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CONSPECTUS

he absorption of one photon by a semiconductor material usually creates one electron—hole . /{!{‘

pair. However, this general rule breaks down in a few organic semiconductors, such as \?\.{go [s, & ME]
pentacene and tetracene, where one photon absorption may result in two electron—hole pairs. This . Al
process, where a singlet exciton transforms to two triplet excitons, can have quantum yields as high & % ME
as 200%. Singlet fission may be useful to solar cell technologies to increase the power conversion ,&%‘%
efficiency beyond the so-called Shockley-Queisser limit. Through time-resolved two-photon photo- 1,
emission (TR-2PPE) spectroscopy in crystalline pentacene and tetracene, our lab has recently m T+T
provided the first spectroscopic signatures in singlet fission of a critical intermediate known as the \«% L

multiexciton state (also called a correlated triplet pair). More importantly, we found that popula-

tion of the multiexciton state rises at the same time as the singlet state on the ultrafast time scale upon photoexcitation. This
observation does not fit with the traditional view of singlet fission involving the incoherent conversion of a singlet to a triplet pair.
However, it provides an experimental foundation for a quantum coherent mechanism in which the electronic coupling creates a
quantum superposition of the singlet and the multiexciton state immediately after optical excitation.

In this Account, we review key experimental findings from TR-2PPE experiments and present a theoretical analysis of the
quantum coherent mechanism based on electronic structural and density matrix calculations for crystalline tetracene lattices. Using
multistate density functional theory, we find that the direct electronic coupling between singlet and multiexciton states is too weak
to explain the experimental observation. Instead, indirect coupling via charge transfer intermediate states is two orders of
magnitude stronger, and dominates the dynamics for ultrafast multiexciton formation. Density matrix calculation for the crystalline
tetracene lattice satisfactorily accounts for the experimental observations. It also reveals the critical roles of the charge transfer
states and the high dephasing rates in ensuring the ultrafast formation of multiexciton states. In addition, we address the origins of
microscopic relaxation and dephasing rates, and adopt these rates in a quantum master equation description. We show the need to
take the theoretical effort one step further in the near future by combining high-level electronic structure calculations with accurate
quantum relaxation dynamics for large systems.

1. Introduction

Since its discovery in 1965," singlet fission, that is, the
conversion of a singlet exciton into two triplet excitons in
molecular materials, has remained a fascinating but exotic
photophysical phenomenon.? Recently, renewed interest
in singlet fission® has been driven mainly by the potential
application of this process in boosting the power conversion
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efficiency of solar cells.*” Singlet fission has been reported for
a number of molecular systems. Particularly noteworthy are
arystalline solids or aggregates of tetracene,®” pentacene,®®
1,3-diphenylisobenzofuran,'® and carotenoids'' where high
singlet fission yields have been reported.

The predominant mechanism used to describe singlet
fission comes from Metrrifield's theory'#'3 for the reverse
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process of triplet—triplet annihilation and can be written as

k,21 K_1
Si = (TN = T + T4 1)
k> ki

where a photoexcited singlet (S;) evolves into two triplets
on adjacent chromophores known as a correlated triplet
pair, 1(TT), or a multiexciton state (ME), which further
separates into two individual triplets (T;). The intermedi-
ate '(TT) state, proposed first as a nonradiative decay
mechanism in crystalline tetracene,'# is a coherent super-
position of the nine triplet pair states.'®>'> Coherent
oscillations between different spin states of '(TT) have
been observed on the nanosecond time scale in fluores-
cence from tetracene.'® Unlike long-time spin dynamics,
much less is known about how ME is formed from S,,
which is determined by the electronic Hamiltonian
and happening on the shorter time scale of femto-
seconds to picoseconds. Earlier treatments®? assumed
an incoherent rate constant (k_») for the S; — ME transi-
tion. Zimmerman and co-workers attributed conical in-
tersections as responsible for the ultrafast transition from
S, to ME in pentacene.'”'® Greyson et al.'® and Teichen
and Eaves®° studied the S; — ME transition via inter-
mediate charge transfer (CT) states.

