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Unified model for singlet fission within a
non-conjugated covalent pentacene dimer

Bettina S. Basel'*, Johannes Zirzlmeier'*, Constantin Hetzer?*, Brian T. Phelan>*, Matthew D. Krzyaniak3'*,
S. Rajagopala Reddy?*, Pedro B. Coto?, Noah E. Horwitz3, Ryan M. Young3, Fraser J. White, Frank Hampel?,
Timothy Clark®, Michael Thoss?, Rik R. Tykwinskiz'T, Michael R. Wasielewski3 & Dirk M. Guldi'

When molecular dimers, crystalline films or molecular aggregates absorb a photon to
produce a singlet exciton, spin-allowed singlet fission may produce two triplet excitons that
can be used to generate two electron-hole pairs, leading to a predicted ~50% enhancement
in maximum solar cell performance. The singlet fission mechanism is still not well
understood. Here we report on the use of time-resolved optical and electron paramagnetic
resonance spectroscopy to probe singlet fission in a pentacene dimer linked by a
non-conjugated spacer. We observe the key intermediates in the singlet fission process,
including the formation and decay of a quintet state that precedes formation of the pentacene
triplet excitons. Using these combined data, we develop a single kinetic model that describes
the data over seven temporal orders of magnitude both at room and cryogenic temperatures.
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nnovative strategies are necessary to overcome the

Shockley-Queisser limit!, which places the maximum solar

conversion efficiency for a single p—n junction at ~33%. One
such strategy is singlet fission (SF), in which a high-energy,
photogenerated singlet exciton (S;) in an organic material is
rapidly down-converted into two low-energy, triplet excitons
(T, +T;) in a spin-allowed process, provided that the state
energies fulfil the requirement: E(S;)>2E(T;) (refs 2,3). The SF
rate depends on the free energy of the process and the electronic
coupling matrix elements between the chromophores for the
particular states involved in this process>>. Several families of
molecular building blocks have been identified that fulfil the
energetic requirements for efficient SF, including polyacenes®?,
diphenylisobenzofurans!?, carotenoids'!?, rylenes!® and other
chromophores'4, although the scope of SF molecules still remains
rather limited, as discussed in reviews by Smith and Michl>.

SF can occur by two general mechanisms: one that directly
couples the photogenerated initial 1(S,S,) state to a multi-exciton
I(T,T,) state by a two-electron process, and the other, in which
the conversion of 1(S;S,) into }(T,T,) is facilitated by coupling to
higher-lying charge transfer (CT) states®. It is also possible that
the 1(T,T,) state can undergo spin evolution to yield the 5(T,T,)
quintet state, which upon spin decoherence can produce two
non-interacting triplet states (T; +T;)!>1®. In addition, it has
recently been suggested that the two separated T; states can be
populated directly from the 1(s,S,) state without participation of
any intermediate electronic states'2. Given the number of states
potentially involved in SF and their relationships to one another,
pentacene dimers have emerged as an important model for
exploring SF®17-20, They offer the opportunity to fine-tune the
electronic coupling between neighbouring pentacenes by means
of distance and effective m-conjugation between them. As a result,
intramolecular SF rates vary from 2.5 x 10125~ ! in dimers with
orthogonal pentacenes to 1.8 x 10°s ~ ! in bent dimers?!?2, while
the SF rates in polycrystalline pentacenes are generally
>10'2s 1 (refs 4,23). Moreover, it has been hypothesized that
the electronic coupling between the pentacenes is critical to
render CT-state-mediated SF energetically accessible. While
no evidence for CT-mediated SF was observed in pentacene
dimers linked directly or using p-phenylene oligomers®42>,
work on m-conjugated and cross-conjugated pentacene
dimers?®?” has shown that effective m-conjugation enables fast,
CT-state-mediated SF.

To date, all reported pentacene dimers have been designed
with conjugated spacers. We report here a pentacene dimer
linked by a rigid, non-conjugated 1,3-diethynyladamantyl spacer
(NG, Fig. 1). The pentacenes in NC are coupled just strongly
enough to allow efficient SF before any other excited state

processes occur, but weakly enough that the L(T,T,) state formed
by SF can undergo spin-mixing to form the °(T,T;) on a
timescale sufficiently slow to allow time-resolved electron
paramagnetic resonance (TREPR) spectroscopy to observe both
its formation and decay into independent triplet states (T} + T;).
This contrasts with recent observations of quintet states formed
by SF in tetracene films and conjugated pentacene dimers'>!,
and allows us to use complementary time-resolved optical and
TREPR spectroscopy to observe the intermediates and kinetics
for the entire 1(S,So) = (T, T,) = (T, T;) - (T, + T,) sequence.
Using these combined data, we develop a single kinetic model
that describes the data over seven temporal orders of magnitude
both at room and cryogenic temperatures.

Results

Synthesis. Non-conjugated, rigid pentacene dimer NC was
synthesized by the stepwise desymmetrization of 6,13-
pentacenequinone 1—Fig. 2. Lithiated tri-isobutylsilylacetylene
was added to a suspension of 1 in THF at low temperature, and
after reaction for 5h, the reaction was quenched by the addition
of Mel to afford ketone 2 in 75% yield. 1,3-Diethynyladamantane
was lithiated by a reaction with LIHMDS in THF at low tem-
perature to provide 3, and ketone 2 was then added to the
solution of 3. After quenching of the reaction by the addition of
water, the resulting intermediate was isolated and carried on
directly to Sn(II)-mediated reductive aromatization to give pen-
tacene product NC. The crude material was purified by column
chromatography to give analytically pure NC in 40% yield over
the two steps from 2. As a solid, the dimer NC is stable to air and
moisture under normal laboratory conditions and shows a
decomposition point of 364 °C (onset 282 °C, peak 364°C) as
measured by differential scanning calorimetry. The dimer has
good solubility in typical organic solvents (4 mgml~!) such as
THF, CH,Cl,, CHCI; and toluene, but NC slowly decomposes
over several days in solutions under exposure to air and light
(Supplementary Methods 1). The known pentacene monomer
6,13-bis(tri-isobutylsilylethynyl)pentacene  (TIBS) served as a
reference?.

