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ABSTRACT: Singlet ﬁssion (SF) oﬀers opportunities for wavelengthselective processing of solar photons with an end goal of achieving higher
eﬃciency inexpensive photovoltaic or solar-fuels-producing devices. In order
to evaluate new molecular design strategies and for theoretical exploration of
dynamics, it is important to put in place tools for eﬃcient calculation of the
electronic coupling between single-exciton reactant and multiexciton product
states. For maximum utility, the couplings should be calculated at multiple
nuclear geometries (rather than assumed constant everywhere, i.e., the
Condon approximation) and we must be able to evaluate couplings for
covalently linked multichromophore systems. With these requirements in
mind, here we discuss the simplest methodology possible for rapid calculation of diabatic one-electron coupling matrix
elementsbased on Boys localization and rediagonalization of molecular orbitals. We focus on a covalent species called BT1 that
juxtaposes two tetracene units in a partially cofacial geometry via a norbornyl bridge. In BT1, at the equilibrium C2v structure, the
“nonhorizontal” couplings between HOMOs and LUMOs (tHL and tLH) vanish by symmetry. We then explore the impact of
molecular vibrations through the calculation of tAB coupling gradients along 183 normal modes of motion. Rules are established
for the types of motions (irreducible representations in the C2v point group) that turn on tHL and tLH values as well as for the
patterns that emerge in constructive versus destructive interference of pathways to the SF product. For the best modes, calculated
electronic coupling magnitudes for SF (at root-mean-squared deviation in position at 298 K), are within a factor of 2 of that seen
for noncovalent tetracene dimers relevant to the molecular crystal. An overall “eﬀective” electronic coupling is also given, based
on the Stuchebrukhov formalism for non-Condon electron transfer rates.

I. INTRODUCTION

mechanistic landscape that attention is focused in this current
study.
The role of nuclear conformation as well as dynamics in the
process of SF remains a topic of great interest and signiﬁcant
discussion. Nuclear conformation is central to electronic
coupling between states involved in the initial photoreaction10,16,17,19,20,39 and arises naturally in electronic structure
explorations of SF as electronic couplings can vary greatly due
to orbital phase and constructive or destructive interference
(that depends on nuclear geometry).2,3,31,32,36,40−42 Dynamics
have been explored directly23−25,32,34,42−44 under the approximation that all ﬂuctuations (modulating the energy of relevant
states as well as the coupling between them) are harmonic and
can be captured by a spectral density. Dynamic eﬀects can also
be inferred indirectly in electronic structure work that attempts
to calculate global potential energy surfaces along relevant
nuclear coordinates for states involved in the photoreaction.30,31,33,37,45−47

Interest in achieving third-generation solar energy conversion1where the ratio of eﬃciency versus cost would exceed
that achieved in single junction crystalline and thin-ﬁlm
deviceshas reinvigorated the exploration of organic material
photophysics characterized by the ﬁssion of photoproduced
singlet exciton states into singlet-coupled pairs of triplets.2,3
This so-called singlet ﬁssion (SF) oﬀers opportunities to
process bluer solar photons into charge carriers with a quantum
yield larger than 1, and properly designed devices that exploit
SF may in principle exceed the Shockley−Quiesser limit4 that
bounds single junction devices.5 While signiﬁcant constraints
on state energeticswhere most importantly Esinglet ∼
2Etripletlimit the space of available chromophores that can
engage in SF, it is nonetheless the case that marked advances
have occurred in recent years within several chromophore
platforms that include polyacenes,6−13 isobenzofurans,14−17
carotenoids and polyenes,18,19 and diimides,20 as well as within
device settings.11,21,22 Recent advances have also occurred in
theoretical treatments of SF mechanism and state energetics
although important debates remain.3,23−38 It is in this
© 2014 American Chemical Society
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In some systems, such as crystalline tetracene (Tc), the role
of nuclear motions in the mechanism of SF, particularly the
initial events following photoexcitation, remains debated
despite the long history of exploration for SF. We have
observed, using laser pulse shaping experiments, signiﬁcant
sensitivity of ﬁssion yield to low frequency intermolecular
phonon modes.48 On the one hand, these experimental
observations might be partly supported by restricted-activespace (RAS) calculations by Zimmerman and co-workers, who
have observed evidence for endoergic SF and a decreasing of
the energy gap between the lowest energy adiabatic bright
singlet exciton state and the dark multiexciton state along an
intermolecular (between Tc monomers) coordinate.33,46
Assuming that C−C stretches are also a meaningful nuclear
coordinate promoting state mixing, one might then conclude
that there are at least two important motions in the SF
processit is possible that ﬂuctuations in the intermolecular
coordinate are experimentally observed. On the other hand,
recent electronic structure work by Yost and co-workers27 that
attempts to tie together a broad swath of experimental data
suggests electronic coupling is well above kBT at room
temperature and that SF in crystalline Tc should occur in the
adiabatic Marcus limit. In such a case, the dependence of
electronic coupling on nuclear coordinates is weak and one
might argue that one reaction coordinate is suﬃcient.49−52
Finally, however, recent high level electronic structure
calculations by Parker and co-workers26 ﬁnd electronic
coupling between diabatic reactant and product states that is
smaller than that of Yost and co-workers27 but still signiﬁcantly
larger than one might expect for a low coupling limit.50 As we
will discuss brieﬂy, although it is not the main focus of this
paper, our simple methods allow for calculation of electronic
coupling with good agreement with Parker and co-workers.26
This may be useful in future calculations of dynamics in the
vein of theory by Berkelbach, Hybertson, and Reichman,23,24
and in this context, it would be interesting to take into
accountvia the spectral densityhow phonon modes impact
yields of singlet ﬁssion.
Molecular dimers for SF, which are of interest to our group,
are expected to have signiﬁcant sensitivity toward molecular
vibration in their photoreaction rates. In very general terms,
dimers present useful platforms for the study of SF
mechanism39,41,53 (a key point in this paper) but may also
play an important role in future devices based on dye-sensitized
solar cell technologies.2,5 We have been interested in a series of
dimers that juxtapose Tc monomer units in partially cofacial
orientation via norbornyl bridges of varying size (see Figure 1
for the smallest of these). The dimers are inspired by
naphthalene analogues explored by Paddon-Row and coworkers that show elegant control of exciton splitting as a
function of bridge size.54 In recent density functional theory
(DFT) and time-dependent DFT (TD-DFT) computational
work by our group, it was established that these systems have
excited state energetic properties suitable for SF.41 Further, the
molecules41 show, particularly the dimer BT1 with the smallest
bridge, signiﬁcant electronic communication between tetracene
units as measured by calculation of Davydov splitting and
quantiﬁcation of so-called electron transfer integrals that impact
splittings of canonical orbitals (highest occupied molecular
orbital (HOMO) versus HOMO − 1 and lowest unoccupied
molecular orbital (LUMO) versus LUMO + 1; vide infra). To
achieve eﬃcient SF, however, there are stringent demands on
interchromophore electronic coupling beyond what is needed

Figure 1. Two representations of the tetracene dimer BT1. The
molecular structure comes from a geometry optimization calculation
using the ωB97X-D density functional, the 6-31G(d) basis set, and a
polarizable continuum model of solvent parametrized for toluene.41
For the group theory analyses that follow, the molecule (C2v point
group) is aligned with the xz plane as shown.

