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ABSTRACT: Vibronic coupling has been proposed to play a
decisive role in promoting ultrafast singlet fission (SF), the
conversion of a singlet exciton into two triplet excitons. Its inherent
complexity is challenging to explore, both from a theoretical and an
experimental point of view, due to the variety of potentially relevant
vibrational modes. Here, we report a study on blends of the
prototypical SF chromophore pentacene in which we engineer the
polarizability of the molecular environment to scan the energy of the
excited singlet state (S1) continuously over a narrow energy range,
covering vibrational sublevels of the triplet-pair state (1(TT)). Using
femtosecond transient absorption spectroscopy, we probe the
dependence of the SF rate on energetic resonance between vibronic states and, by comparison with simulation, identify vibrational
modes near 1150 cm−1 as key in facilitating ultrafast SF in pentacene.

■ INTRODUCTION
Due to its potential to increase the solar cell power conversion
efficiency above the Shockley−Queisser limit,1 singlet fission
(SF) has gained interest throughout the past decade.2 SF
describes the photophysical process in which a singlet exciton
(S1) splits up into two triplet excitons (2 × T1) via 1(TT), a
multiexcitonic state of singlet character.2−5 There is an ongoing
debate about what controls the first step of SF, namely, the
conversion from S1 to 1(TT). Multiple experimental6−13 and
theoretical14−17 studies have emphasized the role of relative
molecular orientation6,10−13,16 and contributions from real or
virtual charge-transfer states.7−9,14,15,17−21 In addition, moti-
vated by theoretical modeling,15,22−24 the importance of
vibrations in mediating the electronic coupling between S1
and 1(TT)13,22,25−29 has been investigated. While pioneering
studies employed sophisticated experimental techni-
ques13,22,26−28 to probe vibronic coherences, precisely control-
ling the energetic resonance between the involved states was not
a focus. A first approach to address the latter used chemical
modification,4,22,30,31 but this strategy alters electronic proper-
ties, crystal geometry, intermolecular interactions, and vibronic
coupling at the same time,22 making it challenging to disentangle
their contributions to SF. Furthermore, this approach only
allows for discrete changes in the energy difference between S1
and 1(TT) and limits the study to a subset of available
vibrational modes in the relevant energy range, that is, a few
hundred meV. Computational simulations face a similar
challenge due to unfavorably increasing computational costs
with increasing number of considered vibrational modes.24

Therefore, neither simulation nor experiment can easily address
the full diversity of vibrational modes and their role in the SF
process, in particular due to lacking experimental feasibility in
continuously scanning through energetic resonances.
Here, we demonstrate that statistically intermixed blends of a

SF molecule with a weakly interacting spacer molecule can be an
elegant way to tackle this challenge and to probe the role of
vibronic coupling in SF, providing a benchmark against which
current theories can be tested. There are two main benefits of
using such blends: first, structural properties, and in particular
the packing motif, are preserved compared to neat films,
allowing for unambiguous conclusions, and second, the energy
of electronic states may be indirectly tuned through changes in
the polarizability of the molecular environment.32,33 With the
latter, energetic shifts up to hundreds of meV can be induced in
the electronic states of significant charge-transfer character such
as S1.

14,34 Since the localized nature of both S0 and 1(TT)
23,35−38

makes their energy rather insensitive to changes in the
polarizability of the molecular environment,39 we can thus
controllably scan S1 over 1(TT) and its vibrational sublevels.
This polarizability-induced tuning of excited-state energetics

is here exploited by combining pentacene (PEN), a prototypical
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SF chromophore,2,40 with three spacer molecules of increasing
optical band gap and concomitantly decreasing polarizability,41

namely, anthradithiophene (ADT), dinaphthothienothiophene
(DNTT), and [6]phenacene (6PH) (Figure 1a−c). By

changing the spacer molecule and adjusting the mixing ratio,
we are able to continuously scan the energy of S1 relative to
1(TT) and its vibrational sublevels, spanning an energetic range
covering the relevant vibrational modes. The resulting changes
in the SF time constant are probed by femtosecond transient
absorption (TA) spectroscopy and complemented by simu-
lations of the 1(TT) population dynamics as a function of the
energetic difference between the relevant states. Thus, we
experimentally confirm the important role of vibrational modes
near 1150 cm−1 (143 meV) that have been suggested as key for
SF in PEN.7,22,24 The strategy presented here enables us to
continuously and controllably scan through energetic reso-
nances between vibronic states, providing access to the
microscopic details of ultrafast SF on a level which we believe
is challenging to achieve by other approaches.

