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ABSTRACT: Singlet fission - whereby one absorbed photon generates two coupled triplet excitons - is a key process for
increasing the efficiency of optoelectronic devices by overcoming the Shockley-Queisser limit. A crucial parameter is the rate
of dissociation of the coupled triplets, as this limits the number of free triplets subsequently available for harvesting and
ultimately the overall efficiency of the device. Here, we present an analysis of the thermodynamic and kinetic parameters for
this process in parallel and herringbone dimers in co-evaporated films of pentacene in p-terphenyl. It was found the rate of
dissociation is faster for parallel dimers than their herringbone counterparts, as is the recombination to ground state. DFT
calculations, which provide the magnitude of the electronic coupling as well as the distribution of molecular orbitals for each
geometry, suggest that decreased triplet coupling in the parallel dimer is the driving force for faster dissociation. Conversely,
localization of the molecular orbitals and higher triplet interaction result in slower dissociation and recombination The iden-
tification and understanding of how intermolecular geometry promote efficient triplet dissociation provides the basis for

control of triplet coupling and thereby the optimization of device performance.

INTRODUCTION

Distance and relative orientation between chromophores dic-
tate the nature and strength of their electronic coupling influ-
encing their behaviour and usefulness in technological applica-
tions. Photosynthetic complexes, where the protein scaffold
holds chlorophyll and carotenoid chromophores in precisely
defined positions, provide striking examples of this. For in-
stance, the precise arrangement of bacteriochlorophylls in the
LH2 complex considerably redshifts the absorption wave-
length of the complex compared to the monomer.12

In common organic photovoltaics, where photosynthetic light
conversion reactions are mimicked, the active components are
distributed within amorphous or polycrystalline structures
and the overall efficiency is a weighted average over all possi-
ble distances and orientations. Singlet fission (SF) - a mecha-
nism by which one singlet exciton splits into two triplet exci-
tons - has gained prominence as a viable pathway for exceeding
the Shockley-Queisser limit - the theoretical maximum effi-
ciency due to non-radiative recombination processes. SF could
also improve the efficiency of hybrid organic-inorganic photo-
voltaic cells, whereby the organic layer harvests high-energy
photons and supplies two lower energy photons to the under-
lying inorganic layer, typically amorphous silicon, where

charge separation is accomplished.3-¢ It can be described by the
equation:

So =S4 = HTT) - >(TT) » T+T

where So and S1 are the ground and (first) excited singlet states,
respectively; 1(TT) are the coupled triplets with singlet multi-
plicity produced by SF; and T + T are the free triplets available
after fission for harvesting. An intermediate step, often labelled
L(T...T) but not shown here, represents the correlated triplet
pairs spatially separated whilst retaining spin coherence; a
state enabling spin mixing due to weaker coupling that results
in quintets’. Here we directly use the notation 5(TT) to denote
quintets , as they are unambiguously identified using electron
paramagnetic resonance (EPR) spectroscopy.8-10

Not many organic semiconductors are known to undergo SF
mostly because of the strict energetic requirement Eg =
2 Er.11 Linear acenes and their derivatives are by far the most
studied organic semiconductors for SF and there appears to be
a correlation between number of benzene units and singlet-tri-
plet energy gap. For instance, SF is endergonic for tetracene
and exergonic for pentacene.12-14 However, although both mol-
ecules adopt a herringbone motif in their crystal packing, the



effect of the relative orientation between neighbouring chro-
mophores on the thermodynamics of SF and subsequent exci-
ton migrations has not been investigated.

