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Three pentacene dimers have been synthesized to investigate the effect of molecular rotation and
rotational conformations on singlet fission (SF). In all three dimers, the pentacene units are linked by
a 14-diethynylphenylene spacer that provides almost unimpeded rotational freedom between the
pentacene- and phenylene-subunits in the parent dimer. Substituents on the phenylene spacer add
varying degrees of steric hindrance that restricts both the rotation and the equilibrium distribution of
different conformers; the less restricted conformers exhibit faster SF and more rapid subsequent triplet-
pair recombination. Furthermore, the rotational conformers have small shifts in their absorption spectra
and this feature has been used to selectively excite different conformers and study the resulting SF.
Femtosecond transient absorption studies at 100 K reveal that the same dimer can have orders of

magnitude faster SF in a strongly coupled conformer compared to a more weakly coupled one.
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Accepted 3rd April 2022 Measurements in polystyrene further show that the SF rate is nearly independent of viscosity whereas
the triplet pair lifetime is considerably longer in a high viscosity medium. The results provide insight into
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Introduction

Singlet fission (SF) is the process of splitting one exciton of high
energy into two excitons of lower energy. One excited molecule
or chromophore of singlet multiplicity, generated by absorption
of one photon, can by SF create two excited molecules of triplet
multiplicity. Implemented in photovoltaics, for example, the
excess energy of high energy photons typically lost could be
used to generate an extra charge carrier. By that, SF has the
potential to increase the solar energy harvesting efficiency of
photovoltaics beyond the Shockley—Queisser limit.* Being
a fast and spin allowed process, the rate of SF can outcompete
other decay channels from the singlet excited state, leading to
high efficiency and high SF quantum yield, where the maximum
quantum yield is 200%. The details of the mechanism of SF are
not fully understood, but the overall process can be described as
an electronic interaction between a molecule in its singlet
excited state with a molecule in its singlet ground state resulting
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in a spin-correlated pair of molecules, both in the triplet excited
state but with overall singlet multiplicity," (T,T;). Dissociation
of the triplet pair by molecular diffusion in solution,® by exciton
migration in oligomers/polymers* and crystals,” together with
spin decorrelation,® can subsequently result in two independent
triplet excitons (T; + T;). One of the most important require-
ments for a molecule to undergo SF is that the energy of the
triplet excited state should be equal to or less than half of energy
of the singlet excited state, although endothermic SF has been
reported.”®

