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ABSTRACT: We report F€orster resonant energy transfer (FRET) with a F€orster
radius R0 of 4.8 nm and exciplex formation in composites containing two
functionalized anthradithiophene (ADT) derivatives, ADT-TES-F (donor, D)
and ADT-TIPS-CN (acceptor, A) depending on the D-A distance. In composites
containing bulk D/A heterojunctions, exciplex photoluminescence (PL) emission
peaked at ∼668 nm dominated the PL spectra. The exciplex contributed to charge
carrier photogeneration on nanosecond time scales in composites, in contrast to
sub-500 ps carrier photogeneration observed in ADT-TES-F pristine films. Finally,
significantly slower charge carrier recombination was obtained in composites, as
compared to that of pristine ADT-TES-F films, due to electron trapping at the ADT-
TIPS-CN enabling the hole to propagate in the ADT-TES-F host.

SECTION: Electron Transport, Optical and Electronic Devices, Hard Matter

Organic optoelectronic materials have shown promise in a
wide range of applications, from display technologies to

photovoltaics.1 Solution-processable materials, additionally, can
be readily combined in composite systems, which can drastically
alter the optical and electronic properties.2 Organic bulk hetero-
junctions have been utilized in solar cells,3 photorefractive devi-
ces,4 and photodetectors5 due to enhanced charge carrier photo-
generation occurring as a result of photoinduced electron
transfer between the donor (D) and acceptor (A) molecules. A
competing process, energy transfer (such as F€orster resonant
energy transfer (FRET)), which also occurs in D/A systems, has
been exploited in solar cells to improve light harvesting6 and in
organic light-emitting diodes (OLEDs) to enhance emission
efficiency and to control emission wavelength.7 In the case of D/A
systems with the energy level offsets between the D and A of
only a few tenths of an eV, exciplex states may form.8 Exciplexes
are a transient species consisting of a D/A complex involving the
excited state of the D (A) and the ground state of the A (D) and
are characterized by long radiative decay times and red-shifted
photoluminescence (PL) spectra.9,10 The formation of exci-
plexes is well-documented in a variety of polymer and small-
molecular-weight blends.11-14 Recently, exciplexes generated
significant interest due to their role in charge photogeneration
and recombination in solar cells8,15,16 and in broad-band emis-
sion in OLEDs.17,18

The fluorinated anthradithiophene (ADT) derivative func-
tionalized with triethylsilylethynyl (TES) side groups, ADT-
TES-F (inset of Figure 1), exhibits charge carrier mobilities of

>1.5 cm2/(V s), high photoconductivity, and strong PL in solu-
tion-deposited films.19-22 The addition of a different ADT deri-
vative, ADT-TIPS-CN (inset of Figure 1), as a guest into a host of
ADT-TES-F has been shown to have dramatic effects on trans-
ient photocurrent dynamics and PL spectra, indicative of photo-
excited charge- and/or energy-transfer processes between ADT-
TES-F (D) and ADT-TIPS-CN (A).2 However, the exact nature
of these processes has not yet been established. The complexity
of the interactions present in the ADT-TES-F/ADT-TIPS-CN

Figure 1. Normalized absorbance of ADT-TIPS-CN and PL of ADT-
TES-F in dilute toluene solution. Structures of the two molecules as well
as their HOMO/LUMO levels are also shown. ADT-TES-F: R = F, R0 =
TES. ADT-TIPS-CN: R = CN, R0 = triisopropylsilylethynyl (TIPS).
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composites, which includes aggregation of both donor and accep-
tor molecules,23 FRET due to a strong overlap of the donor
emission and acceptor absorption spectra (Figure 1), and pos-
sible exciplex formation due to relatively small offsets in the
donor and acceptor energy levels (inset of Figure 1), makes them
an interesting model system for exploring effects of various D/A
interactions on exciton and charge carrier dynamics. In this
Letter, we establish conditions for FRET and exciplex formation
in ADT-TES-F/ADT-TIPS-CN systems and their contributions
to (opto)electronic properties of ADT-TES-F/ADT-TIPS-CN-
based thin films. Because D and A molecules used in our studies
are structurally similar, as opposed to typical D/A pairs used in
organic bulk heterojunction solar cells, ADT-TES-F/ADT-
TIPS-CN systems could represent a starting point for design
of functionalized D and A molecules with controlled HOMO-
LUMO levels and molecular packing.

