cp ) for the normalized
transient PL intensity. The three transient PL profiles are
fitted very well using Eq. (5), as represented by solid lines
in Figs. 6(a) and 6(b), except the transient PL profile of
(m/P)* in film B in Fig. 6(b). The extracted fitting param-
eters are summarized in Table I. The extracted kET value is
9.7 × 106 s−1.

The transient PL profile of (m/P)* in film B is fitted
using Eq. (4) and the extracted parameters in Table I. The
fitting results are shown in Fig. 6(b) for the normalized PL
profile (solid line), along with the prompt (dotted line) and
delayed parts (dashed line). The prompt part of (m/P)* in
film B is a two-exponential line with decay time constants
of 17 and 26 ns, which are 1/km/P

p and 1/(kT/P
p + kET),

respectively. From the tail fitting for the delayed part of
(m/P)* in film B (dashed line), the fit line of the entire tran-
sient PL profile for (m/P)* in film B (solid line) matches
well with the experimental values, as shown in Fig. 6(b).
Because of the larger number of (m/P)* than that of (T/P)*
in film B at the excitation moment, the pre-exponential
constants for the decay time constants of 17 and 26 ns in
Eq. (4) are 0.81 and 0.19, respectively, leading to a smaller
change of the transient PL profiles for (m/P)* than those
for (T/P)*. The very good fittings using the ET model
confirm that ET takes place indeed from (T/P)* to (m/P)*.

C. Concentration-dependent ET rate

To investigate the relationship between the ET rate
constant and the distance between the energy donor and
acceptor, we conduct concentration-dependent exciplex-
quenching experiments with various molar ratios. A total
of 16 films (doped films) are fabricated: eight TCTA/PO-
T2T films with molar ratios of x/100 − x and eight
TCTA/m-MTDATA/PO-T2T films with molar ratios of
x/x/100 − 2x, respectively, where x = 3.0, 3.5, 4.0, 4.5, 5.0,
5.5, 6.0, and 6.5. The thickness of the films is 50 nm.
The doping concentrations of the films are kept low
to maintain identical local environments for the dopants
and ensure that the photophysical characteristics of the
TCTA/PO-T2T exciplex are not influenced by the addition
of m-MTDATA molecules. The transient PL intensities
(semilogarithmic plots) of the films are shown in Fig. 7.
The transient PL profiles are fitted by a biexponential

TABLE I. Fitting parameters for the normalized transient PL profiles of the TCTA/PO-T2T exciplexes in the TCTA/PO-T2T film
and film B and those of the m-MTDATA/PO-T2T exciplexes in the m-MTDATA/PO-T2T film and film B.

Detection wavelength Film Cp kp (s−1) kd (s−1)

510–530 nm TCTA/PO-T2T 0.77 2.84 × 107 1.09 × 106

film B 0.85 3.81 × 107 2.36 × 106

700–800 nm m-MTDATA/PO-T2T 0.89 5.80 × 107 2.85 × 106

film B 0.70 5.80 × 107 2.56 × 106

0.16 3.81 × 107
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FIG. 7. Normalized transient PL intensities on a semilogarith-
mic scale in the wavelength range 510 to 530 nm, where the PL
of the TCTA/PO-T2T exciplex is dominant in TCTA/PO-T2T
and TCTA/m-MTDATA/PO-T2T films with various molar ratios
(points) and fit lines by a two-exponential decay model (line)
using the parameters in Table II.

decay model using Eq. (5), as described before, to extract
the kET values. The transient behaviors of the TCTA/PO-
T2T exciplexes in the TCTA/m-MTDATA/PO-T2T films
with different doping concentrations are well fitted by the
biexponential decays, and the fitting parameters are sum-
marized in Table II. The prompt decay rate constants of the
TCTA/PO-T2T exciplexes in the TCTA/PO-T2T films do
not change much with different doping concentrations. In
contrast, the prompt decay rate constants of the TCTA/PO-
T2T exciplexes in the TCTA/m-MTDATA/PO-T2T films
increase significantly with the doping concentration. The
kET values are the difference between the prompt decay rate

constants of TCTA/PO-T2T exciplexes in the TCTA/PO-
T2T and TCTA/m-MTDATA/PO-T2T mixed films with
the same TCTA concentrations as those described in
Sec. III B. The kET values are plotted in the semiloga-
rithmic plot against Cm−MTDATA

−1/3 in Fig. 8(a). The ET
rate constant decreases with the separation between the
high-energy exciplex and the low-energy exciplex.