■ RESULTS AND DISCUSSION
Controlling the energetic difference between vibronic states
using blends puts specific demands on the chemical, optical, and
structural properties of the spacer molecules in relation to the SF
chromophore, here PEN. These requirements were the basis for
our choice of spacer molecules, see Figure 1a. In particular, the
energetic position of their HOMO and LUMO relative to PEN
must ensure weak interaction in the blends (Figure 1b), so that
the main effect of the spacer molecules is to change the
polarizability of the environment. The extent of this change can
be controlled by the optical band gap (Figures 1c and S7 in the

Supporting Information), which is linked to the polarizability.
Based on the literature,41 we expect the polarizability to decrease
with increasing band gap (see arrows in Figure 1c) and, thus, the
energy of S1 in PEN to increase within the blends
following the evolution of the band gap, that is, from ADT to
DNTT to 6PH, vide infra, comparable to the solvatochromic
effect. Finally, in order to obtain a continuous change in ,
statistical intermixing over a large range of concentrations is
required, which is facilitated by the similarity in size between the
molecules42 (see Figures 1a and S2−S5 in the Supporting
Information for X-ray diffraction results, which demonstrate the
existence of long-range order in themixed films as well as a linear
trend in the lattice parameters with mixing ratio following
Vegard’s law for binary solid solutions43) and in accordance with
previous reports in the literature on similar systems.32,33,44,45

Therefore, the use of three spacer molecules differing in their
polarizability in combination with the mixing behavior allows for
a continuous variation in over a wide range.
Figure 2a compares the steady-state absorption spectra of

PEN blends with the three different spacer molecules for various
PEN fractions, f PEN. Focusing on the evolution of the absorption
features below 2.1 eV, which are assigned to the Davydov
splitting (DS) in PEN,14,32 two clear trends for ,
determined from the position of the lower Davydov component,
can be observed. Within a series, the shift to higher energies
(hypsochromic) becomes more pronounced with decreasing
f PEN, while between the series, the hypsochromic shift of
increases with increasing band gap of the spacer molecule for a
given PEN fraction. This is illustrated in Figure 2b for the blends
with 20% PEN and supports the expected inverse correlation
between the band gap of a molecule and its polarizability as
detailed before. The two trends can be rationalized by the
mixing-ratio- and spacer-molecule-dependent change in polar-
izability of the molecular environment of a given PEN molecule
in the blends compared to in a neat PEN film. When a PEN
molecule is replaced by a spacer molecule, the polarizability of
the environment decreases, causing a destabilization of the S1
state and a hypsochromic spectral shift of the S1 ← S0
transition.41 The magnitude of the destabilization, and therefore
of the hypsochromic shift, depends on the polarizability of the
spacer molecule, as discussed before, leading to the difference
between the series, but also on the average number of PEN
neighbors, leading to a continuous increase in E(S1) within a
series.32,33 We note that the large energetic shift of the
absorption spectra of the 20% blends compared to PEN in
solution (dotted line in Figure 2b) indicates the existence of a
long range order even at such low PEN concentrations and is in
contrast to previous studies on amorphous films46 (see the
Supporting Information for details). The mixing-ratio- and
spacer-molecule-dependent hypsochromic shift can be quanti-
fied by fitting the region of the DS (see Figure 2c),
demonstrating our fine control of in the blends.
Importantly, the relative energy of the triplet state T1 in PEN,
, compared to S0, is robust with respect to changes in the

molecular environment22,39 due to its localized nature.35−37

This assumption is supported by comparing the experimentally
determined singlet- and triplet-state energies in the gas phase
and in the condensed state,47−50 which show a significantly
higher dependence of the former on the polarizability of the
environment compared to the latter. In conjunction with the
expected weak interaction of the triplets and the small charge-
transfer contribution (vide infra),19,51−53 this allows us to