In order to separately study the FRET and exciplex formation
processes, we prepared spin-coated thin films of the following:
(1) a mixture of equal parts (50/50) of ADT-TES-F and ADT-
TIPS-CN added in various concentrations to a PMMA matrix
and (2) composites containing ADT-TIPS-CN added to ADT-
TES-F in various concentrations. Samples in PMMA were
prepared at total ADT-TES-F and ADT-TIPS-CN concentra-
tions ranging from 4.9� 10-4 to 5.9� 10-2 M and are denoted
as P(c), where c is the concentration of the ADT-TES-F/ADT-
TIPS-CN mixture per PMMA in molarity. The average spacings
between the ADT-TES-F and ADT-TIPS-CN molecules as
calculated from concentrations are listed in Table S1 of the
Supporting Information. Composite samples (ADT-TIPS-CN
guest molecules in the ADT-TES-F host) were prepared at con-
centrations of 1.8� 10-4 M to 1.8� 10-1 M and are denoted as
C(c) where c is the concentration of ADT-TIPS-CN per ADT-
TES-F in molarity. Samples of ADT-TES-F alone in PMMA, as
well as pristine ADT-TES-F and ADT-TIPS-CN films, were also
prepared as controls.

ADT-TES-F/ADT-TIPS-CN in PMMA. PL spectra fromADT-
TES-F (D) and ADT-TIPS-CN (A) embedded in a PMMA host
are shown in Figure 2a. The inset of Figure 2a shows an expanded
view of the donor emission. As the ADT-TES-F/ADT-TIPS-CN
concentration increased, corresponding to a smaller D-A dis-
tance, the donor emission was quenched, while that of the
acceptor increased, which suggests FRET. Multipeak fitting (e.g.,
Figure S1 in the Supporting Information and ref 24) showed that
in all but the most concentrated sample, P(5.9� 10-2), only PL
emissions from isolated donor and acceptor molecules were
present, and no aggregation effects were observed. The FRET
radius for energy transfer from the isolated ADT-TES-F donor to
the isolated ADT-TIPS-CN acceptor was calculated (as detailed
in Supporting Information) using spectra in Figure 1 to be R0 =
4.8 nm (which would correspond to a concentration, c, of 2.8 �
10-2 M), consistent with the trends exhibited by PL data in
Figure 2. In P(5.9� 10-2), additional spectral features appeared
at above ∼640 nm, attributed to the donor and acceptor
aggregate emission. This emission is broadened and red-shifted
with respect to that of the isolated donor and acceptor molecules.
This is consistent with previous work on aggregation of ADT
derivatives in a PMMA host, which show a strong onset of
aggregate effects at this concentration.23 Changes in the PL
spectra were accompanied by changes in PL lifetimes. At low
concentrations of ADT-TES-F/ADT-TIPS-CN in PMMA (large
D-A distances), decays of the donor emission were single-
exponential, with the donor lifetime approaching that of isolated

ADT-TES-F in PMMA, which is ∼12.1 ns (Figure 2b).22,23 As
the concentration increased, the donor PL decay became faster
due to FRET25 and, at higher concentrations, biexponential and
yet faster due to aggregate effects.23 For samples exhibiting
biexponential decays, P(5.9 � 10-2) and P(1.3 � 10-2), the
weighted average of the two lifetimes obtained from biexponen-
tial fits was plotted in Figure 2b. As seen from the figure, which
also includes lifetimes from ADT-TES-F alone in PMMA, short-
ening of the lifetimes due to aggregation effects had a consider-
ably weaker concentration dependence as compared to that due
to FRET. For example, in P(5.9 � 10-2), the lifetime of the
ADT-TES-F donor in the ADT-TES-F/ADT-TIPS-CN/PMMA
system was a factor of ∼6 shorter than that of the ADT-TES-F
alone at the same concentration in PMMA.