for energy or electron transfer. As we have shown previously41
and explore more extensively in this paper, orbital symmetry
arguments show us that SF pathways will vanish in the limit
that certain symmetry elements of these molecules41 are
preserved.
The essence of this paper is to establishwith BT1 as a test
casethe order of magnitude of electronic coupling for singlet
ﬁssion that will arise as molecular vibrations occur and to
speculate on the possibility of SF. To approach this we ﬁrst
establish the basis of a frontier orbital model that we will use to
approximate coupling magnitudes in section II.A. In section
II.B, we describe protocols for converting delocalized canonical
orbitals within dimer molecules into a set of diabatic oneelectron wavefunctions. These localized orbitals are in essence
frontier orbitals on each chromophore of the dimer. Such
functions and their couplings are essential ingredients in
approximate expressions for electronic coupling between
reactant and product excited states during SF. In section
III.A, we ﬁrst illustrate the orbital localization procedure for the
case of BT1, and then establish that the couplings that arise
from this description of the orbitals are comparable to those
produced by Berkelbach et al. in the case of a noncovalent Tc
dimer. In section III.B, we calculate gradients for these oneelectronic couplings and look at projections into the directions
of the normal modes of vibrational motion for BT1. Rules
emerge about the types of motion (irreducible representations
in C2v symmetry) that permit electronic coupling necessary for
SF. We then calculate the magnitude of electronic coupling that
emerges during root-mean-squared (RMS) motions of the
molecule at room temperature along these relevant modes. In
section III.C, we give a very rough error analysis of our
diabatization formalism. Finally, in section III.D, we estimate an
overall eﬀective coupling value for SF in BT1 based on
Stuchebrukhov’s model Hamiltonian for inelastic tunneling in a
ﬂuctuating medium. We summarize our ﬁndings and conclude
in section IV.

II. THEORY
II.A. Frontier Molecular Orbital Theory for Singlet
Fission. In recent electronic structure treatments of SF in class
I systems, it has been common to focus on dimer structures
relevant to crystalline systems and to utilize a simple frontier
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orbital basis set (HOMO and LUMO on each of the two
chromophores A and B; referred to later as |hA⟩, |lA⟩, |hB⟩, and |
lB⟩) to describe the electronic states that are involved in the
nascent photoreaction within the singlet manifold, prior to
dissociation and dephasing of the two triplets (see cartoon in
Supporting Information, Figure S1).2,23,24,29−32,36,42,43,53 The
four-orbital basis is able to capture the essential electronic
structure of ﬁve relevant diabatic states: the Frenkel exciton
reactant states (S1S0 and S0S1 or superpositions of these), the
charge transfer states (1CA and 1AC; where “A” refers to anion
and “C” refers to cation), and the multiexciton product state
(1TT).55 Further, the use of this basis is justiﬁed, particularly in
polyacene systems, by a signiﬁcant energy gap between the
HOMO − 1 and lower energy occupied molecular orbitals and
between the LUMO + 1 and higher energy unoccupied
orbitals.56
The process of constructing the HOMO and LUMO for
each chromophore can be accomplished by using the
corresponding molecular orbitals of the chromophores as
isolated molecules, as in the Hartree−Fock method described
by Berkelbach, Hybertson, and Reichman (HF-BHR).24 In
bridged systems, however, obtaining a MO description of the
isolated chromophores is no longer trivial. In the current paper,
we instead apply a unitary transformation to the canonical MOs
of the entire system to produce a localized frontier orbital
representation, a process that can be equivalently applied to
both intermolecular and intramolecular systems. This procedure is described in greater detail in section II.B.
In generalized rate expressions that emerge from the frontier
orbital description,2,3,24 the electronic coupling (squared)
between reactants and product states (from S1S0 or S0S1 to
1
TT) is an essential ingredient. These states may, in principle,
couple directly via a Coulomb operator; however, in many
systems the matrix elements describing this are small in
magnitude and “direct” pathways (see Supporting Information,
Figure S1) for SF are expected to have limited mechanistic
importance.3,24,25 We will test this assumption for BT1 as
described more later. An alternative route for reactant and
product electronic coupling is so-called “mediated” via
participation of charge transfer (CT) excited states (again see
Supporting Information, Figure S1). In crystalline polyacene
systems26,27,30,31 as well as within our series of dimers,41 the CT
states are higher in energy than either the singlet exciton
reactant or the 1TT product. The CT states may therefore
participate in coupling for SF via superexchange.24 Berkelbach
and co-workers have shown an expression for a Frenkel exciton
to ﬁrst order in coupling to CT states as well as for the 1TT to
ﬁrst order in coupling to CT states.24 From these, under the
assumptions that (i) direct singlet exciton to 1TT coupling
(either S1S0 or S0S1 to 1TT) can be ignored, (ii) E(CT) −
E(S1S0 or S0S1) ≈ E(CT) − E(1TT) = ΔECT, and (iii) we are in
the nonadiabatic regime, a Marcus-like rate constant expression
for conversion to |1. TT⟩ from a singlet exciton |1. EX⟩ (equal to
either |S1S0⟩ or |S0S1⟩) can be written in the following way:24

k SF ≈

2π
4π ℏ2λkBT
[|⟨1.TT| Hel|̂ 1.CA⟩⟨1.CA| Hel|1̂ . EX⟩ + ⟨1.TT| Hel|.̂ 1AC⟩
2
⟨.1AC| Hel|1̂ . EX⟩|
⎛ −(ΔG + λ)2 ⎞
rxn
⎟
/ΔECT 2] exp⎜
kBT
4
λ
⎠
⎝

(1)

The matrix elements within the square coupling component
of this rate constant may be expressed in the frontier orbital
basis with one-electron oﬀ-diagonal elements of the Fock
matrix and with two-electron Coulomb repulsion terms. The
full expressions have been previously derived2,23 but are shown
again in Supporting Information, eq S1. For many systems
described in the literature, for example crystalline polyacenes,
the two-electron Coulomb terms are small and reasonably
neglected.3,24,40 We will take the same approach here and justify
this approximation later in the paper. Neglecting these terms
according to eq 22,24
⟨1.TT| Hel|̂ 1.CA⟩ ≈

3/2 ⟨lA|F |̂ hB⟩ =

3/2 t LH

⟨1.TT| Hel|.̂ 1AC⟩ ≈

3/2 ⟨hA|F |̂ lB⟩ =

3/2 t HL

⟨1.CA| Hel|̂ S0S1⟩ ≈ −⟨hA|F |̂ hB⟩ = −t HH
⟨.1AC| Hel|̂ S1S0⟩ ≈ −⟨hA|F |̂ hB⟩ = −t HH

(2)

⟨.1AC| Hel|̂ S0S1⟩ ≈ ⟨lA|F |̂ lB⟩ = t LL
⟨1.CA| Hel|̂ S1S0⟩ ≈ ⟨lA|F |̂ lB⟩ = t LL

expressions for electronic coupling emerge that are relevant for
conversion from |S0S1⟩ to |1. TT⟩ (eq 3) and from |S1S0⟩ to
|1. TT⟩ (eq 4).
|⟨1.TT| Hel|.̂ 1AC⟩⟨.1AC| Hel|̂ S0S1⟩
+ ⟨1.TT| Hel|̂ 1.CA⟩⟨1.CA| Hel|̂ S0S1⟩| /ΔECT
≈ | 3/2 (t HLt LL − t LHt HH)| /ΔECT