Despite the progress described above, the lack of experi-
mental observation of ME has been a major obstacle to
establishing the singlet fission mechanism.? Previous time-
resolved studies of singlet fission have relied on transient
absorption and time-resolved fluorescence spectroscopies.
There is now a consensus that singlet fission occurs on the
ultrafast time scale of 70—100 fs in crystalline pentacene.®®
In crystalline tetracene, the reported singlet fission times
vary broadly, from less than 300 fs to about 1 ns,> although
recent measurements seem to converge to the time scales of
50—80 ps based on population decay of S;.” There has been
no experimental observation of ME until recently when Zhu
and co-workers?'?2 applied time-resolved two-photon
photoemission spectroscopy (TR-2PPE) to tackle the pro-
blem, as detailed below.

2. Experimental Evidence for the Multiexciton
State and a Quantum Coherent Mechanism

In TR-2PPE, a pump laser pulse creates excitonic state(s);
after a controlled time-delay, the probe pulse ionizes the
excitonic states and the photoelectrons are detected. For
ME, photoionization destroys the correlated triplet pair by
1322 = ACCOUNTS OF CHEMICAL RESEARCH
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FIGURE 1. Pseudocolor plots of TR-2PPE spectra of tetracene (a) and
pentacene (b) thin films,?"?? excited at hv; = 2.32 and 2.15 eV,
respectively. The excitonic states are probed with an ionization photon
of hv, = 4.65 eV. The energetic positions of the S;, ME, and 2 x T, are
indicated. The lower panels show the normalized 2PPE intensities of the
S, (red dots) and the ME/2 x T, (blue dots) states for tetracene (c) and
pentacene (d), respectively. The solid curves are simulations from the
three-state model.

ionizing one triplet, leaving behind another triplet and a
hole. As a result, ME shows up in a TR-2PPE spectrum with
an electron Kinetic energy similar to that from an individual
T¢, not S;.

Figure 1a and b shows pseudocolor plots of TR-2PPE
spectra for tetracene (a) and pentacene (b) thin films.2'%2
There is a high-energy feature assigned to S; and a lower
one to T;. While the formation of S; upon photoexcitation
and T, at longer times are expected, what is most surprising
is the observation of a state at nearly the same energy and
intensity as T; but which rises concurrently with S;. We
assign this T;-like state at early times to the ME state. The
concurrent rise of the S; and ME populations cannot be
explained by conventional models in which the S; converts
incoherently to ME, but can be explained by the scheme
illustrated below:

[S1 @ ME]= ME' = T + T, )

Here, the S, state is optically excited and the dark ME
state is populated through electronic coupling to S,
forming a quantum superposition state [S; < ME| on
the ultrafast time scale (with a time constant inversely
proportional to the coupling strength). Once the ME loses
electronic coupling to S, we call the resulting multiexciton
state ME', which may be initially on a pair of neighboring
molecules and may diffuse apart and also loses spin
coherence, evolving eventually into two independent



triplets. We define the fission rate as the rate at which the
multiexciton state loses electronic coupling to S;.> Note
that [S; < ME] can be said to possess “state coherence”’,
not “process coherence” resulting, for example, from the
excitation of multiple bright states within the bandwidth
of a short laser pulse.??

The TR-2PPE results show a clear difference between
pentacene and tetracene. In pentacene, the [S; < ME] state
is short-lived (zsg= 100 =4 20 fs), and this can be attributed to
relaxation processes that destroy the quantum coherence
on an ultrafast time scale. The energetic relaxation is char-
acterized by a total decrease of 0.11 eV in electron energy
from the multiexciton state, seen in Figure 1b, as predicted
by quantum chemistry calculations.'” In tetracene, the
[S1 = ME] superposition state is much longer-lived (rsp =
7 ps), Figure 1¢,%? and this time scale has also been verified in
analysis of one versus two electron transfer from the super-
position state.* There is no measurable energetic relaxa-
tion as the ME state evolves into ME'/2T; (Figure 1a). The
definition of singlet fission time based on the lifetime of
[S; <= ME] is different than traditional definitions based on
the S; population decay time of ~60—80 ps.”*?