Figure 1. Chemical structures, orbital energies, and optical band gaps.
(a) Chemical structures of PEN, ADT, DNTT, and 6PH (from left to
right). (b)HOMOand LUMOenergies determined byDFT (B3-LYP/
def-TZVP). (c) Optical band gaps determined from UV/Vis trans-
mission spectroscopy of neat films (see Figure S7 in the Supporting
Information).
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Figure 2. Steady-state optical properties. (a) UV/vis absorption spectra for blends of PENwith ADT, DNTT, and 6PH. (b)UV/vis absorption spectra
for blends of 20% PEN alongside neat PEN in a thin film and in dichlorobenzene solution (monomer, dotted line) for comparison. The shift to higher
energies (hypsochromic shift) is most pronounced for the blend with 6PH and smallest for the blend with ADT in accordance with the band gap of the
spacer molecule. (c) Evolution of in the three series relative to the energy of 1(TT) dressed by one or two vibrational quanta of frequency 1150
cm−1 (143 meV), denoted as 1(TT)★ and 1(TT)★★, respectively, see the dashed horizontal lines. Horizontal error bars correspond to the error of the
quartz crystal microbalances used for thickness determination and vertical error bars are proportional to the full width at half-maximum (FWHM) of
Gaussian functions fitted to absorption peaks. The possible energy distribution of 1(TT) due to inhomogeneous broadening is illustrated by the gray
color gradient, assuming a Gaussian standard deviation of σ = 27 meV.23

Figure 3. TA spectra at different delay times. (a−d) TA spectra for neat PEN and 20% PEN blends with spacer molecules ADT, DNTT, and 6PH
averaged over the indicated delay times. The GSB is indicated along with features from SE and triplet ESA. (e) Zoom into the region of the triplet ESA
for different delay times for the 20% PEN blends, see Figure 4 for the corresponding time traces.
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assume the energy of 1(TT) is the same for all blends in this
work with eV,24,40,48 independent
of f PEN and choice of spacer molecule (see Section S3.4 in the
Supporting Information for details). As discussed below, this is
also consistent with the theoretical model used for describing SF
in the blends. Therefore, the change in E(S1) corresponds to an
energetic shift of S1 compared to 1(TT) and its higher
vibrational sublevels, including those involving one or two
vibrational quanta, denoted 1(TT)★ and 1(TT)★★, respectively.
In neat PEN, S1 has been proposed to be resonant with
1(TT)★,22,24 and increasing the spacer fraction results in the
break-up of this resonance by shifting S1 to higher energy. This
can be clearly seen in Figure 2c, where the energies of 1(TT)★

and 1(TT)★★ are additionally shown as gray horizontal lines
superimposed by a Gaussian energy distribution due to possible
inhomogeneous broadening. However, since a recent theoretical
study has found that inhomogeneous line broadening has only a
negligible effect on SF,54 it is not considered further in our study.
For the vibrational spacing, we assumed an energy of 143 meV
(1150 cm−1) recently proposed as a crucial vibrational mode
facilitating SF of PEN.22,24 Note that only for 6PH, the
difference in polarizability is large enough to bring S1 into
resonance with 1(TT)★★ for small PEN fractions. This
constitutes the first important result of our work, namely, our
ability to vary the energetic difference between S1 and 1(TT)
continuously within an energy range of ΔE ≈ 150 meV,
corresponding to the difference between two vibrational energy
levels of the above-mentioned relevant mode, by using different
spacer molecules and mixing ratios. Accordingly, our approach
allows us to elucidate the role of specific vibrational modes in
mediating SF through vibronic coupling by measuring the

evolution of the SF time constant, τSF, with femtosecond TA
spectroscopy.
Figure 3a−d reports the TA spectra for neat PEN and the 20%

