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We investigate the dynamics of intramolecular singlet fission in a dimer consisting
of two pentacene-based chromophores covalently bonded to a phenylene spacer using an
approach that combines high-level ab initio multireference perturbation theory methods
and quantum dynamical simulations.
multiexcitonic state, corresponding to the first step of singlet fission, is facilitated by
the existence of higher-lying doubly excited and charge transfer states that participate in

a superexchange-like way. The important role played by high-frequency ring-breathing

The results show that the population of the

Abstract

molecular vibrations in the process is also discussed.
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The Shockley—Queisser efficiency limit! imposes a restriction on the maximum perfor-
mance of single junction solar cells. Over the years, different strategies have been explored
to circumvent this limit. One possibility is the use of materials for the energy conversion
step exhibiting charge carrier multiplication,? which allows quantum efficiencies larger than
100% per absorbed photon. Tt is within this context that singlet fission (SF)? has recently
received renewed interest.* SF is a photophysical process in which a chromophore in a sin-
glet electronic excited state (Sp) shares its excitation energy with another chromophore that
is in the ground state and both transform into a pair of triplet electronic excited states (T1).
The nascent Ty states are coupled forming a singlet state |also called multiexciton (ME)
state], so the process is spin-allowed. %" Two mechanisms have mainly been advocated to ex-
plain SF, the direct and the mediated.?® In the direct mechanism, the optically excited state
transforms into the ME state, which later dissociates into two (non-interacting) T states.
In the mediated mechanism, mixing with high-lying charge transfer (CT) states permits the
population of the ME state from the optically excited state. Since ionization of the Ty states
can provide two charge carriers, both mechanisms can potentially lead to the fabrication
of highly-efficient SF-based solar cells and initial steps toward this goal have already been
taken.®?

Motivated by these technological prospects, the last years have seen important theoretical
research efforts devoted to understanding the mechanism of SF at the molecular level. This

involves identifying the electronic states participating in the process, their specific roles 02!

and coupling mechanisms??%26

as well as characterizing the dynamics of SF, unraveling the
role of coherence, interference, and coupling to molecular vibrations. 74212531 These works
have identified key electronic and structural parameters that control the efficiency of the pro-
cess, a first step in the development of efficient SF-based devices.?%2932739 While most of
these works have focused on the investigation of intermolecular SF in organic crystals and

films, it has recently become apparent that solutions of covalently linked bichromophoric

systems bonded via organic bridges can also undergo SF.4%47" This process of intramolecular



SF (iSF) not only opens the way to solution-processable SF-based photovoltaic devices®® but
also provides perhaps the best scenario for understanding the mechanism of SF at a molec-
ular level. In this context, a series of 6,13-bis(triisopropylsilylethynyl)pentacene-derived
(TIPSP) dimers, where the pentacene-like moieties are covalently bonded to a phenylene
spacer in ortho-, meta-, and para-conformations have recently been investigated by some
of the authors.*® These molecules were designed to impose geometrical restraints and hence
control the through-space and through-bond couplings between the electronic states involved
in iSF.** Using time resolved spectroscopic techniques and high level ab initio methods, it
was shown that mixing between the optically excited state and CT states might be helpful
to overcome the activation barrier of SF. Although these results provided insight into the
roles of the different excited electronic states involved, the influence of electronic-vibrational
coupling, which may be instrumental for efficient SF,*%° was not addressed.

In this Letter, we address this aspect and investigate the dynamics of iSF for a simplified
model of o-TIPSP, where the triisopropylsilyl groups have been modeled using methyl groups
(o-TIPSPm, see Fig. 1). The motivation for the investigation of this particular regioisomer is
four-fold. First, this study sheds light on the timescale of SF in this system, an information
that could not be obtained in detail from experiment for this system. Second, o-TIPSP has
a well defined structure that incorporates both through-space and through-bond couplings
and the characterization of the dynamics of SF provides information on vibrational effects
on these couplings. Third, CT states appear relatively low in energy in o-TIPSP, which
allows to ascertain if a significant population of these states promoted by vibronic coupling
is possible. Finally, this study provides detailed information on the relative contributions of
the direct and mediated channels to SF.