To model the excitation and the subsequent evolution of
the superposition state, we start with a phenomenological
three-state model, where the Hamiltonian of the system can
be written as
Eso —uE®) 0
—uE[) Esy —-w (3)
0 W  Eme

I:IME =

where Esq, Es1, Epe are the energies of the Sy (ground
state), S;, and ME state,s respectively. The S; state is
populated from Sy by the laser field xE(f) in the dipole
approximation and converts coherently to the dark ME
state through the electronic coupling W. We obtain the
time evolution of the states by a density matrix approach
using the Liouville—von Neumann equation,?®

in % = e, p| — D (@)
where the diagonal p; element represents the population
of state i; the off-diagonal p; represents the coherence
between states i and j; and Dj = T'j(o; — p°) characterizes
the interaction with the environment. The diagonal ele-
ments of I'; are population relaxation rates while the
off-diagonal elements are coherence dephasing rates.?'
p° is the steady-state density matrix, for which we
assume all off-diagonal terms are zero. To account for
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the experimental observation, we find that W must be
of the order of 102 meV, as shown by solid curves in
Figure 1c and d for W= 200 and 330 meV, respectively,
along with normalized experimental data.

The experimental observation and phenomenological
simulation in Figure 1 suggest strong electronic coupling
between S; and ME. This raises a number of interesting
questions: (1) Is there a theoretical basis for the large
coupling constant between S; and ME? (2) Is the microscopic
origin of this coupling direct or involving charge-transfer
intermediates?'® (3) How does delocalization in the crystal-
line solid affect singlet-multiexciton coupling? (4) What is
the role of coupling to the thermal bath in singlet fission
dynamics? In the following, we present our initial theoretical
effects in addressing the above questions.?®2728

3. Multistate Density Functional Theory:
Indirect Coupling Between S, and ME via
CT States

We start by answering the first two questions, that is, the
magnitude and the direct or indirect nature of S;-ME cou-
pling. It is difficult if not impossible to determine the inter-
molecular electronic coupling directly using conventional
wave functional theory or density functional theory (DFT)
because molecular or Kohn—Sham orbitals are delocalized
over the entire system. Here, we employ multistate density
functional theory (MSDFT),%° in which the exciton and CT
wave functions of each monomer are localized within the
molecular fragment, to quantify the energies of S;, ME, and
CT states and the electronic coupling matrix elements.®
In a crystalline solid, S, is delocalized due to dipole—dipole
interactions, forming a Frenkel exciton band, while CT ex-
citons are delocalized due to both electronic and dipole—
dipole interactions.

Our calculations employed a tetracene monolayer based
on the crystal structure in the a—b plane for a tetracene thin-
film,3° Figure 2, consisting of 56 (7 x 8) monomers with a
subset (gold color) treated quantum mechanically. In
MSDFT,? each monomer is treated by DFT with Kohn—
Sham orbitals strictly localized within the monomer space,
that is, block-localized Kohn—Sham (BLKS) orbitals ex-
panded over basis functions located on the monomer atoms
only. The monolayer wave function is approximated by a
Hartree product of the determinant wave functions of in-
dividual monomers. Consequently, Coulomb and mutual
polarization interactions among all monomers are explicitly
included. To account for the exchange interaction between
two molecules that form each ME or CT state, the interacting
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FIGURE 2. Structure of the tetracene monolayer containing 56
molecules, with the gold color region treated quantum mechanically.