PEN blends in the wavelength range between 550 (2.25 eV) and
950 nm (1.31 eV), covering the ground-state bleach (GSB), the
stimulated emission (SE), and the triplet excited-state
absorption (ESA) in PEN.55 For these experiments, the pump
wavelength is chosen at 620 nm (2.00 eV for blends with ADT)
and 610 nm (2.03 eV for blends with DNTT and 6PH) in order
to consistently excite the upper Davydov component of PEN
while remaining below the band gap of the respective spacer
molecules. The spacing to the vibronic progression of the SE at
725 nm (1.71 eV) is approximately 140 meV. The rise of the
triplet ESA for wavelengths above 770 nm (below 1.6 eV) gives a
direct measure of τSF.19,40,55,56
We focus our analysis on the blends with 20% PEN (Figure

3b−d) for which our steady-state optical characterization
revealed the largest shift of and for which therefore the
most distinct differences in the SF kinetics can be expected.
Compared to neat PEN, the position of the strongest TA feature
is shifted to shorter wavelengths and matches the energy of the
upper Davydov component. It is likely that SE from monomeric
PEN, isolated in a matrix of spacer molecules, overlaps with the
GSB here, indicating a more complex photophysical behavior.
The smaller peak between 650 nm (1.9 eV) and 690 nm (1.8 eV)
comprises a GSB of the lower Davydov component along with
SE. We note that this feature is preserved on the picosecond
timescale which can be rationalized by SE from long-lived
monomeric PEN.32,33,44 Furthermore, it might be possible that
SE from 1(TT), which has been demonstrated to contribute to
the emission spectrum in PEN,57 contributes to this feature. The

Figure 4. TA data analysis. (a) Time traces for all blends at a wavelength of 860 nm (1.44 eV), corresponding to the triplet ESA, along with the fit
results from global analysis (solid lines). (b) Comparison of the SF time constant τSF from global analysis for different f PEN and spacer molecules. (c)
Time traces for the 20% blends at the position of the triplet ESA normalized to the fit value after 800 fs. Note that in the 20% blends, the coherent
artifact from the temporal overlap of pump and probe pulse increases in weight compared to the actual signal and is therefore omitted for clarity.
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observation of triplet ESA above 770 nm (below 1.6 eV) proves
the existence of SF even at such low PEN fractions.
A comparison of the evolution of the TA signal in the spectral

region of the triplet ESA is shown in Figure 3e. The first
important observation is the ascending order of the absolute TA
signal at early times (0−0.1 ps) with increasing optical band gap
of the spacer molecule. This behavior is indicative of different
triplet-pair state admixtures to the initially excited adiabatic S1
state, consistent with the coherent nature10,15,29,58,59 of the SF
process in PEN13,28,33 and the crystalline structure in our blends.
Following the temporal evolution of the triplet ESA for the two
extreme cases, 6PH and ADT, a continuous increase is observed
for ADT even up to the longest time delays, while for 6PH, the
build-up is already complete after approximately 200 fs. Last, the
evolution of the triplet ESA in DNTT is intermediate to the
blends with the other two spacer molecules.
To quantify τSF for all blends, we analyzed the TA data by

global analysis using the software GloTarAn (see SI for details
on the fitting procedure).60 A comparison between measured
data and fit results based on a sequential model for time traces at
860 nm (1.44 eV) representing the triplet ESA is shown in
Figure 4a (see Figures S23 and S42 in the Supporting
Information for details). We note that the decrease of the
absolute TA intensity in the triplet ESA (Figure 4a) for
decreasing PEN fraction is due to the reduced total number of
PEN molecules. As SF in PEN is known to proceed with a time
constant of approximately 100 fs,55,61 focus is given to the early
delay times.
The resulting τSF are shown in Figure 4b and give a similar

trend for blends with excess of PEN ( f PEN > 0.5), independent of
the spacer molecule. This changes dramatically toward lower
PEN fraction. For the spacer molecule with largest polarizability,
ADT, τSF continues to increase with decreasing f PEN, while we
observe a sudden drop in τSF for 6PH. This leads to a clear
ordering in τSF for the different spacer molecules, especially for
f PEN = 0.2, which follows the trend in optical band gap and
polarizability (Figure 1c). This can also be seen qualitatively by
comparing the corresponding time traces of the triplet ESA, see