For the simulation of the dynamics of iSF in o-TIPSP we have used high-level ab initio
multireference perturbation theory methods to build the potential energy surfaces of the
different states and the quantum dynamical calculations were carried out using the multilayer

multiconfiguration time-dependent Hatree (ML-MCTDH) method. "' ®® Specifically, we solve



Figure 1: 0-Bis(13-(methylethynyl)pentacen-6-yl)ethynyl)benzene dimer (o-TTPSPm) inves-
tigated in this work.

the time-dependent Schrédinger equation using a vibronic coupling model Hamiltonian®®

represented in a basis of diabatic states relevant for the process (see below). This model
assumes that the initial state is prepared by an instantaneous excitation to the bright state
(i.e. consistent with an experiment where an ultrashort femtosecond laser pulse is used). In

the diabatic basis, the Hamiltonian reads (h = 1)

H =" H I + 3 (Vi [1)(J] + bee.), (1)

I>J

where [ and J label the different diabatic electronic states. In this expression, the diagonal

and off-diagonal terms take the form

w 1
Hy =By + Y S(QF + B + Y (k@ + 571,Q0) (2)
! l



and
1
Vig=Vi,+ Z(“lf,JQl + 575,(]@12) (3)
I

Thereby, EY and V[(? ; are the diagonal and off-diagonal elements of the electronic Hamiltonian
(He), i.e., the energies and electronic couplings of the diabatic electronic states considered
in the model calculated at the ground state reference geometry. @, and P, are the (dimen-
sionless) coordinates and momenta of the vibrational degrees of freedom, represented by
the normal modes in the electronic ground state of o-TIPSm. The term Y, “1(Q7 + P?)
describes the kinetic and potential energy corresponding to these vibrational normal modes
within the harmonic approximation. The other terms account for the first and second order
vibronic couplings, with £} ; and ~} ; being the linear and quadratic coupling constants for
mode [, respectively. In the calculations reported below, 28 vibrational were included, which

K2

were selected based on the value of their respective dimensionless coupling strengths (5,

see Supporting Information).>®
Based on the model Hamiltonian, Eq. (1), we consider different observables to analyze dis-
tinct aspects of the SF process. The electronic dynamics is described by the time-dependent

population of the different states involved in the process, given by
Pr(t) = Tr{PLp(t)}, (4)

where P = |L)XL| is the projector onto the diabatic electronic state |L) and p(t) =

e~ p(0)et is the density matrix at time ¢. The initial density matrix is given by

p(0) = 1) 100)0o| (11, (5)

where |I) is the initially excited electronic states and |0p) is the vibrational ground state

in the electronic ground state of o-TTPSm (see Supporting Information). Thereby, we have



assumed an ultrafast (instanteneous) excitation of the optically bright state |L) and neglected
temperature effects in the initial state. In addition, the autocorrelation function of the

inititally excited state is considered,

C(t) = (0ol (1] e |1) |0o), (6)

the Fourier transform of which provides the photoabsorption cross-section.

The parameters of the vibronic Hamiltonian, including the diabatic electronic states,
energies and coupling constants, were obtained from the corresponding adiabatic electronic
states using the diabatization method of Nakamura and Truhlar.%%-%* The adiabatic electronic
states were calculated using the extended multiconfigurational quasidegenerate perturbation
theory method (XMCQDPT),%? a double-¢ (DZV) basis set.% and employing an eight roots-
equal weights state average complete active space self-consistent field (CASSCF) calculation
as reference. An active space of four electrons in four orbitals (HOMO and LUMO of each
pentacene-like moiety) was used (see Supporting Information for further details).

Table 1 contains the adiabatic vertical excitation energy, modulus of the dipole moment,
oscillator strength and character of the lowest lying singlet excited states of o-TIPSPm
calculated at the ground state equilibrium geometry. The four lowest-lying singlet excited
states exhibit ME (S;), locally excited (LE)-like (S and S3), and CT (S,) character. These
states lie in a close range of energy (~0.2 eV, see Table 1), with Sy and S3 being quasi-
degenerate. In addition, S, is also near degenerate with S5, a doubly excited (DE) state.
As a result of the small energy differences, there is a significant degree of mixing of the CT
state with the rest of states, in particular with the LE and ME states. Finally, the last two
states Sg and S; of DE and CT character, respectively, are quasidegenerate and lie ~0.2 eV
above Ss.