In the limited range of molecules that fulfil the requirements
for SF, pentacene and its derivatives are one of the most studied.
Due to the short lifetime of the singlet excited state (nanosec-
onds), SF is only observed in systems where the chromophores
are in close contact, such as in dimers or polymers of covalently
connected chromophores, in crystals, or in highly concentrated
solutions. One factor that has been predicted to be highly
important for the rate and efficiency of SF is the relative
orientation of the two chromophores undergoing SF because
the molecular orientation decides the strength and nature of
the electronic coupling between the chromophores.*™
Compared to intermolecular SF of monomeric systems in
solution, where SF can occur in a broad range of collision-
complex conformers, intramolecular SF between covalently-
linked chromophores in a more well-defined molecular struc-
ture provides the possibility to analyze how SF depends on
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molecular orientation. The simplest model system for studying
intramolecular SF is the molecular dimer. Several studies of
pentacene dimers, connected in different positions and with
various linking groups, have been published.>*” Although the
published studies have contributed with understanding and
mechanistic insight into the SF process in the respective
systems, there is no unified model about the detailed mecha-
nism of SF. For example, SF in pentacene dimers have been
described both as a direct process*® or as a sequential process
where a charge transfer state'®?° (virtual**** or populated*) and/
or various triplet pair states of overall singlet or quintet multi-
plicity and of various degrees of spin correlation, act as inter-
mediates.”>** Based on the conclusions from several studies of
SF in monomers and dimers of acenes, the exact mechanism of
SF is best described as system dependent. A consensus has been
reached, however, that the correlated triplet pair (T,T;) result-
ing from the initial SF event must be regarded as a real inter-
mediate state distinct from the final pair of individual triplets,
(Ty + T4).>** For the sake of clarity, SF will in this article from
now on refer to the initial step of formation of a correlated
triplet pair (T, T,) from the initially photoexcited singlet excited
state localized on one of the chromophores. The rate of SF in
a dimer can be ultrafast (femtoseconds) due to the close prox-
imity and strong electronic coupling between the chromo-
phores. However, the spin decorrelation and dissociation of the
triplet pair to individual triplets may be the rate limiting step in
the overall process of triplet generation by SF. Further, decay to
the ground state by recombination of the triplet pair can be the
limiting factor for the efficiency of the overall process. Both the
rate of SF and the rate of triplet recombination depend on the
electronic coupling between the chromophores, but not neces-
sarily in the same way. Optimizing the electronic coupling in
a SF dimer is thus about finding the optimum of efficient SF and
slow triplet recombination to enable highly efficient free triplet
generation. Molecular dimers used for the investigation of SF
are usually regarded as well-defined static systems in which the
molecular structure defines the electronic coupling between the
chromophores. However, even though the dimer is defined by
its structure, it can possess a range of conformers with varying
degree of electronic coupling.”®* Rotational and conforma-
tional relaxation in the excited state, and its influence on the
decay channels from the triplet pair state, has garnered atten-
tion in the SF field. A recent study investigated the SF kinetics in
a set of pentacene dimers where the relative orientation of the
pentacene moieties was controlled by changing the connection
position.** Other studies have described effects on SF from
intramolecular rotation and rotational conformers. A detailed
description of structure-function relationship for pentacene
dimers has not, however, been described.!®331:32

Herein, we present an experimental investigation on the
rates of SF and triplet recombination in a set of three pentacene
dimers in which the angle of the linker relative to the pentacene
units is controlled by functionalization of the bridging unit,
while the connection position of the three dimers remains
identical. This design allows us to carefully study the effects of
rotational conformers and rotational freedom in the excited
state. The molecular structure of the three pentacene dimers
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PD1-3 is illustrated in Scheme 1. The pentacene units are linked
by a 1,4-diethynylphenylene spacer in which the two triple
bonds provide, in principle, nearly unrestricted rotational
freedom between the pentacene- and phenylene-subunits. For
PD2-3, the phenylene spacer has been modified with 2,5-
substituents that result in a more twisted configuration and
restricted rotational freedom due to steric hindrance. Herein,
we show that the rate of SF is strongly dependent on the dihe-
dral angle of the conjugated components of the dimer-bridge
system. Furthermore, small differences in excitation energy
between rotational conformations have been used to selectively
populate different excited conformers and examine SF as well as
the subsequent triplet recombination. We have discovered that
excitation of the lowest energy conformation results in ultrafast
SF due to the large coupling between the pentacene moieties
whereas excitation of less coupled conformers yields much
slower SF and slower recombination. The triplet pair decay has
been investigated in high viscosity media, and we demonstrate
that the rate of triplet recombination is highly dependent on the
rotational freedom of the dimers.

Experimental
Synthesis

A series of pentacene dimers was synthesized via a general, two-
step procedure (Scheme 1).** A two-fold Sonogashira coupling
reaction based on the appropriate dihaloarene 1a-c¢ and pen-
tacene precursor 2 was used to construct the dimeric frame-
work. The resulting product (not shown) was then subjected to
SnCl,-mediated reductive aromatization® (see Section 1 in the
ESIf for full details). The products were purified by crystalliza-
tion (PD1) or column chromatography (PD2, PD3) and were
isolated in acceptable yield as blue solids. While PD1-3 are
sensitive to light when in solution, resulting in partial decom-
position over a period of days, they are stable indefinitely as
pure solids.