Figure 4c. Despite the larger error bar for τSF at low f PEN in
blends with ADT, both the qualitative and quantitative analysis
demonstrate the dependence of the SF kinetics on the energetic
difference between S1 and 1(TT), controlled by the choice of
spacer molecule and the mixing ratio.
To elucidate the role of energetic resonance in the observed

evolution of τSF, we modeled the SF process based on a
previously developed model23,24 that treats both electronic and
vibrational degrees of freedom on equal footing (see Methods
and Supporting Information for details). The model considers
three types of diabatic electronic states: singlet Frenkel excitons
denoted by s1, charge-transfer excitons denoted by ct, and
correlated triplet-pair excitons denoted by t1t1, all of which play
an important role in the SF process.7−9,14,15,17−19 The model
also treats a single vibrational mode at 1150 cm−1 quantum
mechanically. This mode has been identified in the literature as
an important mode for mediating singlet fission in pentacene.24

While it is likely that other nearby vibrational modes could also
play a role in the SF process and are likely necessary to
quantitatively reproduce the experimental data, including these
modes is beyond the scope of the current paper and our
computational resources. We note, however, that recent
advances using tensor network simulations27,62 appear promis-
ing for overcoming the challenges associated with the
simultaneous quantum treatment of several vibrational modes
and think that this would be a worthwhile pursuit for future
studies. Moreover, we assign the same vibrational energy to all
diabatic electronic states (s1, ct, and t1) even though the
vibrational energies for these states are expected to be slightly
different due to the differences in their potential energy surfaces.
However, we do not anticipate that this approximation will affect
the results of our simulations in a significant way. In the
following discussion, diabatic states are labeled with lowercase
letters s1, t1t1, and ct, while adiabatic states are labeled with
uppercase letters S1 and 1(TT), following ref 23.
To investigate the effect of varying E(S1) on τSF, we

systematically increase the energy of the diabatic ct states from
the value in neat pentacene, ΔEct = 0 to ΔEct = 2700 cm−1 (see

Figure 5. Simulation of SF in the blends. (a) Composition of adiabatic states with different ΔEct inset within each plot. All other parameters remain
constant. Only states for which the transition from the ground state has finite (non-zero) oscillator strength are shown (see refs 23 and 24). For visual
clarity, each line represents the average composition of states with energies that lie within the width of the bar (25 cm−1). (b) Triplet population as a
function of time for 2 × 2 crystals with different ΔEct. ΔEct for each simulation is shown in the figure inset, along with the SF time constant τSF.
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Figure 5). The justification for varying the energies of the
diabatic ct states is that they are expected to be most sensitive to
the environmental polarizability. The localized nature of the
diabatic s1 and t1t1 states implies that they are much less sensitive
to changes in the environmental polarizability. Since the
adiabatic states, S1 and 1(TT), are composed of the diabatic
states, s1, ct, and t1t1, it is the varying ct contribution which
controls the sensitivity to the molecular environment, see Figure
5a and Table S1 in the Supporting Information. The above-
mentioned values of the diabatic ct energy bring from its

value in neat PEN to just above . Figure 5a shows
the diabatic character of the adiabatic states with non-zero
oscillator strength as ΔEct is varied. Within these plots, the
adiabatic S1, 1(TT)★, and 1(TT)★★ states are readily identified.
The 1(TT)★ and 1(TT)★★ clusters are approximately separated
by the vibrational energy, 1150 cm−1, and have mainly diabatic
t1t1 character. Importantly, the energies of the 1(TT) states are
robust against changes in ΔEct due to the relatively small ct
character of these states (see Figure 5a). The simulations
therefore support the assumption made earlier regarding the
stability of 1(TT) in the experimental systems with respect to
changes in the environmental polarizability. The S1 state always
has mostly s1 and ct character, but a noteworthy observation is
the evolution of the admixture of t1t1 to the initially excited S1
state with increasing ΔEct. When S1 is near resonance with
1(TT)★ (see ΔEct = 0 and ΔEct = 300 cm−1), a significant
contribution from t1t1 is found. The contribution from t1t1
becomes negligible for increasing ΔEct but reappears once S1
comes into resonance with 1(TT)★★ (ΔEct = 2400 cm−1). This
is particularly important for our study as the initial t1t1
contribution is directly linked to the SF time constant.16,33