IV. DISCUSSION OF ET MECHANISMS

Experimental results shown in Sec. III clearly indi-
cate that ET takes place between exciplexes. However, it
seems to be counterintuitive, since the exciplex is gener-
ally thought to be formed through CT only in the excited
state between donor and acceptor molecules at photoex-
citation, and direct CT absorption from the ground state
to the exciplex states does not take place. Therefore, the
ET process must be carefully analyzed before we con-
clude that “direct” ET between exciplex states indeed takes
place. The direct ET is ET from energy donors to energy
acceptors without the generation of any other species,
other than the energy acceptors, during the process of ET.
There are two mechanisms for direct ET: FRET and DET.
Both mechanisms require CT absorption from the ground
state to the exciplex state for exciplex-exciplex ET. To
investigate whether there is CT absorption in the exci-
plex, we select the TCTA/m-MTDATA/PO-T2T system
and measure the CT absorption of the energy-accepting
exciplex (m-MTDATA/PO-T2T). Figure 8(b) shows the
extinction coefficients of a m-MTDATA/PO-T2T (m.r.
1:1) mixed film, along with the extinction coefficients of
TCTA, m-MTDATA, and PO-T2T neat films [31]. The
exciplex-forming mixed film only shows a clear absorp-
tion in the subband-gap region at a longer wavelength
than 420 nm, even though it is very weak. Thick films are
used for the purpose of detecting the intermolecular CT
absorption by a simple absorption experiment of reflec-
tion-transmission measurement. Then, the absorbance for
the exciplex-forming mixed film in the subband-gap wave-
length region is analyzed using the transfer-matrix method

TABLE II. Pre-exponential constants and decay rate constants for the prompt and delayed decays of transient PL intensities in
the wavelength range 510 to 530 nm, where the PL of the TCTA/PO-T2T exciplex is dominant in TCTA/PO-T2T and TCTA/m-
MTDATA/PO-T2T films with various molar ratios and the corresponding ET rate constants.

Molar ratio of m-MTDATA TCTA/PO-T2T TCTA/m-MTDATA/PO-T2T kET [106 s−1]

Cp kp [106 s−1] kd [106 s−1] Cp kp [106 s−1] kd [106 s−1]

3.0 0.76 27.7 ± 1.1 1.04 ± 0.03 0.81 32.9 ± 1.5 1.60 ± 0.07 5.2 ± 0.9
3.5 0.76 27.0 ± 0.4 0.99 ± 0.04 0.82 33.3 ± 0.7 1.78 ± 0.06 6.3 ± 0.4
4.0 0.76 28.8 ± 0.9 1.08 ± 0.04 0.84 35.7 ± 0.5 2.05 ± 0.07 6.9 ± 0.5
4.5 0.77 29.4 ± 0.1 1.17 ± 0.08 0.83 36.8 ± 0.4 2.18 ± 0.18 7.4 ± 0.2
5.0 0.77 28.4 ± 1.0 1.09 ± 0.01 0.85 38.1 ± 0.5 2.36 ± 0.04 9.7 ± 0.6
5.5 0.76 29.0 ± 2.2 1.18 ± 0.01 0.85 38.4 ± 0.5 2.39 ± 0.15 9.5 ± 1.1
6.0 0.75 29.1 ± 0.4 1.16 ± 0.05 0.86 40.1 ± 0.3 2.65 ± 0.14 11.0 ± 0.3
6.5 0.78 29.3 ± 3.0 1.23 ± 0.08 0.87 42.5 ± 2.8 2.74 ± 0.21 13.2 ± 2.1
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(a) (b)
Exptl.

/

/

FIG. 8. (a) Plot of experimental values
(squares) of the logarithm scale of kET
versus Cm−MTDATA

−1/3 and a DET fit line
(solid line). (b) The extinction coefficient
of TCTA, m-MTDATA, PO-T2T, and
m-MTDATA/PO-T2T (m.r. 1:1) films
below 0.005, and the time-resolved PL
spectra integrated for 500 ns after exci-
tation of TCTA/PO-T2T (m.r. 5:95) film.

to obtain an extinction coefficient for the intermolecular
CT state as low as 10−4. Details are described in Ref. [31].