monomers are grouped into a single fragment, described by
a Slater determinant that is constructed from the monomeric
BLKS orbitals. Thus, the Kohn—Sham functions for the S,
state localized on monomer u, the triplet pair with an over-
all singlet spin (ME), and the CT state involving monomers
u and v, are given:2®

N
Dy (S1) = A{Qu(S1)QuSo)} [ WlSo)  (5a)
k+#u,v

N
Dy (ME) = A{Qu(T QT ")} J] WlSo)  (5b)
k#u,v

N
Dy (CT) = A{QuIDA )} [ WklSo) (50
k#u, v

where N is the total number of tetracene molecules in the
system, A is the antisymmetrizer, and Q, denotes the
product of occupied BLKS orbitals on monomer u.Ineq5,
W (Sp) is a Slater determinant of monomer k in the ground
state, and A{Qu(X) QuY)} specifies a superfragment
consisting of two coupled monomers u and v, in which
the corresponding localized electronic configurations are
specified in parentheses with X =Sg, S1, T;, D*", and A*~;
the last two represent molecular donor and acceptor,
respectively, in the CT state. The arrows in T ' and T, " are
used to emphasize that S, of the coupled triplet config-
urations is zero. For the coupled monomer pair in A{QU(X)
Q,(Y)}, both Coulomb and exchange interactions are
explicitly treated by DFT with BLKS orbitals, whereas only
the Coulomb potential from the rest of the system is
included.?®

We performed all calculations in DFT with the PBEO
functional and the 6-31G(d) basis set,'*? using a modified
1324 = ACCOUNTS OF CHEMICAL RESEARCH
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version of GAMESS,33 as detailed elsewhere?® and sum-
marized in the Supporting Information. The inter-
molecular electronic coupling constants, directly ex-
pressed in ((IJW(S1)|FI|<I>W(ME)> or mediated through CT,
(D(S1)|H| P (CT)) and (D (CT)|H|P,(ME)), were deter-
mined by MSDFT.2%2° Table S1 (Supporting Information)
lists the computed electronic couplings between various
states in different dimer pairs. The direct coupling between
S; and ME and between two ME states by the two-electron
part of the Hamiltonian is rather weak, in the range of
0.5—-3 meV for the nearest tetracene neighbors. For compar-
ison, a value of ~5 meV was obtained for a pentacene dimer
by a restricted active space and two spin flip method
(RAS(4,4)-2SF)."® Note that the strong S;—S; electronic cou-
pling (3 to 65 meV) is responsible for the formation of a
Frenkel exciton band and, along with the significant S;—CT
coupling, for the Davydov splitting in tetracene.>*

The most significant finding is that electronic coupling
constants between S; and CT states or between ME and CT
states (50—140 meV, Table S2) are 1—2 orders of magnitude
larger than those between S; and ME. Thus, the large S;—ME
coupling suggested in Figure 1 is most likely not due to direct
coupling, but a result of indirect coupling via the CT inter-
mediate states.

4. Density Matrix Dynamics: Role of
Delocalization and the Thermal Bath

We now demonstrate using density matrix theory that the
calculated coupling matrix elements from section 3 can
indeed account for salient features in experimental observa-
tions. In particular, we address the roles of delocalization and
coupling to the thermal bath (i.e., questions 3 and 4 at the
end of section 2) by calculating the time evolution of the S,
CT, and ME populations for a crystalline tetracene lattice in a
thermal bath at both phenomenological and microscopic
levels.

