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Abstract

In singlet fission (SF), a spin-conserving splitting of one singlet exciton into two
triplet excitation states, the transition between localized electronic states can be con-
trolled and modulated by delocalized lattice phonons. In this work, we built an exciton-
phonon (ex-ph) interaction model accounting local electronic states coupled with both
local molecular vibrations and low frequency intermolecular phonon modes for SF in
crystalline tetracene and rubrene. On the basis of the calculated electronic couplings at
the equilibrium structure of molecular dimer, a superexchange path for SF was found for
tetracene while couplings between the triplet pair (TT) state and other diabatic states
are zero for rubrene due to the high symmetry. Our further ex-ph spectral density anal-

ysis and quantum dynamics simulation based on our ex-ph interaction model suggested



a thermal-activated mechanism for SF in rubrene crystal via symmetry breaking by
nuclear vibration, which is in agreement with recent experiments. It is also shown that
thermal fluctuations of electronic couplings in both tetracene and rubrene are mostly in
the same order of magnitude at room temperature, and this could be one of the reasons
for both tetracene and rubrene to exhibit SF time scales within a close range (hundreds

to thousands of femtoseconds) in experiments.

1 Introduction

Singlet fission is a spin-allowed photophysical process that generates two triplet excitons
from one singlet excitation state in various organic materials including conjugated molecu-
lar crystal (oligoacenes, oligophenyls, etc.), conjugated polymers (polyenes, donor-acceptor
polymers and so on) and covalent dimers/trimers. % SF was firstly proposed by Singh et al.
to interpret the dark high-energy ' A, state as two coupled triplet excitons in anthracene crys-
tal in 1965.'1 In the last decade, great interests on SF were revived after the work of Hanna
and Nozik'? which suggested multiple exciton generation (MEG) in organic semiconductors
through SF to boost the power conversion efficiency (PCE) in solar cells by overcoming the
Shockley-Queisser limit. '3

Theoretical analysis can provide valuable insights to interpret experimental SF phenom-
ena and to understand photophysical mechanisms. Firstly, numerous electronic structure
calculations have been focused on the description the nature of the adiabatic or diabatic
electronic excited states directly and indirectly involved in SF as well as the electronic

1431 For conjugated molecular crystals and covalent oligomer systems, SF in a

coupling.
simplified molecular nearest-neighbor dimer (symbolize as AB) model is usually considered
as an exciton dynamic process with transition from the initial local singlet excited states
(LE states, A*B/AB*) to the triplet pair state (TT state or multi-exciton state ME state,
ATBT), 132 and then the spin-coupled TT state splits into two free triplet excitons through

Dexter energy transfer®® mechanism. Since the direct two-electron coupling between LE



state and T'T state has been found to be very weak in most systems, the intermediate charge
transfer states (CT states, ATB~/A~B™) were also suggested to be mixed with singlet exci-
tation states and donate an indirect coupling between LE and TT states. 3436

Secondly, besides the electronic couplings, the exciton-vibration (ex-vib) or exciton-
phonon (ex-ph) couplings were also revealed as crucial to determine the SF rates in organic
materials. 3”46 The local ex-ph couplings are dominated by the high frequency intramolecu-
lar vibration modes and contribute to the dynamic disorder of electronic state energies and
the decoherence between electronic states. It was found that the couplings between the CT
electronic states and intramolecular vibrational modes can significantly accelerate the SF
process by enhancing the participation of CT states via the superexchange pathways.*04!
On the other hand, low frequency intermolecular ex-ph couplings (nonlocal phonons interact-
ing with LE-TT and CT-TT electronic couplings) are vital for activating the SF in rubrene

13947 via, vibration-induced symmetry broken and these interaction could speed up SF

crysta
rate through intermolecular®® and intramolecular** modes. With the computed electronic
and ex-vib or ex-ph couplings, real-time SF dynamics can be simulated using various theo-
retical schemes, including the full quantum dynamic approaches like the multiconfigurational
time-dependent Hartree (MCTDH),394849 the time-dependent density matrix renormaliza-
tion group (t-DMRG),%° the stochastic Schrédinger equations (SSE) like time-dependent

38,42 and

wavepacket diffusion method (TDWPD),% generalized quantum master equation,
the mixed quantum-classical approaches such as the trajectory surface hopping (TSH),%°
ete.