Several models have been designed to investigate the SF kinet-
ics 15-17, and many attempts at experimentally resolving the ki-
netic parameters have been reported.>10131819 Nonetheless,
several matters remain under discussion, such as the extent of
triplet correlation after SF.7 The exciton delocalisation on non-
covalent dimers has been studied,20-24 although a direct com-
parison between various molecular configurations and its ef-
fect on SF dynamics is lacking. Recent studies have investigated
the effect of diffusion on the kinetics revealing that it plays a
significant role in the successful dissociation of excitons into
free triplets.2526

Calculations have predicted that the slip-stacked geometry is
optimal for SF as this configuration results in a substantial or-
bital overlap.1221.24 More recently, a comprehensive modelling
of ethylene pairs showed that the slip-stacked arrangement is
one of the most efficient pairs for SF.2” Consequently, covalent
dimers of perylene-3,4,9,10-bis(dicarboximide) (PDI) and ter-
rylene-3,4,11,12-bis(dicarboximide) (TDI) with slip-stacked
geometries have been synthesised and identified as efficient SF
materials in solution.28-30 In solid-state materials, it has been
suggested that both slip-stacked or herringbone structures are
suitable, as observed in pentacene and tetracene systems,3!
though a comparison has not been explicitly reported. Further-
more, recent work suggested that the dimer configuration af-
fects the efficiency of quintet dissociation and therefore the po-
tential for triplet harvesting within these layers.10 Specifically,
the 5(TT) state from parallel and herringbone dimers have dis-
tinct Hamiltonian parameters and the coupled triplets originat-
ing from parallel dimers dissociate more readily.

Here we explore the effect of orientation on the energy land-
scape of a well-defined pentacene system.32 We investigate the
dissociation kinetics in a dilute systems where diffusion is
likely suppressed or can be understood as a function of the pen-
tacene content. The kinetic parameters are obtained as a func-
tion of temperature and concentration to identify variations in
the dynamics of the parallel, specifically slip-stacked, and her-
ringbone configurations. Films of 0.5% and 10% pentacene in
p-terphenyl are studied, representative of the isolated mole-
cule and partially aggregated systems respectively.32 To ac-
count for the energetic and kinetic differences found experi-
mentally, we perform density functional theory (DFT) calcula-
tions, providing the magnitude of the electronic coupling for
the various configurations as well as the distribution of molec-
ular orbitals over the coupled chromophore pairs. How orien-
tation affects the thermodynamics of chromophores in the tri-
plet state is a more fundamental question with implications not
only in SF research but more generally pertaining to the under-
standing of excited state chromophore-chromophore interac-
tions.

RESULTS & DISCUSSION

To investigate the excited state dynamics as a function of dimer
configuration in solid-state systems, the temperature depend-
ence of the time-resolved (tr) EPR spectra of thin films of pen-
tacene in p-terphenyl were considered. Although the singlet fis-
sion mechanism itself is temperature independent,33 the sub-
sequent dissociation into free triplets and recombination to the
ground state may be thermally activated depending on the di-
mer geometry. It is therefore important to understand how the
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Figure 1. The tr-EPR spectra of the 1 pum thick films of 0.5% penta-
cene in p-terphenyl, integrated over a 500-900 ns time window after
the laser pulse. The data are taken as a function of temperature, with
the long axis of the molecule aligned with the magnetic field. The
maximum intensity for the emission (blue) and absorption (red)
peaks are shown in the inset. A = enhanced absorption, E = emis-
sion.

molecular microstructure can affect the generation of polarons,
impacting efficiency for potential photovoltaic applications. A
thin film of 0.5% pentacene in p-terphenyl, a system of isolated
molecules representative of the monomer photophysics, was
first considered to determine the contribution of ISC triplets as
a function of temperature. Intersystem crossing in pentacene is
known to be temperature dependent as it is a vibronic assisted
mechanism.3435 The tr-EPR spectra spanning temperatures
from 200 K down to 10 K are reported in Figure 1, for the long
axis of the pentacene molecule parallel to the magnetic field,
with the maximum peak intensity plotted as a function of tem-
perature in the inset. As temperature decreases, the pentacene
triplet intensity decreases linearly, with the yield dropping to a
third of its 200 K value by 10 K.

