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ABSTRACT: The electronic coupling for singlet fission, an important parameter for
determining the rate, has been found to be too small unless charge-transfer (CT)
components were introduced in the diabatic states, mostly through perturbation or a
model Hamiltonian. In the present work, the fragment spin difference (FSD) scheme was
generalized to calculate the singlet fission coupling. The largest coupling strength obtained
was 14.8 meV for two pentacenes in a crystal structure, or 33.7 meV for a transition-state
structure, which yielded a singlet fission lifetime of 239 or 37 fs, generally consistent with
experimental results (80 fs). Test results with other polyacene molecules are similar. We
found that the charge on one fragment in the S1 diabatic state correlates well with FSD
coupling, indicating the importance of the CT component. The FSD approach is a useful
first-principle method for singlet fission coupling, without the need to include the CT
component explicitly.

Singlet fission is the process in which the singlet excitation
energy in a molecule is split into two triplet excitons

+ → +S S T T1 0 1 1 (1)

With singlet fission, a high-energy photon absorption can
generate two lower-energy triplet excitons. In solar energy
devices, each exciton has a chance to drive for charge separation
that leads to photocurrent. Due to the potential in increasing
quantum yields in solar energy conversion,1,2 singlet fission has
attracted much attention recently.2−11 The triplet yield in a thin
film of 1,3-diphenylisobenzofuran, a molecule that has been
regarded as a promising candidate for singlet fission,12 was
reported as 200 ± 30%. A multiexciton state, presumably the
product state of singlet fission 1(T1T1), was observed right
upon excitation in a pentacene thin film.9 In another work,
triplet excitons was observed at ∼80 fs time scales accompanied
by a very similar decay in the singlet excited states.8

Suitable candidates for singlet fissions should have the S1
state energy more than twice the T1 energy. Previous
computational works have predicted such a property over a
number of molecules.10,13 Using a restricted active space double
spin flips (RAS-2SF) scheme, a transition state has been
identified for a pair of pentacenes near crystal packing.5 The
electronic coupling for singlet fission has also been discussed
frequently in the literature.2,3,14−16 In the weak-coupling limit,
the rate for singlet fission is given by the Fermi’s golden rule
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where the electronic coupling Vif is the off-diagonal
Hamiltonian matrix element between the initial and final
diabatic states and FCWD is the Franck−Condon weighted
density of states. Singlet fission involves a change in the
occupancy of two electrons, and the coupling is essentially a
two-electron exchange-like integral, which is typically small.

The coupling strengths reported are between 0.1 and 4
meV,2,3,14,15 too small to reproduce subpicosecond singlet
fission rates. It was found that the coupling can arise from an
indirect, charge-transfer (CT)-mediated component.3,4,7,15−18

CT state population is also observed directly on the singlet
excitation in time-dependent nonadiabatic dynamic simula-
tions.19−21

Until now, the CT contribution has been estimated with
model Hamiltonians or perturbations with a small number of
CT states included in the basis. However, it is not always clear
whether the configurations included in the model are sufficient.
Additional problems may arise in including more configurations
because the diabatic nature of the state needs to be maintained
in order to properly model the process. Therefore, it remains a
challenging problem to characterize the diabatic states properly
and to quantify the influence of the CT contribution.
In the present work, we aim to calculate the singlet fission

coupling from spin-localized states as its diabatic states. We
generalize the fragment spin difference (FSD) scheme to
calculate singlet fission coupling, which was originally
developed for triplet energy transfer.22,23 While singlet fission
is mainly discussed throughout the present work, we note that
the triplet−triplet annihilation (TTA), the reverse process
where a singlet high-energy exciton can be created by two low-
energy triplet excitations, shares essentially the same electronic
coupling, ⟨S1S0|H|T1T1⟩. TTA has been a useful way to up-
convert photon energies without the need for coherent input
light.24−26 The computational methods developed and
discussed in the present work are applicable to TTA.
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Singlet fission involves change of spin states in both
fragments, where FSD may be applicable for calculating its
coupling strength. In its original form, FSD takes two
eigenstates and forms diabatic states that are with the largest
spin localization. To localize the spin population, the spin
population is first defined as