Spectroscopy

Steady state absorption measurements were recorded with
Varian-Cary 50 Bio and 4000 spectrophotometers. The emission
spectra were obtained with a Spex Fluorolog 3 spectrofluorom-
eter from JY Horiba. Cryogenic temperature measurements
were performed by using a temperature controlled liquid
nitrogen cryostat (Optistat-Oxford Instrument). Nanosecond
transient absorption spectra were recorded using an Edinburgh
Instrument LP 980 spectrometer and femtosecond transient
absorption were carried out with an amplified Ti:sapphire laser
system with an output of 800 nm, 1 kHz and ~200 fs pulse
width. A more detailed description of the setups used for the
photophysical characterization as well as the kinetic analysis is
provided in Section 2 in the ESIL.}

Computational details

Full details on the computational part can be found in Section 2
in the ESI.T Briefly, the computational analysis was performed
using the Gaussian 16 program package.*® Density functional

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthesis of pentacene dimers PD1-3 and structure of the monomer PM (yields of PD1-3 are over two synthetic steps from la—-c,

respectively).

theory (DFT) with the B3LYP functional and the 6-31G(dp) basis
set was used to calculate the lowest energy conformations. Time
dependent DFT (TD-DFT) was subsequently used with the CAM-
B3LYP functional and the 6-31G(dp) basis set to calculate the
electronic transition of various rotational conformers of the
molecules in vacuum.

Results and discussion

In the following subsections, a thorough characterization of the
pentacene dimers is presented. Theoretical calculations of the
rotational freedom and lowest energy conformations of the
dimers are followed by experimental investigation of the SF rate
and its dependence on these parameters. Then, we show that it
is possible to selectively excite different rotational conformers
at cryogenic temperatures, which display varying electronic
coupling strength between the pentacene units. Finally, the
triplet-pair decay and its dependence on dihedral relaxation are
discussed.

Steric hindrance restricts rotational freedom

To support the hypothesis that the different substituents on the
phenylene bridge result in various rotational conformers of the
dimer-bridge system, theoretical calculations using density
functional theory (DFT) were performed (see Section 2 in the
ESIT for details). The rotational freedom about the acetylenic
groups in the bridge was investigated by calculating the
potential energy of the conformer at different angles of the
pentacene units relative to the phenylene bridge, Fig. 1a. To
save computational time, the potential energy of rotation was

© 2022 The Author(s). Published by the Royal Society of Chemistry

calculated by scanning over the dihedral angle between one of
the pentacene units and the phenylene spacer in a relaxed scan,
i.e., by freezing the dihedral angle between one of the pentacene
units and the phenylene spacer and letting all other coordinates
relax to find the energy minimum. The scan was performed with
a step size of 10° and was initiated from the lowest energy
structure of each compound (found from an unrestricted opti-
mization) corresponding to the global minimum of the
respective potential energy curve in Fig. la. The calculated
potential energy is a result of steric hindrance and 7-conjuga-
tion, acting as repulsive and attractive forces between the pen-
tacene- and phenylene-units, respectively. This results in one or
more energy minima in the potential energy curve, separated by
a rotational energy barrier. The structure of the conformer(s)
corresponding to each minimum found in the dihedral scan is
shown in Fig. 1b. In this dihedral scan, PD1 only shows one
energy minimum corresponding to a planar structure that
includes both pentacene units and the phenylene linker. For
PD2 and PD3, which have bulky substituents on the phenylene
bridge, two energy minima are found in this scan - one global
and one local. In the optimized structure of PD2 (the global
minimum), the pentacene units are close to being orthogonal
and show a pentacene-phenylene angle of 42°. The local
minimum of PD2 is at only slightly higher energy (ca. 5 meV),
and in this conformer the pentacene units are nearly coplanar
and with a pentacene-phenylene angle of 132°, i.e., the same
angle as for the global minimum (90° + 42° = 132°). For PD3,
having the bulkiest substituents on the phenylene spacer, the
pentacene units in the global minimum structure are almost
coplanar and the phenylene spacer is twisted approximately
100° with respect to the pentacene units. Due to the large and
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Fig. 1 (a) Potential energy landscape scanning over rotation of one
pentacene—phenylene dihedral angle. Thermal energy at 295 K is
highlighted by the shaded area. (b) Optimized structures of PD1-3
corresponding to the global and local minima in (a). PD1 has one global
minimum in which it adopts a totally coplanar structure. PD2 and PD3
have at least one local minimum in addition to their respective global
minima as shown in the right column in (b). An additional local
minimum of PD3 is presented in Fig. S3.8.F