Time-resolved optical spectroscopy. Femtosecond and nano-
second transient absorption (fsTA and nsTA) measurements were
used to probe the initial SF events in NC by irradiating into the
low-energy absorption features in the range of 590-656 nm
(Supplementary Figs 8 and 9), and were analysed by both multi-
wavelength and global analysis using the kinetic model illustrated
in Fig. 3. The model was established using the rate constants
obtained from fsTA, nsTA and TREPR spectroscopy on NC in
butyronitrile at 105 K. Specifically, the TREPR spectra allow for

Figure 1| Molecular and solid-state structures. (a) Chemical structures of the pentacene monomer (TIBS) and dimer (NC). (b) X-ray crystallographic
structure of NC illustrating the arrangement and proximity of the two pentacenes.
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Figure 3 | Kinetic model. Kinetic model used to fit both the transient
optical absorption and TREPR data for NC in both benzonitrile at 295K and
butyronitrile at 105K.

tracking the time evolution of the Y(T,T)), °(T,T,) and (T, +T,)
spin states independently following SF, all of which present very
similar optical spectra. The fsTA, nsTA and TREPR spectral
assignments were then used to formulate the kinetic model in
Fig. 3 used to fit the measured rate constants. This model was
then applied to fit the fSTA and nsTA data obtained at 295K
(see analysis below and Supplementary Methods 3).

The typical singlet excited state characteristics of pentacene
derivatives appear within the instrument response function upon
either 610/656 nm photoexcitation of NC at 295K in benzonitrile
or 590/610 nm photoexcitation at 105K in butyronitrile. The
species-associated spectra at 295 and 105 K are shown in Fig. 4a,c,
respectively, while the raw data are shown in Supplementary
Figs 10-13, respectively. For NC, the 652 nm minimum intensifies
throughout the transformation into a triplet excited state, as the
long wavelength ground-state absorption decreases. This increase
in ground-state bleaching indicates a multiplication of excited
states, which suggests that triplet state formation following
excited singlet state deactivation of NC is dominated by SF rather
than spin-orbit-induced intersystem crossing (ISC).

The formation of }(T,T,) dominates the decay of 1(s,S,) and
occurs with k;=24%0.1x10°s ! at 295K and k,=3.3+0.9
x 1085~ ! at 105K (Table 1). In contrast, the S; state of the TIBS
monomer decays much more slowly with k=9.5+0.7 x 107 s !
in benzonitrile at 295K (Sugplementary Fig. 14). While the
optical spectra of the LT, T)), °(T,T,) and (T, + T,) states are all
very similar, the spectrum of 1(T,T,) shows a modest enhance-
ment in absorption between 450 and 500 nm relative to the other
states involving T,;. Importantly, the transient differential
absorption spectra are in good agreement with that of the NC
pentacene triplet found in triplet-triplet sensitization experiments
using anthracene as a triplet sensitizer (Supplementary Fig. 15).

The uncorrelated tri}l)let states decay in kg =3.1£0.1 x 10*s !
and 2.5+0.1 x 10*s~ 1 at 295 and 105K, respectively, which is
very similar to the rate for the TIBS monomer reference, where T,
decays with k=2.9+0.5 x 10*s = ! (Supplementary Fig. 14).

The state populations obtained from the global analyses at 295
and 105K in Fig. 4b,d, respectively, show that the LT, T) yield is
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188% at 295K and 178% at 105K, while that of the uncorrelated
triplets is 72% at 295K and 56% at 105K. The triplet quantum
yields of NC are far larger than the very low (<1%) triplet yield
of the TIBS monomer reference in de-oxygenated benzonitrile
that results from the spin-orbit-induced ISC mechanism
(Supplementary Fig. 14).

TREPR spectroscopy. As mentioned above, the results from
TREPR spectroscopy are critical to developing the unified kinetic
model depicted in Fig. 3. TREPR spectra of NC were acquired in
butyronitrile at 105K following photoexcitation with a 7ns,
640 nm laser pulse, and are shown in the inset to Fig. 5a, while
the TREPR kinetics at four magnetic field values are shown in
Fig. 5a. A narrow spin-polarized quintet spectrum appears
with k;=6.74+0.1 x 10°s—! with lines having a (aeea,a.e)
(a =enhanced absorption, e=emission, low-to-high magnetic
field) spin polarization pattern. It decays with ks=6.7+0.1
x10°s~ ! into a broader triplet spectrum, which also has a
(a.e,e,a,a,e) polarization pattern. Interestingly, this polarization
pattern is generally characteristic of triplet excited states formed
from charge recombination of radical ion pairs produced by the
radical-pair intersystem-crossing mechanism?®, wherein only the
Ty spin sublevel of the radical ion pair at high magnetic field is
populated. The optical transient absorption experiments give
no indication for the presence of a sufficiently long-lived
charge-separated radical ion pair state in NC. Instead, SF
occurs, and the TREPR spectra suggest a mechanism in which
the initially formed L(T,T,) mixes with °(T,T,) via the m,=0
state to yield the observed spin polarization pattern!>®, This is
followed by the formation of a pair of independent T, states,
whose initial spin polarization preserves that of the precursor
quintet state. The spin polarization of the triplet states relaxes
with k= 1.3+ 0.1 x 10°s ~ !, while the overall triplet population
decays with kg=2.5%0.1 x 10*s 1, as determined by transient
optical absorption spectroscopy.

