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Abstract: Intermolecular singlet fission (SF) is an electronically coupled process between two
chromophores, where distance dependences are decisive in terms of rates and yields. In the
current work, a family of pentacene derivatives featuring different functional groups have been
designed, synthesized, and probed with respect to intermolecular SF in the low, medium, and
high concentration regimes rather than in the solid state. By means of advanced photophysical
techniques, global analysis modeling, and ab-initio calculations, we postulate a model for

intermolecular SF. Our model is based on an early key intermediate, which involves the
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diffusional encounter between one pentacene in its singlet excited-state with another one in its
ground state and which features excimer characteristics. This is followed by a transformation
into a coupled triplet excited-state. The role of the functional group appended to pentacene was
analyzed with respect to steric shielding of the pentacene core as a means to prevent
photophysical degradation, as well as control diffusional encounter and, subsequently, SF. Our
findings demonstrate the potential of new molecular materials for SF, especially in solution
studies, as well as the challenges of implementing them in energy conversion schemes due the

appearance of photodegradation processes that competes with SF.

1. Introduction
In the context of boosting the efficiency of conventional solar cells beyond the Shockley-

Queisser limit, molecular materials that undergo singlet fission (SF) are attracting considerable
attention.’41 In SF, the absorption of one photon initiates the formation of a singlet excited-
state, which subsequently splits between neighboring chromophores into a pair of lower energy

triplet excited-states.[>-®!

A number of requirements to activate SF are well understood, while some mechanistic aspects
are controversially debate.[**1 Recent works have, for example, identified energy relationships
that electronic excited-states must fulfill, namely (i) E(S1) > 2E(T1) and (ii) E(T2) > 2E(T,), for
SF to be exoergic and to minimize quenching, via triplet-triplet annihilation.®*2%% To date, SF
has been observed in polycrystalline and amorphous films, polymers, as well as in dilute and
concentrated solutions.**23 It is now widely accepted that SF is possible as long as the
electronic coupling between two or more chromophores is sufficiently strong, but, not be too
strong.[?4?° A favorable configuration between two chromophores is crucial to achieve the
appropriate coupling for intermolecular SF and between two chromophore units for

intramolecular SF.I6°1 In particular, n-n interactions facilitate the geometrical arrangement



and/or stacking of the chromophores that, in turn, maximize the electronic coupling in the

excited-states,20:26-281

In the current work, we focus on a group of pentacene derivatives with substituents that vary in
size and constitution, namely (TIPS)2-Pn, TIPS-Pn-Me, and TIPS-Pn-H (Figure 1), to
investigate the effects of functionalization and concentration on intermolecular SF in solution.
We emphasize that the present study is focused on SF in solution, not in the solid state. In
particular, novel synthetic approaches, photophysical assays, global analysis modeling, and ab-
initio quantum chemistry calculations have been exploited to provide a convincing picture on
how pentacene functionalization and the nature of the substituents influence the pathway of SF.
Notably, assays in the concentration range of 1.0 x 107 to 1.0 x 10 M shed light on diffusive
and non-diffusive steps in the solution-based intermolecular SF, namely the formation and
interaction of correlated triplet excited-states via diffusional encounter, dissociation into free,
uncorrelated triplet excited-states, as well as deactivation processes such as photo-induced

cyclization.

(TIPS)2-Pn TIPS-Pn-Me TIPS-Pn-H

Figure 1. Structures of (TIPS)2-Pn, TIPS-Pn-Me, and TIPS-Pn-H.

2. Synthesis of Pentacene Derivatives
The synthesis for (TIPS)2-Pn, TIPS-Pn-Me, and TIPS-Pn-H, (Figure 1) as well as the X-ray

crystallographic analysis for TIPS-Pn-Me and TIPS-Pn-H have been provided in the
supporting information (SlI). In short, the synthesis of TIPS-Pn-Me was achieved via the

established synthetic protocols developed to produce pentacene derivatives with unsymmetrical



substitution in the 6- and 13-positions.[?*>-31 The synthesis of TIPS-Pn-H was accomplished by
reduction of ketone 1 using an excess of LiAlHa, followed by reductive aromatization using
SnCl, under acidic conditions (Figure 2).2 TIPS-Pn-H showed significantly lower stability
in solution towards possible side-reactions compared to (TIPS)2-Pn and TIPS-Pn-Me, with
dimer 2 being the major side product (see Sl for details). Dimer 2 resulted from a cycloaddition
reaction, which could be minimized by shielding solutions of 1 from ambient light during
synthesis. TIPS-Pn-Me degraded slowly in solution in the presence of light and air to give the
6,13-endoperoxide (see Sl for details), which could be prevented by storing the sample in
deoxygenated solutions. In contrast, both TIPS-Pn-Me and TIPS-Pn-H were stable as solids

for months when stored under refrigeration.