Despite numerous computational works have made a substantial contribution to the un-
derstanding of SF, most of them employed the simplified dimer or oligomer model, which
is obviously much distinct from the real crystals and in which the phonon modes are com-
pletely absent. The effect of the full set of realistic vibrational modes in the crystal on the

SF process has never been explored. In particular, non-local ex-ph coupling is expected to

be important for low frequency intermolecular modes, which cannot be studied accurately



from dimer models. Our recent work®! indicated that sampling of phonon g-space could be
a useful strategy to obtain the full information of vibration structure of crystalline system.
And the crucial role of low frequency phonon modes was also revealed for the fluctuation
of electronic couplings in the charge transfer process in organic molecular aggregates by our
calculations. Additionally, the phonon structure analysis and spectral density results indi-
cate that molecular packing not only affects the electronic couplings between monomers but
also the detailed composition of nonlocal ex-ph couplings. Therefore, a theoretical work with
the consideration of all local and nonlocal phonon modes in a realistic crystal environment
would be very important for the quantitative description of the SF process and complement
the widely used dimer and oligomer approaches.

In this work, we built an ex-ph interaction model accounting local electronic states cou-
pled with both local molecular vibrations and low frequency intermolecular phonon modes
for SF in two prototypical crystal systems, which are tetracene and rubrene as shown in
Figure 1. These two molecules have the same core skeleton, and both of them undergo SF
but with different microscopic mechanisms because the transition in one of them (rubrene)
is symmetry forbidden.*"%? Therefore, they offer a good set of molecular model systems to
study electronic and phonon effects separately. All the model parameters were derived from
(i) complete active space (CAS) electronic structure calculation for the dimers in Figure 1,
(ii) a relatively accurate phonon structure by density functional tight-binding (DFTB) cal-
culation, and (iii) all of the local and nonlocal ex-ph couplings obtained using our newly
developed projection technique.® This general model provides a quantitative framework for

the computational study for SF in molecular crystalline environments.
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Figure 1: The selected dimers in (a) the ab layer of tetracene (with indexes AB, indexes AC
and indexes BC) and (b) the be layer of rubrene crystal (we only considered dimer AB as
the interaction of local frontier molecular orbitals of dimer AC are very weak). Based on the
dimers in these two crystalline systems, we constructed localized LE, CT and T'T states.

2 Methodology and computational details

2.1 Diabatic electronic states for singlet fission

Three crucial electronic state groups are widely considered to be involved directly or indi-
rectly in SF process: local excited (LE) state, charge transfer (CT) state and triplet pair
(TT) state. The local feature of these three types of states allows us to study the electronic
structure features of SF with a simplified model dimer system. As shown in Figure 2 with
a molecular dimer AB, a diabatic electronic Hamiltonian can be built for SF investigation
based on five spin-conservation diabatic states, which are two LE states (A*B and AB* la-
beled as LE1 and LE2), two CT states (ATB~ and A"B* named CT1 and CT2) and one
TT state (ATBT).

In this work, tetracene and rubrene crystal systems were used to investigate the SF in
crystalline system, and the electronic structure of selected dimers (as shown in Figure 1)
were calculated.

Because of the multi-excitation feature of the T'T state, multi-configuration wavefunction
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Figure 2: Diabatic states of SF in the dimer system. A and B represent two monomers of the
dimer system. Black lines are localized HOMOs/ LUMOs, and red and blue arrows denote
alpha- and beta-spin electrons respectively.

methods are necessary for characterising these excitation states. The complete active space
configuration interaction (CASCI) and self-consistent field (CASSCF) calculations were per-
formed using OpenMOLCAS package® in our calculations. Since plenty of many single point
electronic structure calculations at different geometries are necessary for the later derivation
of ex-ph couplings, here a minimal CAS configuration space, CAS(4e, 40) was applied for the
dimer systems as a good compromise between accuracy and computational cost. Previous
works have shown that CAS calculations with a minimal active space can already capture
the main electronic features in SF.'” Then the wavefunctions of these five spin-conservation
diabatic states (two LE states, two CT states and one TT state) which are built based on
local highest occupied molecular orbitals (HOMOs)/ lowest unoccupied molecular orbitals
(LUMOs) of monomers (Figure 2) could be expressed as linear combinations of adiabatic

states ®, in the configuration space,

U= cial, (1)
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where the coefficients ¢;, can be obtained as the overlap integral between calculated adiabatic
states @, and diabatic states ¥;. Then, the energies of the diabatic states and their electronic

couplings can be calculated by

e = (Wi H|W;) = Z |cial* B, (2)

