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ABSTRACT: We demonstrate that the product of photoinduced
electron transfer between a conjugated polymer host and a dilute
molecular sensitizer is controlled by the structural state of the
polymer. Ordered semicrystalline solids exhibit free charge
generation, while disordered polymers in the melt phase do not.
We use photoluminescence (PL) and time-resolved microwave
conductivity (TRMC) measurements to sweep through polymer
melt transitions in situ. Free charge generation measured by TRMC
turns off upon melting, whereas PL quenching of the molecular
sensitizers remains constant, implying unchanged electron transfer
efficiency. The key difference is the intermolecular order of the
polymer host in the solid state compared to the melt. We propose
that this order−disorder transition modulates the localization length
of the initial charge-transfer state, which controls the probability of
free charge formation.

Photoinduced electron transfer depends on three crucial
parameters according to the Marcus formulation: the
electronic coupling (JDA) between donor (D) and

acceptor (A), the available driving force (ΔGCT), and the
reorganization energy of each molecule (λD,A).

1 Numerous
studies have explored and validated this understanding in
solution-phase systems,2−4 but intermolecular electron transfer
in solid-state systems is less well-understood. We have found
that Marcus theory qualitiatively applies to certain solid organic
donor/acceptor (D/A) systems,5,6 but there is an additional
layer of complexity that remains to be explained: what controls
whether electron transfer results in free mobile charges or
Coulombically bound charge-transfer (CT) states? The former
can be used to do work in an electrochemical or photovoltaic
cell. The latter will recombine.
Onsager theory predicts only bound charges when the

dielectric constant of the medium is low (εr = 3−4), as is the
case in organic solids.7 Nevertheless, photoinduced electron
transfer in solid-state D/A mixtures often results in long-lived
(0.1−1 μs) free charges that are produced on an ultrafast time
scale (0.1−1 ps) at near-unity efficiency.7−12 This presents an
interesting contrast with what is found for covalently bound D/
A complexes in low-dielectric solvents, where photoinduced
electron transfer yields an initial so-called charge-separated
(CS) state that forms on a slower time scale (1−100 ps), with a
faster associated recombination process (50−100 ns) than in
the solid state.13−16 Clearly, the CS state in the D/A molecule

remains bound and differs from the free charges generated in
the solid state; the significant difference in time scales noted
above for both charge separation and recombination between
solid-state and solution-phase D/A systems indicates that the
mechanism of free charge generation is different from that of
CS state formation. Understanding this difference is the key
scientific question that is addressed here.
The ultrafast and efficient free-charge generation in solid-

state D/A systems can be described by a quantum coherent
model of charge transfer, where the initial CT state is
delocalized over coupled intermolecular aggregates. Forward
transfer occurs coherently, followed by rapid collapse into
localized polarons with a large average initial separation (3−4
nm). Thus, the charges avoid coulomb capture17,18 while
ensuring that recombination must occur through slow
incoherent hopping. This so-called “quantum ratchet”
model19 depends on a finely balanced interplay of coherent
and incoherent evolution, much of which is beyond the scope
of this Letter to test. While we cannot directly probe coherent
transfer dynamics, the model ultimately rests on a simple,
readily testable parameter: intermolecular electronic coupling
between neighboring donor or acceptor units. Indeed, the
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“quantum ratchet” model has been supported by a variety of
concentration-dependent studies, where increased acceptor
concentrations associated with aggregate formation have been
linked to increased charge generation efficiency.8,20,21 Enhanced
intermolecular coupling in both donor10,22 and acceptor23,24

components has also been associated with more efficient free
charge generation. In this case, intermolecular coupling refers
to the coupling between donor or acceptor chromophores and
is not the same as the coupling between donor and acceptor
(JDA). Even in neat polymers, the presence of ordered
crystalline regions has been shown to enhance free charge
generation, while crystallite size controls the charge carrier
lifetime.25−28

We are not aware of significant counter examples to this
trend. Early work on high-performance low band gap
copolymers (which make efficient organic solar cells and/or
transistors) initially suggested that these materials were
amorphous, but more recent studies using synchrotron X-ray
diffraction and absorption measurements,29,30 as well as high-
resolution transmission electron microscopy,31,32 have found
significant order. Semicrystalline or para-crystalline order in
conjugated polymers is not exceptional: it is ubiquitous, and it
is extremely challenging to eliminate if one wishes to study a
truly amorphous system.
The unique feature of the work we report here is that we are

able to switch the degree of order in a conjugated polymer film
from semicrystalline to amorphous and monitor the effect this
has on electron transfer and free charge generation while
keeping the other relevant parameters (JDA, ΔGCT, and λD,A)
approximately constant. Small changes in these three
parameters cannot be completely eliminated, but we show