(3)

|⟨1.TT| Hel|̂ 1.CA⟩⟨1.CA| Hel|̂ S1S0⟩ + ⟨1.TT| Hel|.̂ 1AC⟩
⟨.1AC| Hel|̂ S1S0⟩| /ΔECT
≈ | 3/2 (t LHt LL − t HLt HH)| /ΔECT

(4)

These matrix elements will be used in what follows for
comparative discussions of electronic coupling in a Tc dimer
system relevant for the molecular crystal and in BT1 under
conditions relevant for vibrational motion.
II.B. Computational Details: Boys Localization. All
vibrational analyses and coupling element calculations
employed a modiﬁed version of the Q-Chem software
package,57,58 were performed with the ωB97X-D density
functional,59 and utilized the 6-31G(d) basis set. This
functional was chosen to be consistent with our previous
work where we note that ωB97X-D outperforms B3LYP
particularly in describing singlet excited state energies.41 For a
comparison of coupling values obtained with diﬀerent functionals for two diﬀerent systems (BT1 and a noncovalent Tc
dimer), see the Supporting Information, Tables S3 and S4.
Orbital couplings were calculated by applying Boys localization60−62 to the HOMO − 1, ..., LUMO + 1 subspace of
molecular orbitals. The resulting Boys-localized molecular
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Figure 2. Localized frontier orbitals needed to calculate one-electron coupling matrix elements are obtained according to the depicted schematic.
Starting with a four canonical-orbital basis set (left) consisting of two highest occupied orbitals (|H − 1⟩ and |H⟩) and two lowest unoccupied
orbitals (|L⟩ and |L + 1⟩), Boys localization leads to four isoenergetic (in this symmetrical case) orbitals (middle), two of which are localized to the
right side of the molecule (|R1⟩ and |R2⟩) and two of which are localized to the left (|L1⟩ and |L2⟩). Rediagonalization of subspaces relevant for the
left and right sides of the molecule, respectively, leads (right) to the localized frontier orbitals |hA⟩, |lA⟩, |hB⟩, and |lB⟩, where “A” and “B” refer to the
right and left sides of the molecule as depicted and where h and l refer to HOMO and LUMO. The representative Fock matrices for each of these
three steps are also shown with the third one (right) showing orbital couplings relevant for the SF model that ignores two-electron terms. In the
rightmost Fock matrix, the black zeros are a result of the diagonalization whereas the red zeros are a manifestation of the symmetry. Orbital images
were generated using the free visualization tool Avogadro (version 1.1.1).65

canonical MO coeﬃcients from the full-system calculation;
separate calculations for isolated chromophores are not
necessary. Furthermore, this approach is identical for covalent
and noncovalent systems.

orbital coeﬃcients (C′) are the result of a unitary transformation of the canonical molecular orbital subspace (C):
C′μp =

∑ CμrUrp

(5)

r

III. RESULTS AND DISCUSSION
III.A. Demonstrations of the Boys Method for
Calculating One-Electron Coupling Matrix Elements.
III.A.1. Covalently Bridged Dimer BT1. In BT1 we take a
four-orbital active space approach as described in section II.A.
The starting place is four canonical Kohn−Sham orbitals for
this system: |H − 1⟩, |H⟩, |L⟩, and |L + 1⟩. As expected, each is
delocalized over the full π system of the molecule (Figure
2(left)). The energy gap from |H − 1⟩ to |H − 2⟩ (not shown)
is 1280 meV, and the energy gap from |L + 1⟩ to |L + 2⟩ (not
shown) is 1390 meV. It is natural to consider BT1 as being
comprised of two covalently coupled Tc subunits, and from this
perspective |H − 1⟩ and |H⟩ give the appearance, respectively,
of in-phase and out-of-phase superpositions of the familiar
nodal pattern of the Tc monomer HOMO (see Supporting
Information, Figure S2). An analogous statement can be made
for |L⟩ and |L + 1⟩ in reference to the Tc LUMO.
Also shown in Figure 2(left) is a subset of the Fock matrix
inclusive of the frontier orbital basis with values reported in
millielectronvolts (meV). For symmetric systems, in the limit
where a one-electron Hamiltonian is accurate, one-half the
energy splitting between occupied orbitals and between
unoccupied orbitals is exactly equal to the electron transfer
integrals THT and TET, respectively, as has been described
extensively in literature focusing on donor/acceptor interactions between alkyl-separated π systems.63,64 The quantities

where the transformation matrix U is chosen such that it
maximizes the Boys function (f Boys), given by
fBoys (U ) =

∑ |⟨ϕp|X̂ |ϕp⟩ − ⟨ϕq|X̂ |ϕq⟩|2
(6)

p,q

where X̂ is the vectorized dipole operator and ϕp is the pth
molecular orbital. The four resulting Boys-localized orbitals are
then block diagonalized, so that the two-orbital subspaces on
each chromophore are not coupled by the Fock operator. The
orbitals resulting from this last transformation correspond to
two HOMO/LUMO pairs, each localized to a single
chromophore. Using this transformed molecular orbital basis,
the Fock matrix is obtained according to
F ′ pq =

∑ C′μp
μv

FμνC′νq =

∑ UprT
rs

FrsUsq
(7)

The Coulombic repulsion terms were obtained by contracting
the full atomic orbital basis two-electron integral (⟨μλ|νσ⟩) with
densities given by D′qsλσ = C′λqC′σs, so that a single element of
the two-electron integral tensor is obtained in the desired basis:
⟨pq|rs⟩′ =

∑ D′μνpr ⟨μλ|νσ ⟩D′qsλσ
μυλσ

(8)