Vig = (W H|W;) = clucjaEa (3)

where F, is the energy of adiabatic state ®,.
In practice, CASSCF /6-31G with (2e,20) active space was used for each monomer of the
dimer system, and with Léwdin orthogonalization method,®* the localized orthonormal set

{p™©} can be constructed based on the molecular orbital set {¢} of monomers,
_1
PO =870 (4)

here S is the overlap matrix of set {¢}. And CASCI(4e, 40)/6-31G(d) calculations were per-
formed with the localized orthonormal set {©"°} to compute the wavefunctions of adiabatic

states ®, for the molecular dimers.

2.2 Exciton-phonon interaction Hamiltonian model

To include the phonon effect into time evolution of electronic states for SF, a linear ex-ph

interaction Hamiltonian could be constructed as,

~

H = ]:Iel + ]:Iph + f{eaz—ph (5)

with
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Here, |¥;) represents a given electronic state among the five diabatic states, €? and VZ? are the
energy of electronic state and the electronic coupling between them under the equilibrium
geometry respectively. wy is frequency of phonon mode I of the two crystalline systems which
was obtained from the DFTB calculations in our recent work®! and @; is the dimensionless
displacement. In ex-ph coupling part, g/ is local ex-ph coupling while g{j is the nonlocal one.

Following our recent work,®! we calculated the nonlocal ex-ph couplings for SF,

where VVj; is the gradient of electronic couplings with respect to the atomic displacement
respectively, and Q is the Cartesian displacement of mode /. Similarly, we can define the

gradient of energies Ve; and calculate the local ex-ph coupling by the equation below,
g9 = Vei- Q. (7)

For the numerical derivation of each gradient component, we applied linear fitting with
three different geometries (-Az, 0 and Az). i.e. the computation of gradient required 361
and 841 CASCI single-point calculations for tetracene and rubrene respectively, which are
computationally expensive. To reduce the computational cost, we set all components of
gradient with respect to atoms of phenyl side chain in rubrene to zero because all excited
states are localized in the tetracene core and tests to validate this approximation are given

in the Supporting Information (SI).



3 Results and discussion

3.1 Electronic Hamiltonian

First, we calculated the electronic Hamiltonian of SF for both tetracene and rubrene dimer

95,56 a5 equilibrium structures (dimer

systems using the experimental crystalline structures
AB, AC and BC for tetracene and dimer AB for rubrene cf. in Figure 1), and the results
are listed in Table 1 and Table 2 for tetracene dimer AB and rubrene dimer AB individually.
(Results of tetracene dimer AC and BC are provided in SI.)

Table 1: Electronic Hamiltonian elements for tetracene dimer AB (unit: eV)

A*B AB* ATB~ ABT A'B!
A*B 4.144
AB*  0.026 4.070
ATB~ 0.109 0.090 4.509
A-Bt -0.092 -0.112 0.000 4.992
ATBT 0.000 0.000 0.070 0.087 4.065

Table 2: Electronic Hamiltonian elements for rubrene dimer AB (unit: V)

A*B AB* ATB- A BT A'B!
A*B 4.018
AB*  0.058 4.017
ATB~ -0.086 -0.168 5.043
A-BT 0.168 0.086 0.000 5.042
ATBT  0.000 0.000 0.000 0.000 4.006

The magnitudes of couplings are in close agreements with other theoretical results!?-34:3

while the diagonal energy elements have markedly differences from the results computed via
constrained density functional method,!” multi-state density functional method,3* multi-

t16:39 perturbation methods due to the lack

configuration wavefunction with!® or withou
of dynamic correlation energy in our CASCI and CASSCF calculations. But the energy

difference between the singlet excitation states and TT state are comparable with those in
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references, i.e. we assume that the dynamic correlation problem in our case only results in
an energy shift and will not affect the correctness of gradients Ve and local ex-ph couplings.
On the other hand, in our calculations, the coupling between the LE states and the TT
state are found to be almost zero for tetracene. This finding differs with the results by
Casanova!” (~ 2.2 meV), but is in agreement with more recent works by Parker et al.!®
and Morrison et al.,** which also predicted almost zero couplings between LE states and
TT state. As discussed in the recent review by Casanova,® the distinction may be caused
by the different approximations for the definition of diabatic states employed in different
diabatization schemes.