The zero-field splitting parameter, D, which monitors the
average distance between the unpaired spins®’, can be estimated
from the field difference between the two outer lines in the
TREPR spectra. The spectra show that D is 12.5 and 40 mT for
the quintet and triplet state spectra, respectively. The difference
between the features observed in the TREPR spectra is very close
to the expected difference between the quintet and triplet
sublevels for a coupled triplet pair in the strong exchange limit,
where the corresponding quintet state should exhibit a splitting of
D/3, if the triplet state has a ZFS of D (ref. 31).

To assign the spin multiplicity, S, of the TREPR spectra
definitively, electron spin echo-detected transient nutation experi-
ments were performed. Upon application of a microwave field, By,
perpendicular to the external magnetic field, By, a spin will begin
nutating around the B; vector with a frequency w,,,.. The nutation
frequency relates to the microwave field strength®? by:

O (115, 15 1) :gllfTe&[S(H 1) = mg(m+ 1] (1)
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Figure 4 | Transient optical absorption data. (a) Species-associated transient absorption difference spectra for NC obtained at 295 K in benzonitrile using
the kinetic model given in Fig. 3. Inset: single wavelength kinetics and fits to the data. (b) Population kinetics for each species. (¢) Species-associated

transient absorption difference spectra for NC obtained at 105K in butyronitrile using the kinetic model given in Fig. 3. Inset: single wavelength kinetics
and fits to the data. (d) Population kinetics for each species. The total number of T, states per S; created is twice the population of the T; species indicated
in b,d. Multiplying the species-associated spectra in a,c by the corresponding species populations in b,d, respectively, yield the complete AA versus time

and wavelength data set.

Table 1 | Rate constants for NC using the kinetic model
shown in Fig. 3.

ky(s— M ky (s k (s ks (s
295K 9.5+0.7x107 2.4+0.1x10° 50+03x107 11£0.1x107
105K 51+02x107 33+0.9x10%8 1.0+01x10° 6.7+0.1x10°8

k 3¢ ks (s™D ks (s~ ke s— 1
295K 4.8+0.1x10° 1.0+£01x107 57+01x10° 31+0.1x10%
105K 1.8+0.1x10° 41+0.1x10° 67+01x10° 25+0.1x10%

where m; denotes the electron spin magnetic quantum number and
g1 is the g-tensor referenced to the same axis as B;. For a spin %
doublet state, equation (1) simplifies to:

— glﬁeBl

wnut(_l/zvl/z) h

(2)
whereas for a triplet state:

_ glﬁeBl
=5 V2 (3)

or for the two transitions from the m;=0 sublevel of a quintet
state:

U)nut( - 17 0) = wnut(oa 1)

O —1,0) = 0(0,1) = S0 g (4)

Figure 5b shows the spin nutation spectra obtained for NC at 344.5
and 358 mT, 600ns and 15s after photoexcitation. Please note
that the frequency axes of the nutation spectra were normalized
to the nutation frequency of an S=1%, o,y-bisdiphenylene-f3-
phenylallyl (BDPA), free radical doublet state standard collected
under the same experimental conditions. At 600 ns and 15 s, the
transitions at 344.5 mT show a w,,/weppa Of 2.44 for NC. These
values are within experimental error of those expected for a quintet
state. The transitions at 358 mT for NC show w,,/wgppa values of
1.5 and 1.44 at 600 ns and 15 ps, respectively, within experimental
error of those expected for a triplet excited state. Therefore, the
spin nutation experiments show conclusively that the narrow
spectrum observed at early times in NC is that of a quintet state,
while the broader feature observed prominently at later times is
that of a triplet state.

Theory and computational studies. To investigate the mechan-
ism of SF and to reveal the role of |[°(T,T,)), we have
characterized the most relevant electronic states involved in the
process in both the adiabatic and diabatic representations for the
most stable conformation of NC (Supplementary Tables 1 and 4)
using multireference perturbation theory calculations. The
i-Bu,Si-groups were modelled using i-Pr;Si to avoid problems
with conformational sampling. The results obtained show that the
adiabatic lowest-lying singlet excited state S; is of multiexcitonic
character, that is, featuring large |'(T;T;)) contributions. This
state is 0.04 eV more stable than the absorbing states, S, and S,
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Figure 5 | Transient EPR data. (a) TREPR kinetics for the formation and
decay of the >(T;T;) and (T;+ T;) states for NC at 105K in butyronitrile
measured at the indicated magnetic field values corresponding to the
species-associated spectra of the °(T;T;) and separated T; states shown in
the inset. Black lines superimposed on the kinetic traces are the fits to the
data using the model described in Fig. 3. (b) Echo-detected transient
nutation spectra of NC collected at 5K in butyronitrile following
photoexcitation at 640 nm with a 7 ns, 3 mJ laser pulse. The frequency axis
was normalized to the nutation frequency of an S=1%, BDPA, radical
standard collected under the same experimental conditions.

which are essentially local excitations seen in pentacene mono-
mers. They exhibit, in good agreement with experiments, vertical
excitation energies of ~1.94eV (Supplementary Figs 8 and 9).
Two dark CT states, S5 and Sg, in which a charge is transferred
from one pentacene to the other, lay ~0.4eV higher in energy
than S, and S;.