The temperature dependence of the tr-EPR spectra of the 10%
pentacene film, representative of a partially aggregated sys-
tem,1032 is shown in Figure 2, measured in the same conditions
as the 0.5% film. The spectra are the superposition of three
components: isolated triplets from ISC, parallel dimers and her-
ringbone dimers contributing both triplet and quintet species,
as reported previously.10 The triplet to quintet (T/Q) peak ratio
for each dimer configuration is reported in the inset as a func-
tion of temperature. The expectation would be a consistent ra-
tio throughout all measurements due to the temperature inde-
pendent nature of SF and this is indeed observed for the her-
ringbone dimer (blue dots, Figure 2 inset). The intensity of her-
ringbone quintets decreases proportionally to that of its tri-
plets. Conversely, the T/Q ratio of the parallel dimer geometry
decreases with decreasing temperature until 50 K, reaching ap-
proximately a quarter of its initial intensity before settling on a
constant ratio. Comparing this with the dilute sample, it can be
inferred that the additional triplet contribution at higher tem-
peratures corresponds to the ISC monomer triplet, which even-
tually falls below the threshold of the temperature independ-
ent SF triplets. The decrease in T/Q ratio corresponds to the
decrease in triplet intensity of the ISC triplet, as measured in
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Figure 2. Temperature dependence of the photoexcited tr-EPR
spectra of 10% pentacene in p-terphenyl with the long axis of the
molecule parallel to the magnetic field. Inset shows the peak inten-
sity ratios of the triplet and quintet peaks for herringbone and par-
allel dimer configurations as a function of temperature. A = en-
hanced absorption, E = emission.

the 0.5% pentacene sample. Furthermore, the increase in abso-
lute intensity of the parallel quintet in the EPR spectra suggests
that as temperature decreases and ISC is inhibited, SF then
dominates with more quintets formed than at room tempera-
ture.

The Arrhenius equation relates the dependence of reaction
rates on temperature as:

E,
k = Aexp (_ﬁ)

where A is a prefactor, Ea is the activation energy, R is the gas
constant and T is temperature.

The decay rates of the ISC triplets back to the ground state for
the 0.5% pentacene sample were calculated at each tempera-
ture and an Arrhenius plot reported in the supporting infor-
mation. At ~190 K, p-terphenyl undergoes a phase change
from a monoclinic to triclinic structure, allowing pentacene to
substitute into four inequivalent sites instead of just two.3637
Most noticeably, the pentacene reordering results in a 20% de-
crease of the decay rate when lowering the temperature
through the structural phase transition (See supporting Infor-
mation Figure XXX). This has not been reported in the litera-
ture previously, as it is the first time a temperature dependent
EPR study has been carried out through the phase change tem-
perature of p-terphenyl. However, this could be significant in
predicting optimal crystal structures for SF materials. The re-
maining data then follow the exponential increase in lifetime
with decreasing temperature.

The temperature-dependent Kinetics were then calculated for
the 10% pentacene sample solving the ordinary differential
rate equations for pentacene in p-terphenyl system 13.38 modi-
fied here to include both dimer configurations simultaneously:

Q/\ = kTQ/\TT/\ - (kdiss/\ + erec/\)Q/\ + I‘atiOQO/\*kirt*Sl

TTp = —kr TT\ + kaiss, QN = kairp \TTA = Krrrec \TT)

Q” = kTQ”TT" - (kdiSS” + kQ‘r‘eC”)Q" + ratiOQ()”*kirf*Sl
TTy = —kro,TT) + kaiss, @ — kairr, TT) — krrrec TT)
T = kdiff”TT” + kdiff/\TT/\ - kTrecT +ratioTo*kir*S1

5;0 = krrecT + kTT‘rec”TTll + erec” Q||

+ erec/\Q/\ + kTTrec/\TT/\
Si = —kit*S1

where Q and TT are the quintet and dissociated triplets for the
parallel, ||, and herringbone, /\, cases; T,S,andS; are the
monomer triplet, ground state and excited singlet state respec-
tively. The model sets the starting population entirely in S,
with a fitted triplet/quintet ratio parameter.