σ ρ ρ= −α βr r r( ) ( ) ( )mn mn mn (3)

where ρmn is the one-particle transition density matrix. The spin
difference in the donor and acceptor region is calculated as

∫ ∫σ σΔ = −
∈ ∈

s r r r r( ) d ( ) dmn mn mn
r rD A (4)

where D and A are the donor and acceptor regions. In FSD,
diabatic states are formed with a linear combination of the two
eigenstates that are with the largest difference in their Δs values.
In other words, the eigenvector of the Δs matrix gives the
diabatic states. The FSD coupling is obtained from the off-
diagonal Hamiltonian matrix element between the two diabatic
states
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where |1⟩ and |2⟩ are the two eigenstates in the linear
combination for finding the diabatic states, and ΔE12 is the
energy difference between the two eigenstates.
FSD requires a vertical excitation that generates the initial

and final states simultaneously. The spin−flip configuration
interaction singles (SF-CIS) scheme was proposed and tested
in the present work. The spin−flip scheme starts with a high-
spin configuration, and the desired low-spin configurations are
obtained as spin−flipped excitations.27−29 SF-CIS is the SF
variant of the traditional spin-conserving CIS method. As
shown in Figure 1, both |T1T1⟩ and |S1S0⟩ states can be

generated from |T1S0⟩ with spin−flipped excitations. In this
case, the ideal Δs values relative to the reference |T1S0⟩ state are
+2 for |T1T1⟩ and −2 for |S1S0⟩, quite similar to that of triplet
energy transfer. Thus, we further test FSD for singlet fission
couplings.
To calculate the intermolecular electronic coupling, a thin-

film pentacene30 that resembles the experimental condition8

was used. An array of four neighboring molecules from the X-
ray structure is shown in Figure 2. The FSD coupling was
calculated with SF-CIS states and DZ* basis sets, performed

with a developmental version of Q-Chem.31 The singlet fission
coupling values in three pairs of molecules are reported in
Figure 2. The 1−2 dimer is a slip-stacked structure that has a
π−π interaction. The 1−3 and 1−4 dimers are in a herringbone
structure with a CH−π interaction. The initial singlet excitation
can be in either of the two molecular fragments. We include
both values in Table 1. Among the couplings, the largest one is
between molecules 1 and 4, (V14) 14.75 meV, and the smallest
is for V12, 0.28 meV.
In the golden rule rate expression (eq 2), the FCWD is

essentially the probability of a thermally relaxed initial state
finding a resonant state in the final state. In Föster energy
transfer, the FCWD is approximated as an integration of
spectral overlap of donor emission and acceptor absorption. In
our earlier work,23 the triplet energy transfer rate was estimated
similarly, that is, with the phosphorescent spectrum for the
donor and a mirror image of phosphorescence of the acceptor
to simulate the triplet “absorption”. It was shown that such an
approach is both reasonably solid and practical.23 For the
present system, we estimated the density of states for S1 to T1
and S0 to T1 transitions similarly. We have derived spectral
parameters from both experimental spectra (0−0 transition
energies, vibronic progression frequencies, and spectral line
widths) and density functional theory computation (structural
differences). With other details given in the Supporting
Information, for singlet fission in pentacene, the FCWD is
estimated to be 1.96 eV−1. With the coupling obtained (14.75
meV), the theoretical singlet fission lifetime is 239 fs. With the
transition-state structure found previously,5 the coupling is
calculated as 37.30 meV, and the corresponding singlet fission
lifetime is 37 fs, again confirming the theoretical plausibility of
singlet fissions of experimental results.2,8,32