Using Truhlar’s fourfold-way diabatization procedure®?, we
have obtained the diabatic electronic states and the electronic
couplings relevant for the characterization of the mechanism
of the first step of SF (Supplementary Methods 4). These are
the singlet ground state [SoSo), the correlated triplet pair
(or multi-exciton) state |'(T;T;)), the locally excited singlet
states |1(S;Sp)) and |'(S¢S;)) and the CT states |'(CA)) and
|'(AC)) (refs 2,3,26,34). To assess the relevance of the different SF
mechanisms, we have calculated the effective couplmg, Vets
0f| (8180)) to | (T, Ty)) (or | (SoS1)) to | (T, TD) )3236;

Veit :V1(5150)>1<T1T1)
Vigsis), tca) Viea), rymy) + Vigsisy), ac) Viao), (mimy)
[E(CT) — E(*(T\T1))] + [E(CT) — E(*(S150))]

(5)

-2

In this expression, E(i) are the energies of the corresponding
diabatic states and V;; are the couplings between the states i and j.
It is assumed that the mixing of the CT states with |!(T,T,))
and |1($;S0))(]'(S¢S1))) can be described perturbatively. This
expression allows dissecting the contributions of the direct and
mediated (via CT states) SF channels, represented by the first and
second term on the right hand side of equation (5), respectively.
Our results (Supplementary Table 4) show that while |{(T,T,))
couples significantly to |! (CA)) and |}(AC)) (101 and 99 meV,
respectively), couplings to |'(S;Sp)) and |'(SeS;)) are an
order of magnitude smaller (5 and —11meV, respectlvely)
The calculated V. values for both ['(S;Sy)) and |'(SeS;))
(Supplementary Table 6) show that the two states couple
similarly to |!(T,T,)), but differ in the relative contributions
based on the direct and mediated terms. For |'(S;Sp)), the
effective coupling is dominated by the mediated term, while for
|1(S¢S1)) the direct term is most important. Taking the SF
quantum yields into account, these results suggest a mediated
superexchange-like mechanism involving high-lying CT states.
This has been corroborated using semiempirical (AMI)
configuration-interaction (full CI) calculations with 8 (44 4)
active orbitals and using a polarized continuum model with
benzonitrile as model solvent’’=3°. The results show a 0.7eV
preferential energy lowering for the | (CA)), |{(AC)), |*(CA)) and
|3(AC)> states. This brings the CT states within 0.6eV of
|'(T,T)) and |>(T,T,)), rendering the superexchange channel
even more likely.

Finally, the experimental data show the involvement of a
quintet spin triplet pair in the mechanism of SF as a precursor to
the formation of the uncorrelated pair of triplet excited states. To
substantiate this hypothesis further, we have calculated the
energies of the lowest-lying quintet and triplet states of NC
(Supplementary Table 1). The results show that the lowest-lying
quintet state |>(T,T,)) is nearly degenerate with the two lowest-
lymg bright states and with |'(T,T,)). Therefore, population of

|°(T,T,)) through spin-mixing is possible (Supplementary
Methods 4)>8, eventually leading to the formation of the
uncorrelated triplet pair. The calculated state energies are
fully compatible with the kinetic model in Fig. 3. Further
computational modelling will be required to understand more
fully the role of spin-spin interactions and electronic coupling
between the relevant states in the SF mechanism.

Discussion

The energy splitting between the L(T,T,) and °(T,T,) states
depends on the exchange interaction (Jsq) between them. If two
pentacenes interact strongly in a m-stacked geometry, as may
occur 1n a polycrystalline solid, ]SQ is large, so that the initially
formed (T, T,) does not mix with >(T,T,). If the rate at which
the two triplets within (T, T,) diffuse apart in the material is
faster than singlet-quintet spin-mixing, a process that usually
takes place in nanoseconds, then the direct formation of (T + T})
from *(T;T;) may occur. However, if the triplet excitons separate
on a timescale comparable to spin-mixing, the exponential
decrease in ]SQ as the distance between the two spin-correlated
triplet states increases will result in singlet-quintet mixing*®#!, In
contrast, if two pentacenes are covalently linked, Jsq is controlled
by the electronic structure of the linkage between them. Thus, the
non-conjugated spacer in NC ensures that Jsq is small enough
that singlet-quintet spin-mixing occurs on a timescale that can be
directly observed by TREPR. Subsequent formation of two
independent triplet states, which each carry spin polarization
indicative of the quintet state from which they are derived, is
followed by spin relaxation and subsequent triplet decay to the
ground state.
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The value of Jsq is 1ndependent of the magnetic field; however,
the ISC rates between }(T,T,) and *(T,T,) may depend on the
magnetic field because the field causes Zeeman splitting of the
magnetic sublevels of 5(T T,;). The TREPR data show that ISC
between 1(T,T;) and °(T,T,) occurs primarily via the m;=0
sublevel in the presence of a magnetic field. Since the m,=0
sublevel energy is field invariant, this implies that at the
~350mT applied field, the value of ]SQ is large enough that
themg=*1and my= +2 sublevels of °(T,T,) are sufﬁc1ently far
removed energetically from (T, T;) to prevent significant mixing,.
In contrast, in the absence of a magnetlc field with no Zeeman
splitting, the magnetic sublevels of >(T,T,) are nearly degenerate
and are split only by the weak dipolar mteractlon between the two
adjacent triplet states. Thus, mixing between !(T,T,) and three of
the five °(T,T;) sublevels having appropriate symmetry*? should
increase the ISC rates between them, which may account for the
2-3 fold increase in the ISC rates k; and k_; going from 105 to
295K (Table 1).