The kinetic parameters are the rate of dissociation, kg;ss =

S(TT) » T + T; the rate of back-transfer from triplets to
quintet, kro = T + T - (TT), the triplets decay, kryec =
T - Sp,and kyrpee = T + T = Sy + Sp; and the quintet re-
combination to ground state, kgrec = S(TT) - S,S,, with the
corresponding configuration subscript where relevant. The fit-
ted data is shown with a schematic of the kinetic model in Fig-
ure 3. As the spectral features corresponding to the parallel di-
mer triplet contribution consist of overlapping SF generated
triplets and monomer triplets generated by ISC, the kinetic
model includes both pathways and treats these independently.
The triplet populations due to SF and ISC mechanisms are
summed to generate a full kinetic spectrum. As the ISC contri-
bution is temperature dependent, the proportion of ISC triplet
is fitted at each temperature and returns a constant ratio at 50
K and below. Given that the proposed model considers all pos-
sible dynamic processes at once, even including the coupling
between parallel and herringbone configurations, it requires a
total of XXX parameters. To constrain the large number of pa-
rameters, an activation energy is included and limited to 5 meV.

Applying this model, it was found that simplifications of the
rate equations were possible. Firstly, the activation energy was
negligible in all rates except the quintet recombination to the
ground state, confirming the long-standing knowledge that SF
is a temperature independent mechanism. Only the quintet re-
combination to the ground state is thermally activated. Diffu-
sion also proved to be a superfluous term. Previous structural
work demonstrated that pentacene aggregates could not be
larger than the XRD instrument resolution, namely 5 nm.1031
The lack of evidence for any diffusion suggests the films are ho-
mogenously blend to the molecular level, and no clusters are
present even in the 10 % pentacene films. The rates of back-
transfer from triplets to quintets were also found to be negligi-
ble irrespective of the dimer configuration. This is unsurprising
considering the downhill energy landscape of singlet fission in
pentacene. Dissociation is faster in the parallel dimer, as previ-
ously reported,10 but this study proves the recombination to
the ground state is also faster by an order of magnitude.
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Figure 3. a) Photoexcited tr-EPR spectra of 10% pentacene in p-terphenyl measured with the molecule’s long axis parallel to the magnetic
field (open circles) and corresponding fits from the kinetic model (dashed lines). The 4 signal decays are from the herringbone triplets (red)
and quintets (yellow) and parallel triplets (green) and quintets (blue). The different panels show the decay at different temperatures from 200
K to 10 K. b) Diagram illustrating the kinetic rates described by the differential equations given in the main text. The black, red and blue
bubbles are the singlet quintet and triplet states respectively. The dotted lines represent the rates that are deemed negligible in this system

To understand the differing dynamics of the two dimer config-
urations, a number of DFT calculations were performed. The
crystal structure of pentacene was used to optimise the dimers,
though there may be slight variations in the herringbone angle
of the dimers from dilution in the p-terphenyl matrix. As the
crystal structure of the blends has yet to be determined, using
the optimised pentacene structure provides a more appropri-
ate comparison to the SF mechanism of pure pentacene sys-
tems. Therefore, from the pentacene crystal structure four in-
equivalent pairs of molecules were identified. These are the
herringbone pair (HB), the slip-stacked parallel pair along the
a cell axis (SS), the cofacial parallel along b cell axis (CP) and
the head-to-tail parallel along c cell axis (HT), reported in SI
(Figure 5), with the shortest distances between carbon atoms
labelled. In the same figure we included the calculated hole and
electron transfer integrals for all the three parallel dimers and
the herringbone dimer. The electron and hole transfer integrals
were calculated with a hybrid DFT molecular pair calculation
with a (B3LYP/6.31g(d,p)) functional using the counterpoise
method.38