The diabatic states were further analyzed with the natural
transition orbitals (NTOs).33 As seen in Figure 3, there exists a
CT component in the diabatic states of the 1−4 pair with initial
S1 excitation starting from pentacene 1. On the other hand,
when the S1 excitation is switched to pentacene 4, the coupling
V41 is smaller (4.91 meV), and the CT component is invisible
in the isosurface plots. The magnitude of the CT component in
the diabatic states can be quantified by the net charge in one of
the fragments. In Table 1, the charge on the donor in the S1S0
diabatic state is also listed. It is seen that for large coupling
cases, the corresponding qD(S1)’s are also large. The Δs values
are also listed for the diabatic states. For the T1T1 state, most of
the values are close to the ideal value 2, indicating that the
transition from the reference state T1S0 to T1T1 has a localized
spin population change (in the acceptor). However, for S1S0,

Figure 1. Configurations involved in SF-CIS starting from |T1S0⟩, a
state with triplet population localized at the donor. Shown are
simplified four-orbital schemes with two (π and π*) orbitals from each
fragment. The blue box indicates the configurations for the S1S0 state
(b,e), and the red is the T1T1 state (g).

Figure 2. Singlet fission couplings calculated (in meV) for three pairs
of molecules. The couplings are denoted as Vij, where the singlet
fission starts with the ith molecule excited.
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the Δs values range from nearly ideal −1.96 to −1.09. The cases
with large coupling have a larger deviation from ideal Δs values,
indicating that the S1S0 states are mixed with other components
that do not contribute to spin population change, such as the
CT components. FSD yields diabatic states with CT
components without manually including CT states in the
perturbation.
Singlet fission for several polyacenes have been theoretically

and experimentally studied recently.7 Molecules studied include
6,13-bis(triisopropylsilylethynyl) pentacene (TIPS-P), 6,13-
di(2′-thienyl)pentacene (DTP), 6,13-dibenzothiophene penta-
cene (DBTP), 6,13-dibiphenyl-4-yl-pentacene (DBP), 6,13-
diphenylpentacene (DPP), tetracene, rubrene, and 6,13-di(2′-
thienyl)tetracene (DTT). In Table 2, the largest FSD coupling
values derived from molecular pairs in their crystal structures

are listed. The charges on the donor in the S1S0 diabatic state
(qD(S1)) are also listed in Table 2. It is seen that charge in the
diabatic state is closely correlated with the singlet fission
coupling. In ref 7, the couplings reported are the largest values
calculated using constraint density functional theory (CDFT)
from QM/MM samplings. A small movement along the
intermolecular distance would lead to a big change in the size
of coupling. Therefore, the coupling values cannot be compared
directly. For small coupling cases, a structural difference may
contribute significantly, but it is still seen that the set of small-
coupling molecules are rather similar. For the large coupling
cases (pentacene, TIPS-P, DTP, tetracene), the values are large
from both sides as well. We note that the discrepancy is large
for DTT, and it would be interesting to see whether the
differences are due to the different Hamiltonians or the
structures. Despite the many differences in our approaches, we
still see a general agreement with these results.
The charge on the donor in both S1S0 and T1T1 FSD diabatic

states, versus the corresponding coupling strength, is plotted in
Figure 4. It is seen that the charge on the donor in the S1S0

state is highly correlated with the coupling strength. However,
the charges on the T1T1 donor are small (<0.02 for all cases
studied), and there is no obvious correlation with the coupling
value. This result further confirms that the size of the CT
component plays an important role on the singlet fission
coupling.3,4,7,15−18,34

Seeing singlet fission coupling as an exchange-like
interaction, we further tested FSD couplings for the expected
exponential decay. The distance dependence for singlet fission
was calculated with the case with a CT component, the 1−4
pentacene coupling. As seen in Figure 5, an exponential decay
rate of 3.6 Å−1 is observed for FSD. The electronic
configuration in a singlet fission involves a change of two