In summary, linking two pentacenes using a non-conjugated
1,3-diethynyladamantyl spacer results in sufficient electronic
coupling between the pentacenes to render SF facile, while at the
same time keeping the coupling sufficiently weak to allow spin
decoherence leading to two independent triplet states to compete
successfully with triplet-triplet annihilation leading back to the

1(S,Sy) state. In a highly viscous butyronitrile matrlx at cryogenic

temperatures, we directly observe spin-mixing of !(T,T,) with
°(TyT;) followed by spin decoherence vyielding separated
(T, +T,;) states. The combination of transient optical and
electron paramagnetic resonance (EPR) data provides a means
of identifying and analysing the SF mechanism over a very broad
time range, which should prove very useful in optimizing
molecular designs for SF.

Methods

Spectroscopy. Anthracene and benzonitrile were purchased from commercial
suppliers and used without further purification. Butyronitrile (PrCN) was
purchased from Alfa-Aesar and treated with HCI, distilled from K,CO; and dried
over Al,O3 (ref. 43).

Steady-state ultraviolet-visible absorption spectra were acquired at 295K using
a PerkinElmer Lambda 2 spectrometer and at 105K using a Shimadzu UV-1800.
Steady-state fluorescence spectra were measured with a Horiba FluoroMax3
spectrometer in the visible detection range.

fSTA and nsTA experiments (295 K) were carried out with an amplified
Ti:Sapphire CPA-2110 fs laser system (Clark MXR: output 775 nm, 1kHz, 150 fs
pulse width) using transient absorption pump/probe detection systems (Helios and
Eos, Ultrafast Systems) with argon-purged solutions. The 610 and 656 nm
excitation wavelengths were generated with a noncollinear optical parametric
amplifier (NOPA, Clark MXR). The 387 nm excitation wavelength was generated
via second harmonic generation (SHG) of the 775 nm laser output.

fSTA and nsTA experiments (105 K) were carried out with an amplified
Ti:Sapphire Spitfire Pro fs laser system (Spectra-Physics: output 827 nm, 1kHz,
100 fs pulse width) using transient absorption pump/probe detection systems
(customized Helios and Eos, Ultrafast Systems) in a liquid nitrogen cryostat
(VNF-100, Janus Research Company). The 590 and 610 nm excitation wavelengths
were generated with a laboratory-constructed collinear optical parametric
amplifier®t,

Samples for fsTA and nsTA at 105K were prepared as dichloromethane
solutions with an optical density between 0.1 and 0.3 at 590 and 610 nm in 2 mm
quartz cuvettes, respectively. The dichloromethane was evaporated and the samples
reconstituted with an equal volume of PrCN in an N,-filled glove box. The
resulting solutions were loaded into an optical sample cell consisting of two quartz
windows separated by a 2mm PTFE spacer, and the cell was sealed under N,.
Low-temperature transient absorption measurements were performed using a Janis
VNEF-100 cryostat and a Cryo-Con 32B temperature controller. Low-temperature
samples in PrCN were cooled rapidly to 77 K by flooding the cryostat with liquid
N, to produce a cracked glass. Samples were then annealed at 120K to remove
cracks and cooled to 105 K. At 105K, PrCN is a viscous, supercooled liquid with a
dielectric relaxation time of ~5ms (ref. 45). Since the timescale of solvent motion
at this temperature is much longer than that of the photophysics observed here,
PrCN at 105K can be treated as a solid for the purposes of this study.

Global analysis was performed on the transient absorption data sets using an
in-house written program in Matlab (The Mathworks, Inc.) previously described*®.
The analytic solution to the coupled differential equations that describe the kinetic

6

model is convoluted with a Gaussian instrument response function. After the
least-squares fitting has converged, the raw data matrix is deconvoluted using the
specific solution to the kinetic model and parameters from the fit to obtain the
species-associated spectra and their populations as a function of time.

EPR measurements were made at the X-band (~9.5GHz) using a Bruker
Elexsys E680-X/W EPR spectrometer outfitted with a split ring resonator
(ER4118X-MS5). Measurements were performed at 105 and 5K using an Oxford
Instruments CF935 continuous flow cryostat with liquid N, or He, respectively.
TREPR measurements were performed following photoexcitation with 7 ns, 2.5 m],
640 nm pulses using the output of an optical parametric oscillator (Spectra-Physics
Basi-scan), pumped with the output of a frequency tripled Nd:YAG laser
(Spectra-Physics Quanta-Ray Pro 350).

Transient EPR spectra were collected following laser photoexcitation, the
transient magnetization was detected in quadrature under continuous wave
microwave irradiation (5mW), without field modulation. Sweeping the magnetic
field gave two-dimensional spectra versus both time and magnetic field. For each
kinetic trace, the signal acquired prior to the laser pulse was subtracted from the
data. Kinetic traces recorded at magnetic field values off resonance were considered
background signals, whose average was subtracted from all kinetic traces.

Pulsed experiments employed a 1kW travelling wave tube (TWT) amplifier
(Applied Systems Engineering 117X) to generate high-power microwave pulses.
The resonator was partially overcoupled to maximize echo intensity and minimize
ringing following microwave pulses. The spin nutation experiment was performed
with a P, — T — /2 — 7 — @ pulse sequence; the nutation pulse, Py, was of
variable length, the delays were T'=600 and 7=200ns, the n/2 and 7 denote
microwave pulses of lengths 16 and 32 ns, respectively, and were optimized to
provide ideal turning angles for the quintet spin echo. The samples were
photoexcited 600 ns and 15 ps prior to the microwave pulse sequence. To avoid
spin relaxation effects, the pulsed experiments were performed at 5 K. At 105K, the
temperature at which the transient continuous wave (TCW) EPR was acquired, the
spin echo for the triplet signal was not clearly resolved; however, significant echo
intensity was observed at 5K.

