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Quantum-chemical calculations are combined to a model Frenkel-Holstein Hamiltonian to assess the

nature of the lowest electronic excitations in the pentacene crystal. We show that an admixture of charge-

transfer excitations into the lowest singlet excited states form the origin of the Davydov splitting and

mediate instantaneous singlet exciton fission by direct optical excitation of coherently coupled single and

double exciton states, in agreement with recent experiments.
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Much work has been devoted to rationalizing the mecha-
nistic aspects of singlet fission (SF) in organics. Smith and
Michl [1] have proposed classifying SF pathways accord-
ing to different classes of chromophores. Among these,
class-I chromophores have their lowest singlet molecular
excited state dominated by a HOMO-to-LUMO single
excitation. While this is apparently the case of pentacene,
the second excited state (presumably close in energy) that
predominantly displays double hole-double electron origin
has been conjectured to result in fission into two local
triplets initially residing on different parts of the same
molecule [2]. Yet, there is compelling evidence that SF is
enhanced in the solid state [3] (we note SF has been
observed in both polycrystalline and amorphous pentacene
films [4]); thus a purely single-molecule origin is in fact
unlikely. Considering that the overall process is of inter-
molecular origin and exoenergetic (S1 energy larger than
twice the T1 energy), class-I chromophores can undergo
efficient SF through a direct two-electron quantum-
mechanical coupling or, alternatively, via a sequential
process involving an intermediate charge-transfer (CT)
state [5,6]. In addition to such events that rely on electronic
interactions between adjacent molecules, surface hopping
driven by nonadiabatic coupling between the potential
energy surfaces has also been suggested as a major con-
tributor to SF in oligoacene crystals [7].

We note that from ab initio quantum-chemical calcula-
tions on pentacene clusters, it has been argued that the
lowest adiabatic excited states have vanishing contributions
from charge-transfer excitations [7,8]. As the generation of
triplets from SF in pentacene is ultrafast (�80 fs) [9], a
two-step incoherent process is unlikely, which would then
a priori rule out a CT-mediated mechanism. We demon-
strate here that CT configurations do play amajor role in the
photophysics of pentacene single crystals and seed a direct
pathway to SF. On the one hand (in line with our earlier
findings [10]), extensive quantum-chemical calculations

and phenomenological models underline how CT excita-
tions shape the sign andmagnitude of the Davydov splitting
in pentacene. On the other hand, single and multiple
Frenkel excitations are shown to interact directly through
their admixture with CT excitations; as a result, optical
excitation can potentially generate coherently coupled pairs
of such states, as observed in the femtosecond nonlinear
spectroscopy work of Chan et al. [11].
We start with the analysis of the Davydov splitting (DS)

in pentacene single crystals. As detailed in Ref. [10],
excellent agreement with the experimental absorption
spectra is obtained when including charge-transfer con-
figurations in addition to Frenkel excitations (FE) in a
phenomenological Holstein model. Within a simple model
where a single Frenkel S1 excited state per molecule is
retained and a monoclinic unit cell supporting two
sublattices is assumed, the symmetric and antisymmetric
combinations of the S1 molecular states, say FEaa and FEbb

(where the superscripts refer to localization of the excita-
tion on molecule a or b), yield two excitonic bands, FEþ
and FE�, respectively. Quantum-chemical calculations
based on FE states [10] yield a symmetric b-polarized
Davydov component at a higher energy than its antisym-
metric counterpart and a negative DS value. Importantly,
when CTexcitations are considered, there occurs a reversal
in the ordering of the lowest excited states. This can be
understood as follows. As in the case of the Frenkel states,
the two sublattices give rise to symmetric and antisym-
metric combinations (CTþ and CT�, respectively) of the
nearest neighbor charge-transfer excitations (CTab and
CTba, where superscripts ij denote hole on molecule i
and electron on molecule j). Since pentacene is a direct
gap semiconductor, the hole-hole and electron-electron
resonance integrals mixing Frenkel and charge-transfer
excitations have comparable magnitude but opposite signs;
this results in a much larger interaction of CT excitations
(using either a localized or symmetry-adapted basis set)
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with the symmetric FEþ state that pushes the b-polarized
transition below the a-polarized transition and yields a
positive DS, in quantitative agreement with experiment
(vide infra).