through control experiments that the rate of electron transfer is
not strongly affected by the order−disorder transition. This
provides a direct test of the role of intermolecular order in free
charge generation.
We use two disparate polythiophene and polyfluorene

polymers in our model systems, along with both fullerene
and phthalocyanine acceptors. Temperature-dependent time-
resolved microwave conductivity (TRMC)21,33 is used to
induce and monitor an order−disorder transition from a
semicrystalline solid phase to a disordered melt within a single
sample. Because TRMC is a contactless technique, the
complexities of device fabrication are avoided, and we are
able to use ultralow sensitizer (acceptor) concentrations to
eliminate the effects of acceptor aggregation on charge
generation efficiency. This has the added benefit of trapping
the electron on the sensitizing molecule, such that the
microwave probe is sensitive only to mobile holes in the
donor polymers. We use in situ photoluminescence (PL)
measurements to characterize the polymer phase as a function
of temperature as well as evaluate the degree of PL quenching
in the sensitizing molecules. We are therefore able to observe
changes in charge transfer efficiency, free charge generation,
and molecular structure simultaneously.
We examine poly(3-dodecylthiophene-2,5-diyl) (P3DDT)

and a substituted silicon phthalocyanine (Pc2) (molecule 2 in
ref 34) as our first model system (Figure 1a) and poly(9,9'-
dioctylfluorene) (PFO) and C60 substituted with four
trifluoromethyl groups (C60-4-1)35 as our second system
(Figure 1b). PFO and P3DDT have dramatically different
microstructure, where P3DDT forms whiskerlike crystallites
driven by a chain-folding process,36 while PFO forms many

Figure 1. (a) Model system 1: P3DDT and Pc2 structures. (b) Model system 2: PFO and C60-4-1 structures. (c) Absorption spectrum of the
P3DDT/Pc2 sensitized system. (d) Absorption spectrum of the PFO/C60-4-1 sensitized system.

ACS Energy Letters Letter

DOI: 10.1021/acsenergylett.8b00108
ACS Energy Lett. 2018, 3, 735−741

736

http://dx.doi.org/10.1021/acsenergylett.8b00108


different types of crystallites, including a primary α crystallite
phase and a metastable α′ phase.37,38 These two polymers thus
offer a relatively diverse sampling of polymer environments.
Both polymers have the added benefit of extensive optical and
morphological study, such that changes in PL spectra can be
linked to expected structural changes. We chose the first
donor/acceptor pairing based on our previous finding that
regioregular poly(3-hexylthiophene-2,5-diyl) (RR-P3HT) and
Pc2 efficiently generate free charges on a femtosecond time
scale.22 We use a polythiophene derivative with dodecyl side
chains for its substantially lower melting point of ∼450 K
(relative to ∼570 K for RR-P3HT),36 which is within the range
of temperatures accessible by our cryostat. We chose the
second system based on our previous finding that this particular
polyfluorene/fullerene sensitized system is optimal for charge
generation at subaggregation concentrations in PFO.5 PFO also
has a relatively low melting point of ∼430−440 K.37,39

Both model systems have well-separated absorption profiles,
which allow for selective excitation of the donor or acceptor
species. As shown in Figure 1c, the band edge of P3DDT lies at
∼605 nm, while the Q-band of the Pc2 absorption spectrum is
peaked at ∼765 nm. As shown in Figure 1d, the band edge of
PFO lies at ∼436 nm. The extinction coefficient and
concentration of C60-4-1 are low, but previous measurements
in solution reveal an absorption edge of ∼680 nm.35 Both small
molecules are dispersed at a concentration (molality) of 0.004
m in the polymer hosts. We use the same molality in both
model systems in order to keep the mass of polymer “solvent”
constant across differing repeat unit molecular weights.
We use these ultralow acceptor concentrations for three

reasons. First, we eliminate the effects of acceptor aggregation
on charge generation. This allows us to focus on the molecular
order of only the donor polymer. Second, we eliminate the
contribution of the acceptor species to the photoconductance
signal, which we present as the product of charge carrier yield
and the sum of contributing mobility components, ϕΣμ.21 If
the electron mobility is eliminated, this sum is simplified to
ϕ·μhole. Third, when combined with selective excitation of the
acceptor species, this eliminates the impact of exciton diffusion
on charge transfer dynamics as a function of temperature and
microstructure. As a result of these three considerations, we
effectively isolate free charge generation dynamics in our
measurements, as reported by the mobility of only the hole in
the polymer phase, while the PL quenching of the dilute
sensitizer reports the efficacy of charge transfer, independent of
whether the product is free charges or a CT state. We note that
in all cases, the acceptor molecule possesses the lowest-energy
singlet excited state in the system, and quenching due to energy
transfer is not possible upon acceptor excitation.
For each sample, we simultaneously measure the photo-