bulky substituents, the local minimum conformer has a bent
pentacene-phenylene bridge. Space filling models which are
presented in Fig. S3.1-4f provide a clearer picture of the degree
of steric hindrance in the different dimers. The structures of
PD1-3 in the solid state have been analyzed by X-ray crystal-
lography, which support the validity of the calculated lowest
energy conformations (see Fig. S3.5-7 and Section 3 in the ESIt
for full details). The energy barrier of rotation seen in Fig. 1a is
on the order of 2-3 times the thermal energy at room temper-
ature for PD1 and PD2, and approximately 10 times thermal
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energy for PD3. The relatively low energy barriers implies that
there exists a broad distribution of rotational conformers for all
three dimers at room temperature, although it must be slightly
narrower for PD3. It should be highlighted that the potential
energy curves presented in Fig. 1a cannot possibly describe all
possible conformers of PD1-3, because it is only a scan over one
out of the two dihedral angles defining the relative orientation
of the pentacene moieties and the phenylene bridge. To map
the full conformation space, a multi-dimensional scan must be
performed, creating a multi-dimensional potential energy
surface, where other local energy minimum conformers might
exist. This is particularly true for the more sterically crowded
dimer and an example of such local minimum conformer found
for PD3 is shown in Fig. S3.8.f This conformer has the penta-
cene units arranged in a nearly coplanar geometry with the
phenylene bridge at only approximately 22-38° relative the
pentacene units. Even though it is much closer to a totally
coplanar geometry compared to the global minimum of PD3
shown in Fig. 1b, this conformer is only at ~8 meV higher
energy than the global minimum. Thus, this conformer, and
potentially many other low energy local minima conformers
that were not found in the simplified dihedral scan, will be
present in sample at thermal equilibrium at room temperature.

The broad distribution of rotational conformers can quali-
tatively explain the significant broadening of the absorption
bands for PD1-3 compared to the monomer, as seen in the
spectra presented in Fig. 2. In addition to the broadening, some
additional absorption bands seem to appear in the red end of
the absorption spectrum of PD3. This could be interpreted as an
indication of formation of aggregates. However, all three pen-
tacene dimers show virtually the same spectral shape inde-
pendent of solvent polarity when measured in toluene, 2-
methyltetrahydrofuran ~(MTHF), and benzonitrile (see
Fig. $8.31), which is a clear indication that the additional bands
are not due to aggregates (further evidence regarding lack of
aggregation is presented below). Relative to the pentacene
monomer, PM, the absorption maxima and absorption onset
are red-shifted for PD1-3, indicating a substantial and varying
electronic interaction between the pentacene units.***” The

electronic coupling between chromophores linked by

] ‘/\A/\ PM
é’ ] T T T T PD1
S
% _ | I_/~/I\/\I PD2
[0}

2 ] 4/_/\/\,\ PD3
41‘)0 5(|)0 6(|)0 7(‘)0 800

Wavelength (nm)

Fig. 2 Ground state absorption spectra of the monomer, PM, and
dimers PD1-3 in toluene at room temperature.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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phenylenes has previously been shown to be highly dependent
on the dihedral angle with a more coplanar geometry displaying
the strongest coupling.®® In the next section, we investigate the
influence of the different phenylene-bridge substituents for the
three dimers on the SF dynamics.