We start with solving eq 4 using experimental energy
detuning values of Eyg — Es; = 0.17 eV, Ecr — Es1 =
0.3 eV,**3* and calculated matrix elements for tetracene
clusters of various sizes. As an example, the Hamiltonian for
a five-molecule cluster is shown schematically in Figure 3
and detailed in the Supporting Information. This Hamilto-
nian, which is not spin-adapted, includes a total of 10 S,
states, 16 ME states, and 32 CT states. Here, we included only
nearest neighbors except monomers 3 and 5 (Figure 3a and
Table S1). Given the large size of the system, we first adopt
a phenomenological description of relaxation and dephas-
ing rates. Since we focus on the initial excitation of the
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FIGURE 3. (a) Schematic illustration of a five molecule cluster used in
density matrix modeling; (b) coupling of S; with ME directly (black arrow)
or via CT exciton intermediates (blue and red arrows); () graphical
illustration of the Hamiltonian containing three diagonal blocks: S1
(pink, 10 states), ME (yellow, 16 states), and CT (violet, 32 states). The
nonzero elements are shown as dark spots. The gray regions show
coupling constants between different types of states, with

nonzero coupling constants in dark gray.
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FIGURE 4. Populations of the S1 (a), CT (b), and ME (c) states as a
function of time after photoexcitation obtained from density matrix
calculation of crystalline tetracene. We show the results for three cluster
sizes (red, black, and blue for 2, 5, and 10 tetracene molecules). Panel (d)
shows the S1 + CT and ME population for the 5 tetracene cluster,
convoluted with a Gaussian function with a fwhm of 170 fs to represent
the experimental cross-correlation.

superposition state, in particular, the fast rise in ME popula-
tion, we set all population decay rates ([';) to zero and set all
dephasing rates (I;) to 50 meV/A, which is typical for
electronic dephasing rates in molecules; we will return to
these issues below when we present preliminary results of a
microscopic Redfield theory calculation that includes both
population decay and coherence dephasing. At t = O,
we assume the singlet population is distributed uniformly
over the molecules in the cluster, with the sum of ampli-
tudes equaling one, since S is known to delocalize over
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FIGURE 5. Calculated time-dependent population of the ME state for a
cluster size of five tetracene molecules in the crystalline lattice at the
indicated dephasing rates (10 — 500 meV).

approximately 10 molecules in crystalline tetracene.” We
evolve the density matrix p(t) using eq 4.

Figure 4a—c shows S4, CT, and ME populations for cluster
sizes of 2, 5, and 10 tetracene molecules, respectively,
embedded electrostatically in the monolayer environment
depicted in Figure 2. For all sizes, S; converts to CT and ME
within the first 200 fs, after which the dephasing inhibits any
further population transfer. The rise times for the CT and ME
populations for a dimer are slightly longer than those of
larger tetracene clusters. As the cluster size increases, the S,
state on each molecule can couple to multiple CT and ME
states, proportional to the number of nearest neighbors; this
increases the number of channels for the conversion from S,
to CT and ME, and hence the conversion rate. A similar
density-of-states argument has been proposed for multi-
exciton generation in semiconductor quantum dots.>>

The Sy, S; + CT, and ME populations from the simulation (for
a duster of five) are convoluted with the experimental two-pulse
cross-correlation and shown in Figure 4d. The S; + CT and ME
populations rise up with a time-lag of only ~20 fs, and the two
populations maintain a constant ratio after excitation, in quali-
tative agreement with experimental observation in Figure 1. As
a control, we have also run simulation with the initial excitation
on CT and find nearly identical results as those in Figure 4d.

Figure 5 shows the rise of the ME population calculated
with different electronic dephasing rates I';. The nearly
instantaneous rise time of ME depends solely on the value
of the electronic couplings W; whereas the longer time
dynamics are determined by the dephasing rate. For a
smaller AL'; (10 meV), we see a weaker damping of the
coherent oscillation. In the case of tetracene, singlet fission is
an endothermic process with both Eye and Ect higher than
Es;; as the population of CT and ME states increases, the total
energy of the electronic subsystem changes. In eq 4, this
energy change is accomplished through coupling to the
environment via the dephasing term I'y. For small I'y, the
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rise time of ME population is limited by the slow energy
exchange between the system and the environment. For
larger T, the dephasing process becomes approximately
resonant with the electronic transitions and the rise time is
determined only by the electronic coupling constants.