1. LiAIH,
2. SnCl,

iPraSi

1 TIPS-Pn-H iPraSi 2

Figure 2. Reaction scheme for the synthesis of TIPS-Pn-H and structure of dimer 2.

3. Photophysical Characterization in the Low Concentration Regime of 1.0 x 1074 M
Initially, steady-state spectroscopy was used to examine the energetics related to the first singlet

excited-states of (TIPS)2-Pn, TIPS-Pn-H, and TIPS-Pn-Me. In particular, the absorption and
fluorescence spectra in the low concentration regime of 1.0 x 10* M are dominated by
vibrational fine structure stemming from 0-0* and 0-1* as well as *1-0 and *0-0 transitions
(Figure S11). From the fundamental 0-0* absorption and fluorescence transitions, singlet
excited-state energies of 1.94, 2.03, and 2.03 eV were determined for (TIPS)2-Pn, TIPS-Pn-

H, and TIPS-Pn-Me, respectively. Only (TIPS)2-Pn revealed vibrationally well-resolved



absorption spectra. This is in stark contrast to TIPS-Pn-H and TIPS-Pn-Me, for which spectral
broadening goes hand-in-hand with the loss of vibrational fine structure (Figure S11).[%°1

We examined the triplet excited-state energy by means of low-temperature phosphorescence
measurements. In this respect, we recently reported that the phosphorescence spectra of
(TIPS)2-Pn showed a maximum at 1610 nm, which relates to a triplet excited-state energy of
0.77 eV.2% Similarly, we identified a triplet excited-state energy for TIPS-Pn-Me of 0.76 eV,
and a similar value has been calculated for the triplet excited-state of TIPS-Pn-H via ab-initio
calculations — vide infra. From the corresponding singlet and triplet excited-state energies, the
exergonic driving force for SF is —0.41 eV for (TIPS)2-Pn, —0.51 eV for TIPS-Pn-Me, and
—0.51 eV for TIPS-Pn-H.

To evaluate the singlet excited-state decay and the corresponding triplet excited-state growth,
we turned to nanosecond transient absorption studies (nsTA). In the nsTA analysis of TIPS-
Pn-Me and (TIPS)2-Pn, the analogous fingerprint absorptions of their singlet excited-states are
discernable immediately following excitation at 530 nm.[?81 Importantly, the minima match the
vibrational fine structure seen in the ground-state absorption and, in turn, we attribute these
minima to ground state bleach. From experiments at low concentrations (1.0 x 10* M), singlet
excited-state lifetimes of 13.3 + 0.4, 12.0 + 0.5, and 10.3 = 0.5 ns were derived from
multiwavelength analyses for TIPS-Pn-H, TIPS-Pn-Me, and (T1PS)2-Pn, respectively (Figure
S14). Following these decays, only the corresponding triplet excited-state features were present.
For TIPS-Pn-H and TIPS-Pn-Me, the characteristic triplet excited-state fingerprints are
maxima at 445 and 497 nm, as well as minima at 580 and 642 nm. Similarly, (TIPS)2-Pn gives

rise to maxima at 466 and 500 nm, followed by minima at 590 and 642 nm.
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Figure 3. Differential absorption changes (left) obtained upon pump-probe experiments, 480
nm excitation, of N-methylfulleropyrrolidine (8.0 x 10> M) and TIPS-Pn-Me (1.0 x 104 M)
in argon saturated toluene at room temperature with time delays between 0.1 and 400 ps. The
red ellipse highlights the transients of interest. Time absorption profiles (right) of the N-
methylfulleropyrrolidine triplet excited-state decay at 700 nm (red) and the TIPS-Pn-Me triplet

excited-state growth and decay at 500 nm (black).