It is worth emphasizing that the resulting localized MO
coeﬃcients are obtained entirely from the transformation of the
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|THT| = 63.5 meV and |TET| = 141 meV are relevant for holetransfer and electron-transfer pathways, respectively, coupling
the two tetracene subunits in BT1.41
As discussed in the Introduction, we have sought the simplest
method for calculating one-electron matrix elements describing
orbital couplings between chromophoric subunits within dimeric
molecules. To construct localized diabatic orbitals starting from
the canonical frontier orbitals, we apply a unitary transformation based on Boys localization (as described in section
II.B60−62). As can be seen in Figure 2(middle), this produces a
set of four orthonormal MOs of identical energy, two of which,
|R1⟩ and |R2⟩, are localized to the right side of BT1 and two of
which, |L1⟩ and |L2⟩, are localized to the left side. As can be
seen in the Fock matrix, there are very signiﬁcant oﬀ-diagonal
energy couplings between pairs of orbitals on either side of the
molecule (e.g., |⟨R1|F̂|R2⟩| = |⟨L1|F̂|L2⟩| = 3109 meV) whereas
oﬀ-diagonal couplings between left and right orbitals are small
and of order 100 meV.
With these localized MOs it is now straightforward to obtain
a HOMO/LUMO set for each of the chromophoric sides of the
molecule by focusing on diagonalization in the two 2 × 2
subspaces that are represented by the dotted-line boxes in
Figure 2(middle), as suggested in a very similar context by
Cave and Newton.66 This is achieved by the application of two
Givens rotation matrices, each with a dimension NBasis ×
NBasis (where NBasis = 4) but each as the identity other than
the 2 × 2 subspace on which it is acting. The procedure results
in four new MOs as seen in Figure 2(right). For each side of
the dimer (labeled “A” versus “B”) a HOMO/LUMO set is
generated with the expected nodal patterns relative to
monomeric Tc (again, see the Supporting Information, Figure
S2) and with no energy couplings between HOMO and
LUMO, e.g., ⟨hA|F̂|lA⟩ = ⟨hB|F̂|lB⟩ = 0. Critically, however, oﬀdiagonal matrix elements exposing energy couplings between
orbitals across the dimer are permitted. As shown in the Fock
matrix of Figure 2(right), ⟨hA|F̂|hB⟩ = tHH = 63.5 meV and ⟨lA|F̂|
lB⟩ = tLL = 141 meV; both values are identical to the magnitudes
|THT| and |TET| obtained from splittings within the canonical
orbitals (vide supra). As expected from symmetry considerations, both matrix elements ⟨hA|F̂|lB⟩ = tHL and ⟨lA|F̂|hB⟩ =
tLH are zero. Note that, for asymmetric systems, one cannot use
HOMO/HOMO − 1 or LUMO/LUMO + 1 splittings to
calculate electron transfer integrals; one is forced to use a more
general approach, e.g., the Boys approach described above.
III.A.2. Digression: Noncovalent Tetracene Dimer. To
quantitatively benchmark the overall procedure just described
against other known methods, we have considered a noncovalent Tc dimer system where the electronic coupling for SF
is expected to be large both by literature precedent26,27,31 and
by inference to a structurally and electronically related
pentacene dimer for which values of tHH, tLL, tHL, and tLH
have been previously reported.24 The structure considered here
(Supporting Information, Figure S3) represents one of three
unique nearest neighbor pairs in the most common polymorph
of crystalline Tc.67 The choice of this dimer among the three is
somewhat arbitrary as each is expected to have signiﬁcant
interchromophore orbital couplings, particularly the two that
have the general herringbone arrangement of the Tc
monomers.24,26 We choose this structure, in part, so that
comparisons can be made (vide infra) with reported high level
calculations.26 Using Hartree−Fock methods identical to those
applied previously to pentacene dimers by Berkelbach,
Hybertson, and Reichman (BHR-HF),24 values were calculated

for tHH, tLL, tHL, and tLH68 and are shown in Table 1. The Boys
methodology was then applied for purposes of comparison.
Table 1. Comparison of One-Electron Interchromophore
Coupling Matrix Elements (in meV) and Various Products
of These Elements (in meV2) in Noncovalent Tc Dimer with
Boys Method versus Previously Described Hartree−Fock
Methoda
tHH
tLL
tHL
tLH
(3/2)1/2tLHtLL
(3/2)1/2tHLtHH
(3/2)1/2(tLHtLL − tHLtHH)
(3/2)1/2tHLtLL
(3/2)1/2tLHtHH
(3/2)1/2(tHLtLL − tLHtHH)

BHR-HFa

Boys

−204
113
79
−88
−12179
−19738
7559
10933
21987
−11054

−91
−83.5
−74
−107
10942
8247
2695
7553
11923
−4370

a
Unpublished values calculated by Berkelbach68 using previously
described methods.23,24

The sign diﬀerences observed between the two methods
originate from diﬀering orbital phase conventions that were
used. Such a sign diﬀerence is unimportant as can be seen in
the various products of one-electron matrix elements (terms
such as (3/2)1/2tHLtLL) that are listed in Table 1: in all cases the
two products whose diﬀerence is relevant for the electronic
coupling (eqs 3 and 4) needed for rate expressions have a
common sign indicating there will be a destructive interference
between hole-transfer and electron-transfer pathways leading
from the singlet exciton state to the 1TT. In general there is
reasonably good agreement in the magnitude of the coupling
values calculated with the two methods. It is noted that, in the
case of tHH, the Boys method predicts a value less than half the
magnitude of the HF method. This may be a manifestation of a
previously noted overestimation of coupling using HF.24,30
Along these lines, if HF exchange is used with the current Boys
method instead of ωB97X-D, universally larger couplings are
obtained for the Tc dimer (Supporting Information, Table S4)
as well as for BT1 (Supporting Information, Table S3). We
note a general increase in coupling as the extent of exact
exchange is increased in the functional from PBE (where there
is none), to B3LYP, to ωB97X-D, and ﬁnally to HF (which
contains all exact exchange). However, it is pointed out that the
magnitude of tHH that we calculate for the Tc dimer with HF
exchange is still approximately half that calculated by
Berkelbach.68 It is noted that a factor of 2 discrepancy between
couplings from single molecule and supramolecular calculations
has been seen previously for excitonic couplings.69
It is worthwhile to consider some measure of electronic
coupling between diabatic states involved in SF in order to
connect to other theoretical treatments in the literature. As
discussed in section II, quantities such as |(3/2)1/2(tHLtLL −
tLHtHH)| and |(3/2)1/2(tLHtLL − tHLtHH)| serve as useful
approximations to relevant superpositions of superexchange
coupling pathways in SF from either S0S1 (eq 3) or S1S0 (eq 4),
respectively. We highlight in Table 1 the quantity (3/
2)1/2(tHLtLL − tLHtHH) relevant for S0S1 → 1TT (eq 3) as
opposed to (3/2)1/2(tLHtLL − tHLtHH) relevant for S1S0 → 1TT
(eq 4) as the magnitude is larger for the former quantity using
both methods. With the Boys method, |(3/2)1/2(tHLtLL −
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tLHtHH)| = 4370 meV2. This is within 30% of values extracted
from diabatic state couplings obtained in a high level calculation
of a model Hamiltonian for a tetracene dimer by Parker and
Shiozaki26 where

t(r0 + hi) − t(r0 − hi)
dt
≈
dqi
2|hi|

(9)

where r0 is the reference geometry, and hi represents a
geometric perturbation in the direction of normal mode qi, with
|hi| = 0.0001 Å. This value for |hi| was found to be the bestconverged step size for ﬁnite diﬀerence coupling gradient
calculations; selected gradients for diﬀerent values of |hi| can be
found in the Supporting Information, Table S5. A separate
calculation was needed to generate the couplings for each
perturbed geometry, so the total number of single point
calculations necessary to approximate the coupling gradients
was 366.
Certain patterns emerge in these calculated coupling
gradients (all values are listed in the Supporting Information,
Table S1) that can be linked to the irreducible representations
of the C2v point group assigned to each normal mode of
motion. Examples are illustrated in Figure 3, where coupling

|⟨1.TT| Hel|.̂ 1AC⟩⟨.1AC| Hel|̂ S0S1⟩ + ⟨1.TT| Hel|̂ 1.CA⟩
⟨1.CA| Hel|̂ S0S1⟩|
= 3233 meV2