ADT-TIPS-CN (Guest) in ADT-TES-F (Host) Composite
Films. In these samples, the ADT-TES-F and ADT-TIPS-CN
molecules are in direct contact with each other, forming D/A
interfaces. Figure 3 shows PL spectra obtained under 355 nm
exciation from composite samples C(3.6 � 10-4), C(3.6 �
10-3), and C(3.6� 10-2) as well as those from pristine films of
ADT-TES-F and ADT-TIPS-CN. Upon addition of the ADT-
TIPS-CN to ADT-TES-F, the ADT-TES-F emission was stron-
gly suppressed. At an ADT-TIPS-CN concentration of 3.6 �
10-4 M, multipeak fitting of the PL spectrum revealed that only
∼32% of the total emission was from ADT-TES-F aggregates
(similar to those in pristine ADT-TES-F films; see Table S2
(Supporting Information) for a PL spectral peak catalogue).23,24

The remaining ∼68% was due to a new band, centered at ∼668
nm, which could not be accounted for from either aggregate or
isolated molecule spectra of either species. Upon increase in the
ADT-TIPS-CN concentration, the ∼668 nm peak (which cor-
responds to an energy of 1.86 eV) continued to dominate the
total PL emission of the composite samples, accounting for∼59
and 55% of the emission in the C(3.6 � 10-3) and C(3.6 �
10-2) samples, respectively. The remaining∼41 and 45% of the

Figure 2. (a) PL spectra of 50/50 mixtures of ADT-TES-F (D) and
ADT-TIPS-CN (A) in PMMA films, normalized at 577 nm to illustrate
energy transfer. The inset shows a decrease in the donor PL as the
concentration of ADT-TIPS-CN increases due to FRET. (b) Weighted
average of PL lifetimes of the donor in PMMA films as a function of total
concentration c in D/A and in donor-only PMMA films. A lifetime of
12.1 ns, which corresponds to the isolated donor molecules in PMMA, is
indicated. The vertical line marks the concentration corresponding to
the calculated FRET radius R0 of 4.8 nm.
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total emission in these samples originated from ADT-TIPS-CN
aggregates (Table S2, Supporting Information). The energy of
1.86 eV matches the difference between the HOMO level of
ADT-TES-F and the LUMO level of ADT-TIPS-CN (inset of
Figure 1). Absorption spectra from samples with ADT-TIPS-CN
concentrations of up to 1.8 � 10-1 M showed only additive
contributions from ADT-TES-F and ADT-TIPS-CN pristine
film behaviors, suggesting that the complex which emits at
668 nm is an excited-state species, in particular, an exciplex for-
med between ADT-TES-F in the ground state and photoexcited
ADT-TIPS-CN. Observation of dominant exciplex emission in
the composite samples under 532 and 633 nm illumination,
which predominantly excited the ADT-TES-F and ADT-TIPS-
CN, respectively, indicates that the exciplex can be formed
through the excitation of either the donor or the acceptor. PL life-
times measured in composite samples shown in Figure 3b exhibit
the emergence of a ∼19-22 ns lifetime upon addition of the
ADT-TIPS-CN to ADT-TES-F. This is longer than the PL life-
times for either ADT-TES-F (aggregate: ∼2-3 ns; isolated
molecule:∼10-13 ns)23 or ADT-TIPS-CN (aggregate:∼0.2-
1.7 ns; isolated molecule: ∼13-16 ns),22 which confirms exci-
plex formation in these composites.26

In order to establish effects of exciplex formation on photo-
excited charge carrier dynamics, we measured photocurrents
under pulsed and continuous wave (cw) photoexcitation in the
composite films (refer to Supporting Information for experi-
mental methods). Transient photocurrents (Iph) obtained in
pristine ADT-TES-F, C(3.6 � 10-3), and C(3.6 � 10-2) films
upon 355 nm, 1 μJ/cm2, 500 ps pulsed excitation at the applied
electric field of 1.2 � 105 V/cm are shown in Figure 4.

In pristine ADT-TES-F films, fast (sub-500 ps, limited by the
laser pulse width) charge carrier photogeneration was observed,
consistent with previous studies.2,21,22 The peak amplitude (at t =
0 in Figure 4) was ∼40 μA. After a fast initial decay of the
photocurrent, a slow component due to dispersive transport,
described by a power-law function Iph∼ t-β (with β = 0.16 in the
film in Figure 4), persisted to at least microsecond time scales. In
the composite samples C(3.6 � 10-3) and C(3.6 � 10-2), in