Table 1 shows nonzero couplings (in magnitudes of tens or hundreds of meV) for both CT-
LE and CT-TT pairs in tetracene, but coupling is negligible between the LE states and the
TT state. This implies a superexchange path for SF343¢ in the tetracene crystal. However,
the electronic couplings between the TT state and the LE or the CT states are found to be
zero for rubrene dimer AB (in Table 2). It should be noted that, such kind of zero electronic
couplings within rubrene dimer AB are caused by its high structural symmetry (Cy,).3%47
Therefore coherent SF can hardly happen under the equilibrium molecular geometry due to

the high symmetry crystal structure. Other effects should contribute to the SF in rubrene

crystals, and will be discussed in the next subsection.

3.2 Ex-ph couplings

Considering the large number of vibrational modes in crystalline system (related to the
number of sampling ¢ points), the following definition of spectral density can be a convenient

way to analyze the ex-ph coupling:

1 2
Jijij(w) = o Zgz'l/ij 6(w —wr), (8)
T
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where the Dirac ¢ function is approximated by a Gaussian broadening distribution with
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Figure 3: Spectral densities of local ex-ph couplings for tetracene dimer AB (a-c) with
subfigures of (a) LE1 (A*B) state, (b) CT1 (ATB™) state and (c) TT (ATBT) state, and
rubrene dimer AB (d-f) with subfigures of (d) LE1 (A*B) state, (e¢) CT1 (A*B™) state and
(f) TT (ATBT) state.

Figure 3 and 4 illustrate the spectral densities of local ex-ph couplings and nonlocal
ex-ph coupling results for tetracene dimer AB and rubrene dimer AB systems respectively
(results of other tetracene dimers are displayed in SI). First, we computed the reorganization
energy of rubrene using the spectral density of LE1 via A = [ dw.J(w)/w, and our results
is 330 meV, in the same order of magnitude with previous calculation results (159 meV).*7
In Figure 3 and 4, it is clearly shown that, for both systems, the local ex-ph interactions
is dominated by high frequency (local molecular vibration) modes. At the same time, the
non-local ex-ph interactions is mainly contributed by low frequency modes due to the large

ex-ph couplings and higher occupation numbers of low frequency modes, but several high
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Figure 4: Spectral densities of nonlocal ex-ph couplings for tetracene dimer AB (a-d) and
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frequency modes also make important contributions to non-local ex-ph couplings. There
are not obvious signals appeared at low-frequency range for Jor which is different from
previous results,?” and this should be a consequence of different diabatization schemes as
discussed in the section 3.1. The results also show that, while local ex-ph coupling can be
well described by the modes of the monomers, an equally accurate description of the non-
local ex-ph coupling requires accurate low frequency phonons and therefore a crystal phonon
calculation.

Interestingly, in Figures 4(c) and 4(g) it is clearly shown that the spectral densities for
nonlocal LE-TT couplings are nearly zero for both tetracene and rubrene systems. That is
because the two-electron integrals for HOMOs and LUMOs of the two molecules determining
the LE-TT couplings®°® are always vanishingly small, due to the fact that we used the
orthonormal localized orbital set with zero orbital overlap in our diabatization scheme for
each single point electronic structure calculation. Therefore, the gradient of LE-TT couplings
over the vibrational modes is also negligibly small.

We also analyzed the fluctuations of electronic Hamiltonian elements (o7 for €; and o,
for Vj;) at room temperature to describe the ex-ph couplings conveniently using equation

below,??