EPR spectroscopy does not differentiate between the different
parallel configurations as pairs are defined by the intermolec-
ular angle, which is the same for all parallel configurations,
however in DFT each pair is considered separately. Only mole-
cules with nearest neighbour separations up to 4 A have suffi-
ciently strong intermolecular interactions from the m-m stack-
ing to undergo transitions to CT states.39-41 The CP dimer can
therefore be excluded as participating in SF as the intermolec-
ular separation is too large resulting in couplings only on the
order of peV. Similarly, the transfer integrals of the HT config-
uration are orders of magnitude weaker than for the HB and SS
configurations, therefore only the latter are compared in this
work. These calculations indicate that the parallel pair ob-
served experimentally is most likely a SS dimer. Thus, in the
following investigations we focus only on HB and SS dimers.

The orbitals calculated for the HB and SS geometries are shown
in Figure 4. It was determined that in the herringbone geome-
try the orbitals are localised on one or the other molecule,
whereas in the parallel geometries these are delocalised over
both. It suggests that excitons in HB can have either charge-
transfer character (charge in the exciton is separated) and in SS
exciton would be delocalized over two units.

TD-DFT calculations of excited states and charge distribution
confirmed those predictions. Energies and oscillator strengths
of excited states for pentacene monomer and two dimers: HB
and SS are presented in Table 2, charge distributions for the ex-
cited states are presented in SI (Table S5 and S6). The calcu-
lated energies are in relatively good agreement to those ob-
tained experimentally.10 The lowest triplet energies are close
for both dimers and the same as for monomer, even though
they are lower than experimental values. The differences be-
tween calculated and experimental energies are expected due
to limitations in TD-DFT to accurately predict energies for large
molecules.#2 The calculated electronic structure in HB dimer
reveals CT character states (triplet and singlet) at relatively
low energy, which could impact the performance. The sym-
metry of SS dimer enhances the delocalization of excited states,
specifically for strongly absorbing singlet. The optoelectronic
processes in HB dimer are therefore more probable to be CT
mediated than those occurring in SS dimer.

Next, we considered interactions between excited states taking
part in the singlet fission. SF processes involve doubly excited
states, however calculations of those states and interaction be-
tween them are computationally expensive and would be a
subject for a further study. 43 Therefore, here we study cou-
plings between singly excited states, specifically low energy tri-
plets, and connect them to doubly excited states for both dimer
structures. Spin-orbit couplings between triplet and singlet
ground state and transition dipole moments between excited
states for pentacene monomer, HB and SS dimers were calcu-
lated using PySOC code implemented to Gaussian output.44
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Figure 4. Calculated molecular orbitals for the pentacene mon-
omer and the three dimer configurations that participate in SF:
herringbone, slip-stacked and head-to-tail parallel.

The quintet dissociation process is often connected to spin cou-
pling between triplets, and the electronic coupling is neglected.
Here we study the correlation between electronic coupling and
dissociation rate for two structures.

First, we look at the transition dipole moment (tdm) between
two low energy triplets T1 and Tz in both dimers. We propose
that transition dipole moment can be understood as an elec-
tronic coupling between states. The discussion based on the or-
bital transitions is included in SI. In Table 1 we present the cal-
culated transition dipole moment between T1 and T2 for both
dimers. There is a significant difference in tdm, and thus elec-
tronic coupling, between HB and SS structures. The magnitude
of tdm between T1and Tz is equal to 9.04 Debye and 0.02 Debye
in HB and SS dimer respectively. Since the quintet state ob-
served in SF process is a coupled triplet pair (T1T2), we propose
that strong coupling between those triplets in HB dimer results
in slower quintet dissociation than in SS dimer. It supports the
idea that electronic coupling plays a role in dissociation pro-
cess. However, considering that coupling is over 2 orders of
magnitude higher and the dissociation rate only three times
lower, there are other important interaction.