INDO/SCI [12] calculations have been performed on
the unit cell of the pentacene crystal and the electron-hole
wave functions partitioned into local and charge-transfer
contributions. The admixture of CT in the lowest
eigenstates of a pentacene dimer depends on the relative
energetic positions of the diabatic CT configurations,
which can be tuned via the functional form of the
INDO electron-electron potential and its distance depen-
dence. Figure 1(a) demonstrates that the DS splitting
between the lowest two excited states directly comes
from an admixture with the CT excitations, as the sign
and magnitude of the DS correlate with the amount of CT.
We note that this picture holds when including double
electronic excitations in the framework of a size-
consistent CCSD approach [13]; see Fig. 1(a). Similarly,
the DS increases when decreasing the intermolecular
distances between the non-equivalent molecules (along
the C-C intermolecular distance, see [7]), as a result of
both lower CT diabatic state energies and larger elec-
tronic coupling matrix elements (transfer integrals) with
localized excitations; see the Supplemental Material [14].

Though the comparison with an electronic dimer model
should be considered with caution (as the DS will also be
affected by vibronic coupling and the presence of four
nearest neighbors in the crystal), the experimental DS
value in pentacene of ca 1000–1100 cm�1 [15] is repro-
duced only by INDO/SCI[CCSD] dimer calculations
where the use of screened electron-electron interactions
results in the lowest electronic excited state including as
much as 50% CT character; this is in agreement not only
with our earlier estimate [10] but also with recent electron-
energy loss investigations [16] and is consistent with
earlier theoretical studies [17]. The results of TD-DFT
calculations performed using a range of density functionals

bracket the experimental value; see the Supplemental
Material [14]. We note that the !B97XD functional
adopted in [7] gives rise to a DS that is �40% too small
compared to experiment; this is in line with our interpre-
tation above based on CT admixture as this functional has
been shown to yield too high charge-transfer excitation
energies, thereby resulting in a reduced mixing with local-
ized excitations and hence a (too) small DS.
We now address the singlet fission process from a

general mechanistic standpoint in order to examine the
possible role of CT excitations. For simplicity, we focus
on two molecules a and b, each described by a two-level
(H ¼ HOMO, L ¼ LUMO) system. Working in a local-
ized basis set, the CT pair with cation on a and anion on b
(i.e., CTab) can couple to both a single molecular excita-
tion localized on a and a doubly excited configuration
where two electrons are simultaneously excited on both
molecules via the following one-electron resonance
integrals, see Fig. 2,

hCTabjĤjFEaai � hLbjt̂jLai ¼ tðlblaÞ;
hCTbajĤjFEaai � �hHbjt̂jHai ¼ �tðhbhaÞ;

(1)

hCTabjĤjFEbbi � �hHajt̂jHbi ¼ �tðhahbÞ;
hCTbajHjFEbbi � hLajt̂jLbi ¼ tðlalbÞ;

(2)

hCTabjĤjTTi �
ffiffiffi
3

2

s
hHbjt̂jLai ¼

ffiffiffi
3

2

s
tðhblaÞ;

hCTbajĤjTTi �
ffiffiffi
3

2

s
hHajt̂jLbi ¼

ffiffiffi
3

2

s
tðhalbÞ;

(3)

where jCTi, jFEi, and jTTi denote spin-adapted (singlet)
charge-transfer, single Frenkel and double Frenkel (or
triplet pair) excitations, respectively. The complete
expression of the matrix elements can be found in [1].