We now consider the microscopic origins of the depha-
sing rates and rigorously derive the density matrix dynamics
in eq 4 using techniques from quantum relaxation theory.
Specifically, the density matrix p should be understood as
the reduced density matrix obtained by averaging over
microscopic environmental degrees of freedom. This statis-
tical reduction is the physical origin for the phenomenolo-
gical dephasing and relaxation processes. In this approach,
one begins with an extended Hamiltonian,

H = Hye + Hg + Ay s (6)

which comprises the electronic, the environmental bath,
and the interaction between the two. Under the assump-
tion of bilinear coupling to a bath of phonons,?” the
effects of the environment can be completely character-
ized by the so-called spectral density,

T i
o) =3 Y, z)’;

22 Olw — wi) 7)

where ¢, ; quantifies the coupling between energy level
i and the phonon mode with frequency wy. For conjugated
organic chromophores, like tetracene and pentacene, the
spectral density is peaked at the well-known vibronic
progression frequency of ~1450 cm~'.3* The quantita-
tive structure of J(w) can be determined by a combination
of classical molecular dynamics and quantum chemistry
calculations,®® which can be used to parametrize com-
mon functional forms of the spectral density.

By performing a dynamical perturbation theory to second
order in the electron—phonon interaction, and employing
the secular and Markov approximations, one arrives at the
well-known Redfield theory equation of motion,3”32

. 0P I . P
ih a—’; — [Awve, p] — iiRp (8)

The Redfield tensor is a four-index quantity, R,-jk,, describ-
ing population relaxation and coherence dephasing in-
duced by the environment at temperature T, and can be
shown to produce a Boltzmann-distributed steady-state
reduced density matrix,

plt — =) = po = Zwe ~'exp(—Hue/ksT) 9
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While the Redfield theory equation of motion takes the
same general form as eq 4, the rates composing the
Redfield tensor R have explicit microscopic expressions
depending on both the system and bath degrees of
freedom. These expressions, in addition to being un-
biased and more general than phenomenological con-
stants, can also provide valuable physical insight. For
example, the population relaxation elements, in the
electronic eigenstate basis that diagonalizes Hyg, are
given by the expressions

Raaﬂﬂ = Caﬂj(waﬂ)ngg(waﬁ) (10)
Rﬁﬁ(xa = Caﬁ-l(waﬁ)[nBE(waﬁ) +1]

where w.s = (E, — Ep)/h is assumed positive, Cz is a
constant determined by the diagonalizing transforma-
tion, and nge(w) = [exphw/ksT) — 1]7' is the Bose—
Einstein distribution. Equation 10 demonstrates that the
population transfer rate between two states is propor-
tional to the density of phonon modes at their energy
difference and the probability that those modes are
thermally occupied. Physically, the electronic subsystem
is thermalized by the absorption and emission of
phonons.

The use of constant, uniform dephasing rates in the
previous section is somewhat akin to an infinite temperature
assumption, and thus the population dynamics overesti-
mate the effects of entropy. Although such an analysis sheds
light on the important role entropy can play when transi-
tioning from molecular dimers to bulk materials, ultimately
the finite-temperature formalism presented above should
be preferred as it correctly interpolates between the energe-
tically and entropically dominated regimes, guaranteeing
a steady-state Boltzmann distribution. When such finite-
temperature rates are used, we have shown in pentacene
that a CT-mediated superexchange mechanism becomes
a viable singlet fission pathway.?® In this regime, the elec-
tronic excitation quantum mechanically tunnels through
virtual CT states in passing from S, to ME. Our superexchange
result is robust even in the presence of very high CT state
energies.