The mixing between the diabatic s1 and t1t1 is mediated by ct
states,14 as can be seen by the ct admixture to both S1 and the
vibrationally dressed 1(TT) (see Figure 5b and Table S1 in the
Supporting Information). We note that, consistent with recent
literature reports, a small but non-vanishing ct contribution to
the triplet-pair state is sufficient to facilitate ultrafast SF in

PEN.16,38,58 To extract τSF, the temporal evolution of the
diabatic triplet population is fitted to an exponential function,
see Figure 5b and the Supporting Information for details.
Figure 6 summarizes the SF time constants as a function of
. In the simulation (upper panel in Figure 6a), τSF increases

as increases and S1 moves out of resonance with 1(TT)★.
A further increase in leads to S1 approaching 1(TT)★★ and
results in a reduction of τSF. If S1 is resonant with 1(TT)★★, τsf
has a similar value as in neat PEN. Comparing the simulations
with the experiment (lower panel in Figure 6a), we find that they
qualitatively capture the experimentally observed behavior. In
particular, the agreement in the energy at which τSF begins to
decrease (around 1.96−1.98 eV) is the central result of our study
since it demonstrates the sensitivity of τSF to vibrational modes
near 1150 cm−1. This result is summarized by the scheme shown
in Figure 6b.
We note that the discrepancy between the experiment and

simulation for intermediate values of (see Figure 6a) likely
has some origin in the model approximations. For example, the
simulations only treat one vibrational mode at 1150 cm−1 (143
meV) quantum mechanically, but coupling to other vibrational
modes, inter alia modes at 1400 cm−1 (174meV) and 1600 cm−1

(198 meV)7,23,24,63 may also lead to a reduction in τSF as S1
passes through resonance with the corresponding vibrationally
excited triplet-pair states. It is also possible that the low-
frequency spectral density, which is taken to be of the Debye
form, is not accurate.24 Another discrepancy between the model
and experiment is the presence of the spacer molecules. The
current model mimics the effects of the spacer molecules by
varying ΔEct for the individual PEN molecules, while in reality,
the situation is more nuanced. In ref 32, the spacer molecules
were accounted for in more detail by adjusting the PEN−PEN
transfer integrals to account for packing variation within the
crystalline lattice and a significantly increased τSF was predicted.
Since the spacer molecules used in this study have been chosen
to preserve the intermolecular packing as much as possible, we
expect variations in the charge-transfer integrals to be minimal

Figure 6. SF time constants and vibronic coupling scheme. (a) Comparison between the simulated SF time constants (top) and the experimentally
determined SF time constants (bottom). The trend with respect to energy is the samewhile they differ in the absolute values (see text for details).
The positions of the first and second vibrational sublevel of 1(TT) are shown as vertical gray bars, with an energy spacing of 1150 cm−1. (b) Proposed
scheme of the modification of vibronic coupling in the PEN blends. Energetic resonance between S1 and the vibrational sublevels of 1(TT) is achieved
by increasing through polarization effects induced by the presence of spacer molecules as indicated by the color gradient boxes. Changing the
mixing ratio in the blends allows for minute control of the energetic position. Strong vibronic coupling occurs for S1 being resonant with 1(TT) dressed
by one or two vibrational quanta with a vibrational frequency of 1150 cm−1, while other vibrational modes play a minor role for efficient coupling
between the relevant states in SF.
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and only have minor effects on the qualitative aspects of the
model predictions. We have therefore omitted consideration of
changes in the charge-transfer integrals in this study. In ref 33,
focus was given to the replacement of nearest neighbors, and the
robustness of the SF rate observed in ref 32 was explained by the
coherence of the process. A realistic simulation of the full system
combining both approaches exceeds the scope of this work.
However, an insight into the multiple contributions to variations
in the SF rate for such blends can be gained from the experiment
by comparing the series with three different spacer molecules.
These contributions include the above-mentioned replacement
of nearest neighbors and changes in the unit cell with
corresponding changes in intermolecular distances14 and/or
molecular orientation.16,64 Both have an impact on intermo-
lecular interactions and charge-transfer state admixture to
S1,