Table 1. Singlet Fission Couplings (V in meV) and Corresponding Lifetimes (fs) for Pentacene Pairs

structure Da A VFSD rate−1 qD(S1)
b Δs(S1S0) Δs(T1T1)

thin-film phase30 1 2 0.28 0.0011 −1.96 2.00
1 3 4.90 0.061 −1.81 2.00
1 4 14.75c 239 0.19 −1.58 2.00
3 1 15.21 224 0.23 −1.12 2.00
4 1 4.91 0.059 −1.86 2.00

R = 5.6 Åd 1 4 23.20 96 0.22 −1.49 1.99
R = 5.0 Åe 1 4 37.30 37 0.37 −1.09 1.96

aSinglet fission starts with the donor (D) in the S1 state and acceptor (A) in the ground state.
bThe charges on the T1T1 donor are all less than 0.02.

cThe slight variation in the coupling as compared to V31 is due to a small structural difference in the X-ray structure. dA MM3 force-field-optimized
structure,5 with R being the distance between the two pentacenes in the nearest C−C distance. eA transition-state structure.5

Figure 3. Leading pairs of NTOs for the pentacene 1−4 dimer, relative
to the |T1S0⟩ reference state in the calculation. In the upper panel are
the results for molecule 1 excited initially, and in the lower panel is the
case when molecule 4 is excited initially. The corresponding coupling
values (in meV) are listed in the parentheses.

Table 2. Largest Singlet Fission Couplings (meV) Derived
from Molecular Pairs in Their Crystal Structure

molecule VFSD VCDFT
a qD(S1)

b

pentacene 14.75 84 0.19
TIPS-P 43.83 72 0.27
DTP 8.21 16 0.0072
DBTP 0.054 5.4 0.013
DBP 0.023 2.0 0.0075
DPP 0.087 0.82 0.0057
tetracene 11.38 83 0.17
rubrene 0.012 5.9 0.015
DTT 20.70 6.2 0.13

aData from ref 7 with CT corrected, from a QM/MM sampling. bThe
charges on the T1T1 donor are less than 0.013.

Figure 4. Charge on the donor in S1S0 (red dots) or T1T1 (blue
circles) FSD diabatic states versus the corresponding FSD coupling
strengths. Shown are data derived from all pentacene and polyacene
pairs reported above. A linear regression is added for the S1S0 data.
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electrons, which leads to a two-electron integral in its coupling,
and the corresponding distance dependence is typically 2−3
Å−1.22,35 In a perturbative treatment, the CT component
contributes a product of two one-electron electron-transfer
couplings,3,16 and therefore, a decay slope that is twice the
electron-transfer decay rate (1.2−1.4 Å−1) is expected.
Therefore, we confirm that the calculated coupling has the
desired property in distance dependence. Together with earlier
reports on the importance of intermolecular configurations in
singlet fission couplings,15,20,34 in the search for systems with
high singlet fission efficiency, a generally applicable computa-
tional scheme, such as the currently proposed FSD, would be
very important.
In general, SF-CIS states are not proper eigenstates of the

spin operator. A spin-complete T1T1 singlet configuration
contains six spin configurations. When coupled to an S1S0 state,
there are only a few nonzero terms. Comparing the couplings
from ideal states versus those from SF-CIS states, we found that
all of the nonzero contributions are accounted for in SF-CIS
(details are given in the Supporting Information accompanying
this work), The spin contamination that we observed is
modest; for the 1−4 pentacene case, the ⟨S2⟩ is 2.0 for the
reference T1S0 state and 2.3 for the T1T1 state.