which efficient exciplex formation was confirmed by the PL data,
the peak amplitude at t = 0 was reduced by ∼27 and 53%,
respectively, which is in part due to changes in film morpho-
logy2,21,22,27 upon addition of the ADT-TIPS-CN and in part due
to reduction in the density of charge carriers photogenerated at
sub-500 ps time scales. In the C(3.6� 10-3) sample, the photo-
current dynamics were similar to those in the pristine ADT-TES-
F film at times below∼5 ns after excitation, after which a slower
decay persisted, characterized by a power-law function with an
exponent β of 0.032. In the C(3.6� 10-2) sample, an additional
slow component of charge photogeneration was observed, which
resulted in an increase in photocurrent at nanosecond time
scales, with a peak response occurring at∼20 ns after excitation.
Photocurrents from pristine ADT-TIPS-CN films under similar
conditions were at least 3 orders of magnitude lower than those
from pristine ADT-TES-F films. Therefore, the contribution of
dissociated ADT-TIPS-CN excitons, created either via direct
excitation of ADT-TIPS-CN or via excitation of ADT-TES-F
followed by FRET, to the photocurrent in ADT-TES-F/ADT-
TIPS-CN composites is negligible. Thus, the most likely source
of charge carriers contributing to charge photogeneration at
nanosecond time scales is the dissociated ADT-TES-F/ADT-
TIPS-CN exciplex. Similarity between the time scales of the
slower component of the charge carrier photogeneration in the
C(3.6 � 10-2) sample (Figure 4) and of the exciplex PL decay
(Figure 3b) supports this conclusion. In the C(3.6� 10-2) sam-
ple, the carriers originating from the exciplex contributed∼5% of
the total transient photocurrent amplitude. At higher ADT-
TIPS-CN concentrations, larger contributions from exciplex
dissociation into the transient photocurrent were observed
(e.g., ∼30% in the C(1.8 � 10-1) sample in ref 2). At time
scales above ∼20 ns, a slow power-law photocurrent decay with
β = 0.026 was measured in the C(3.6 � 10-2) sample. The
drastic slowing down of the photocurrent decay upon addition of
the ADT-TIPS-CN to the ADT-TES-F host is due to inhibited

Figure 3. (a) PL spectra of ADT-TES-F/ADT-TIPS-CN composite
films with varying concentrations of ADT-TIPS-CN. (b)Normalized PL
decays measured in the composite films. The instrument response
function (IRF) is also shown. PL spectra and decays of pristine ADT-
TES-F and ADT-TIPS-CN films are included.

Figure 4. Transient photocurrents, normalized by their values at the
peak at t = 0, obtained in pristine ADT-TES-F and ADT-TES-F/ADT-
TIPS-CN (C(3.6� 10-3)and C(3.6� 10-2)) films under 355 nm, 500
ps pulsed excitation. The inset shows photocurrents, normalized by their
values at t = 40 s, measured in pristine ADT-TES-F and C(3.6� 10-2)
films under cw 532 nm excitation. At t = 0 s (40 s), the light is turned
on (off).
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charge carrier recombination in the composite samples. This
occurs due to efficient trapping of the electron by the ADT-TIPS-
CN, enabling the hole to freely propagate in the ADT-TES-F
host. Similar trends in charge carrier dynamics were observed on
the time scales of tens of seconds after photoexcitation24 in the
photocurrent measured under cw 532 nm illumination. In
composites, reduced amplitudes of the steady-state photocurrent
(e.g., by ∼60% in the C(3.6 � 10-2) sample) and significantly
slower charge carrier recombination (inset of Figure 4) were
obtained, as compared to the pristine ADT-TES-F film.

In summary, ADT-TES-F and ADT-TIPS-CN molecules
embedded in a PMMA matrix form a D/A FRET pair with a
F€orster radius R0 of 4.8 nm. In ADT-TES-F/ADT-TIPS-CN
composite films, containing the bulk D/A heterojunctions, the
dominant D/A interaction is exciplex formation. PL emission
from the exciplex, peaked at∼668 nm, dominated PL spectra of
the composites. Although the exciplex contributed to charge
carrier photogeneration at nanosecond time scales, the overall
effect of ADT-TIPS-CN addition to the ADT-TES-F host was
detrimental to the photoresponse amplitude. Larger energy offsets
between the donor and acceptor molecules would be necessary
to improve charge photogeneration efficiency. However, signifi-
cantly slower charge carrier recombination in ADT-TES-F/ADT-
TIPS-CN composites, as compared to that in pristine ADT-TES-F
films, could be beneficial for applications requiring effective
storage of photogenerated charge carriers such as bistable optical
switches, photodetectors, and image storage devices. By varying
relative concentrations of the ADT-TES-F and ADT-TIPS-CN,
desired photocurrent dynamics can be obtained.
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