Computational details. The ground-state equilibrium geometries were optimized
using density functional theory, employing the B3LYP correlation-exchange
functional?” and Pople’s 6-31G(d) basis set*3~>C, Dispersion interactions were
incorporated using Grimme’s empirical dispersion correction®!. Vertical excitation
energies were calculated using the extended multi-configurational quasi-degenerate
perturbation theory>? method using a double-( basis set>>, employing state average
complete active space self-consistent field (SA-CASSCF)>* wave-functions as
reference and an intruder state avoidance shift of 0.02 a.u. (ref. 55). The active
space employed in the SA-CASSCF calculations comprised eight electrons in eight
orbitals (highest occupied molecular orbital (HOMO) — 1, HOMO, lowest
unoccupied molecular orbital (LUMO) and LUMO + 1 per pentacene unit, see
Supplementary Methods 4) and 15 roots with equal weights were used. Dipole
moments and oscillator strengths were calculated at the SA-CASSCF level. Diabatic
states were built using Truhlar’s fourfold-way diabatization method®>*®. In the
diabatic procedure, we used the eight lowest-lying adiabatic singlet electronic states
obtained with an eight roots equal weights SA-CASSCF calculation. In these
calculations, an active space of four electrons in four orbitals (HOMO and LUMO
per pentacene unit) was used. All calculations were carried out using the electronic
structure calculation packages GAUSSIANO9 (ref. 57) and GAMESS*®>°,

Data availability. The data that support the findings of this study are available
from the corresponding authors on request.

References

1. Shockley, W. & Queisser, H. J. Detailed balance limit of efficiency of p-n
junction solar cells. J. Appl. Phys. 32, 510-519 (1961).

2. Smith, M. B. & Michl, J. Singlet fission. Chem. Rev. 110, 6891-6936 (2010).

3. Smith, M. B. & Michl, J. Recent advances in singlet fission. Annu. Rev. Phys.
Chem. 64, 361-386 (2013).

4. Chan, W.-L. et al. Observing the multiexciton state in singlet fission and
ensuing ultrafast multielectron transfer. Science 334, 1541-1545 (2011).

5. Ramanan, C., Smeigh, A. L., Anthony, J. E., Marks, T. J. & Wasielewski, M. R.
Competition between singlet fission and charge separation in solution-
processed blend films of 6,13-bis(triisopropylsilylethynyl)pentacene with
sterically-encumbered perylene-3,4:9,10-bis(dicarboximide)s. J. Am. Chem. Soc.
134, 386-397 (2011).

6. Roberts, S. T. et al. Efficient singlet fission discovered in a disordered acene
film. J. Am. Chem. Soc. 134, 6388-6400 (2012).

7. Walker, B. J., Musser, A. ]., Beljonne, D. & Friend, R. H. Singlet exciton fission
in solution. Nat. Chem. 5, 1019-1024 (2013).

8. Burdett, J. J. & Bardeen, C. J. The dynamics of singlet fission in crystalline
tetracene and covalent analogs. Acc. Chem. Res. 46, 1312-1320 (2013).

9. Pensack, R. D. et al. Exciton delocalization drives rapid singlet fission in
nanoparticles of acene derivatives. J. Am. Chem. Soc. 137, 6790-6803 (2015).

| 8:15171| DOI: 10.1038/ncomms15171 | www.nature.com/naturecommunications


http://www.nature.com/naturecommunications

ARTICLE

10. Johnson, J. C., Nozik, A. J. & Michl, J. High triplet yield from singlet fission in a
thin film of 1,3-diphenylisobenzofuran. J. Am. Chem. Soc. 132, 16302-16303
(2010).

11. Wang, C. & Tauber, M. J. High-yield singlet fission in a zeaxanthin aggregate
observed by picosecond resonance raman spectroscopy. J. Am. Chem. Soc. 132,
13988-13991 (2010).

12. Musser, A. J. et al. The nature of singlet exciton fission in carotenoid aggregates.
J. Am. Chem. Soc. 137, 5130-5139 (2015).

13. Eaton, S. W. et al. Singlet exciton fission in polycrystalline thin films of a slip-
stacked perylenediimide. J. Am. Chem. Soc. 135, 14701-14712 (2013).

14. Hartnett, P. E. et al. Effects of crystal morphology on singlet exciton fission in
diketopyrrolopyrrole thin films. J. Phys. Chem. B 120, 1357-1366 (2016).

15. Weiss, L. R. et al. Strongly exchange-coupled triplet pairs in an organic

semiconductor. Nat. Phys. 13, 176-181 (2017).

. Tayebjee, M. J. Y. et al. Quintet multiexciton dynamics in singlet fission. Nat.
Phys. 13, 182-188 (2017).

17. Greyson, E. C., Vura-Weis, J., 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 114,
14168-14177 (2010).

18. Scholes, G. D. Correlated pair states formed by singlet fission and exciton-
exciton annihilation. J. Phys. Chem. A 119, 12699-12705 (2015).

19. Monahan, N. & Zhu, X. Y. Charge transfer-mediated singlet fission. Annu. Rev.

Phys. Chem. 66, 601-618 (2015).

. Bakulin, A. A. et al. Real-time observation of multiexcitonic states in ultrafast
singlet fission using coherent 2D electronic spectroscopy. Nat. Chem. 8, 16-23
(2016).

21. Lukman, S. et al. Tuneable singlet exciton fission and triplet-triplet annihilation

in an orthogonal pentacene dimer. Adv. Funct. Mater. 25, 5452-5461 (2015).

22. Sakuma, T. et al. Long-lived triplet excited states of bent-shaped pentacene
dimers by intramolecular singlet fission. J. Phys. Chem. A 120, 1867-1875
(2016).

23. Wilson, M. W. et al. Ultrafast dynamics of exciton fission in polycrystalline
pentacene. J. Am. Chem. Soc. 133, 11830-11833 (2011).