Rotational conformations and rotational freedom control the
rate of singlet fission

Femtosecond transient absorption (fSTA) spectroscopy was
used to characterize the excited-state dynamics of PD1-3. Fig. 3
shows the room-temperature fsTA spectra and the correspond-
ing evolution associated spectra (EAS) of PD1-3 in toluene at
room temperature following excitation into the singlet excited
state at 612 nm. The absorption of the singlet excited state at
445 and 510 nm is discernible immediately following excitation
for all dimers.®> The early spectra also exhibit overlapping
ground state bleach and stimulated emission centered around
675 nm. The blue shift of this negative feature at longer time
delays will be explained in the next section. At later time delays,
the spectra evolve as the initial excited state absorption bands
decay and a new signal grows in with a characteristic excited
state absorption band at around 500 nm. Global analysis using
a two-component sequential model (see Section 2 in the ESIt for
more details) fits the data satisfactorily and results in the EAS in

a) 1000 0.09 0.0025

m
&
[0
i=
=

C) 1000

g 100
o
£
&

8

4

0

€) 1000

g 100
[0
£
E

(= e

600 650 700
Wavelength (nm)

View Article Online

Chemical Science

Fig. 3 with time constants included in the figure of each dimer.
The first component is assigned to the singlet excited state, S;Sy,
where one of the pentacene units is in the singlet excited state
and the other is in the ground state. The second component is
very similar for all three dimers and is assigned to the correlated
triplet pair (T, T,). The assignment of this signal is based on its
similarity to other reported pentacene-dimer systems* and is
also confirmed by triplet sensitization measurements shown in
Fig. S4.1.1 The overall spin multiplicity of the triplet pair is
likely of singlet character, at least in the early stages, as previ-
ously reported for other dimeric pentacene systems.”” The
multiplicity term is omitted in the discussion herein since we
lack access to techniques such as electron paramagnetic reso-
nance (EPR) used to accurately distinguish different spin
multiplicities.* The conversion of S;S, to T;T; occurs on time
scales too fast to be a result of intersystem crossing in the
absence of heavy atoms. Consequently, it follows that the triplet
formation is a result of rapid intramolecular SF. The observed
triplet lifetime is shorter by more than four orders of magnitude
in comparison to the triplet excited state lifetime of the
monomer (24 ps).* This difference indicates that triplet-pair
decorrelation is inefficient and outcompeted by triplet recom-
bination and decay to the ground state, which is similar to what
has been seen for other strongly coupled dimer systems.'>*!

— S5,
0.10+ _ —_—T,T.
TS,8,-TT,= 1.3 ps 1
0.05- TT,T, > GS =13.0ps
3 0.00 =)
-0.10
450 500 550 600 650 700
d) 0.15
—_S,S,
—TT
0.10- th
TS,SeoTyT;= 12.7 ps
2: 0.05- TT,Ti > GS =94.1ps
0.00 — =~
-0.10 : : : : : -
450 500 550 600 650 700
0.084 — 5,8,
0.06 Tl
< 0.04 T8;8p—-T;T,= 24.3ps
< =
0.02 TT,T, > GS =199.0 ps
0.00 —
_—
-0.02

450 500 550 600 650 700
Wavelength (nm)