FIG. 1 (color online). (a) Davydov splitting calculated at the INDO/SCI and INDO/CCSD levels versus the charge-transfer character
in the lowest eigenstate of a pentacene unit cell dimer. The results are shown for two different electron-electron potentials VðrÞ and
using different screening factors s, with VscrðrÞ ¼ Vðr� sÞ. (b) INDO/CCSD (s ¼ 1:4) transition energies to the lowest three singlet
excited states of the pentacene unit cell dimer versus intermolecular separation. SE1 and SE2 denote single exciton states (their energy
difference is the DS) and ME1 is a double exciton state. (c) Relative intensities (squared transition dipole moment) for the lowest three
electronic transitions in Fig. 1(b). Note the strong intensity borrowing from SE1 to ME1 at short distances.
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These include additional two-electron repulsion inte-
grals, namely between single and double excitations,
which are usually smaller (a few meV in the case of a
slip-stacked configuration of isobenzofuran molecules)
than the one-electron transfer integrals above (up to one
hundred meV in the herringbone dimer of pentacene,
Table S1). In a perturbative scheme, the molecular single
and double excitations are thus expected to mix together
through their CT component, albeit only to second order.
In the most general case, it is difficult to predict whether

the CT-mediated second-order effect will be dominant
over the first-order two-electron coupling mechanism
proposed by Michl and co-workers [18]. For large
Frenkel-CT mixing as found in pentacene, however,
perturbation theory breaks down and the exact eigen-
states of the system are superposition states with (simi-
lar) weights from the five configurations above fixed by
their relative energies and the off-diagonal electronic
matrix elements. Recent nonlinear optical measurements
performed on thin crystalline pentacene films have
demonstrated that the primary species generated by a
resonant optical excitation pulse are in fact coherent
superposition states with equal weights from single and
multiple excitons, which suggests large (in)direct cou-
plings [11]; these states then subsequently dephase to
produce free triplet pairs.
From these mechanistic considerations, [19] CT pairs

thus appear to provide the link between single and multiple
exciton states in pentacene. It is, however, important to
bear in mind that, if we switch from the localized repre-
sentation of Eq. (1)–(3) to a symmetry-adapted basis set,
the relevant matrix elements now involve the FEþ, FE�,
CTþ, CT�, and triplet pair (TT) wave functions and the
electronic Hamiltonian matrix reads

H¼

EFEþ tðlalbÞ� tðhahbÞ 0 0 0

tðlalbÞ� tðhahbÞ ECTþ 0 0
ffiffi
3

p
2 ðtðhalbÞþ tðhblaÞÞ

0 0 EFE� tðlalbÞþ tðhahbÞ 0

0 0 tðlalbÞþ tðhahbÞ ECT�
ffiffi
3

p
2 ðtðhalbÞ� tðhblaÞÞ

0
ffiffi
3

p
2 ðtðhalbÞþ tðhblaÞÞ 0

ffiffi
3

p
2 ðtðhalbÞ� tðhblaÞÞ ETT

0
BBBBBBBBBB@

1
CCCCCCCCCCA

; (4)

where ECTþ ¼ ECT� ¼ ECT
ab ¼ ECT

ba (we neglect the
weak coupling between charge-transfer excitations) and
EFEþ � EFE� ¼ 2VCb with VCb the long-range Coulomb
interaction between the localized Frenkel molecular exci-
tations. As discussed above, the DFT-calculated tðlalbÞ and
tðhahbÞ transfer integrals have opposite signs and similar
absolute values, so that much larger couplings are obtained
among the symmetric components of the CT and FE ex-
citations, which brings the correct ordering of the lowest
eigenstates and a positive DS, vide supra. Likewise, tðhalbÞ
and tðhblaÞ are comparable yet opposite in sign, such that it
is now the antisymmetric component of the CT excitation
that is expected to mix more strongly with the triplet-triplet
pair. Thus, in the limiting case that tðlalbÞ ¼ �tðhahbÞ and
tðhalbÞ ¼ �tðhblaÞ, the CT-mediated electronic coupling
between single and double excitations is strictly zero due to
cancellation effects; i.e., FE and TT do not mix.