Independent identification of the triplet excited-state spectra was obtained via triplet-triplet
sensitization using N-methylfulleropyrrolidine, which has a triplet quantum yield close to unity
and a triplet excited-state energy of 1.5 eV (Figure 3). With N-methylfulleropyrrolidine as an
excited-state donor and (TIPS)2-Pn / TIPS-Pn-Me as excited-state acceptors, selective
excitation at 480 nm coincides with a minimum in the ground-state absorption of pentacene
derivatives and gives a triplet excited-state fingerprint at 500-510 nm (Figure 3). By following
the temporal evolution at variable concentrations of (T1PS)2-Pn and TIPS-Pn-Me, bimolecular
triplet-triplet energy transfer rate constants of (1.6 + 0.1) x 10°° M*s™* were determined. The
triplet-triplet sensitization assays also gave lifetimes on the order of 48.2 £+ 2.6 ps for the triplet

excited-state of TIPS-Pn-Me in toluene.



4. Photophysical Characterization in Medium and High Concentration Regimes
(1.0x 1073- 1.0 x 1071 M)

In the concentration regime from 1.0 x 103t0 1.0 x 10~ M, absorption assays revealed spectra,
which are virtually identical to those recorded at 1.0 x 10 M — vide supra. Fluorescence assays,
however, turned out to be different (Figures 4 and S12). At first glance, red-shifts of 20 and 30
nm are observed for TIPS-Pn-Me and (TIPS)2-Pn, respectively, upon increasing the
concentration up to 1.0 x 101 M. A closer look reveals that the fluorescence at 649 nm
decreases as the concentration increases and is replaced in the case of (TIPS)2-Pn by a red-
shifted spectrum that included a long-wavelength maximum at 672 nm at 1.0 x 10 M or at
704 nm at 1.0 x 10 M. A qualitatively similar finding is concluded for TIPS-Pn-Me. We
observe a red-shift in the spectra from 669 to 686 nm (Figure 4). Implicit in our observation is
the formation of an intermediate state, which takes place only in the excited-state given the lack
of changes in the absorption spectra at the different concentrations, as reported in literature
(Figures 4 and S12).21 A likely rationale is based on the formation of an excimeric state as it
resembles those known for excimers.[*621:33 Notably, its energy of 1.84 + 0.05 eV would still

be sufficient to support exergonic triplet formation via intermolecular SF.[?8]
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Figure 4. Normalized absorption spectra (left) and normalized fluorescence spectra (right) upon
excitation at 530 nm recorded for variable concentrations of TIPS-Pn-Me in THF: 1.0 x 107/

(black), 1.0 x 1073 (red), and 1.0 x 1071 M (blue).



Next, fsTA studies were performed for TIPS-Pn-Me and (TIPS)2-Pn at concentrations of
1.0 x 102 and 1.0 x 10t M to investigate intermolecular SF. At 1.0 x 103 M, signals of the
singlet excited-state decay appeared as the end of the 7.5 ns temporal detection of our set-up is
reached (Figure S13). The most notable singlet excited-state features are for TIPS-Pn-Me in
the 400-560 nm range with maxima at 445 and 508 nm and minima at 580 and 642 nm. For
(T1PS)2-Pn, the corresponding maxima evolved at 445 and 510 nm as well as minima at 590
and 640 nm.

In assays with concentrations of 1.0 x 101 M, emphasis was placed on the competition between
the intrinsic singlet excited-state decay and the formation of an intermediate state identified in
the fluorescence assays following 530 nm excitation. 2% At the beginning of the fsTA timescale,
that is, after about 500 fs, singlet excited-state features evolved, similar to those recorded in the
low concentration regime — vide supra. At the end of the fsTA timescale, that is, after 7.5 ns,
spectra, which resemble the triplet excited-state of TIPS-Pn-Me or (T1PS)2-Pn are discernible.
Importantly, monitoring the singlet excited-state decay and the triplet excited-state growth
indicated that the two processes are not directly linked to each other at concentrations of
1.0x 10t M. They are, however, indirectly coupled via the population of a transient
intermediate. Singlet excited-state decay at, for example, 480 nm is strictly monoexponential.
Excimer intermediate formation takes place in (TIPS)2-Pn from a singlet excited-state with a
rate constant of 1.1 x 10 s7%, that is, a lifetime of 90 + 0.9 ps. It reaches its maximum
absorption in 770 + 8 ps, which relates to a rate of 1.3 x 10° s7%. In the case of TIPS-Pn-Me, a
decay of 4.2 x 10™ s is established by deconvolution of the singlet excited-state data. The
maximum concentration of the intermediate state is, likewise, reached in 770 £ 33 ps, from
which a pseudo first-order decay rate constant of 1.3 x 10° st was determined. For TIPS-Pn-
Me and (TIPS)2-Pn, the formation of the triplet excited-states sets in at 500-510 nm (Figure

).
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Figure 5. Differential absorption changes of TIPS-Pn-Me (left) and (T1PS)2-Pn (right) in THF
at 1.0 x 1071 M obtained upon pump—probe experiments (610 nm) at room temperature with

time delays between 0.1 and 7.5 ns.