conductance transient and the PL spectrum as a function of
temperature. We selectively excite P3DDT at 450 nm in order
to track changes in polymer morphology through the
thermochromism of the emission spectrum, and we selectively
excite Pc2 at 750 nm in order to detect changes in interfacial
charge dynamics. We use these excitation conditions to simplify
experimental interpretation as previously discussed, and we use
Pc2 for its large extinction coefficient. However, we observe
analogous charge generation behavior as a function of
temperature upon 450 nm excitation while using PC71BM as
an acceptor molecule (Figures S1 and S2). Both PL and TRMC
measurements are made on the same sample in situ at each
temperature.

As shown in Figure 2a, the P3DDT PL spectrum shows little
evolution below the melting point (∼450 K), between 300 and

400 K. There is a small peak at ∼780 nm from energy transfer
to Pc2, which increases in intensity by small amounts as the
P3DDT quantum yield of fluorescence increases. Between 300
and 400 K, there is only a subtle decrease in the average lifetime
of the TRMC transient (Figure 2b) and a slight decrease of the
initial yield mobility product determined from fits of the
transients (Figures 2c and S3).
In contrast, between 400 and 480 K, where the melt

transition occurs, there is a substantial blue shift and change in
the shape of the polymer PL spectrum, which has previously
been attributed to a direct transition between the crystalline
phase of P3DDT and the amorphous melt phase via differential
scanning calorimetry (DSC) and X-ray diffraction (XRD).40

The ϕΣμ value simultaneously drops by more than 2 orders of
magnitude. Above the melt, the TRMC signal is essentially zero

Figure 2. P3DDT/Pc2 (a) PL spectra as a function of temperature
(450 nm excitation). (b) Normalized representative TRMC
transients (750 nm excitation). (c) ϕΣμ (t = 0) values as a
function of temperature
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(Figure S4). As previously mentioned, this value can be
simplified to ϕ·μhole given the small concentration of acceptor
molecules. However, we attribute this precipitous drop in signal
primarily to ϕhole, because polymers exhibit similarly high GHz-
frequency charge carrier mobility in the melt phase and in
solution as they do in room-temperature thin films.41,42 Indeed,
the mobility in solution is generally higher than in thin films.
This is because the GHz-frequency mobility in conjugated
polymers is primarily determined by intrachain transport43 and
thus is not significantly affected by large changes in morphology
in the solid state.44

Interestingly, before yields become vanishingly small, φΣμ
below 10−6, the average lifetime of the transients continues to
subtly decrease with temperature. The mismatch between the
relatively small changes in lifetime and the large changes in
overall yield suggest that the fundamental free charge
generation mechanism remains the same, even as the number
of sites appropriate for free charge generation decreases.
In order to determine whether charge transfer turns off upon

melting the P3DDT/Pc2 sample, we quantitatively measure the
amount of PL quenching in the Pc2 molecule at room
temperature and at the melt temperature (Figure 3). We use a

poly(methyl methacrylate) (PMMA) matrix with the same
concentration of Pc2 molecules as a reference for 0% PL
quenching from charge transfer. This reference sample also
accounts for changes in nonradiative decay processes intrinsic
to Pc2 as a function of temperature. We excite both samples at
700 nm under the same excitation and PL collection conditions.
We find that when it is embedded in P3DDT, Pc2 PL is
quenched by 87 ± 4% at 300 K and 92 ± 2% at 550 K.
Because the Pc2 PL is quenched by approximately the same

amount both before and after the melting point of P3DDT, we
conclude that charge transfer is equally efficient at both
temperatures. Therefore, the parameters relevant to the initial
charge transfer step (e.g., JDA, ΔGCT, and λD,A) remain relatively
constant when the polymer is melted. However, before the
melting point, charge transfer results in free charge generation,
as evidenced by the large, long-lived TRMC signal. After the
melt, charge transfer likely results in the formation of tightly
bound CT states that decay nonradiatively, as evidenced by the
disappearance of a TRMC signal but the persistence of PL
quenching. This interpretation is corroborated by our previous
study of semicrystalline RR-P3HT and “amorphous” regioran-
dom (RRa-) P3HT, where both sensitized systems with Pc2
produce a ground-state bleach in the polymer upon excitation

of Pc2, but only the RR-P3HT system efficiently generates free
charges probed by TRMC.22 We show the same behavior in the
acceptor phase, where low concentrations of PC61BM in RRa-
P3HT yield significant RRa-P3HT PL quenching without an
appreciable TRMC signal. As the concentration is increased,
the PL quenching efficiency does not change significantly, but
the TRMC signal rises because of free charge generation
enabled by fullerene aggregation.
We generalize our results across different polymer micro-