The indirect ET mechanisms are also considered for ET
from the high-energy exciplex to the low-energy exciplex.
The indirect ET could have polaron pairs as intermedi-
ate products during the process of ET, which is different
from that of direct ET. Polaron pairs could be generated
by exciplex dissociation and they could recombine into
exciplexes, apart from the dissociated exciplex in various
ways. The Langevin recombination, trap-assisted recombi-
nation, and geminate recombination are considered in this
section. Recently, indirect ET via geminate recombination
is reported as the inchworm mechanism [19].

A. DET

DET can be considered as a mechanism for ET, consid-
ering that the extinction coefficient of the CT absorption
for the exciplexes is very small, in the order of 10−3. We
consider DET between the nearest energy-donating exci-
plex (TCTA/PO-T2T exciplex) and energy-accepting exci-
plex (m-MTDATA/PO-T2T exciplex), and ET between
more separated pairs is ignored because the DET rate con-
stant decreases exponentially with the separation distance
as follows [33]:

kDET = NKJ exp(−βR), (6)

where kDET is the DET rate constant, N is the num-
ber of nearest energy-accepting species with a separation
of R, K is the experimental factor related to the spe-
cific orbital interactions, J is the spectral overlap inte-
gral normalized for the molar extinction coefficient of the
energy-accepting species, and β is the attenuation fac-
tor arising from the electronic exchange integral that is
considered to drop exponentially in the tail of molecu-
lar orbitals [34,35]. The nearest distances between the
TCTA/PO-T2T exciplexes and the m-MTDATA/PO-T2T
exciplexes in the mixed films are calculated using Eq. (7)
in the Wigner–Seitz approximation [36], where TCTA and
m-MTDATA molecules doped in bulk PO-T2T at low

concentrations are assumed to be uniformly dispersed:

4
3
π

(
R
2

)3

=
(

Nd

V

)−1

= (2NACm-MTDATA)−1, (7)

where R (in units of cm) is the distance between the
nearest TCTA/PO-T2T exciplexes and m-MTDATA/PO-
T2T exciplex, which corresponds to the distance between
TCTA and m-MTDATA molecules in this system; Nd
is the number of dopants in a volume of V; NA is the
Avogadro number; and Cm-MTDATA is the molar concentra-
tion of m-MTDATA in the TCTA/m-MTDATA/PO-T2T
mixed film (in units of mol cm−3) calculated from the
molar ratio of mixed films under the assumption that all
films have a density of 1 g cm−3. The grazing-incident
small-angle x-ray scattering (GISAXS) is measured for
the mixed film with the highest doping concentration
[TCTA/m-MTDATA/PO-T2T (m.r. 6.5:6.5:87) film] to
investigate whether the dopant molecules form aggregates
or not. Figure 9(a) shows the GISAXS image for the
film, and the horizontal line cut of the image is shown in
Fig. 9(b), which is a semilogarithmic plot. The GISAXS
image is measured for 5 s, and x-rays with an energy of
11.57 keV are incident with an angle of 0.15° relative to the
surface of the film. A “Guinier knee” is not observed in the
horizontal line cut. This indicates that doping molecules do
not form aggregates in the film [37,38].

(a) (b)

FIG. 9. (a) GISAXS image measured for TCTA/m-
MTDATA/PO-T2T (m.r. 6.5:6.5:87) films. (b) Horizontal
GISAXS line cut of TCTA/m-MTDATA/PO-T2T (m.r.
6.5:6.5:87) film at qz = 0.046 Å−1 (semilogarithmic plot).
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Substituting Eq. (7) into Eq. (6) results in

log10kDET = log10(NKJ )− β

2.303

(
3

πNA

)1/3

Cm-MTDATA
−1/3.

(8)

The linear fit line of kET against Cm−MTDATA
−1/3 in

the semilogarithmic plot in Fig. 8(a) indicates that
the ET rate constant decreases exponentially with the
distance between the TCTA/PO-T2T exciplex and the
m-MTDATA/PO-T2T exciplex in mixed films, demon-
strating that ET takes place by DET. The attenuation factor
arising from the electronic exchange integral is 1.1 nm−1

and the pre-exponential constant is NKJ = 2.9 × 108 s−1

from the fitting with Eq. (8). Zhang and Forrest report
that the diffusion of the triplet excited states of phos-
phors takes place via a Dexter-type exchange mechanism
[39]. DET between the phosphors has attenuation fac-
tors of 1.2–1.5 nm−1 and pre-exponential constants of
6.4 × 106 s−1–3.0 × 108 s−1, which are similar values to
those of our results [39]. It indicates that ET between
the exciplexes also takes place by a Dexter-type exchange
mechanism in organic films. The DET process from exci-
plexes to exciplexes can be explained using a molecular-
orbital diagram, as schematically represented in Fig. 10(a),
to explain the exchange mechanism.