In complementary nsTA experiments, we focused on the maximum triplet excited-state
absorptions and their decay for TIPS-Pn-Me (Figure 6) and (T1PS)2-Pn (Figure S15). In line
with the fsSTA experiments, the singlet excited-states can be deconvoluted with our nsTA
resolution in concentrations of 1.0 x 1071 M. Likewise, we note the intermediate state for TIPS-
Pn-Me and (TIPS)2-Pn as it transforms into the corresponding triplet excited-states, which was
deconvoluted via nsTA. In the case of TIPS-Pn-Me, the intermediate state gives rise to a
maximum at 500-510 nm, followed by minima at 580 and 642 nm. For (TIPS)2-Pn,
characteristic fingerprints for the triplet excited-state include a maximum at 510 nm as well as
minima at 590 and 642 nm.

Singlet excited-state deactivation of (TIPS)2-Pn, TIPS-Pn-Me, and TIPS-Pn-H was
investigated at 1.0 x 103 and 1.0 x 1072 M. At 1.0 x 102 M, singlet excited-state lifetimes of

16.0 + 0.1, 5.1 £ 0.1, and 11.0 = 0.1 ns relate to mono-exponential decay rates between



0.63 x 10%and 1.96 x 108s7 1.1 At 1.0 x 102 M, the singlet excited-state decay are strictly mono-
exponential with lifetimes of 8.3 £ 0.1, 11.0 £ 0.1 and 4.8 £ 0.5 ns for (TIPS)2-Pn, TIPS-Pn-
Me and TIPS-Pn-H, respectively, and rates between 2.08 x 10 and 0.91 x 108 s! as
determined by deconvolution. As mentioned above, the change in singlet excited-state lifetime
is a first sign of intermolecular SF (Figure 6). The underlying singlet excited-state quenching
is seen to correlate with a faster and more efficient formation of the intermediate state and,
subsequently, of the triplet excited-state.["]

Triplet excited-state deactivations of (TIPS)2-Pn, TIPS-Pn-Me, and TIPS-Pn-H were likewise
investigated at a concentration of 1.0 x 102 M and featured lifetimes of 31.0 + 0.7, 61.0 + 3,
and 1.3 + 0.1 ps, respectively. At 1.0 x10t M, the triplet excited-state undergoes
transformation to several intermediates - vide supra - and the shorter lifetimes for the excited-
state deactivation are 6.2 + 0.4 us, 11.0 £ 0.1 pus and 57.0 £ 0.2 ns for (TIPS)2-Pn, TIPS-Pn-

Me and TIPS-Pn-H, respectively.

Time / Js

1E-3 . o 1E-3

— 1 — T
400 450 500 550 600 650 700 400 450 500 550 600 650 700
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! For concentrations of 1.0 x 1072 M, slightly more rapid singlet excited-state deactivations prompt towards a
different pathway as it becomes available.
9



Figure 6. Differential absorption changes (visible) obtained upon pump—probe experiments
(532 nm) at room temperature with time delays between 0 and 35 ps of TIPS-Pn-Me in THF

at 1.0 x 1073 M (left), and 1.0 x 101 M (right).

To corroborate intermolecular SF, the triplet excited-state population must be determined.
Technical limitations hinder, however, reliable quantum yield calculations. In the
aforementioned assays, a clear relationship between the normalized singlet excited-state
absorption maxima and absorption maxima of the triplet excited-state reflects the overall
population of the respective states. For (TIPS)2-Pn and TIPS-Pn-Me, a congruent behavior is
found in the absorption of the triplet excited-state signals, while the behavior for TIPS-Pn-H
is different (Figure 7). The first two exhibit SF behavior, with an excimer-intermediate,
whereas the last one does not. In particular, a steady increase in the absorption maxima from
0.29-0.34 a.u. is noted in the triplet excited-state spectrum for TIPS-Pn-Me and also a notable
increase is determined for (TIPS)2-Pn with absorptions ranging from 0.34 to 0.53 a.u.
Furthermore, both TIPS-Pn-Me and (TIPS)2-Pn show maximum ratios between 1.28-1.33 a.u.
in the higher concentration assays (Figure 7 and S18). The increase in the triplet excited-state
absorption prompts to a larger population of the triplet excited-state relative to the singlet
excited-state and provides a solid basis for SF.