structural environments through the examination of a PFO/
C60-4-1 sensitized system. Similar to the P3DDT/Pc2 system,
we selectively excite PFO at 415 nm in order to track
morphological changes through the polymer emission spec-
trum, and we selectively excite C60-4-1 at 500 nm in order to
detect changes in free charge generation through TRMC. In
this case, we observe more distinct changes in the PL spectra
and TRMC transients below the melting transition (∼430−440
K), between 300 and 420 K (Figure 4). The PL spectrum at
300 K is dominated by the “β phase,” which is a chain
conformation defined by an intermonomer torsion angle of
180°.39 This conformation is often associated with crystallite
formation but can form apart from interchain interactions.39

The corresponding photoconductance signal is large and long-
lived, which may be a result of delocalization along a single
chain in the β phase or delocalization via crystallites in the α′
crystalline phase present at room temperature.
At 420 K, the PL spectrum is blue-shifted compared to room

temperature and exhibits a vibrational progression characteristic
of the α crystalline phase.37 This is consistent with the previous
finding that the α′ phase reorganizes to the α phase above
∼390 K, where the two phases are differentiated by slight
changes in the length of the b crystallographic axis and the
orientation of the a axis relative to the film surface.37 This
change in crystalline phase is accompanied by an increase in the
ϕΣμ value but a pronounced decrease in the average lifetime.
In this case, the increase in ϕΣμ is subtle and may be
attributable to an increase in either ϕhole or μhole as a function of
crystalline phase. The contribution from μhole may be more
significant in this case, given the relatively small change in ϕΣμ
as well as the previous observation of an inverse correlation
between carrier mobility and lifetime in organic blends.45

The PL spectrum after the melt transition (450 K) reflects
the presence of a nematic phase,37 which is an amorphous
liquid crystalline phase with dampened, blue-shifted emission
that is present in PFO up to ∼570 K.37,39 The photo-
conductance signal decreases concomitantly with the PL at the
melting transition, ∼440 K. Thus, we see that even though the
microstructure of PFO varies significantly from that of P3DDT,
and they contain different sensitizing molecules, they behave
very similarly when crossing the melt transition. Both sensitized
films exhibit free charge generation just below the melt
transition, while just above it, neither film produces a
photoconductance signal distinguishable from the instrument
response.
In the case of PFO/C60-4-1, we are unable to use PL

quenching of the C60-4-1 molecule (which has a very low PL
quantum yield) to test whether electron transfer is equally
efficient in the melt, as is the case for P3DDT/Pc2. However,
given that the PFO/C60-4-1 system is at the optimal driving
force for electron transfer,5 it seems unlikely that it behaves
differently in this respect. The driving force would have to
change by more than 300 meV in order to reduce the electron
transfer yield by half.5

Figure 3. PL spectra of P3DDT/Pc2 and reference PMMA/Pc2
sample before and after the melting temperature of P3DDT.
Excitation at 700 nm.
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Our findings on these two chemically and physically distinct
model systems are consistent with the “quantum ratchet”
model described previously, where coherent charge transfer is
supported by charge delocalization over coupled molecular
domains. We find that intermolecular ordering is indeed a
prerequisite for free charge generation. Photoinduced electron
transfer occurs whether there is order or not, but in amorphous
melts it does not produce mobile carriers that are detectable in
our photoconductance experiments. This could be a result of
short lifetimes (<100 ps) or low mobility in amorphous films.
Likely it is both. We reiterate, however, that we do not think
low-microwave frequency mobility is apt to be a fundamental
property of conjugated polymer melts. Rather, mobilities likely
decrease in the melt phase because charges are trapped by a
deep coulomb potential at the molecular D/A interface.
We have studied the influence of intermolecular order on

free charge generation in two different conjugated polymer
donors (PFO and P3DDT) sensitized with a small concen-

tration of electron-accepting molecules (Pc2, PC71BM, or C60-
4-1). The photoluminescence and photoconductance of all
these samples were measured in situ as the temperature was
scanned through the respective polymer melt transitions,
inducing an order−disorder transition that has a profound
effect on the product of charge transfer. The low concentration
of acceptors ensures that electronically coupled aggregates of
these molecules are not present and that the only source of
intermolecular coupling is the conjugated polymer. Upon
melting, all sources of intermolecular electronic coupling are
removed, and we observe that the photoconductance signal
vanishes despite evidence from the P3DDT/Pc2 system that
charge transfer continues unabated. Our interpretation of these
data is that free charge generation can occur only in the
presence of electronically coupled molecular aggregates,
consistent with a “quantum ratchet” model of free charge
generation in organic D/As. This finding can be used as a
design principle in all solid-state organic charge generation
systems.
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