There are two requirements for DET to take place by
the Fermi golden rule. One is spectral overlap between
the absorption of energy acceptors and emission of energy
donors, which is satisfied in the exciplex systems, as dis-
cussed at the beginning of Sec. IV. The other one is the
electronic exchange integral between energy-donor states
and energy-acceptor states. The electronic exchange inte-
gral drops exponentially with the separation between them.
Because of this reason, DET is thought to occur only when
the energy donor and acceptor are in physical contact [34].
However, physical contact is not always a necessary condi-
tion for efficient long-range DET to occur, and long-range
DETs without physical contact have been reported, known
as the superexchange ET, which is the exchange ET with

(a) (b)

FIG. 10. (a) Schematic molecular-orbital energy diagrams of
DET from an exciplex to an exciplex. (b) Schematic state
energy diagrams of DET from an exciplex to an exciplex in
π -conjugated molecular films.

the influence of intervening states [35,39,40]. The large
coupling between π -conjugated molecules could expand
the exchange integral between them to large separation,
when the energy donor and acceptor are π -conjugated
molecules in the π -conjugated medium. It indicates that
physical contact between the energy donor and acceptor is
not a necessary condition for DET.

Long-range DET with small attenuation factors of
around 1 nm−1 can be explained by the state energy dia-
gram shown in Fig. 10(b) [40–43], where v1, v, and v2 are
the electronic exchange integrals between the states of the
energy-donating exciplex and medium molecule, between
the states of the medium molecules, and between the states
of the medium molecule and the energy-accepting exci-
plex, respectively. As a result of the first-order perturbation
theory, Vtotal is the superexchange electronic exchange
integral, which is the indirect electronic exchange integral
via intermediate states (medium states) [35,39,42,43]. The
small β in organic π -conjugated films can be explained by
large coupling between π -conjugated molecules, accord-
ing to the McConnell relationship [35,39,41–43]. Accord-
ing to this theory, β can be expressed by [41–43]

β = 2
R0

ln
∣∣∣∣�v

∣∣∣∣ , (9)

where R0 is the length of the repeating units between
energy donors and acceptors, � is the energy differ-
ence between the energy-donor states and localized states
of the repeating units, and v is the exchange integral
between the repeating units. Eq. (9) indicates that a large
v could lead to a decrease in β, i.e., the large coupling
between excitonic states of small π -conjugated molecules
could increase the possibility of DET between an energy
donor and an energy acceptor with large separation. When
the electronic exchange integrals between π -conjugated
molecules are negligible, the electronic exchange inte-
gral for the superexchange ET becomes negligible, result-
ing in large β requiring direct physical contact [2,43].
Therefore, the small β in exciplex-forming blended films
must be caused by large coupling between π -conjugated
molecules, according to McConnell relationship.

Other mechanisms are also considered for the ET pro-
cess. However, ET rate constants of other mechanisms are
negligible compared with those of the exchange mecha-
nism in the system investigated in this study as follows.

B. FRET

The FRET rate constant (kFRET) can be expressed by
[44]

kFRET = 9000 ln 10
128π5NA

NRκ2kr

n4

∫
ID(λ)εA(λ)λ4dλ∫

ID(λ)dλ

1
R6 , (10)
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where kFRET is the FRET rate constant, NR is the num-
ber of energy acceptors with a separation of R from an
energy donor, κ2 is the dipole orientation factor, kr is
the radiative rate constant of the energy-donating states,
n is the refractive index of the medium, λ is the wave-
length (in units of cm), ID is the emission spectrum of the
energy-donating states, εA is the molar extinction coeffi-
cient of energy-accepting states (in units of l cm−1 mol−1),
and R is the distance between the energy donors and
acceptors (in units of cm). Based on the assumption that
TCTA and m-MTDATA molecules doped into the bulk
of PO-T2T molecules at low concentrations are uniformly
dispersed in the Wigner-Seitz approximation [36], the
number of the nearest energy-accepting species is six in
TCTA/m-MTDATA/PO-T2T doped films. Again, we con-
sider only FRET between the nearest energy-donating
exciplex and energy-accepting exciplex because FRET
between the second-nearest-energy donor-acceptor pairs
would be more than 10 times smaller. The dipole orien-
tation factor is assumed to be 2/3 for randomly oriented
energy donors and energy acceptors. The refractive index
of the medium of TCTA/m-MTDATA/PO-T2T doped
films is determined to be 1.73, which is the same as the
refractive index of PO-T2T neat films at a wavelength of
500 nm. The nearest distance between the TCTA/PO-T2T
exciplexes and the m-MTDATA/PO-T2T exciplexes can
be calculated from Eq. (7). The emission spectrum of the
TCTA/PO-T2T singlet exciplex is depicted in Fig. 8(b).
The molar extinction coefficient of the m-MTDATA/PO-
T2T singlet exciplex (in units of l cm−1 mol−1) can be
obtained by