This result can be tested by carrying out supermolecular
calculations including at least single and double electronic
excitations. INDO/CCSD transition energies computed for
the pentacene dimer in the unit cell are plotted versus

intermolecular separation in Fig. 1(b). The corresponding
excited states can be unambiguously assigned as single and
double excitations from a detailed analysis of their wave

functions. At the crystal equilibrium distance of �5:6 �A,
the TT pair is calculated to be located about 0.05 eV below
the lowest Frenkel-CT mixed state. In [11], it was inferred
that single and multiple exciton states are energetically
resonant at time zero after the excitation pulse. The relative
positioning of these states turns out to be very sensitive to
the electron-electron potential used in the INDO/CCSD
calculations and the relative positioning of the molecules,
which precludes a quantitative assessment. To drive the
system towards the energetic degeneracy suggested by the
experimental data, we have considered the situation where
the intermolecular separation is reduced in order to bring
the symmetric single exciton down in energy (owing to its
CT character). Most interestingly, the electronic wave
functions of the lowest eigenstates are found to change
markedly at shorter distances and to mix substantially; this
is best appreciated from a consideration of the correspond-
ing oscillator strengths, Fig. 1(c). While the double exciton

FIG. 2 (color online). Schematic one-electron energy diagram
showing single Frenkel, charge-transfer and triplet pair excita-
tions in a localized representation of a molecular dimer fa; bg.
The labels in red refer to the resonance integrals coupling these
electronic configurations, see text.
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state is dark at large separations (as expected from the one-
electron character of the dipole operator), it acquires
increasing absorption cross section with decreasing dis-
tance via intensity borrowing from the single exciton
states. At a distance of 5.4 Å, single and double excitations
come in pairs with similar weights in the total eigenfunc-
tions, thereby displaying similar transition dipoles. This
feature is fully consistent with the experimental observa-
tion of simultaneous generation of single and multiple
exciton states [11].

Because the results reported in Fig. 1 refer to adiabatic
states obtained by diagonalizing the full INDO/CCSD
Hamiltonian in a large electronic configurational basis, a
two-state coupling matrix element between single and
double excitons, W, cannot be extracted from such calcu-
lations. However, it can be argued that W should not be
larger than the (in)homogeneous linewidth of the penta-
cene absorption spectrum so that the reshuffling in optical
cross-section from FE to TT states ends up being smeared
out by the spectral broadening. Still, W should be large
enough that the oscillator strength is almost equally shared
between the two excited states in the INDO/CCSD dimer
calculations. As suggested by the analysis above, a nonzero
W value implies relaxing either (i) the assumption of equal
amplitude for the intermolecular hole-hole versus electron-
electron, and hole-electron versus electron-hole transfer
integrals; at the DFT level, this asymmetry amounts to
about 10% at 5.6 Å and increases up to 15% at 5.3 Å,
Table S1; and/or (ii) the strict degeneracy in the energy of
the charge-transfer excitations; in the dimer, the herring-
bone arrangement of the pentacene molecules drives an
energy splitting between CT pairs where the hole and
electron localized over the two molecules are swapped;
i.e., CTab and CTba have distinct energies mainly because
of charge-quadrupole interactions [20]. Both scenarios
would favor local CTab and CTba excitations over delocal-
ized CTþ and CT� pairs and result in an efficient mixing
between single and double (triplet-triplet) excitations as
seen in Fig. 1(c) (since the relevant matrix elements are
now given by Eqs. (1)–(3)).

We have investigated this feature further by considering
a Frenkel-Holstein model augmented with exciton-
vibrational couplings to CT (periodic boundary conditions
are applied using an 300� 300� 1ða� b� cÞ unit cell
and five exciton bands are included; see the Supplemental
Material [14]). All energy terms in the Hamiltonian have
been set according to experimental data (e.g., reorganiza-
tion energies for Frenkel excitons and charge carriers, CT
excitation energies) or correlated quantum-chemical cal-
culations (namely INDO/CCSD excitonic couplings, DFT
transfer integrals). The optical absorption spectrum for
pentacene is shown in Fig. 3 alongside the experimental
spectra of Sebastian et al. [21]. The very good agreement
between experiment and theory across a spectral range of
�1 eV brings confidence that the model captures the

essential photophysics of pentacene films. We stress that
slightly different combinations of diabatic CT energies
and transfer integrals lead to similar spectra; hence, there
is some flexibility in the parameter space that reproduces
the experimental optical spectra. Yet, these combinations
all yield a unique CT admixture in the lowest optically
allowed eigenstate of about 45%–50%, in excellent agree-
ment with the supermolecular dimer calculations dis-
cussed above.
Finally, we have included double hole-double electron