Working backward from the individual state coupling matrix
elements in this model Hamiltonian, again under the
assumption that Coulomb terms due to two-electron overlap
densities are small, it is possible to extract one-electron terms
where tHH = 100 meV, tLL = 88 meV, tHL = 45 meV, and tLH =
66 meV. These are also in reasonably good agreement with
values obtained by the simpler methods listed in Table 1.
Before leaving this model noncovalent dimer and returning
to discussions of BT1, we note that all methods discussed in
this sectionParker/Shiozaki, Boys, BHR-HF (in order of
increasing value)predict, under a superexchange model, a
magnitude of electronic coupling in SF that is less than kBT
(298 K) ranging from 3 to 11 meV (ours is 4.4 meV) when
using ΔECT = 1000 meV as per the high-level calculations by
Parker and Shiozaki of a Tc dimer imbedded in a point-charge
“supercell” to mimic aspects of the crystalline environment.26 It
should be pointed out that even the most accurate Parker/
Shiozaki model cannot accommodate charge delocalization or
polarization of the crystal environment to the new charge
distribution, and as such the estimate of ΔECT may still be too
high. Electroabsorption studies suggest the CT states to be in
the range 2.7−3.1 eV,70 suggesting ΔECT in a range of 400−800
meV above the singlet exciton state of 2.32 eV.71 If we choose
for purposes of comparison the median case of ΔECT = 600
meV, the range of electronic couplings being discussed shifts to
5−18 meV with our prediction using the Boys methodology at
7.3 meV. Although shifted to higher values, the individual
values within this range remain less than kBT and notably less
than recent calculations (varying values of ΔECT).27,31 Further
investigation will be needed to ascertain the source of this
discrepancy.
III.B. Coupling Gradients and the Role of Vibrations.
We now return to the BT1 dimer. The matrix elements tHL and
tLH are calculated to be zero for the molecule in its ground state
structure with C2v point group symmetry. This is the expected
result obtained by invoking the Longuet−Higgins−Roberts43,72
(or Mulliken73,74) approximation stating that matrix elements
of the type ⟨φA|F̂|φB⟩ are proportional to the overlap integral
⟨φA|φB⟩. Here, orbital symmetry arguments are useful in that
either localized HOMO orbital hA or hB is antisymmetric with
respect to a reﬂection plane passing through both Tc units,
while either LUMO lA or lB is symmetric. Thus, HOMO/
LUMO overlaps (from A to B or from B to A) must be zero. It
stands to reason, then, that certain molecular vibrations,
speciﬁcally those that break the plane of symmetry in the
molecule, should impact electronic coupling through nonzero
values of tHL and tLH. To explore this, we have calculated
gradients dt/dqi for all of the interchromophore orbital
couplings tHH, tLL, tHL, and tLH, where qi refers to each of the
183 normal modes of motion for BT1. Each gradient was
calculated by performing a ﬁnite diﬀerence calculation
according to eq 9

Figure 3. Examples of patterns in the one-electron coupling gradients
(in meV/Å) for each type of vibrational mode according to its
irreducible representation (A1, A2, B1, and B2; relevant for the C2v
point group symmetry of the molecule). Those shown correspond to
the lowest-frequency instances of each: A1 at 21 cm−1, A2 at 81 cm−1,
B1 at 44 cm−1, and B2 at 72 cm−1. Of note, only A2 and B2 modes have
nonzero values for dtHL/dqi and dtLH/dqi. In all B2 modes these have
the same sign, whereas in all A2 modes these have opposite signs.

gradients for the lowest frequency A1, A2, B1, and B2 modes are
shown. For purposes of assignment, it is assumed that the C2
symmetry axis of the molecule is aligned with the Cartesian zaxis, that the Cartesian xz plane bisects the molecule through
both Tc units of the dimer, and that the function x transforms
as the irreducible representation B1. For all B1 modes, all
coupling gradients are zero. For all A1 modes, the gradients
dtHH/dqi and dtLL/dqi are ﬁnite with diﬀerent magnitudes
(either can be either sign) but these are ultimately irrelevant in
the context of SF because dtHL/dqi and dtLH/dqi = 0. This latter
point is the expected result because normal motions classiﬁed
with the A1 irreducible representation (and with B1 as well) are
symmetrical with respect to symmetry operation of reﬂection
through the xz plane (σ̂xz) and cannot facilitate coupling
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between antisymmetrical HOMOs with symmetrical LUMOs.
Thus, these results suggest A1 and B1 vibrations play no role in
SF for BT1.
This leaves motions belonging to the A2 and B2 irreducible
representations. Both induce no change in coupling between
HOMOs or between LUMOs of the two chromophoric units of
the molecule; i.e., dtHH/dqi and dtLL/dqi = 0. More importantly,
the HOMO/LUMO coupling gradients dtHL/dqi and dtLH/dqi
are nonzero. In the case of all B2 modes, both gradients are of
equal magnitude and equal sign (but can be either positive or
negative). In the case of all A2 modes, both gradients are again
of equal magnitude but take on opposite signs. It is noted that
the absolute sign for any of these coupling gradients for either
A2 or B2 modes is somewhat arbitrary as it will ﬂip in the −qi
direction. However, as discussed below, the sign diﬀerence
between dtHL/dqi and dtLH/dqi for A2 modes compared to its
similarity in B2 modes is important.
As noted above, all coupling gradients are listed in the
Supporting Information, Table S1, but for illustrative purposes,
we plot just dtLH/dqi in Figure 4. Of note, there is a single B2

Figure 5. (a) Depiction of 1772 cm−1 B2 normal mode of motion (no.
159) that has the highest magnitude coupling gradient dtLH/dq. The
viewpoint is in the +z direction such that the central methylene group
of the molecule is headed into the paper. (b) Cartoon rationalizing
how tLH coupling develops during this motion (in both +q and −q
directions) with the focus on only part of the orbital (phase inferred
from Figure 2) for lA and hB (see text for details). (c) Depiction of A2
1765 cm−1 normal mode of motion (no. 158) that has the second
highest magnitude coupling gradient dtLH/dq. (d) Cartoon rationalizing how tLH coupling develops during this motion (in both +q and
−q directions) with the focus on only part of the orbital for lA and hB
(again, see text for details).

Figure 4. Coupling gradient dtLH/dq shown for all frequencies and
according to the irreducible representation of each mode: A1 (red), A2
(blue), B1 (orange), and B2 (green). For each frequency the
corresponding gradient dtHL/dq can be inferred using the pattern
according to Figure 3.

on only a piece of the orbital phase for lA and hB at the
norbornyl bridge with phase information inferred from Figure
2(right). In the center of Figure 5b the molecule is captured in
its static C2v structure where, by the symmetry arguments
described above, there is no net overlap between lA and hB and
tLH is zero. Using an exaggerated distortion in this B2 direction
(left), it is shown that interorbital energy coupling can develop
as inferred by an increase in overlap (green double arrow) of
regions of lA and hB that are in-phase concomitant with a
decrease (black double arrow) of out-of-phase overlap. In the
−q direction (right) a similar process happens but it results
due to phasein a coupling matrix element of opposite sign.
As shown in the Supporting Information, Figure S4b, an
analogous qualitative argument applied to hA and lB (as
opposed to lA and hB as discussed above) explains how dtHL/dqi
and dtLH/dqi have the same sign for B2 motions.
The A2 mode (1765 cm−1; no. 158) that has the second
largest magnitude of coupling gradient dtLH/dqi (and again by
inference dtHL/dqi) also involves distortions largely localized to
the norbornyl bridge and nearest phenyl rings (Figure 5c).
Here it can be seen that interorbital coupling can develop as the
vibration proceeds as inferred from lA to hB orbital overlap