36 However, for
S1S0, the ⟨S

2⟩ iss 1.3, which indicates that the quality of the S1S0
state may be limited. It would be important to test the FSD
coupling with a better Hamiltonian that yields spin-complete
states with less or no spin contamination. Nevertheless, in the
present work, we show that FSD offers a simple, quick, and
first-principle-based way to estimate singlet fission coupling and
the corresponding rates with little empirical input.
In this work, we generalized the FSD scheme to account for

singlet fission coupling. For pairs of pentacenes in a thin-film
crystal structure, we found that the rate estimated from the
FSD coupling value is close to the experimental result. The
diabatic states obtained through FSD contain CT components,
and the amount of CT in the initial S1S0 state is highly
correlated with the coupling value. The exponential distance
dependence of singlet fission coupling follows its two-electron
nature. The FSD scheme developed in this work provides a
general, first-principle approach to predict singlet fission rates
without manually including CT configurations in a further
treatment.

■ ASSOCIATED CONTENT

*S Supporting Information
Full NTO analyses, molecular structures, and detailed
computational results are included. The Supporting Informa-

tion is available free of charge on the ACS Publications website
at DOI: 10.1021/acs.jpclett.5b00437.

■ AUTHOR INFORMATION

Corresponding Author
*E-mail: cherri@sinica.edu.tw. Phone: +886 (2)2789-8658.
Fax: +886 (2)2783-1237.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We acknowledge the support from the Ministry of Science and
Technology of Taiwan, Republic of China, with Research Grant
101-2628-M-001-003-MY4 and the support from Academia
Sinica through the Research Project on Nano Science and
Technology and the Center for Sustainability Science. The
general support from the National Center for Theoretical
Sciences is also acknowledged.

■ REFERENCES
(1) Hanna, M. C.; Nozik, A. J. Solar Conversion Efficiency of
Photovoltaic and Photoelectrolysis Cells with Carrier Multiplication
Absorbers. J. Appl. Phys. 2006, 100, 074510.
(2) Smith, M. B.; Michl, J. Singlet Fission. Chem. Rev. 2010, 110,
6891−6936.
(3) Smith, M. B.; Michl, J. Recent Advances in Singlet Fission. Annu.
Rev. Phys. Chem. 2013, 64, 361−386.
(4) Feng, X.; Luzanov, A. V.; Krylov, A. I. Fission of Entangled Spins:
An Electronic Structure Perspective. J. Phys. Chem. Lett. 2013, 4,
3845−3852.
(5) Zimmerman, P. M.; Bell, F.; Casanova, D.; Head-Gordon, M.
Mechanism for Singlet Fission in Pentacene and Tetracene: From
Single Exciton to Two Triplets. J. Am. Chem. Soc. 2011, 133, 19944−
19952.
(6) Parker, S. M.; Seideman, T.; Ratner, M. A.; Shiozaki, T. Model
Hamiltonian Analysis of Singlet Fission from First Principles. J. Phys.
Chem. C 2014, 118, 12700−12705.
(7) Yost, S. R.; Lee, J.; Wilson, M. W. B.; Wu, T.; McMahon, D. P.;
Parkhurst, R. R.; Thompson, N. J.; Congreve, D. N.; Rao, A.; Johnson,
K.; et al. A Transferable Model for Singlet-Fission Kinetics. Nat. Chem.
2014, 6, 492−497.
(8) Wilson, M. W. B.; Rao, A.; Clark, J.; Kumar, R. S. S.; Brida, D.;
Cerullo, G.; Friend, R. H. Ultrafast Dynamics of Exciton Fission in
Polycrystalline Pentacene. J. Am. Chem. Soc. 2011, 133, 11830−11833.
(9) Chan, W.-L.; Ligges, M.; Jailaubekov, A.; Kaake, L.; Miaja-Avila,
L.; Zhu, X.-Y. Observing the Multiexciton State in Singlet Fission and
Ensuing Ultrafast Multielectron Transfer. Science 2011, 334, 1541−
1545.
(10) Paci, I.; Johnson, J. C.; Chen, X.; Rana, G.; Popovic,́ D.; David,
D. E.; Nozik, A. J.; Ratner, M. A. Singlet Fission for Dye-Sensitized

Figure 5. Distance dependence for pentacene 1−4 coupling. Shown in the left panel is our model for displacing one of the two pentacene molecules,
and in the right panel is the distance dependence of the singlet fission coupling.