εA = 4πκ

λ
Cm-MTDATA

−1 = 4πκMw

1000λρfilm
, (11)

where κ is the extinction coefficient of m-MTDATA/PO-
T2T singlet exciplexes, as shown in Fig. 8(b) [31]; ρfilm
is the density of the film (in units of g cm−3); and MW is
the sum of molecular weights of m-MTDATA and PO-
T2T (in units of g mol−1) for the m-MTDATA/PO-T2T
(m.r. 1:1) film. All films are assumed to have a density
of 1 g cm−3. The kr of the TCTA/PO-T2T singlet exciplex
can be derived from the two-exponential decay model for
TADF emission [4]:

kr = kp
PL

∫ ∞
0 Ip(t)dt∫ ∞

0 Inorm.PL(t)dt
, (12)

where kr and kp are the fluorescence rate constant and
prompt decay rate constant of exciplexes, respectively,
and 
PL is the PL quantum yield (PLQY) of exciplexes.
The PLQY of the TCTA/PO-T2T exciplexes is measured
to be 35%. The kr of the TCTA/PO-T2T singlet exci-
plex is calculated to be 1.5 × 106 s−1 from Eq. (5) and
the transient PL characteristics from the TCTA/PO-T2T

Exptl.

log
10

FIG. 11. Plot of experimental values (empty squares) of the
logarithmic scale of kET versus log10(Cm-MTDATA

−1/3), a DET fit
line (solid line), and calculated FRET rate constants (×10) from
Eq. (10) (dashed line).

films are summarized in Table II. The calculated values of
Eq. (10) on a logarithmic scale are plotted as dashed lines
in Fig. 11. The FRET rate constants are almost one order
of magnitude smaller than that of the experimental ET rate
constants, which are fitted by the Dexter-type exchange
mechanism. Not only that, the concentration dependence
of the FRET rate constants does not follow the exper-
imental data (∝ R−6 for FRET vs e−βR for DET). The
much smaller FRET rate constant of the exciplex can be
understood from the very small extinction coefficient for
CT absorption. These results reveal that FRET is not the
dominant mechanism for exciplex diffusion.

C. Exciplex dissociation followed by Langevin
recombination

We consider three indirect ET cases: exciplex dissoci-
ation followed by Langevin recombination, trap-assisted
recombination, or geminate recombination. We first con-
sider Langevin recombination, which is the recombination
of free electrons and holes. Langevin recombination is a
bimolecular process different from trap-assisted recombi-
nation or geminate recombination.

The mCBP/PO-T2T exciplexes and TCTA/PO-T2T
exciplexes, which are the high-energy exciplexes in each
system, can be dissociated into free polarons and they
can recombine into low-energy exciplexes in the organic
films. The transient behavior of the exciplex emission
must depend on the density of the charged species at the
moment of photoexcitation, since Langevin recombination
is a bimolecular process. The initial numbers of free elec-
trons and holes are both proportional to the intensity of
the excitation light. The square dependence of the exci-
plex generation rate will result in the excitation intensity
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(a) (b)

/ /

FIG. 12. (a) Normalized transient PL profiles
of mCBP/PO-T2T film (m.r. 1:1) excited by a
337 nm pulsed laser light (N2 laser) at differ-
ent intensities in the wavelength range of 410
to 650 nm (semilogarithmic plot). (b) Those of
TCTA/PO-T2T film (m.r. 5:95) at different inten-
sities in the wavelength range of 440 to 700 nm
(semilogarithmic plot).

dependence of decay rate constants if Langevin recom-
bination is a dominant process for the generation of the
singlet exciplex states. The transient PL profiles for the
mCBP/PO-T2T film (m.r. 1:1) and TCTA/PO-T2T film
(m.r. 5:95), where the high-energy exciplexes for each
system exist, exhibit negligible change with different exci-
tation light intensities, as shown in Figs. 12(a) and 12(b),
respectively, which are semilogarithmic plots. The excita-
tion light intensities are controlled by neutral density filters
with different optical densities ranging from 25 to 800 µW.
These results indicate that bimolecular recombination or
Langevin recombination hardly participate in the decay of
exciplexes to ground states.