excitations (TT pairs) in the basis set of the Frenkel-
Holstein model. The electronic matrix elements between
CT, single and double excitations coincide with the dimer
Hamiltonian in Eq. (4). The ETT energy has been set to be
0.17 eV below the singlet S1 energy, resulting in adiabatic
single and double excitons that are almost degenerate
(this henceforth ensures an exothermic energy close to
the experimental value of �0:11 eV [11] when the opti-
cally generated adiabatic excitons collapse into diabatic
states, namely upon conversion from ME to ME’ in [11]).
Starting from the DFT calculated resonance integrals in
Eq. (4), we first averaged the couplings enforcing
both electron-hole and inversion symmetry and then intro-
duced disparity factors �1 for the CT energies: �1 ¼
ðEðCTabÞ � EðCTbaÞÞ=2 and �2 for the matrix elements:
�2 ¼ ðtðhalbÞ þ tðhblaÞÞ=2 ¼ ðtðlalbÞ þ tðhahbÞÞ=2. In the
parameter space investigated (�200 cm�1 < �1, �2<
200 cm�1), the optical spectra remain virtually unchanged
when the symmetry in the CT energies and/or electronic
couplings is lifted; see the Supplemental Material [14].
However, as predicted from the INDO/CCSD dimer cal-
culations and anticipated from the analysis of the use of
localized versus delocalized CT pairs, nonzero �2 and, to a
far lesser degree, �1 values of �100 cm�1 are enough to

FIG. 3 (color online). (a) Calculated absorption spectra along
with experiment spectra (h) of Sebastian et al. [21]. The black
and red curves represent respectively k b and ? b polarized
spectra and the blue curves represent unpolarized spectra.
Experiment and the calculated spectra are normalized and
aligned at the 0–1 peak. (b) Transition dipole moment (tdm) as
a function of the disparities in CT energies (�1) and matrix
elements (�2). The top surface represents the highest tdm among
the coupled FE/TT states while the bottom surface represents
second largest tdm. Note that at (0, 0), there is no tdm sharing
between the FE and the TT states due to cancellation effects.
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split almost equally the oscillator strength between single
and double exciton states, Fig. 3(b). Note that, in this range
of disparity factors, the effective coupling, jWj, between
the triplet pair and the symmetric Frenkel-CT exciton
is predicted to peak to a value of �900 cm�1 at
ð�1; �2Þ ¼ ð200;�200Þ cm�1.

To conclude, our modeling provides strong support to
the case that the admixture of charge-transfer excitations
by up to 50% to the lowest singlet excitons in crystalline
pentacene is the main contributor to the Davydov splitting
in this material. One-electron resonance integrals of a
similar nature and magnitude couple the CT to the triplet
pair configurations, thereby providing the mechanism for
simultaneous generation of single and multiple excitons in
pentacene. Though this mechanism likely applies to other
organic conjugated materials, it should be stressed that
(i) the instantaneous formation of a coherent superposition
of single and multiple exciton states upon light absorption
in pentacene is, at least partly, a result of their very close
excitation energies; and (ii) in molecular materials where
this resonance condition is not met, admixture of CT
contributions into the lowest singlet excitons should
still yield electronic couplings with double exciton states
on the order of a fraction of the resonance integrals
tðhiljÞ (�100 meV); these should translate into fast SF

rates, yet via a two-step process [22]: optical absorption
into a mixed Frenkel-CT state followed by conversion
into two triplet excitations. We further note that the latter
scenario is consistent with the excimer pathway proposed
both in polycrystalline pentacene [23] and in concentrated
solutions of a pentacene derivative [24], as excimers
imply excitations with a significant fraction of CT
character. Clearly, the time scales for singlet fission are
expected to vary by orders of magnitude, going from
ultrafast (sub-ps) in single crystals to slow (ns) in solution
(where diffusion is the rate limiting step). The calcula-
tions presented here demonstrate that the one-electron
matrix elements mediating admixture of CT configura-
tions into singlet and triplet-triplet excitons are simulta-
neously large in the herringbone configuration of
pentacene; we are now extending these simulations to
assess how both couplings vary in the configurational
space explored by molecules in (dis)ordered solid and
liquid environments (such as, e.g., stacked and slip-
stacked configurations) [1].
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