9 o0
O3ij —/0 dwhJ;)i;(w) coth T (9)

The computed results with room temperature (i.e. 7'= 300 K) are summarized in Tables 3
and 4. It is clearly shown that these fluctuation values for both tetracene and rubrene are
mostly in the same order of magnitude at room temperature, and this could be one of the
reasons for both tetracene and rubrene to exhibit SF time scales within a close range (hun-

1344760 (unlike what one could deduce

dreds to thousands of femtoseconds) in experiments

from huge differences in the symmetry in the crystal and the pure electronic parameters).
For the standard deviations of on-site energies, one may also notice that, TT state has

much larger fluctuations than LE and CT states for both systems because of its double

excitation characteristic (gradient of TT state energy Verpr in SI also gives the similar
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trend). For electronic coupling part, most of coupling terms in rubrene have larger values
than in tetracene because of the higher distribution intensities of low frequency phonon
modes and the more planar intermolecular 7 — 7 stacking structure of rubrene.

It should be noted that, the nonzero spectral density and fluctuation for Vi g_cr and
Ver—rr in rubrene (Figure 4 and Table 4) implies that vibrations can activate SF in rubrene
crystal, although we have shown in the above subsection that SF can hardly happen as a
pure electronic effect under low temperatures due to the high symmetry crystal structure.
That is because nuclear movements in some vibrational modes can break the high symmetry
in equilibrium structures and accordingly Vig_cr and Ver_pr will become nonzero. These
results are consistent with the recently proposed thermal-activated SF mechanism in rubrene
crystal.?®47 This verifies again the crucial importance of the nonlocal ex-ph couplings mainly

contributed by low-frequency phonon modes.

Table 3: Fluctuation o of electronic Hamiltonian elements of tetracene dimer AB at 300 K
(unit: meV).

A*B AB* ATB- A-BT A'B!
A*B 234.5
AB* 244 2482
ATB™ 413 426 240.3
A Bt 43.0 41.3 0.037 248.8
ATBT 0.025 0.084 49.2 439 4444

Table 4: Fluctuation o of electronic Hamiltonian elements of rubrene dimer AB at 300 K
(unit: meV).

A*B AB* ATB- A-BT A'B!
A*B 2381
AB* 154 238.1
ATB~ 721 102.2 295.3
A-B* 1022 721 0.012 295.0
ATBT 0.055 0.055 52.8 53.0  449.2
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3.3 Dynamics simulation of SF in crystalline rubrene

In this work we also simulated the SF dynamics in both crystalline tetracene and rubrene for
a qualitative illustration. As discussed above, SF process in crystalline rubrene is much more
complicated than in tetracene crystal and it requires activation by ex-ph couplings, therefore
here we will mainly focus on the dynamics simulation for SF in rubrene. Experimentally,
SF in rubrene takes places in ~50 fs under room temperature (in frequency this is ~600
cm~1)47 | ie. the low frequency phonon modes in Figure 4 with frequency less than 300
cm ™! that dominantly modulate the non-local ex-ph coupling are slower than the observed
rate. Under this situation it is closer to the limit of static disorder where each conformation
has a different rate because the displacement of the low frequency modes is different. It is
not the common situation of Herzberg-Teller symmetry-forbidden transition® (where the
inducing modes are still faster than the transition).

Accurate dynamics simulation of ex-ph systems with both local and nonlocal couplings is
highly challenging.?® Especially, when considering the much larger number of degrees of free-
dom of nuclear motion in crystal than in dimer, it would be infeasible to apply a full quantum
approach for both electronic part and phonon modes and one may have to resort to Redfield
theory which treats ex-ph interactions as perturbation. However it is well known that Red-
field theory is problematic for dealing with very low frequency degrees of freedom, 2% which
is dominant in our non-local ex-ph couplings. Therefore in this work we employed "Redfield
theory with frozen modes" (Redfield-FM) approach recently proposed by Montoya-Castillo
et al.%%%3 The approach consists of propagation of weak-coupling Redfield-like equations for
the high-frequency bath degrees of freedom only, while the low-frequency bath modes are dy-
namically arrested but statistically sampled. Test results by Redfield-FM for the spin-boson
model over a wide range of parameter space were found to dramatically improve Redfield

dynamics in highly non-Markovian regimes, at a similar computational cost.%3

In our case, we applied the frozen modes approach combined with the Lindblad-form

15



38,64

master equation which was shown below,

0 i
5= _ﬁ[Helap]+ Z’Yij(wat)

0 ) (10)
(Al 0) - LAl Ay ). 0}).