In the case of TIPS-Pn-H, there is also an increase of the relative absorption intensity from 0
to 0.36 a.u. However, this is more likely due to a photo-induced cyclization, rather than SF.[34
In particular, the unique structure of TIPS-Pn-H, lacking substitution in the 13-position,
renders it susceptible to reactions in the excited-state, such as formation of dimer 2 (Figures 2

and $17).126: 2729
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Figure 7. (Left) Singlet excited-state lifetime (line) on the left axis and ratio of relative 510 to
446 nm intensity (dash) on the right axis as a function of concentration for (TIPS)2-Pn (black),
TIPS-Pn-Me (blue), and TIPS-Pn-H (red). (Right) Normalized spectra of the singlet excited-
state (dash) compared to the absorption maxima of the triplet excited-state (line) for TIPS-Pn-

Me at 1.0 x 1073 (black), 1.0 x 1072 (red), and 1.0 x 107! (blue) M for nsTA assays.

5. Global Analysis
The implementation of multiwavelength modeling™®® for fs- and nsTA Kinetics has provided

valuable insight into the study of intra- and intermolecular SF.[*¥ Using this methodology, a
key step in exergonic SF with pentacene derivatives is established (Figure 8). Namely, the
formation of a transient excimer state is identified, and the decay of this state is linked to the

triplet excited-state formation at 500-510 nm.

11
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Figure 8. Schematic illustration of the global analysis model for fs- and nsTA assays for
(TIPS)2-Pn and TIPS-Pn-Me at 1.0 x 10~ M. The dynamics in the orange parenthesis can be
followed via fSTA, whereas other processes are established from deconvolution of the nsTA

assays (ovals represent schematic depiction of pentacene chromophores).

On one hand, our approach includes the investigation of the dynamics for excimer formation
and its transformation to the correlated triplet excited-state. On the other hand, diffusional
splitting into independent triplet excited-states, and recovery of the ground state is explored.
Our recent results on intramolecular SF in pentacene dimers combined with diffusion controlled
reaction schemes were instrumental for the development of a suitable sequential model for

global analysis.[*]

12
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to 7.5 ns.

To unravel the kinetics of intermolecular SF in the high concentration regime, we applied a
sequential global analysis (Figure 9). On the fs- and nsTA timescales, a three-state model gives
the best fit to the results. In detail, the singlet excited-state (S1) was resolved as the first transient
in fs- and nsTA assays. (S1) decays and yields a transient (S1-So) as the second transient by
interacting with a neighboring molecule in its ground state (So). This mechanism seems to
accurately describe measurements between 1.0 x 102 and 1.0 x 10™* M for TIPS-Pn-Me and
(TIPS)2-Pn. At the highest concentration, (S1-So) is replaced by the third transient, namely the
coupled triplet excited-state (T1-T1). At 1.0 x 1072 M, (S1-So) for TIPS-Pn-Me and (TIPS)2-

Pn have similar lifetimes, between 25-30 ns. T At higher concentrations, more rapid evolution,
13



with lifetimes in the order of 770 ps, is further evidence for the efficient and favored formation
of the (T1-T1) state (Figure 9).

Subsequently, we developed a model for fitting the nsTA results, based on three transients
(Table 1 and Figure 10). Considering the resolution of our experimental set-up, the first
transient is assigned as (S1-So), the same as postulated in the fsSTA model (Figure 9) for high
concentration assays. The (S1:-So) then transforms into the second transient, a coupled pair of
triplet excited-states (T1-T1). For (TIPS)2-Pn and TIPS-Pn-Me, the diffusional split takes place
with lifetimes of 13.0 + 0.5 and 15 + 0.2 ns and rates of 6.6 + 0.1 and 7.8 + 0.1 x 10" s %,
respectively. In the third and final step, free triplet excited-states ((T1) + (T1)) decay to the
ground state with triplet excited-state lifetimes of 6.2 + 0.7 and 11 + 0.1 ps, respectively.
Thereby, ((T1) + (T1)) could decay by means of interacting with a ground state (So) or a triplet
excited-state (T1), or via unimolecular deactivation. It is noted that the interaction with (Ty1) is
mainly observed in the high concentration regime, where the SF triplet excited-state population
is higher.