D. Exciplex dissociation followed by trap-assisted
recombination

Indirect ETs via unimolecular recombination are also
considered. However, the small dissociation rate constant
of exciplexes leads to the small indirect ET rate constants,
which are negligible compared with the experimental ET
rate constants. Indirect ET via trap-assisted recombination
of polarons formed by the dissociation of exciplexes is
considered first. The TCTA/PO-T2T exciplexes dissociate
into polarons and then trap-assisted recombination occurs
to form the m-MTDATA/PO-T2T exciplexes:

(TCTA/PO-T2T)∗
kCS
�
kCR

TCTA+ · · · PO-T2T− kTR−−−−→

× (m-MTDATA/PO - T2T)∗, (13)

kCS, kCR, and kTR are the rate constants for exciplex disso-
ciation, geminate recombination, and trap-assisted recom-
bination, respectively. When a steady-state approximation
for the concentrations of intermediates is applied,

kCS[(TCTA/PO-T2T)∗] − kCR[TCTA+ · · · PO-T2T−]

− kTR[TCTA+ · · · PO-T2T−] = 0, (14)

the quenching rate constant of TCTA/PO-T2T exciplexes
in Eq. (14) can be expressed by

kET[(TCTA/PO-T2T)∗] = kCS[(TCTA/PO-T2T)∗]

− kCR[TCTA+ · · · PO - T2T−]

= kCS

(
1 − 1

kTR/kCR + 1

)
[(TCTA/PO-T2T)∗], (15)

kTR in Eq. (15) can be expressed by [45]

kTR = qμnntrap

εε0
= qμnNACm - MTDATA

εε0
, (16)

where q is the elementary charge, μn is the electron mobil-
ity in the film (in units of cm2 V−1 s−1), ntrap is the density
of the traps for holes corresponding to the density of m-
MTDATA in the TCTA/m-MTDATA/PO-T2T mixed film,
Cm-MTDATA is the molar concentration of m-MTDATA in
the films (in units of mol cm−3), ε is the dielectric con-
stant of the film, and ε0 is the vacuum permittivity. We
consider that m-MTDATA molecules behave as hole traps
when the trap-assisted recombination engages in ET from
the TCTA/PO-T2T exciplexes to the m-MTDATA/PO-
T2T exciplexes in the TCTA/m-MTDATA/PO-T2T films,
not only because m-MTDATA has higher HOMO levels
than those of TCTA and PO-T2T, but also logically the
positive polaron originating from TCTA must be trapped
in m-MTDATA for ET to take place from the TCTA/PO-
T2T exciplexes to the m-MTDATA/PO-T2T exciplexes by
the trap-assisted recombination. Thus, we use the molecu-
lar density of m-MTDATA in the films as the trap density.
For the TCTA/m-MTDATA/PO-T2T film with ε = 4 and
μn = 1.2×10−5 cm2/V s [26], Eq. (15) becomes

kET = kCS

(
1 − 1

3.3 × 1012/kCRCm-MTDATA + 1

)
. (17)

The values of kCS and kCR are not known for the
TCTA/m-MTDATA/PO-T2T film. Instead of determining
the values by experiment, we use approximate values
taken from a similar exciplex system in the literature,
where a 1:1 mixed film of m-MTDATA/tri[3-(3-pyridyl)
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Exptl.

FIG. 13. Plot of experimental values (empty squares) of the
logarithmic scale of kET versus Cm−MTDATA, a DET fit line (solid
line), and possible lines of rate constants for ET via trap-assisted
recombination [Eq. (17), when kCR values are 5 × 107 s−1,
1 × 108 s−1, 5.3 × 108 s−1 [45], 1 × 109 s−1, and 5 × 109 s−1]
(dashed line).