7−9,14,15,17−19,65 which mediates the SF process in
PEN.14,18,21 Additionally, the entropic gain during SF is reduced
in blends due to a reduction of possible microstates by replacing
the nearest neighbors or confining the singlet exciton.66

We start by excluding the impact of the expansion of the unit
cell, focusing on the in-plane parameters known to be central for
the photophysics in PEN.24,32 The largest change in τSF is
observed for ADT as a spacer molecule for which almost no
change in in-plane unit cell parameters is observed (see Figure
S4 in the Supporting Information), while τSF shows the smallest
increase for 6PH blends despite the largest geometrical changes.
We note that the decreasing crystallite size and corresponding
coherence length of the singlet exciton for larger ADT
concentrations might be a possible explanation for the strong
increase in τSF for low PEN fraction with ADT as the spacer
molecule.67 This increased structural disorder reduces the
coherence length of the singlet exciton, the number density of
the final 1(TT) states, and, thus, also the SF rate.54,67−69 In
contrast, an effect of the crystallite size can be excluded for the
other two systems (see Figure S5 in the Supporting
Information).11 Last, we note that an exciton migration
determined SF process would lead to monotonically increasing
SF time constants for decreasing PEN fraction and should result
in the smallest SF rates for blends of PEN with 6PH due to the
largest increase in in-plane lattice parameters and is thus not
supported by our data. Next, we turn to the impact of
intermolecular interactions and charge-transfer admixture to
S1 on τSF. The DS can serve as a measure for this parameter14,34
but shows for all blends the same trend (see Figure S8 in the
Supporting Information), supporting the idea that already a
small charge-transfer admixture to S1 is sufficient to facilitate fast
SF.16,58 This is also supported by the simulation results
presented in Figure 5 which show that the ct admixture to S1
decreases significantly asΔEct increases. Despite the decrease in
the ct admixture, τSF still decreases dramatically when S1 is nearly
resonant with 1(TT)★★. Last, an effect from entropic gain as a
driving force for SF70 can be ruled out in our blends. The
number of microstates for 1(TT) continuously decreases with
increasing spacer concentration, leading to a reduction in
entropy and should result in a slowdown in SF, which is
incompatible with the acceleration of τSF for low PEN
concentration with 6PH as the spacer molecule. This leaves
the impact of the vibronic coupling as the main parameter
determining τSF in these blends and demonstrates the potential
of our approach to control the coupling efficiency by
continuously scanning S1 through energetic resonance with
1(TT) and its vibrational sublevels.

Our interpretation of the decrease of the SF time constant for
the blend with 20% PEN and 80% 6PH being due to vibronic
coupling is further supported by an in-depth analysis of our TA
data in the spectral region of the triplet ESA band between 780
and 950 nm (see Section S4.3 in the Supporting Information for
details). The dip visible in the time traces around 300 fs (see
Figures 4 and S39−S42 in the Supporting Information) is
reproduced by a sequential model, in which the electronic
1(TT)★★ state containing two vibrational quanta serves as an
intermediate state from which the vibrationally relaxed
electronic 1(TT) state is populated via vibrational relaxa-
tion.71,72 The time constant determined using this sequential
model is approximately 800 fs and therefore in a similar range as
vibrational relaxation in PEN73 and comparable systems,71,72

supporting our interpretation that the coupling to a vibrationally
excited state causes the observed decrease of the SF time
constant.