24. Sanders, S. N. et al. Quantitative intramolecular singlet fission in bipentacenes.
J. Am. Chem. Soc. 137, 8965-8972 (2015).

25. Fuemmeler, E. G. et al. A direct mechanism of ultrafast intramolecular singlet
fission in pentacene dimers. ACS Cent. Sci. 2, 316-324 (2016).

26. Zirzlmeier, J. et al. Solution-based intramolecular singlet fission in
cross-conjugated pentacene dimers. Nanoscale 8, 10113-10123 (2016).

27. Zirzlmeier, J. et al. Singlet fission in pentacene dimers. Proc. Natl Acad. Sci.
USA 112, 5325-5330 (2015).

28. Lehnherr, D., Murray, A. H., McDonald, R. & Tykwinski, R. R. A modular
synthetic approach to conjugated pentacene di-, tri-, and tetramers. Angew.
Chem. Int. Ed. 49, 6190-6194 (2010).

29. Dance, Z. E. X. et al. Direct observation of the preference of hole transfer over
electron transfer for radical ion pair recombination in donor-bridge-acceptor
molecules. J. Am. Chem. Soc. 130, 830-832 (2008).

30. Levanon, H. & Norris, J. R. The photoexcited triplet-state and photosynthesis.
Chem. Rev. 78, 185-198 (1978).

31. Benk, H. & Sixl, H. Theory of 2 coupled triplet-states: application to bicarbene
structures. Mol. Phys. 42, 779-801 (1981).

32. Schweiger, A. & Jeschke, G. Principles of Pulse Electron Paramagnetic Resonance
(Oxford Univ. Press, 2001).

33. Nakamura, H. & Truhlar, D. G. Direct diabatization of electronic states by the
fourfold way. II. Dynamical correlation and rearrangement processes. J. Chemn.
Phys. 117, 5576-5593 (2002).

34. Zeng, T., Hoffmann, R. & Ananth, N. The low-lying electronic states of
pentacene and their roles in singlet fission. J. Am. Chem. Soc. 136, 5755-5764
(2014).

. 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. 138, 114103 (2013).

. Nitzan, A. Chemical Dynamics in Condensed Phases: Relaxation, Transfer, and
Reactions in Condensed Molecular Systems (Oxford Univ. Press, 2014).

37. Dewar, M. J. S., Zoebisch, E. G., Healy, E. F. & Stewart, J. J. P. Development and
use of quantum mechanical molecular models. 76. AM1: a new general purpose
quantum mechanical molecular model. J. Am. Chem. Soc. 107, 3902-3909
(1985).

. Rauhut, G, Clark, T. & Steinke, T. A numerical self-consistent reaction field
(SCRF) model for ground and excited states in NDDO-based methods. J. Am.
Chem. Soc. 115, 9174-9181 (1993).

39. Gedeck, P. & Schneider, S. Intra- and intermolecular photo-processes of
conjugated molecules: numerical self-consistent reaction field study of
intramolecular charge transfer in p-(dimethylamino)-benzonitrile.

J. Photochem. Photobiol. A 105, 165-181 (1997).

40. Pensack, R. D. et al. Observation of two triplet-pair intermediates in singlet

exciton fission. J. Phys. Chem. Lett. 7, 2370-2375 (2016).

1

[=2)

2

[=1

3

v

3

(=2}

3

oo

41. Burdett, J. J. & Bardeen, C. J. Quantum beats in crystalline tetracene delayed
fluorescence due to triplet pair coherences produced by direct singlet fission.
J. Am. Chem. Soc. 134, 8597-8607 (2012).

42. Merrifield, R. E. Theory of magnetic field effects on the mutual annihilation of
triplet excitons. J. Chem. Phys. 48, 4318-4319 (1968).

43. Armarego, W. L. F. & Chai, C. Purification of Laboratory Chemicals, 7th edn
(Butterworth-Heinemann, 2013).

44. Greenfield, S. R. & Wasielewski, M. R. Near-transform-limited visible and
near-IR fs pulses from opa using type II B-barium borate. Opt. Lett. 20,
1394-1396 (1995).

45. Ito, N., Duvvuri, K., Matyushov, D. V. & Richert, R. Solvent response and
dielectric relaxation in supercooled butyronitrile. J. Chem. Phys. 125, 24504
(2006).

46. Young, R. M. et al. Charge transport across DNA-based three-way junctions.
J. Am. Chem. Soc. 137, 5113-5122 (2015).

47. Becke, A. D. Density-functional thermochemistry. III. The role of exact

exchange. J. Chem. Phys. 98, 5648-5652 (1993).

. Ditchfield, R., Hehre, W. J. & Pople, J. A. Self-consistent molecular-orbital
methods. IX. An extended Gaussian-type basis for molecular-orbital studies of
organic molecules. J. Chem. Phys. 54, 724-728 (1971).

49. Hariharan, P. C. & Pople, J. A. The influence of polarization functions on
molecular orbital hydrogenation energies. Theor. Chim. Acta 28, 213-222
(1973).

50. Francl, M. M. et al. Self-consistent molecular orbital methods. XXIIL

A polarization-type basis set for second-row elements. . Chem. Phys. 77,
3654-3665 (1982).

. Grimme, S., Antony, J., Ehrlich, S. & Krieg, H. A consistent and accurate ab
initio parametrization of density functional dispersion correction (DFT-D) for
the 94 elements H-Pu. J. Chem. Phys. 132, 154104 (2010).

. Granovsky, A. A. Extended multi-configuration quasi-degenerate perturbation
theory: The new approach to multi-state multi-reference perturbation theory.
J. Chem. Phys. 134, 214113 (2011).

53. Dunning, Jr T. H. & Hay, P. J. in Methods of Electronic Structure Theory

(ed. Schaefer III, H. F.) (Plenum Press, 1977).