To demonstrate this formalism, we consider a simple
three-state model Hamiltonian comprising the S;, CT, and
ME states for a pentacene dimer. We neglect the direct S; to
ME coupling and choose the remaining coupling values
Ws1_cr = Wer.me = 50 meV, in accord with the calculations
presented in section 3. The energy detuning values are



0.8
5 5
= = 0.6
5 =
3 3 0.4
g g
0.2
~ . 0.0 .
0.0 0.4 0.8 1.2 0.0 0.4 0.8 1.2
time (ps)
100 1 (d)
§ 3 P
" £
S g 50
Q -
o 3
e = 25
0
00 04 08 1.2 0 200 400 600
time (ps) w (meV)

FIGURE 6. Population dynamics of the S1, CT, and ME states as
calculated by the Redfield quantum master equation for a pentacene
dimer. Dynamics are calculated at the three temperatures indicated in
panels (a)—(c). Panel (d) shows the bath spectral density employed along
with the three transition energy differences of the electronic
Hamiltonian.

chosen to be representative of a pentacene dimer, Es; —
Err=200meV and Ecr — Err=300meV.'”182734|n Figure 6,
we show the population dynamics of the three states as
calculated by the Redfield master equation, for an initially
excited S; state. Overall, we see that highly efficient fission
occurs in 100 fs and the negligible CT population in panels
(@) and (b) is characteristic of a superexchange mechanism
proceeding through virtual CT states.?”?® As explained
above, the relaxation rates are largely determined by the
spectral density, which we take to be of the ohmic form,
Jw) = 2AQw/(w? + Q3), with reorganization energy 1 =
100 meV and characteristic bath frequency AQ = 180 meV
(1450 cm ™). In Figure 6d, we plot the spectral density along
with the three electronic eigenvalue energy differences,
showing the strong overlap, which means that there are
many available phonons to supply or remove the required
excess energy. The additional temperature dependence of
the rates is depicted in panels (a)—(c), showing that the
fission is largely temperature independent until very high
temperatures, at which point the rate increases and the
steady state population becomes more equally distributed.
Such temperature-dependent studies are clearly only acces-
sible via a master equation whose rates obey detailed
balance, eq 10.

The ~100 fs rise time for the ME population calculated
above from the master equation is longer than the <20 fs
time determined from 2PPE experiments in Figure 1b and d.
One limitation of the calculation may be attributed to
the reduced density-of-states of a dimer; work is currently
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underway to extend this treatment to larger clusters and
crystals. Another possibility may be the approximate na-
ture of equating photoemission intensities to state popula-
tions. As another future research direction, we plan to
extend our density matrix dynamics to include the photo-
ionization step for a more direct comparison with TR-2PPE
experiments.

5. Summary

We present our understanding of singlet fission dynamics in
organic semiconductors. Recent measurements by time-
resolved two-photon photoemission spectroscopy in crys-
talline pentacene and tetracene have provided an experi-
mental foundation for the quantum coherent mechanism in
singlet fission. However, calculations based on multistate
density functional theory showed that the direct electronic
coupling between singlet and multiexciton states is too
weak to explain the ultrafast formation of multiexciton
states observed in experiment. Instead, indirect coupling
via charge transfer intermediate states are 2 orders of
magnitude stronger. Density matrix modeling with the cal-
culated coupling matrix elements involving singlet, charge
transfer, and multiexciton states for the crystalline tetracene
lattice satisfactorily accounts for the experimental observa-
tion. This modeling reveals the critical roles of the inter-
mediate charge transfer states, the high density of states in
the multiexciton manifold, and the environmental dephas-
ing processes in ensuring the ultrafast formation of multi-
exciton states. We address the origins of microscopic
relaxation and dephasing rates and adopt such rates
in a quantum master equation description, which yields
encouraging results that are in qualitative agree-
ments with experimental findings on singlet fission.
These successful approaches motivate us to take the
theoretical effort one step further in the near future by
marrying high-level electronic structure calculations with
accurate quantum relaxation dynamics for realistic sys-
tem sizes.
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