mesityl]borane (3TPYMB) is used as an exciplex-forming
mixed film to report kCS/kCR = 1.36 × 10−3 and the bind-
ing energy of the m-MTDATA/3TPYMB exciplex of
0.17 eV [28]. If we assume the exciplex-binding energies
in small-molecule π -conjugated organic films are simi-
lar, then kCS/kCR = 1.36 × 10−3 must be similar in both
systems. Using the relationship, the kET values are calcu-
lated for different kCR values of 5 × 107 s−1, 1 × 108 s−1,
5.3 × 108 s−1 [45], 1 × 109 s−1, and 5 × 109 s−1 and are
compared with the experimental data and DET fitting in
Fig. 13 on a semilogarithimic scale. The ET rate constants
via trap-assisted recombination of polaron pairs gener-
ated from the dissociation of exciplexes are almost two
orders of magnitude smaller than the experimental ET rate
constants fitted by the Dexter-type exchange mechanism.
Therefore, exciplex diffusion via trap-assisted recombina-
tion must be negligible relative to that of DET.

E. Exciplex dissociation followed by geminate
recombination (inchworm mechanism)

Finally, we consider the inchworm mechanism of
exciplex diffusion reported in Ref. [19] based on the
magneto-PL observed from exciplex and Monte Carlo
simulation, where an electron and a hole dissociate
from an exciplex hop to neighboring molecules inco-
herently and recombine geminately. There are two argu-
ments that lead us to think the inchworm mechanism
will not be dominant in the exciplex-forming system.
The first one is that the supporting data for explaining
the inchworm mechanism are not powerful. The mag-
netic field data are used to support the inchworm mech-
anism. However, it should be noted that the interpreta-
tion of the magnetic-field effect in exciplexes is contro-
versial at this moment [46,47]. Baldo et al. claim that
the magnetic-field data for an exciplex can be explained

by the presence of polaron pairs in exciplex-forming
films inducing hyperfine interaction (HFI) [19,28].
Splitting of T+ and T− can induce a decrease of the
intersystem crossing rate by HFI when a magnetic field
is applied. However, the magnetic-field response is too
broad to explain the effect by the HFI. When applied
magnetic fields are about one order of magnitude greater
than the hyperfine coupling, intersystem crossing between
T± and S is shut off [48]. Considering that typical val-
ues of hyperfine coupling constants are 1–10 mT [48],
the magnetic-field effect should saturate in the range of
10–100 mT. It is clearly shown in the magnetoelectrolu-
minescence of poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-
phenylenevinylene]- (MEH PPV) based OLEDs [47]. The
magnetoelectroluminescence of MEH PPV OLED devices
at constant current saturates at about 100 mT, where the
magnetic-field effect is governed by HFI [48]. On the other
hand, the magnetic-field effect for exciplex reported by
Baldo et al. saturates at about 300 mT and the full width
at half maximum (FWHM) of the magnetic field effect is
about 66 mT; these results are not easy to explain by the
HFI between polaron pairs. Instead, Vardeny et al. ana-
lyze the magnetic-field effects on the PL of an exciplex
by the �g mechanism [47]. They also point out that the
FWHM of the magnetic field effect on the PL of the exci-
plex of 32 mT is too large for the magnetic-field effect to
originate from HFI. They conclude that magnetoreverse
intersystem crossing between singlet and triplet exciplex
states caused by the �g mechanism will have a large con-
tribution to the magnetic-field effect for the exciplex by
analyzing the activation energy of the magnetic-field effect
of the exciplex. Flatté, et al. also report that the �g mech-
anism is dominant over HFI in the same system [49]. In
addition, the magnetic-field effect is reported in TADF
molecules (intramolecular CT molecules), where the dis-
sociation of the exciton is barely expected, resulting in
negligible density of polaron pairs inducing HFI [50]. The
authors attribute the effect to spin-orbit coupling rather
than HFI.

Second, the exciplex dissociation rate constant is too
small to explain the large ET rate constant. The inchworm
mechanism has three steps: dissociation of exciplexes into
electrons and holes, incoherent hopping of the electrons
and holes in a bound state, and geminate recombination of
the electrons and holes. The processes are sequential, so
that the slowest step must be the rate determining step.
Baldo and co-workers report the rate constant for exci-
plex dissociation into the polaron pair as 7.2 × 105 s−1

and the geminate recombination of the polaron pairs as
5.3 × 108 s−1 [28]. Also, the geminate recombination rate
constant in various organic electron donor-acceptor films
are reported as 1 × 107–5 × 109 s−1 [22]. Given the exci-
plex binding energy of about 0.17 eV [28], the exciplex
dissociation rate constant is in the range from 1 × 104 to
7 × 106 s−1. This implies that the ET rate constant via

024006-11



HWANG BEOM KIM and JANG JOO KIM PHYS. REV. APPLIED 13, 024006 (2020)

the inchworm model must saturate to 7 × 106 s−1, regard-
less of how large the rate constant for charge hopping
after exciplex dissociation is. This value is too small to
explain our reported ET values with a maximum value of
1.3 × 107 s−1.