Table 1. Lifetimes (s) obtained through data deconvolution for TIPS-Pn-Me and (TIPS)2-Pn

in THF at 1.0 x 101 M at room temperature.

(Te-Ty) 2> ((To) +
(S1) + (So) 2 (S1-S0)> ¢ (S1-So) =2 (T1-T1)2b ((T2) + (T1))* = (So) + (So)
(T)°
TIPS-Pn-Me 2.4 x 10712 7.7 x 10710 1.5x 1078 1.1x10°
(TIPS)2-Pn 9.0x 101 7.7 x 10710 1.3x10°8 6.2 x 1078

3 Data for (S1) and (S1-So) were determined using the fsTA model.

b) Data for (S1-So), (T1-T1), and (T1) + (T1) = (So) + (So) were determined using the nsTA model.

14



AO.D.EAS/au
AO.D.EAS/au

o

T Loot oot

\
¥

(ﬂ"’.. o

00y

R ST h|
i —
X S —
>

{ Lo.1 1
k; /
” L 0.01 0.01

A 163 183 T T 163 1E3
10 09 08 0.7 06 05 04 03 02 0.4 00 400 450 500 550 600 650 700 1.0 0.9 08 07 06 05 04 03 02 0.1 00 400 450 500 550

Wavelength / nm Population/ a.u Wavelength / nm

600 6% 700

Population / a.u

Figure 10. Global analysis of nsTA data of TIPS-Pn-Me (left) and (T1PS)2-Pn (right) in THF
at 1.0 x 1071 M. Spectra of excited-state species (top) in the visible range (375-700 nm) of the
deconvoluted species as shown in the model in Figure 8. Population kinetics (bottom, left) for
each species, with colors respective to the model presented in Figure 8. Differential absorption
changes (bottom, right) obtained upon pump—probe experiments (530 nm) at room temperature

with time delays between 0 and 35 ps.

The more rapid deactivation of the singlet excited-state upon increased concentration is not
surprising, since collision of a molecule in the singlet excited-state with another in the ground
state is the first step of the intermolecular pathway to SF. Therefore, formation of the (S1-So)
state is concentration dependent in the range from 1.0 x 103 to 1.0 x 101 M. The (T1-T1) state
formation is unlikely to be dependent on the concentration, the diffusion splitting in the case of
TIPS-Pn-Me takes place at 15 + 0.8 ns and decay to So in 11 + 0.3 us, hence, experimental
decay of 6.6 + 0.2 x 10" and 8.6 + 1.0 x 10* s2, respectively.

The recovery of the ground state could occur by unimolecular deactivation to (Sp) or via

annihilation with another TIPS-Pn-Me molecule in either (So) or (T1) state, processes that are

15



strongly concentration dependent. Triplet-triplet annihilation is thus only meaningful in the
regime of high SF quantum yield, but, it is typically outperformed by collisional deactivation
with a TIPS-Pn-Me molecule in (So).

Finally, a comparison of singlet excited-state lifetimes and triplet excited-state populations
between (TIPS)2-Pn and TIPS-Pn-Me is instructive. Namely, the (S1) lifetime is affected by
the degree of steric protection of the pentacene core by the appended functional group. At a
concentration of 1.0 x 107 M, the lifetime of TIPS-Pn-Me is less than 5 ps and, in turn, leads
to a faster transition to an “excimer” state and electronic coupling between TIPS-Pn-Me. In
our model, all other states, with the exception of ((T1) + (T1)), proceed with nearly identical
dynamics in both (TIPS)2-Pn and TIPS-Pn-Me. Lifetimes and rates, which are only detected
for (TIPS)2-Pn and TIPS-Pn-Me, are assigned as direct effects of functional groups at the 6-
and 13-positions of the pentacene and are in line with the lack of triplet excited-states in TIPS-
Pn-H. The fate of TIPS-Pn-H is likely a result of the unprotected pentacene moiety that
facilitates competing quenching mechanisms such as cyclization reactions or oxidative
degradation processes. In the absence of steric shielding, the pentacene skeleton is chemically-
reactive and unstable for the required strong and stable, electronic coupling. 44045

6. Theoretical and Computational Analysis

For the theoretical characterization of SF in the systems investigated, we have used different
conformations of (TIPS)2-Pn, TIPS-Pn-Me, and TIPS-Pn-H obtained from the corresponding
X-ray crystallographic data as reference structures (Figure 11). For high concentrations, this
choice is sensible as it can be expected that these geometrical arrangements will be preferred
over other less stable configurations under appropriate experimental conditions.