Fig. 3 Room temperature transient absorption spectra and corresponding evolution associated spectra (EAS) of dimers (a and b) PD1, (c and d)
PD2, and (e and f) PD3. All three dimers were successfully fit to a two-component sequential model (SoS; — T1T; — ground state (GS)) using
global analysis with components and lifetimes indicated in the figure. The measurements were performed in toluene with a pump pulse at
612 nm and the pump scatter near the excitation wavelength has been removed for clarity.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Notably, the rate of the formation and decay of the triplet pair is
the largest for PD1, followed by PD2, and finally PD3, and hence
it follows a trend of slower rates for the rotationally restricted
dimers, akin to observations made for pentacene dimers with
connection at the 2,2'-position.®** The observed variation in
rate of SF and triplet decay could potentially be an effect of the
trialkylsilyl substituents altering the energetics of the phenylene
linker. However, from a comparison of experimental results
with calculated excited state energies of the phenylene linkers,
this effect can be disregarded (see ESIt Section 5 for details).
Measurements in the more polar solvent benzonitrile (e = 26)
are shown in Fig. S6.1f and yield comparable transient
absorption spectra to those in toluene (¢ = 2.4). From the
calculated rate constants in benzonitrile and toluene, summa-
rized in Table S6.1,t it is evident that the rate of SF is slightly
increased in the more polar environment suggesting that the
fission is mediated by a charge transfer state.>®*> Since there is
neither a charge transfer species observed in the fsTA spectra
nor any major differences between the spectra in toluene and
benzonitrile, we conclude that the charge-transfer state is likely
a virtual intermediate.”** In the following sections we will
demonstrate that the SF dynamics depend not only on the
substituents attached to the phenylene-bridge unit, but also on
the excitation wavelength.

The dimer absorption spectra are composed of contributions
from different rotational conformations

As mentioned earlier, closer inspection of the absorption
spectra of the dimers PD1-3 in Fig. 2 reveals that not only are
the bands red-shifted compared to the monomer, but they are
also significantly broadened. The broadened absorption bands
can be explained by the presence of different rotational
conformers with slightly different excitation energies.**** This
hypothesis is supported by the dihedral scan in Fig. 1a, which
can be directly related to the distribution of rotational confor-
mations that are present at different temperatures. At room
temperature, a large range of conformers are available to PD1,
PD2, and PD3. However, the probability distribution is signifi-
cantly narrower at cryogenic temperatures (Fig. S7.11). Lowering
the temperature should therefore allow for more selective
excitation of different rotamers. Upon cooling samples of the
dimers PD1, PD2, and PD3 from 295 K to 100 K dissolved in
MTHEF, the absorption spectra undergo drastic changes as seen
in Fig. 4. For all three pentacene dimers, the absorption bands
become narrower and additional bands that were under-
resolved at room temperature are revealed. Notably, the red
edge of the lowest energy absorption band grows significantly
for all dimers upon cooling. From Fig. 4 we can see that for PD1
at 100 K, the lowest energy absorption band is split into one
intense peak at 697 nm with a smaller shoulder at 676 nm.
Because the lowest energy conformation of PD1 is the totally
planar structure shown in Fig. 1, it is reasonable to assign the
most redshifted and intense absorption peak to a more
coplanar structure with high electronic coupling between the
pentacene units. The lower energy absorption shoulder can,
with the same argument, be assigned to conformers with more
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Fig. 4 Ground-state absorption spectra of dimers PD1-3 in MTHF at
temperatures ranging from 295 to 100 K.