normal mode at 1772 cm−1 (mode no. 159) that is dominant in
its impact on dtLH/dq (and by inference dtHL/dq) relative to
other modes. In terms of the magnitude |dtLH/dq|, its value of
721 meV/Å is a factor of 2.7 larger than the next largest (267
meV/Å) occurring at 1765 cm−1 for an A2 mode (mode no.
158).
In Figure 5a is plotted a cartoon of this normal mode (no.
159) with projection vectors as well as an exaggerated view of
the molecule at its vibrational turning points. The perspective
in these pictures is in the positive z direction with the central
methylene group at the apex of the molecule in the background.
The impact on electronic coupling between the Tc
chromophores in the dimer is clearly a result of distortions
derived from C−C stretching localized signiﬁcantly to the
norbornyl bridging unit and nearest phenyl rings where
through-bond and through-space interactions between lA and
hB (or vice versa) are largest. Focusing on through-space
interactions, a qualitative explanation is provided that focuses
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diagonally across the bridge (Figure 5d). The magnitude of the
coupling gradient dtLH/dqi in this case is understandably
smaller (the factor of 2.7 mentioned above) than the 1772 cm−1
B2 mode (no. 159) where coupling develops via lA to hB π
overlap directly across the bridge.
In order to calculate coupling values as opposed to coupling
gradientsgiven that tLH (and tHL) equal 0 for the static C2v
structurewe rely on an estimation of the deviation in position
that may be expected to occur at a given temperature for any of
the normal modes of motion qi. With eq 10, an average
vibrational level occupation number ⟨ni⟩ is ﬁrst calculated (for
what follows, 298 K is used). With this, the root-mean-squared
(RMS) deviation in the qith direction (⟨qi2⟩1/2) is then evaluated
using eq 11. In these equations, ωi and μi refer to the frequency
and reduced mass of the ith normal mode. Finally, we calculate
coupling at this RMS deviation using eq 12. These data are
compiled in the Supporting Information, Table S2.
⟨ni⟩ =

1
eℏωi / kBT − 1

ΔtAB =

1 0

dtAB
⟨qi 2⟩
dqi

−

3/2 (t HL + Δt HL)(t HH + Δt HH)]

/ΔECT|

(14)

The identical procedure applied to all modes results in a set
of coupling values shown in Figure 6 and listed in the

(11)

(12)

Figure 6. Electronic coupling (S0S1 to 1TT; mediated via virtual CT
states) calculated (eq 13) at RMS deviation in position (298 K) for
each normal mode and plotted as a function of frequency and
according to irreducible representation (A1 (red), A2 (blue), B1
(orange), and B2 (green)). The value for ΔECT is 659 meV as
determined in previous work by our group.41

Given the relatively high frequency of the two modes discussed
above (1772 and 1765 cm−1), the average occupation number
⟨n⟩ at room temperature is 0.00, i.e., the vibrational ground
state. This leads to a 0.035 Å RMS deviation for both modes
and coupling values (tLH + ΔtLH) equal to 9.45 meV (1765
cm−1; A2) and −25 meV (1772 cm−1; B2). While the
magnitudes of these coupling contributions vary substantially,
their impact on SF is expected to be quite similar by
coincidence. This originates in the diﬀerence of terms
(products of one-electron matrix elements) central to the
electronic coupling expressions in eqs 3 and 4 (e.g., tHLtLL −
tLHtHH). As seen in the Fock matrix following localization and
rediagonalization in Figure 2(right), the quantities tHH and tLL
have a common sign for this molecular system. This conﬂuence
means that A2 modes, where there is a sign diﬀerence between
ΔtLH and ΔtHL (Supporting Information, Table S2), will fare
better due to a constructive interference of pathways than B2
modes where ΔtLH and ΔtHL have a common sign. That the B2
modes have any role in SF relies on the fact that the holetransfer and electron-transfer pathways for donor−acceptor
interactions between the two chromophores (i.e., tHH and tLL)
have diﬀering importance in this system (vide supra).41 Using
the value of ΔECT = 659 meV determined previously by our
group for BT1,41 we calculate the coupling relevant for rate
expressions such as eq 1 according to either eq 13 (S0S1 →
1
TT) or eq 14 (S1S0 → 1TT) and ﬁnd a remarkably similar
3.589 meV for the A2 mode (1765 cm−1; no. 158) versus 3.594
meV for the B2 mode (1772 cm−1; no. 158). In this system,
electronic coupling for either S0S1 → 1TT or S1S0 → 1TT is
identical because in all cases (modes) |tHL| = |tLH|.

Supporting Information, Table S2. In general, it can be seen
that A2 modes feature prominently as may be expected from the
pathway interference issues discussed above.
Of these, the 113.5 cm−1 vibration (no. 6) is notable with a
coupling value of 3.31 meV ranking it third among all modes
and 92% of the maximum at 3.59 meV. While the gradient
magnitude for this mode |dtLH/dq| (or |dtHL/dq|) is not
insigniﬁcant, it nonetheless ranks 11th among A2 modes and
28th overall. The signiﬁcant coupling arises in large part due to
its low frequency, which permits an average population of
higher quantum states and with that a larger RMS deviation in
position. Here, via eq 10, ⟨n⟩ = 1.37, to be compared with the
⟨n⟩ = 0.00 described above for the 1772 and 1765 cm−1 modes,
and to ⟨n⟩ = 0.41 for a more modestly higher frequency 257
cm−1 A2 mode (no. 16). The resulting RMS deviation (eq 11)
for the 113.5 cm−1 vibration is ⟨q2⟩1/2 = 0.30 Å, making it nearly
an order of magnitude larger than the 1772 and 1765 cm−1
vibrations (vide supra) and twice as large as the 257 cm−1 A2
mode where ⟨q2⟩1/2 = 0.15 Å.
III.C. Evaluation of the Two-Electron Coupling
Contribution. As has been discussed, the electronic coupling
for mediated SF evaluated using either eq 13 or 14 ignores twoelectron repulsion integrals that are, for example, shown in the
Supporting Information, eq S1. Although these integrals are
time-consuming to numerically evaluate, we have considered
several cases for purposes of comparison. First, within the
Supporting Information, eq S1, all integrals (two-electron or
one-electron) associated with the terms ⟨1TT| Hel |̂ 1CA⟩ or
⟨1TT| Hel |̂ 1AC⟩ vanish with C2v symmetry. We consider, then,

coupling(S S →1TT) = |[ 3/2 (t HL + Δt HL)(t LL + Δt LL)
0 1

.

(10)

ℏ
(2⟨ni⟩ + 1)
2μi ωi

⟨qi 2⟩ =

coupling(S S →1TT) = |[ 3/2 (t LH + Δt LH)(t LL + Δt LL)

.