To reduce the computational cost, the iPrsSi-groups have been modeled using HsSi-groups. The
different electronic states involved in the SF mechanism have been characterized in both the
adiabatic and diabatic representations for all systems investigated. All the calculations were
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carried out using the extended multiconfiguration quasi-degenerate perturbation theory
(XMCQDPT) approach®®! and a double ¢-basis set (see SI).*”) In the calculations, solvent
effects have not explicitly been accounted for. However, previous works have shown that in
vacuo calculations can provide a qualitatively correct description of the SF process, in particular

when nonpolar solvent are used.[16:3948.491

(TIPS) -Pn (A) ' (TIPS) -Pn (B)

> ' W
TIPS-Pn-Me

U S
s A
e

TIPS-Pn-H (A) TIPS-Pn-H (B)

Figure 11. Geometrical arrangement of the pentacene dimers investigated based on

crystallographic analyses — Figures S1 and S2.

Our results show good agreement between the vertical excitation energies calculated for the
lowest-lying bright states of (TIPS)2-Pn, TIPS-Pn-Me, and TIPS-Pn-H and the experimental
absorption maxima (Table S1). In particular, the vertical excitation energy of the lowest-lying
bright state of (TIPS)2-Pn in both the (A) and (B) conformations, 1.82 and 2.01 eV, respectively,

agrees well with the experimental value found for the absorption maximum, 1.94 eV. Similar
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agreement is found for the absorbing states of both conformations of TIPS-Pn-H (Table S1),
which are in line with the experimental value 2.03 eV. Finally, the vertical excitation energy of
1.98 eV for the absorbing state of TIPS-Pn-Me corresponds well with that of determined from
experiment, 2.03 eV. Concerning the distribution of the different low-lying electronic states,
the multi-excitonic (ME)-like and the locally excited (LE)-like states are almost degenerate in
all systems, with energy differences of ~0.1 eV. On the other hand, the order and relative
energies of the doubly excited (DE) and charge-transfer (CT) states are more sensitive to
changes in the relative geometrical arrangement of the monomers in the dimer and differ
significantly from system to system (Table S1).

We have calculated, and present herein in a simplified notation, the relevant diabatic electronic
states and the corresponding electronic couplings for the conformations under consideration, in
order to better understand the mechanism of SF in these systems. This analysis was made using
Truhlar’s four-fold-way diabatization method.*®5! The diabatic basis set employed includes a)
the ground state (So-So), b) the correlated triplet pair (or ME) state (T1-T1) in which a triplet
electronic state is localized in each monomer and coupled to form a singlet electronic state, c)
the locally excited (LE) states (S1-So) and (Se-S1) in which the excitation is localized in one of
the monomers, and d) the CT states (CA) and (AC) where C and A stand for the one-electron
oxidized radical cation and the one-electron reduced radical anion form of the pentacene
derivatives, respectively. Because of energy considerations, two doubly excited diabatic states
(D-E)1 and (D-E), were also included. (5634521

Tables S2-S4 collect the diabatic electronic Hamiltonian for the systems investigated. In all
systems, the electronic coupling of the multiexcitonic (T1-T1) state with the LE (S1-So) and (So-
S1) states is small, reaching a maximum value of ~9 meV for TIPS-Pn-Me. The electronic
coupling of the CT states, (C-A) and (A-C), with the (T1-T1) state exhibits more complex
behavior. Specifically, these couplings show a clear dependence on the relative orientation of
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the monomers as well as the intermolecular distance between them. Thus, the largest couplings
are found for the dimers that are characterized by the shortest intermolecular distances and in
which the monomers are slipped-stacked ((TIPS)2-Pn (A)) or partially staggered (TIPS-Pn-
Me). In contrast, dimers with the largest intermolecular distances [(TIPS)2-Pn (B) and TIPS-
Pn-H (B)] exhibit the weakest coupling. In addition, the relative energies of (C-A) and (A-C)
with respect to (T1-T1), (S1-So), and (Se-S1) also increase due to the smaller contribution of the
Coulomb interaction between C and A to the total energy of the CT states.