We have used these adiabatic states to build the diabatic basis employed for the simulation

of the dynamics of iSF. This basis comprises the electronic ground state |'(S¢Sy)), the LE



Table 1: Adiabatic vertical excitation energy (AE, in €V),* modulus of the dipole
moment (u, in D), oscillator strength (f)® and character (char.)¢ of the lowest-
lying singlet excited states of o-TIPSPm calculated at the ground state equilib-
rium structure.

State AFE  pu f char.

S1 1.51 2.04 <0.001 ME
Se 175 248 1.003 LE
Ss  1.78 324 0270 LE
S, 198 3.32 0.104 CT
S;  2.00 248 <0.001 DE
S¢ 220 1.54 0.001 DE
S7 225 1.63 0.002 CT

“Calculated at the XMCQDPT/DZV level of theory (8 roots with equal weights and a 4
electron in 4 orbitals active space were used in the CASSCF calculation). ®Calculated at the
CASSCF /DZV level of theory (8 roots with equal weights and a 4 electron in 4 orbitals active
space were used). ‘ME = multiexcitonic state, LE = optically bright states that correlate
with the plus and minus combinations of locally excited states of both pentacene monomers,
CT = charge transfer states, DE = doubly excited states.

Table 2: Diabatic electronic Hamiltonian (H,;) showing the energies and coupling
matrix elements (meV) of the low-lying diabatic electronic states used in the
simulation of the dynamics of the iSF process of o-TIPSPm calculated at the
ground state equilibrium structure.®

Hy [ ['(S0S0)) ['(S180)) ['(SeS1)) [M(TiTy) ['(CA)) [M(AC)) ['(DE);) ['(DE)y)

(*(S0S0)| 0 15 —15 —18 —108 107 —426 416
(*(S1S0)| 15 1576 23 7 —30 —43 52 —7
(*(SeS1)| | —15 23 1577 —7 —44 -31 -9 51
M(TyTy)| | —18 7 —7 1595 —273 273 —26 24
({(CA)| | —108 —30 —44 —273 1744 26 43 —36
({(AC)| 107 —43 —31 273 26 1744 -39 42
({(DE)| | —426 52 -9 —26 43 —39 1809 176
({(DE)o| | 416 —7 51 24 —36 42 176 1821

“Calculated at the XMCQDPT/DZV level of theory (8 roots with equal weights and a 4
electron in 4 orbitals active space were used in the CASSCF calculation).

states |1(SpS;)) and |*(S1Sg)) with the excitation (S;) localized in one pentacene moiety, the
ME state |'(T;T;)) (also called correlated triplet pair state), and the CT states |'(CA)) and
|'(AC)), where C and A stand for the radical cation and radical anion form of the pentacene

moiety. Due to energy considerations, two doubly excited (DE) diabatic states |'(DE);)



and |'(DE)y) were also included. Table 2 depicts the diabatic electronic Hamiltonian (Hy)
calculated at the ground state equilibrium geometry of o-TIPSPm. The results show that
the direct electronic couplings between the ME state and the LE states are non-negligible
but small. In contrast, the electronic couplings of the ME and LE states and the CT states
are larger, in particular those of the ME state. The electronic couplings of the DE states to
the ME and LE states exhibit a more complex behaviour. The couplings of these states to
the ME state are moderate and of the same order of magnitude. In contrast, each DE state
shows couplings to the LE states that differ by nearly an order of magnitude (see Table 2).

In order to assess the reliability of the vibronic model Hamiltonian used, we have first
considered the absorption spectrum. Fig. 2 depicts a comparison of the experimental®® and
the simulated absorption spectra, the latter calculated using the Fourier transform of the
time-autocorrelation function, see Eq. (5). The spectra have similar shapes in the range of
energies considered, exhibiting a vibrational progression like that of the absorption spectrum
of pentacene where the main vibrational modes involved are v4g, Vo5, and 97 (see Supporting
Information). Interestingly, both show a very weak absorption feature in the region around
~1.6 e¢V. This weak absorption is caused by intensity borrowing from |'(S;Sy)) to |*(T;T))
facilitated by the CT states,?! which have energy gaps with respect to the LE and ME states
commensurate with the energies of the high-frequency vibrational normal modes included in
the simulation (see Supporting Information).?!