To sum up, we think that it may be a feasible mech-
anism, but it is too early to conclude that the magnetic-
field effect on the PL of exciplexes is crucial evidence
for the presence of a pair of an electron and a hole for
the inchworm mechanism inducing HFI. Therefore, the
inchworm mechanism is less likely to be a dominant mech-
anism in the exciplex-forming systems in this study, even
though further studies are required to clarify whether the
inchworm mechanism or trap-assisted mechanism can be
applicable to this and other exciplex-forming systems,
including the magnetic-field effect and the effect of inho-
mogeneity of the distribution of distances over which ET
takes place in the doped amorphous films.

F. Exciplex-exciplex ET in OPVs

The DET process would also be dominant in poly-
mer OPVs. We obtain a similar absorption coefficient for
the intermolecular CT state in the m-MTDATA/PO-T2T
mixed film [31] as those in the polymer/[6,6]-phenyl-C61-
butyric acid methyl ester (PCBM) mixed films exploited in
OPVs, as shown in Fig. 14 on a semilogarithmic scale [20].
Thus, the order of the FRET rate constant in the mixed film
we investigate will be similar to that in the polymer/PCBM
mixed films exploited in OPVs. The FRET rate constant
is linearly proportional to both the radiative rate constant
of an energy donor and spectral overlap with the molar
extinction coefficient of an energy acceptor, as shown in
Eq. (10). The order of magnitude of radiative rate constants
of singlet exciplexes will be similar for small-molecule
systems and polymer systems because the radiative rate
constant is related to the extinction coefficient, accord-
ing to the following equation based on one-dimensional
oscillator theory [2]:

kr = 3 × 10−9ν0
2
∫

εdν̄, (18)

where kr is the radiative rate constant, ε is the molar extinc-
tion coefficient, and ν0 is the peak wave number for the
molar extinction coefficient. Then, the order of magnitude
of spectral overlap will also be similar because the attenu-
ation coefficient for the CT state in the m-MTDATA/PO-
T2T mixed film is similar to those in the polymer/PCBM
mixed films, as shown in Fig. 14. Therefore, the DET must
be considered for the exciplex-exciplex ET in OPVs, along
with dissociation of CT states followed by geminated or
nongeminated recombination.

/

/
/

FIG. 14. Attenuation coefficients of m-MTDATA neat film, m-
MTDATA/PO-T2T mixed film with a molar ratio of 1:1, PCBM
neat film [20], poly[2-methoxy-5-(3′,7′-dimethyloctyloxy)-1,4-
phenylenevinylene] (MDMO PPV)/PCBM mixed film with a
weight ratio (w.r.) of 1:4 [20], and poly(3-hexylthiophene-2,5-
diyl) (P3HT)/PCBM mixed film with a weight ratio of 1:2 [20]
(semilogarithmic plot).

V. CONCLUSION

It is demonstrated that there is ET from exciplexes to
other kinds of exciplexes upon ET using time-resolved
PL spectroscopy. ET from the high-energy exciplexes to
the low-energy exciplexes is supported by the observa-
tion of the subband-gap CT absorption in exciplex-forming
films to satisfy the necessary condition of spectral overlap
between absorption and emission spectra for the ET pro-
cess to take place. The ET can be explained by the superex-
change mechanism based on the concentration-dependent
ET rate constants. We conclude that DET could be the
dominant mechanism for exciplex diffusion in our inves-
tigated exciplex-forming systems after investigating other
possibilities. The diffusion mechanism must be widely
applied to most optoelectronic materials in OLEDs and
OPVs. As the importance of exciplexes or CT states in
organic photonic devices, such as OLEDs and OPVs, has
increased in recent years, the ET process discussed here
must be taken into account and play an important role in
understanding device characteristics and will contribute
to the design of molecules and devices with improved
performance. The result of ET is the generation of other
kinds of exciplexes with different photophysical character-
istics from the quenched exciplexes. This can be utilized
for optoelectronic devices. Further studies are required
to generalize the conclusion that DET is the dominant
mechanism for exciplex diffusion.
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