■ CONCLUSIONS
In summary, by using blends to engineer the polarizability of the
molecular environment, we control the energetic difference
between S1 and vibrational sublevels of 1(TT) in PEN. Changing
the spacer molecule and mixing ratio in PEN blends, we were
able to scan over a variety of vibrational modes and probe the
concomitant evolution of τSF with TA spectroscopy. After an
initial increase in τSF due to unfavorable energetic offset between
S1 and 1(TT), we observed a clear difference in the trend
between the series with the three spacer molecules toward
reduced f PEN. Only for the blends with the spacer molecule of
lowest polarizability, an acceleration of the SF process was
found; this result was interpreted in terms of S1 coming into
resonance with the doubly vibrationally excited triplet-pair state,
1(TT)★★. Based on a comparison with simulation, we identified
vibrational modes near 1150 cm−1 as the origin for this
acceleration. Thus, our study emphasizes the important role that
vibronic coupling plays in facilitating ultrafast SF in PEN. By
scanning S1 relative to 1(TT), we gain insight into microscopic
details which go beyond the existing approaches. As a general
perspective, such blends have the potential for the study of the
impact of energetic resonance between electronically and
vibronically excited states in a variety of complex photophysical
processes as they enable a continuous and fine tuning of excited-
state energetics.

■ EXPERIMENTAL SECTION
The mixed films of PEN (Sigma Aldrich, 99.99%, triple sublimed),
ADT (Sigma-Aldrich, 97%), DNTT (Sigma-Aldrich, 99%), and 6PH
(Lambson Japan Co. Ltd. 99%) were grown by organic molecular beam
deposition on silicon with a native oxide layer (Microchemicals) and on
borofloat glass substrates (Menzel coverslip) at a base pressure of 1 ×
10−8 mbar. The total growth rate was 0.6 nm/min, with the rates of the
two materials monitored separately by two quartz crystal micro-
balances, calibrated using X-ray reflectivity. The final film thickness was
80 nm.
UV−vis transmission spectra were recorded using a PerkinElmer

Lambda 950 spectrophotometer.
Ultrafast pump probe experiments were performed using a Ti/

Sapphire chirped pulse amplified source (Coherent Libra), with 4 mJ
output energy, 1 kHz repetition rate, 800 nm central wavelength, and
100 fs pulse duration. Excitation pulses at 620 nm (for samples with
ADT) and 610 nm (for samples with DNTT and 6PH to consistently
excite above the energy of the upper Davydov component) with 70 fs
duration were generated by non-collinear optical parametric
amplification in a β-barium borate crystal. Pump pulses were focused
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to an approximately 400 μm diameter spot. Probing was achieved in the
visible and near-infrared region (530 to 1000 nm) by using a white light
continuum generated in a 5 mm YAG plate. Transient transmission
spectra were collected by using a fast optical multichannel analyzer. The
measured quantities are the transmission with (Tp) and without (T)
prior excitation by the pump pulse from which the differential
transmission, ΔT/T, is calculated as ΔT/T . For
excitation, a fluence of 32 μJ/cm2 was used for all samples.
Measurements were performed at room temperature and under
vacuum or in protective atmosphere to avoid sample degradation.
For the global analysis of the obtained TA data, the open-source
software GloTarAn was used.60

SF dynamics are calculated using Redfield theory according to the
model and methods described in refs 23 and 24. As in ref 24, the
dynamics are simulated for 2 × 2 neat pentacene crystals initialized in
the adiabatic S1 state and using parameters that reproduce the
experimental S1 and 1(TT) energies. Holstein vibronic coupling to the
1150 cm−1 intramolecular vibrational mode is included, while all other
vibrational modes, including the intermolecular modes that contribute
to non-local Peierls interactions, are included in the Debye spectral
density used in the Redfield calculations. We note that Peierls-type
vibronic coupling was shown in ref 24 to only have a modest effect on
SF. To simulate the effect of the changing environmental polarizability
due to the replacement of PEN molecules with spacer molecules, the
energy of the diabatic ct states is adjusted. All other parameters are the
same as in ref 24 except the cut-off used to truncate the Redfield
calculations, which is increased from 15,500 to 16,450 cm−1 to ensure
that all relevant adiabatic states are included in the calculation for every
ΔEct energy considered.
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