Employing the model introduced above, we have simulated the vibronic dynamics of o-
TIPSPm after instantaneous population of |1(S;Sy)) via photoexcitation. The time evolution
of the population of the different diabatic states considered in the model is depicted in Fig. 3.
The short time dynamics until ~20 fs is characterized by the transfer of ~70% population
from ['(S;Sp)) mainly to |Y(DE);) (~30%) and |'(S¢So)) (~20%), with smaller population
transfer (~10%) to both [*(T1Ty)) and [*(SeS1)). From 20 fs to 50 fs, the population of
both |*(T;T;)) and |*(SeS;)) rises, reaching values of ~30% at 50 fs. For longer times, the

|1(T,T,)) state is increasingly populated, reaching a value of ~70% at 300 fs, while the rest
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Figure 2: Experimental (in toluene)*?® (a) and simulated (b) absorption spectra of o-TIPSPm
in the range 1.50 eV to 2.75 eV. In the simulated spectrum, the time-autocorrelation function
obtained from the wavepacket propagation calculations has been damped with an exponential
function (e~ *, with 7 = 33 fs) and Fourier transformed to generate the spectral envelope.

of states show populations in the range between 5% to 10%. Interestingly, after 150 fs the
population of |'(T;T;)) exhibits small oscillations that are mimicked to a major extent by
those shown by the CT states.

These dynamical results predict that the first step of iSF in o-TIPSPm proceeds on
an ultrafast timescale of ~100 fs. This is in accordance with previous experimental work
employing time-resolved spectroscopic techniques, which gave an upper limit of 500 fs for
the population of [1(T;T;)).4

Regarding the mechanism of iSF in o-TIPSPm, it is important to note that the dynamical
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Figure 3: Time evolution of the population of the diabatic states involved in the iSF process
of 0-TIPSPm after instantaneous photoexcitation of |'(S;Sy)).
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results for the full vibronic model, depicted in Fig. 3, are very different from those obtained
for the purely electronic dynamics (i.e. using a model Hamiltonian without coupling to
vibrations). Here the main features observed are Rabi-like population oscillations between
11(S1Sp)) and |*(SeS;)) with negligible population of |'(T;T;)) (see Fig. S4 in Supporting
Information). Thus, the ultrafast iSF process in o-TIPSPm is facilitated by strong vibronic
coupling.

To further investigate the mechanism of iSF in o-TTPSPm, we have analyzed the contri-
butions of the direct and mediated channels to the process. To this end, we have simulated
the dynamics of iSF using reduced vibronic model Hamiltonians that differ from the com-
plete model of Eqgs. (1)—(3) either in the diabatic basis sets used or in the vibrational normal

modes considered (see Supporting Information), obtaining in this manner insight into the
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Figure 4: Simulation of the dynamics of the iSE process of o-TIPSPm using vibronic model
Hamiltonians represented in reduced diabatic basis sets ((a)—(c), see insets). The time evo-
lution of the population of the different diabatic states after instantaneous photoexcitation
of [1(51Sp)) is shown.

roles of higher-lying diabatic states (e.g., CT and DE states) and molecular vibrations in
the process. Fig. 4 (a) depicts the time evolution of the population of |*(T,T;)) for a model
Hamiltonian represented in the basis consisting of only the four lowest-lying diabatic states,
namely |*(SoSo)), |'(T1T1)), [*(S1S0)), and |*(S¢S1)) (see Supporting Information for details).
Removal of CT and DE states from the vibronic model Hamiltonian has a drastic impact
on the iSF dynamics, which features primarily population oscillations between |'(S;Sy)) and
11(SpS1)) and a pronounced reduction of the population transfer to |'(T;T;)) that reaches
a value of only ~15% at 300 fs. This result indicates that the direct channel plays a minor

role in the mechanism of iSF in o-TIPSPm. Addition of the two CT states to this reduced

12



(a) 11 (S050) (b) ' (5050))
— [*(S150)) 1 [ — [*(8150))
—'(8081)) — "(50S1))
0.8 —nmy) . 0.8 —rmy) ‘
[1(cA)) ['(cA))
i —|'(AC)) [ — [1(AC))
['(DE),) ' (DE)y)
,5 0.6 — (D)) 1 .5 0.6 — |'(DE).) -1
5] 5}
= ] =
3 3
a 041 a 041 -
02 _b Y 02 -
| AV,
-~ A\ po R G PRI ~
0 / AN i s Rl Wil 1 L 1 : 0 ; e ISP -
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time (fs) Time (fs)