54. Roos, B. O. The complete active space self-consistent field method and its
applications in electronic structure calculations. Adv. Chem. Phys. 69, 399-445
(1987).

55. Witek, H. A., Choe, Y.-K,, Finley, J. P. & Hirao, K. Intruder state avoidance
multireference meller—plesset perturbation theory. J. Comput. Chem. 23,
957-965 (2002).

56. Nakamura, H. & Truhlar, D. G. The direct calculation of diabatic states
based on configurational uniformity. J. Chem. Phys. 115, 10353-10372
(2001).

57. Frisch, M. J. et al. Gaussian 09, Revision D.01 (Gaussian, Inc., Wallingford, CT,
USA, 2009).

58. Schmidt, M. W. et al. General atomic and molecular electronic structure
system. J. Comput. Chem. 14, 1347-1363 (1993).

59. Gordon, M. S. & Schmidt, M. W. in Theory and Applications of Computational
Chemistry: The First Forty Years (eds Dykstra, C. E., Frenking, G., Kim, K. S.
& Scuseria, G. E.) (Elsevier, 2005).

4

el

5

—

5

IS}

Acknowledgements

Generous allocation of computing time at the computing centres Erlangen (Regionales
Rechenzentrum Erlangen), Munich (Leibniz-Rechenzentrum der Bayerischen Akademie
der Wissenschaften in Miinchen) and Jiilich (Jiilich Supercomputing Centre) is gratefully
acknowledged. B.S.B. gratefully acknowledges financial support in form of a PhD
scholarship from ‘Studienstiftung des deutschen Volkes’. P.B.C. acknowledges

financial support from the German Research Foundation (DFG). Funding is gratefully
acknowledged from the Emerging Fields Initiative ‘Singlet Fission’ supported by
Friedrich-Alexander-Universitit Erlangen-Niirnberg, as well as the Cluster of Excellence
Engineering of Advanced Materials and ‘Solar Technologies Go Hybrid'—an initiative of
the Bavarian State Ministry for Science, Research, and Art. This work was supported by
the Chemical Sciences, Geosciences, and Biosciences Division, Office of Basic Energy
Sciences, US DOE under grant no. DE-FG02-99ER14999 (M.R.W.).

Author contributions

T.C, M.T,, RRT., M.RW. and D.M.G. designed the research. B.S.B., B.T.P., RM.Y. and
J.Z. performed the photophysical studies. J.Z., N.E.H. and M.D.K. performed the TREPR
studies. S.R.R. and P.B.C. conducted the theoretical calculations, while T.C. carried out
structure and semiempirical calculations. C.H. performed the synthesis. B.S.B., J.Z.,
B.T.P, M.D.K, SRR, P.B.C, M.T,, M.RW. and D.M.G. analysed the data. F.J.W. and
F.H. performed the single crystal diffraction studies. All authors contributed to the
writing and editing of the paper.

| 8:15171| DOI: 10.1038/ncomms15171 | www.nature.com/naturecommunications 7


http://www.nature.com/naturecommunications

ARTICLE

Additional information Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in
Supplementary Information accompanies this paper at http://www.nature.com/ published maps and institutional affiliations.
naturecommunications

This work is licensed under a Creative Commons Attribution 4.0
Competing interests: The authors declare no competing financial interests. 5 International License. The images or other third party material in this

article are included in the article’s Creative Commons license, unless indicated otherwise
in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Basel, B. S. et al. Unified model for singlet fission To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/
within a non-conjugated covalent pentacene dimer. Nat. Commun. 8, 15171
doi: 10.1038/ncomms15171 (2017). © The Author(s) 2017

8 | 8:15171| DOI: 10.1038/ncomms15171 | www.nature.com/naturecommunications


http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/naturecommunications

	title_link
	Results
	Synthesis
	Time-resolved optical spectroscopy

	Figure™1Molecular and solid-state structures.(a) Chemical structures of the pentacene monomer (TIBS) and dimer (NC). (b) X-—ray crystallographic structure of NC illustrating the arrangement and proximity of the two pentacenes
	TREPR spectroscopy

	Figure™2Synthesis of NC.Detailed steps for the preparation of NC
	Figure™3Kinetic model.Kinetic model used to fit both the transient optical absorption and TREPR data for NC in both benzonitrile at 295thinspK and butyronitrile at 105thinspK
	Theory and computational studies

	Figure™4Transient optical absorption data.(a) Species-associated transient absorption difference spectra for NC obtained at 295thinspK in benzonitrile using the kinetic model given in Fig.™3. Inset: single wavelength kinetics and fits to the data. (b) Pop
	Table 1 
	Discussion
	Figure™5Transient EPR data.(a) TREPR kinetics for the formation and decay of the 5(T1T1) and (T1+T1) states for NC at 105thinspK in butyronitrile measured at the indicated magnetic field values corresponding to the species-associated spectra of the 5(T1T1
	Methods
	Spectroscopy
	Computational details
	Data availability

	ShockleyW.QueisserH. J.Detailed balance limit of efficiency of p-—n junction solar cellsJ. Appl. Phys.325105191961SmithM. B.MichlJ.Singlet fissionChem. Rev.110689169362010SmithM. B.MichlJ.Recent advances in singlet fissionAnnu. Rev. Phys. Chem.64361386201
	Generous allocation of computing time at the computing centres Erlangen (Regionales Rechenzentrum Erlangen), Munich (Leibniz-Rechenzentrum der Bayerischen Akademie der Wissenschaften in München) and Jülich (Jülich Supercomputing Centre) is gratefully ackn
	ACKNOWLEDGEMENTS
	Author contributions
	Additional information