−

3/2 (t LH + Δt LH)(t HH + Δt HH)]

/ΔECT|

(13)
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four cases involving RMS deviation along two high-frequency
modes (nos. 158 and 159: 1765 cm−1 (A2) and 1772 cm−1
(B2)) and along two low-frequency modes (nos. 4 and 6: 72
cm−1 (B2) and 113.5 cm−1 (A2)). Expressions inclusive of twoelectron integral terms that are analogous to eqs 13 and 14 are
shown in the Supporting Information, eqs S2 and S3. Because
of symmetry, only one of these needs to be evaluated and we
have considered the integrals relevant for the Supporting
Information, eq S3 (i.e., for S1S0 → 1TT). We ﬁnd relatively
small deviations in couplings calculated with or without the
two-electron integrals. For the 1772 cm−1 B2 mode, the
magnitude of coupling is calculated to be 3.81 meV (including
two-electron integrals) as compared with 3.59 meV (oneelectron integrals), representing a very modest 6% diﬀerence.
Similarly for the 1765 cm−1 A2 mode, we ﬁnd a 6.5% diﬀerence
(3.84 meV (two-electron) versus 3.589 (one-electron)). For
the lower frequency modes we ﬁnd slightly larger, although still
small, deviations. At 72 cm−1 (B2) the relative error is 8% (0.95
meV (two-electron) versus 1.03 meV (one-electron)) while at
113.5 cm−1 the relative error is 11% (2.98 meV (two-electron)
versus 3.31 meV (one-electron)). These results, while not
complete for all A2 and B2 modes, nonetheless appear to justify
using the simpler one-electron coupling expressions (eqs 13
and 14) particularly in computationally expensive scenarios
such as during explorations of dynamics.
For completeness we have also considered the magnitude of
electronic coupling for direct S1S0 (or S0S1) → 1TT SF, which
as described earlier also depends on two-electron repulsion
integrals. In the frontier orbital basis, the direct electronic
̂ 1S0⟩ (or ⟨1. TT| Hel |S
̂ 0S1⟩) is
coupling matrix element ⟨1. TT| Hel |S
given as a diﬀerence between two two-electron integrals2,23,75
(see the Supporting Information, eq S1) that also vanish with
the C2v symmetry of this system. Evaluation of these integrals at
RMS deviation along the four modes discussed above leads to
direct electronic coupling magnitudes that are less than 1 meV
just as is seen in crystalline pentacene.24 To be precise, the
exact magnitudes we calculatethat would augment the
mediated couplings discussed aboveare 0.37 meV (no. 4;
72 cm−1; B2), 0.37 meV (no. 6; 113.5 cm−1; A2), 0.60 meV (no.
158; 1765 cm−1; A2), and 0.50 meV (no. 159; 1772 cm−1; B2).
For modes 6, 158, and 159where coupling for mediated SF is
signiﬁcant at RMS deviation in positionignoring the direct
mechanism amounts to underestimating coupling with a small
error of order 12%. For the lower frequency B2 mode (no. 4; 72
cm−1)where the mediated coupling magnitude is small (1.03
meV; one-electron terms)the error incurred is modestly
larger and of order 26%. It can be inferred from these sets of
calculations that one-electron terms do a reasonable job
capturing the magnitude of the electronic coupling for SF in
this system.
III.D. Calculation of the SF Rate and Eﬀective Total
Coupling. Our ﬁnal goal in this paper is to calculate an overall
eﬀective singlet ﬁssion coupling value by applying the
procedure proposed by Stuchebrukhov et al.76 for determining
the rate of inelastic tunneling in a ﬂuctuating medium. Under
this model, we consider BT1 a two-level system weakly coupled
to a bath of harmonic oscillators (i.e., its vibrational modes),
with the model Hamiltonian given by eq 15.

Ĥ = ES1|S1S0⟩⟨S1S0| + E1TT|1TT⟩⟨1TT|
+

∑ [cασx̂ + ∑
1

gi , α |i⟩⟨i|](aα̂† + aα̂ )

i = S1, TT

α

1
+ ℏωαaα̂†aα
2

(15)

In this expression, â†α and âα are creation and annihilation
operators of bath mode α, gi,α is proportional to the energy
gradient of electronic state i with respect to mode α, gi,α = (ℏ/
(2mαωα))1/2(∂Ei/∂qα) and σ̂x = |S1S0⟩⟨1TT| + |1TT⟩⟨S1S0|.
Critical to eq 15 in terms of the general ﬁndings of this work is
the term cα, which is proportional to the electronic coupling
gradient with respect to mode α. The cα term is determined
using eq 16 , for which we use ΔECT = 659 meV.41
3ℏ
4mα ωα

cα =

⎡⎛
⎞
⎛
⎞ ⎛
⎞
⎢⎜ dt HL ⎟t LL + t HL⎜ dt LL ⎟ − ⎜ dt LH ⎟t HH
⎜
⎟
⎜
⎟
⎜
⎟
⎢⎣⎝ dqα ⎠
⎝ dq α ⎠ ⎝ dq α ⎠

⎛ d t ⎞⎤
− t LH⎜⎜ HH ⎟⎟⎥(ΔECT)−1
⎝ dqα ⎠⎥⎦

(16)

Due to molecular orbital symmetry, to ﬁrst order, the normal
modes of BT1 either change the energy of the frontier orbitals
(A1 and B1 modes) or the coupling between them (A2 and B2
modes), but not both (see Table S6). Thus, for a given mode,
either cα ≠ 0 or gα ≠ 0, but never both. To clarify the
distinction, from this point on A2 and B2 modes will only be
indexed by α, while A1 and B1 modes will only be indexed by β.
For the spin-boson-like Hamiltonian in eq 15, following
Stuchebrukhov et al.,76 we solve for the golden rule rate,
making the following substitution and assumptions. First, the
reorganization energy (λ) of the SF reaction is given by the
following expression:
λ=

∑
β

(g1TT, β − gS S , β )2
1 0

ℏωβ

(17)

Second, we assume we are in the Marcus nonadiabatic limit,
in which the eﬀective coupling is the smallest parameter in the
Hamiltonian. It has been suggested that similar systems may
actually fall within the adiabatic Marcus limit27 or the Redﬁeld
limit.23,24
Third, the system is taken to be in the thermal activation
limit where eq 18 holds.

∑ (g TT,β − gS S ,β )2
1

β

1 0

⟨nβ ⟩
(ℏωβ )2

≫1
(18)

Fourth, the A1 and B1 modes are assumed to be in the
classical limit, so that ⟨nβ⟩ = kBT/ℏωβ. This fourth assumption
is a weak requirement compared to the second and third
assumptions, and can be generalized easily. With these
assumptions, the resulting rate expression is given by eq 19.
For the purposes of our calculations, we take E1TT − ES1S0 to be
30 meV.41
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k 1TT ← S1S0 =