Here p is the reduced density matrix of electronic system, A,;(w) = >y 1@} {ali) (F|0) (D]
where |a) and |b) are eigenstates of H,, with eigenvalue E, and Ej, And v;;(w,t) is the

relaxation rate which is expressed by,

sin (w + v)t

ny)———1, (11)

w —V w4+ v

> sin (w — v)t

Vij(w, t) = / dvJ;;(v) {(n(u) +1)—=
0

where n(v) = 1/(e™/#87 —1) is the thermal average occupation number. Following the frozen

modes approach, we treated the nonlocal ex-ph couplings as static disorder by modifying the

electronic Hamiltonian with added random off-diagonal coupling terms

~

Aél = Hel + A‘/; (12>

here AV are Gaussian distribution random terms with o;; calculated by Equation 9. And we
only considered the diagonal terms in Equation 10 and 11 to take the local ex-ph couplings
terms into account. Then the dynamics simulation was computed as statistical average of
10* trajectory samplings.

Figure 5 shows the time simulation results at different temperatures (30 and 300 K) with
a bright initial state (i = \%(¢LE1 + tYrge)). The simulation results show an ultrafast
temperature-enhanced singlet fission (within 100 fs) in rubrene, which agrees with recent ex-
perimental results®” (triplet states signal appears as a result of singlet fission appear within
about 40 fs). Since rate of T'T state generation is controlled by electronic couplings between
the CT states and T'T state via super-exchange, the dynamics of SF is clearly in the confor-

mationally gated regime where a slow degree of freedom controls the coupling (as shown in

16
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Figure 5: The dynamics results of TT population for SF of rubrene dimerAB at different
temperatures within 3 ps, and the insert subfigure shows the dynamics results in the first
500 fs.

Figure 4), i.e. the rates would accordingly become non-exponential. And the population of
TT state grows up with the increase of temperature with the increasing temperature from
30 K to 300 K in Figure 5 after 1 ps. We also provided the dynamics simulation results for
tetracene dimerAB with a local initial state as well as the comparison results of simulation
for rubrene dimer AB with other initial states (dark singlet excited state, local state) at 300
K in ST (Fig. S15 and S16 respectively). For tetracene, the population of TT state shows
a near exponential evolution (~300 fs) due to the non-zero couplings between TT state and
CT states. And comparison results in Fig. S16 implies the larger TT rate and higher TT
yield with a bright initial state in the time windows of 3 ps. The larger TT rate should be
caused by the matching between high symmetry Hamiltonian structure and phase of bright
initial states while the different yields of T'T' may be possibly due to the underestimation of

population delay by our dynamic methods.
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4 Conclusion

In this work, we built an ex-ph interaction Hamiltonian for SF in tetracene and rubrene
crystal system with a full phonon description under crystalline environment. All param-
eters were derived from ab initio multi-configurational theories and semi-empirical DFTB
calculations for realistic molecular dimer and crystal structures.

On the basis of this ex-ph interaction model, we studied the dynamics of SF in rubrene
crystal by using a Lindblad-form master equation combining the FM approach. It is the first
time for people to study local and non-local ex-ph coupling on the same footing for SF in
realistic molecular crystals. Our approach explains very effectively the ultrafast SF observed

for rubrene. And we also found the following points which were not known before this study:

1. The effect of non-local ex-ph coupling is to induce SF transitions in rubrene (formally
symmetry forbidden) that are similar in dynamics to those in tetracene (formally sym-

metry allowed).

2. The modes responsible for non-local ex-ph coupling are substantially slower than the

observed timescale for SF in rubrene, e.g. they can be treated as static disorders.

Our ex-ph interaction model builds a bridge linking the phenomenological descriptions of
SF in dimer and oligomer approaches and microscopic modeling for phonon modes in crystals,
and is accordingly expected to provide a quantitative framework for the computational study

of SF process in realistic molecular crystalline environments.

Supporting Information

The Supporting Information is available free of charge on the ACS Publications website at
DOI:xxx. Truncation test of gradient calculation, electronic Hamiltonian results of other
dimer systems, ex-ph coupling information of rest dimer systems, and supplementary dy-

namic simulation results.
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