The Journal of Physical Chemistry Letters Letter

DOI: 10.1021/acs.jpclett.5b00437
J. Phys. Chem. Lett. 2015, 6, 1925−1929

1928

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.jpclett.5b00437
mailto:cherri@sinica.edu.tw
http://dx.doi.org/10.1021/acs.jpclett.5b00437


Solar Cells: Can a Suitable Sensitizer Be Found? J. Am. Chem. Soc.
2006, 51, 16546−16553.
(11) Jundt, C.; Klein, G.; Sipp, B.; Moigne, J. L.; Joucla, M.; Villaeys,
A. A. Exciton Dynamics in Pentacene Thin Films Studied by Pump−
Probe Spectroscopy. Chem. Phys. Lett. 1995, 241, 84−88.
(12) Johnson, J. C.; Nozik, A. J.; Michl, J. The Role of Chromophore
Coupling in Singlet Fission. Acc. Chem. Res. 2010, 46, 1290−1299.
(13) Greyson, E. C.; Josh, V.-W.; Michl, J.; Ratner, M. A. Maximizing
Singlet Fission in Organic Dimers: Theoretical Investigation of Triplet
Yield in the Regime of Localized Excitation and Fast Coherent
Electron Transfer. J. Phys. Chem. B 2010, 114, 14168−14177.
(14) Chan, W.-L. C.; Berkelbach, T. C.; Provorse, M. R.; Monahan,
N. R.; Tritsch, J. R.; Hybertsen, M. S.; D. R. Reichman, D.; Gao, J.;
Zhu, X.-Y. The Quantum Coherent Mechanism for Singlet Fission:
Experiment and Theory. Acc. Chem. Res. 2013, 46, 1321−1329.
(15) Renaud, N.; Sherratt, P. A.; Ratner, M. A. Mapping the Relation
Between Stacking Geometries and Singlet Fission Yield in a Class of
Organic Crystals. J. Phys. Chem. Lett. 2013, 4, 1065−1069.
(16) Berkelbach, T. C.; Hybertsen, M. S.; Reichman, D. R.
Microscopic Theory of Singlet Exciton Fission. II. Application to
Pentacene Dimers and the Role of Superexchange. J. Chem. Phys. 2013,
138, 114103.
(17) Havenith, R. W. A.; de Gier, H. D.; Broer, R. Explorative
Computational Study of the Singlet Fission Process. Mol. Phys. 2012,
110, 2445−2454.
(18) Alguire, E.; Subotnik, J.; Damrauer, N. Exploring Non-Condon
Effects in a Covalent Tetracene Dimer: How Important Are Vibrations
in Determining the Electronic Coupling for Singlet Fission? J. Phys.
Chem. A 2015, 119, 299−311.
(19) Akimov, A.; Prezhdo, O. V. Nonadiabatic Dynamics of Charge
Transfer and Singlet Fission at the Pentacene/C60 Interface. J. Am.
Chem. Soc. 2014, 136, 1599−1608.
(20) Wang, L.; Olivier, Y.; Prezhdo, O. V.; Beljonne, D. Maximizing
Singlet Fission by Intermolecular Packing. J. Phys. Chem. Lett. 2014, 5,
3345−3353.
(21) Wang, L.; Long, R.; Prezhdo, O. V. Time-Domain Ab Initio
Modeling of Photoinduced Dynamics at Nanoscale Interfaces. Annu.
Rev. Phys. Chem. 2015, 66, 549−579.
(22) You, Z.-Q.; Hsu, C.-P. The Fragment Spin Difference Scheme
for Triplet−Triplet Energy Transfer Coupling. J. Chem. Phys. 2010,
133, 074105.
(23) You, Z.-Q.; Hsu, C.-P. Ab Inito Study on Triplet Excitation
Energy Transfer in Photosynthetic Light-Harvesting Complexes. J.
Phys. Chem. A 2011, 115, 4092−4100.
(24) Singh-Rachford, T.; A. Haefele, R. Z.; Castellano, F. N. Boron
Dipyrromethene Chromophores: Next Generation Triplet Acceptors/
Annihilators for Low Power Upconversion Schemes. J. Am. Chem. Soc.
2008, 130, 16164−16165.
(25) Chen, H.-C.; Hung, C.-Y.; Wang, K.-H.; Chen, H.-L.; Fann, W.
S.; Chien, F.-C.; Chen, P.; Chow, T. J.; Hsu, C.-P.; Sun, S.-S. White
Light Emission from an Upconverted Emission with an Organic
Triplet Sensitizer. Chem. Commun. 2009, 4064−4066.
(26) Schulze, T. F.; Czolk, J.; Cheng, Y.-Y.; Fückel, B.; W, R.;
Khoury, T.; Crossley, M. J.; Stannowski, B.; Lips, K.; Lemmer, U.;
et al. et al. Efficiency Enhancement of Organic and Thin-Film Silicon
Solar Cells with Photochemical Upconversion. J. Phys. Chem. C 2012,
116, 22794−22801.
(27) Krylov, A. I. Size-Consistent Wave Functions for Bond-
Breaking: The Equation of Motion Spin−Flip Model. Chem. Phys. Lett.
2001, 338, 375−384.
(28) Shao, Y.; Head-Gordon, M.; Krylov, A. I. The Spin−Flip
Approach within Time-Dependent Density Functional Theory:
Theory and Applications to Diradicals. J. Chem. Phys. 2003, 118, 4807.
(29) Slipchenko, L. V.; Krylov, A. I. Singlet−Triplet Gaps in
Diradicals by the Spin−Flip Approach: A Benchmark Study. J. Chem.
Phys. 2002, 117, 4694.
(30) Schiefer, S.; Huth, M.; Nickel, A. D. B. Determination of the
Crystal Structure of Substrate-Induced Pentacene Polymorphs in Fiber
Structured Thin Films. J. Am. Chem. Soc. 2007, 129, 10316−10317.