π
kBTλ

1
ℏ

⎡

IV. CONCLUSIONS
The search for new molecular and material platforms for SF
demands inexpensive but eﬀective computational tools that not
only predict state energetics but also allow for facile exploration
of key sources of electronic coupling in this multielectron
photoreaction including the role played by intra- and
intermolecular vibrations. In this current work we have
discussed the simplest approach possible to calculate couplings
between diabatic one-electron wavefunctions localized to
chromophores within intramolecular or intermolecular dimeric
systems. These couplings are critical ingredients in approximate
theoretical treatments of SF mediated by virtual charge transfer
states.
In summary, one starts with the relevant subset of canonical
(adiabatic) molecular orbitals (here, HOMO − 1··· LUMO +
1) accessed through a typical electronic structure calculation
such as DFT. Application of a unitary transformation based on
the localization scheme of Boys leads to pairs of orbitals that
separately occupy space on each of the two chromophores A
and B of the dimer. A rediagonalization procedure66 reveals the
HOMO/LUMO pair localized to each of the two chromophores A and B as well as the desired diabatic couplings tAB:
tHH, tLL, tHL, and tLH. This procedure avoids reliance on more
expensive multireference calculations, has zero marginal cost
relative to a DFT calculation, is entirely black box, and can be
applied to covalently or noncovalently linked systems. The
method was tested ﬁrst on a dimer of Tc monomers in a
geometry relevant for the molecular crystal. The calculated tAB
couplings are in good agreement with those inferred from
reported high level calculations,26 and those determined using
the methods of Berkelbach and co-workers.23,24,68
We now turn to the main system focus of this paper: the
norbornyl-bridged tetracene dimer BT1.41 In the ground state
optimized geometry (C2v point group), the elements tLH and
tHL, that are essential for mediated SF, vanish by symmetry.
This suggests value in considering the role played by molecular
vibrations that can impact molecular symmetry. In this vein, we
calculated the coupling gradients dtHH/dqi, dtLL/dqi, dtHL/dqi,
and dtLH/dqi for all 183 normal modes of motion.
On the one hand, we ﬁnd that, for motions transforming as
the A1 or B1 irreducible representations, the “nonhorizontal”
terms tHL and tLH remain zero because a plane of symmetry
running through the long axis of the molecule (xy plane; see
Figure 1) is preserved during vibration. On the other hand, A2
and B2 motions do impact these nonhorizontal terms and
orbital phase plays a particularly interesting role in this context.
For B2 motions, the coupling gradients dtHL/dqi and dtLH/dqi
have a common sign whereas for A2 motions the signs are
opposite. These patterns ultimately highlight whether SF
pathways through two diﬀerent virtual CT states (1AC versus
1
CA) interfere destructively (B2) or constructively (A2).
Ultimately, although this point is somewhat nuanced by
coupling gradient magnitudes, A2 motions are found to play a
more prominent mechanistic role in BT1 due to this quantum
interference phenomenon.
We have identiﬁed three normal modes in BT1 with the
highest impact on electronic coupling for SF: mode 6 at 113.5
cm−1 (A2), mode 158 at 1765 cm−1 (A2), and mode 159 at
1772 cm−1 (B2). Mode 6 does not stand out in the magnitude
of its gradients dtHL/dqi and dtLH/dqi. Rather, it achieves
prominence due to constructive interference of CT pathways as
well as its low frequency that enables substantial RMS

∑ cα 2⎢⎢⟨nα⟩
α

⎣

⎛ (E1 − E + ℏω − λ)2 ⎞
TT
S1S0
α
⎟
exp⎜⎜ −
⎟
4kBTλ
⎝
⎠
+ (⟨nα⟩ + 1)
⎛ (E1 − E − ℏω − λ)2 ⎞⎤
TT
S1S0
α
⎟⎥
exp⎜⎜ −
⎟⎥
4kBTλ
⎝
⎠⎦

(19)

The rate constant (k) obtained from eq 19 can then be used
as a parameter in the classical-limit Marcus nonadiabatic rate
equation (eq 20) to solve for the eﬀective total coupling Vef f as
a function of the reorganization energy. The resulting possible
values for Veff are shown in Figure 7.
k 1TT ← S1S0 =

|Veff |2
ℏ

⎛ (E1 − E − λ)2 ⎞
π
TT
S1S0
⎟
exp⎜⎜ −
⎟
4
kBTλ
k
T
B λ
⎝
⎠
(20)

Figure 7. Eﬀective SF coupling in BT1 for a range of reorganization
energies as determined by the Stuchebrukhov formalism, for which we
equate eq 19 with eq 20 and solve for |Veff |, using E1TT − ES1S0 = 30
meV and ΔECT = 659 meV.41 The SF coupling terms cα are inversely
proportional to ΔECT within the frontier orbital model (cf. eq 16).

According to Figure 7, we are able to calculate an eﬀective
coupling for BT1 for a range of reorganization energies. For
large enough λ, the eﬀective coupling approaches 5.9 meV, but
is never smaller than 5.1 meV. For small reorganization energy,
we note that our coupling estimate is less reliable, as the
assumption of the thermal activation limit is no longer valid.
However, under the assumptions detailed here, our results
show a robust coupling of 5−6 meV.25,77
Interestingly, it is clear from Figure 7 that the eﬀective
coupling |Veff | converges as λ becomes large. In the limit where
λ ≫ |E1TT − ES1S0|, the square of the eﬀective coupling becomes
simply a weighted sum of the squares of the vibrationally
induced couplings (eq 21).
|Veff |2 =

⎛ ℏωα ⎞
⎟
⎝ 2kBT ⎠

∑ cα 2 csch⎜
α

(21)

It would be interesting to investigate |Vef f | for other cases where
zero diabatic coupling for SF is expected for static structures
such as in facially stacked pentacene37 or in other symmetrical
covalent dimer systems.3,39
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deviations in position at room temperature. The two higher
frequency modes 158 and 159 have insigniﬁcant RMS deviation
and must exploit larger values of dtHL/dqi and dtLH/dqi made
possible by motions that strongly impact the norbornyl bridge
and its two proximal phenyl rings. For mode 159 (B2), these
coupling gradients are the largest we have seen but the CT
pathways destructively interfere. For mode 158 (A2) the
coupling gradient magnitudes are diminished by a factor of 2.7
(relative to mode 159) but the system can take advantage of the
constructive interference.
Finally, by application of a model Hamiltonian76 that
incorporates our coupling gradients, we can back out a range
of eﬀective coupling magnitudes |V| for SF as a function of
possible values of the reorganization energy (λ) of the SF
reaction in BT1 at room temperature. For values of λ that range
from 100 meV (expected to be relevant for crystalline
systems27) to 1000 meV (expected to be more relevant when
solvent is included), the eﬀective coupling is robust and spans a
range from ∼5.4 to ∼5.8 meV. For comparative purposes, it is
worthwhile to return to the noncovalent Tc dimer in which, as
discussed previously, we calculated (based on tHH, tLL, tHL, and
tLH) a value for electronic coupling for SF (S0S1 → 1TT) of 7.3
meV under conditions where ΔECT = 600 meV. On the one
hand, this would suggest that future calculations of SF should
and must investigate the possibility of non-Condon eﬀects;
ﬂuctuations in diabatic couplings might be as large the groundstate geometry coupling itself. On the other hand, if nonCondon eﬀects are larger in BT1 than in Tc, and we suppose
that BT1 and Tc have fairly similar frequencies and
reorganization energies, one might speculate that BT1 might
also allow for observable SF eﬃciencies (e.g, the eﬃciency of
SF in crystalline Tc is 200%). We are also intrigued going
forward by the notion of using experimental protocols based on
laser-pulse shaping to create nonequilibrium vibrational
conditions as a means of controlling SF rates and more
importantly of identifying those most strongly correlated with
the photophysical mechanism. In the end, we believe the simple
procedure discussed here can be used to explore and identify
new dimer designs that avoid key symmetries impeding SF.
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This article posted asap on December 31, 2014. Equations 7
and 21 along with the ﬁrst sentence that immediately follows
these equations have been revised. The correct version posted
on December 31, 2014.
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