The recombination rate of correlated triplets also differs for
two dimer structures and is around two times higher in SS than
in HB dimer. This does not correspond with the calculated spin-

SLIP-

HERRINGBONE STACKED

Dissociation rate at 200K
L 0.6 pst 1.58 ps-t

(kinetic model)
Transition dipole moment

9.04 Debye 0.02 Debye
<T1|r|T2>

Table 1: Comparison between herringbone and slip-stacked di-
mer of dissociation rate at 200K obtained from the kinetic
model and calculated transition dipole moment between tri-
plets T1 and T.

IE:\;%)rgy gtsr (;i!}lzgigir Character | <So|SOC|Tn>
MONOMER
Ti | 0.60 0 - 0.000
T, | 1.89 0 - 0.696
St | 191 0.0412 - -
HERRINGBONE DIMER
T: | 056 0 F 0.100
T, | 059 0 F 0.379
St | 131 0.0071 CT -
Ts | 1.32 0 CT 0.337
T+ | 1.87 0 F 1.059
Ts | 1.89 0 F 0.527
Sz | 191 0.0492 F -
S3 | 1.93 0.0258 F -
SLIP-STACKED DIMER
T | 058 0 g 0.000
T, | 0.59 0 g 0221
Si | 175 0.0527 § i
Ts | 1.79 0 = 0.302
S2 | 179 0 -
T+ | 1.80 0 0.000
Ts | 1.88 0 1.086
Te | 1.89 0 0.000
Ss | 1.95 0 -
S+ | 197 0.0575 0.000

Table 2: Excited states calculated using TD-DFT for the pentacene
monomer, herringbone dimer and parallel dimer. Character of each
state was determined based on participating orbital transitions and
confirmed by calculated charge distribution (presented in SI). In the
last column spin-orbit coupling for the triplet to ground state inter-
action.

orbit couplings of T1 and T2 to ground state, as the sum of those
is two times higher for HB than for SS. The nature of correlated
triplet pair is not yet well understood. Here, we propose that
the recombination dynamics of correlated triplet pair depends
not only on the spin-orbit coupling to the So ground state, but
also on the interaction between these triplets. The correlated
triplet pair is still considered to be (T1+Tz2) for dimer, rather
than two Ti for pentacene monomer. The recombination rate



for correlated triplets would be then interplay between the
coupling to the ground and interaction between the triplets.

CONCLUSION

The work presented here details the effects of molecular orien-
tation on the kinetics of the SF mechanism, to identify the opti-
mal microstructure for efficient devices. This is of particular
relevance as hybrid devices are being successfully engineered
but still require significant optimisation,® which we postulate
can be achieved through control of intermolecular geometries.

The systematic study of triplet and quintet species in dilute
pentacene films, achieved using EPR spectroscopy at cryogenic
temperatures, has enabled the ISC and SF triplets contributions
to be distinguished and quantified. This demonstrates how a
slight change in the microstructure, in this case from a mono-
clinic to a triclinic lattice, impacts the kinetics and could there-
fore be used to predict optimal crystal structures for SF. Ex-
ploiting the unique ability of EPR to distinguish between mo-
lecular configurations, the kinetic parameters for both dimer
geometries were modelled simultaneously. Most processes re-
quired no thermal activation and diffusion was not required in
the model. This is indicative of a homogenously blend down to
the molecular scale with the lack of diffusion taken as an evi-
dence of the effective dilution. Dissociation was found to be
more efficient in parallel dimers, as previously reported, and
this was confirmed using DFT calculations. It was found that
the electronic coupling was weaker in the parallel configura-
tions with orbitals delocalised over both molecules. Con-
versely, the herringbone dimer has orbitals localised on one
molecule or other, resulting in excited states with charge trans-
fer character, and high electronic coupling between triplets,
which leads to inefficient dissociation. Our results demonstrate
the importantrole of electronic coupling in the dynamics of sin-
glet fission materials and its correlation to molecular configu-
ration. Applying these findings to the design of efficient SF lay-
ers could enhance the efficiency of hybrid solar cells at the fore-
front of OPV development.
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