Figure 5: Time evolution of the population of the diabatic states involved in the iSF process
of o-TIPSPm after instantaneous photoexcitation of |'(S;Sp)) obtained using a vibronic
model Hamiltonian that includes (a) a subset of 8 vibrational modes most relevant for the
iSF process and (b) the ring-breathing vibrational mode with frequency 1350 ecm™! (b).

model Hamiltonian (see Fig. 4 (b)) results in an even smaller population of |*(T;T;)). This
somewhat counterintuitive finding is a result of the opposite signs of the different coupling
contributions involving the CT states (see Table 2 and Supporting Information), which lead
to cancellation of the pathways involving CT states due to destructive interference.%* On
the other hand, addition of the DE states to the reduced model (see Fig. 4 (c)) results in a
sizable population of |'(TT;)) of ~25% , which is, however, still significantly smaller than
for the full model. From these results, we conclude that the participation of DE states that
mix with the LE, ME, and CT states is necessary for efficient iSF in o-TIPSPm.

However, this condition is not sufficient and the process requires also the synergistic
contribution of specific molecular vibrations (see Table S1 and Fig. S2 in Supporting Infor-
mation). To illustrate this key point, we have simulated the photoinduced dynamics for a
series of reduced vibronic model Hamiltonians that differ from the complete model in the
number of vibrational modes included. The results show that among the 28 vibrational
normal modes included in the simulation of Fig. 3 there is a subset of 8 modes that are
fundamental for the iSF process. Figure 5 (a) depicts the time evolution of the population
of the different diabatic states when the vibronic model Hamiltonian includes only these 8

modes. With this subset of vibrations, the |'(T;T;)) state acquires a population of ~40% at
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300 fs, i.e. nearly two thirds of that obtained with the full model (see Fig. 3). Inspection of
the normal modes included in the simulation (see Supporting Information) reveals that most
of them are ring-breathing- and stretching-like modes involving the pentacene moities that
exhibit frequencies in the range 0.1-0.2 eV, which are in line with the energy gaps between
the electronic states considered in the model therefore facilitating the process.3! Interest-

k, 16226566 one of the ring-breathing modes (with

ingly, and in agreement with previous wor
frequency 1350 cm™!) plays a key role. As shown in Fig. 5 (b) for a vibronic model Hamil-
tonian which includes only this normal mode, the coupling to this mode induces significant
population of the |'(T;T;)) for shorter times (~27% at 150 fs), very similar to the results
found for the 8-mode model. For longer times, due to the reduced phase space of this model,
recurrences set in and the dynamics is quite different. A cut of the potential energy surface
along this mode (see Supporting Information for details) shows that the population transfer
from the initially excited state to the |'(T;T;)) state is facilitated by the enhancement of
the coupling via the modulation of the energy gaps among the different adiabatic states and
the changes in the degree of CT and DE character of the states upon distortion.

In summary, we have investigated the dynamics of intramolecular SF in a dimer consist-
ing of two 6,13-bis(methylethynyl)pentacene chromophores covalently bonded to a phenylene
spacer in ortho-conformation. We have shown that iSF takes place on an ultrafast subpi-
cosecond timescale via a mediated mechanism. In the system considered, the virtual states
that facilitate the population of the ME state in a superexchange-like way are both high-
lying CT and DE states, therefore providing a new mechanism to enhance iSF when the
direct coupling is negligible and when the CT mediated coupling is small due to destructive
interference. We have also shown that a significant population of the ME state is only ob-
tained when electronic-vibrational coupling is included in the calculation, pointing out the
instrumental role played by molecular vibrations in iSF. Among all the vibrational modes
considered, fast population of the ME state is facilitated by a small number of high frequency

modes mainly of ring-breathing- and stretching-like character, which decrease the energy gap

14



between the C'T and DE states and the LE and ME states, thereby maximizing the effective
iSF coupling. These results suggest a new way of enhancing iSF by controlling the energetics

of DE states.
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