(31) Shao, Y.; Gan, Z.; Epifanovsky, E.; Gilbert, A. T.; Wormit, M.;
Kussmann, J.; Lange, A. W.; Behn, A.; Deng, J.; Feng, X.; et al.
Advances in Molecular Quantum Chemistry Contained in the Q-
Chem 4 Program Package. Mol. Phys. 2015, 113, 184−215.
(32) Lee, J.; Jadhav, P.; Baldoa, M. A. High Efficiency Organic
Multilayer Photodetectors Based on Singlet Exciton Fission. Appl.
Phys. Lett. 2009, 95, 033301.
(33) Martin, R. L. Natural Transition Orbitals. J. Chem. Phys. 2003,
118, 4775.
(34) Feng, X.; Kolomeisky, A. B.; Krylov, A. I. Dissecting the Effect
of Morphology on the Rates of Singlet Fission: Insights from Theory.
J. Phys. Chem. C 2014, 118, 19608−19617.
(35) You, Z.-Q.; Hsu, C.-P.; Fleming, G. R. Triplet−Triplet Energy-
Transfer Coupling: Theory and Calculation. J. Chem. Phys. 2006, 124,
044506.
(36) The ideal ⟨S2⟩ value is 2 for |ααββ⟩, the major T1T1
configuration that we obtained in calculation. See the Supporting
Information for details.

The Journal of Physical Chemistry Letters Letter

DOI: 10.1021/acs.jpclett.5b00437
J. Phys. Chem. Lett. 2015, 6, 1925−1929

1929

http://dx.doi.org/10.1021/acs.jpclett.5b00437