To investigate the impact that conformation has on the SF mechanism and to assess the role of
CT states in the process, we have quantified the contribution of the direct and mediated
mechanism calculating the effective SF coupling, Vs, of (S1-So) to (T1-T1) or (So-S1) to (T1-
T1) — equation S1, see Supporting Information for details.5*54 The results obtained are
collected in Table S5 and show that dimeric pairs with the largest intermolecular distance and
the smallest © overlap density ((TIPS)2-Pn (B) and TIPS-Pn-H (B)) have negligible direct,
mediated mechanisms, and, therefore, effective SF couplings for both LE states. The remaining
dimers, characterized by shorter intermolecular distances, have non-negligible effective
couplings, with the main contribution arising from the mediated mechanism. These results are
consistent with a superexchange-like mechanism, in which the CT states act as virtual states in
the SF process.[®54%°] Considering that the CT states in these systems do not lie too high in
energy with respect to the LE states (<0.4 eV, see Table S5), possible transient population of
the CT states could eventually take place in polar solvents or if the neighboring chromophores
are sufficiently close to stabilize the CT states with respect to the LE states.

7. Conclusions

In the current work, we have explored three pentacene derivatives within the context of
intermolecular SF by means of advanced photophysical measurements, global analysis
modeling, as well as ab-initio calculations. We have demonstrated that the triplet excited-state
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population and deactivation are affected through variation of the functional groups appended to
the acene core. Key to the differences is the rate of diffusional encounter between one pentacene
in its singlet excited-state and another in its ground state, which gives rise to excimer
characteristics. Our work corroborates earlier work on pentacene derivatives, for which SF is
sufficiently exergonic, but contrasts work on slightly endergonic SF in tetracene derivatives.
Specific mechanistic conclusions are based on spectroscopic analyses of chromophore
concentrations ranging from as low as 1.0 x 1073 to as high as 1.0 x 10~ M and corroborate SF
under the conditions of our experiments. On the other hand, the susceptibility of the pentacene
moiety to undergo photo-induced cyclization at the 6- and 13-positions is known in literature
and becomes problematic in more concentrated solutions. For optimization of SF, it is thus
advantageous to incorporate substituents at the 6- and 13-positions to stabilize the pentacene
chromophore through preventing in situ reactivity. This is important for future modification of
acenes for energy conversion schemes, as previously noted. %58l

Based on fluorescence assays, a newly developing species in the high-concentration regime is
of great relevance. The observed species resembles that of an excimer-like state, whose
existence is independently confirmed in fSTA assays and indicates that the exothermic SF
involves a diffusive, excimeric intermediate state. Theoretical calculations suggest a strong
coupling between the singlet excited-state and a CT state, which results in the efficient SF. This
singlet excited-state transforms into the non-emitting triplet excited-state (T1-T1) featuring an
overall spin multiplicity of one. In complementary nsTA assays, we corroborated that the non-
emitting, triplet excited-states, which are strongly coupled and entangled, undergo processes
that result in a pair of triplet excited-states. Ultimately, a pair of independent triplet excited-
states ((T1) + (T1)) is formed. In the final step, namely recovery of the ground state, annihilation

via interaction with a ground-state or a triplet excited-state species dominates.
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With respect to the impact that structural factors may have on the SF mechanism, the high-level
multi-reference perturbation theory calculations carried out in this work show that the direct
coupling is small. Furthermore, our calculations show a correlation of the electronic coupling
of the ME and LE states with the relative orientation and distance between the monomers.
Specifically, the largest coupling is found for those dimer structures with the shortest
intermolecular distances and in which the monomers are distorted from a stacked-like
conformation to with a slipped-stacked or to a partially staggered arrangement. As a result,
these calculations point to a mediated superexchange-like mechanism as the main reaction
channel for SF, which lends itself to external control using a suitable polar solvent or to the use
of substituent groups with different degrees of bulkiness and/or steric hindrance.

It is important to remark that not all the pentacene derivatives examined in this study undergo
SF as photodegradation sets in. This finding highlights the importance of strategic synthetic
functionalization with groups as small as a methyl moiety can enable SF and avoid
photodegradation.[®® | We are currently probing intermolecular SF with solid-state samples of
the various pentacene derivatives, with an emphasis on the crystal packing as a means to control
the dynamics and the yield of SF.

CCDC 1815873 (ketone 1), 1812258 (TIPS-Pn-Me), 1839937 (endoperoxide S2), and
1815872 (TIPS-Pn-H) contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif. Further details of the crystal structure investigation(s)

may be obtained by contacting the author (RRT)

Supporting Information

Supporting Information is available from the Wiley Online Library or from the authors.
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