twisted structure with lower electronic coupling. Similar argu-
ments can also be used for PD2 and PD3 in assigning the red-
shifted absorption bands to the conformers with higher elec-
tronic coupling, which likely are the more coplanar conformers.
Specifically, the local energy minima of PD3 discussed previ-
ously and shown in Fig. S3.87 is expected to have relatively high
pentacene-pentacene electronic coupling due to the small
dihedral angles between the pentacene moieties and the phe-
nylene bridge. This conformer is thus likely to show a more red-
shifted absorption onset compared to the more twisted global
energy minimum conformer shown in Fig. 1b. Noticing again
that this conformer has a ground state energy only ~8 meV
above the global minimum conformer, it is likely to be present
in a sample at thermal equilibrium also at 100 K (kg7 = 8.6 meV
at T=100 K). Even though we can speculate that this conformer
is likely to contribute to the most red-shifted bands in the low
temperature absorption spectrum of PD3, it is not possible to
assign an absorption band to any specific conformer based on
this data due to the complexity of the conformation potential
energy surfaces of the pentacene dimers (vide supra).
Considering that the monomer, PM, is known to exhibit
aggregation induced absorption in this wavelength region,>***
we carefully investigated the concentration dependence of the
absorption spectra and concluded that the growth of the red
edge band is independent of concentration in the range that the
transient absorption measurements were conducted in
(Fig. S8.1, 30 puM). Furthermore, flash-freezing very dilute
dimer solutions in MTHF by submerging the cuvette in liquid
nitrogen results in an absorption spectrum that is identical to
the 100 K spectra where equilibrium has been allowed to be
reached stepwise at intervals of 50 K from room temperature,
see Fig. §8.2.7 The low temperature absorption spectra of PM
further shows that the red-shift and growth of the lowest energy
band also occurs for the monomer (see Fig. S9.1%1). These
observations taken together indicate that the red edge absorp-
tion growth does not stem from aggregation, and we therefore
conclude that all measurements in solution are of isolated
molecules. Furthermore, the discussion regarding the different
absorption bands corresponding to different rotational
conformations of the dimers is supported by a comparison of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the room temperature absorption and fluorescence excitation
spectra, Fig. $10.1.1 The quantum yield of fluorescence is very
low for all three dimers, and additionally, from the excitation
spectra, it is evident that the species responsible for the lowest
energy absorption bands are essentially non-emissive. This
suggests that the non-emissive bands correspond to a subpop-
ulation of the pentacene dimers in which the singlet excited
state is heavily quenched by a non-radiative decay mechanism.
As discussed in the next section, this subpopulation could be
a rotational conformer for which the fluorescence is quenched
by ultrafast SF. This hypothesis is supported by the fsTA
measurements in Fig. 3 where the ground-state bleach signal at
675 nm blue shift at longer time delays. The blue shift is likely
a result of red-shifted conformers undergoing SF much faster
than the less coupled, blue-shifted conformers which are still in
the singlet excited state.

Selective excitation of rotational conformations results in
different rates of SF

A pump pulse at 612 nm, which was used in the room-
temperature fSTA measurements shown in Fig. 3, likely results
in excitation of multiple conformers since the different rota-
tional conformations have vibronic progressions that overlaps
at shorter wavelengths. To elucidate whether selective excitation
of different rotamers is possible, we investigated the SF rate and
subsequent triplet-pair decay with different excitation energies
at 100 K using fsTA. The upper panel in Fig. 5 shows the 100 K
fsTA decay traces of the PD1 triplet excited state at 505 nm with
three different excitation wavelengths starting at the lowest
energy vibronic peak of the absorption spectra at 697 nm fol-
lowed by the shoulder of the growing band at 676 nm and finally
the second band at 628 nm. The full details and spectra of the
excitation energy dependent fsTA measurements are presented
in Section 11 in the ESL{ The fits presented in Fig. 5 are based
on single wavelength kinetics which is deemed sufficient for
a qualitative assessment of the triplet kinetics. However, Section
11 in the ESIf also contains global analysis of the cryogenic data
for a more complete picture of the kinetics. With an excitation
energy of 697 nm, the formation of the triplet state occurs
within the instrument response time (~300 fs). The excited state
absorption band at 445 nm corresponding to the initial singlet
excited state is barely resolved, and the remaining signal is very
similar to the spectrum previously assigned to the T;T; state,
see Fig. S11.1.1 Triplet pair decay is also very fast with a lifetime
of only 3.1 ps. In contrast, when shifting the excitation wave-
length to 676 nm (a shift of only 450 cm™ ") both the charac-
teristic absorption of the singlet and the triplet are observed
and, notably, they both persist much longer (triplet pair lifetime
~350 ps) than in the case of excitation at 697 nm. This suggests
that excitation at 676 nm results in population of a more weakly
coupled excited conformer. Excitation at 628 nm accesses
another conformer, or possibly set of conformers, that also
displays slower SF rate and longer recombination time than the
conformer excited at 697 nm. The SF of PD2 at 100 K presented
in Fig. 5 also exhibits clear dependence on excitation energy.
However, when PD2 is excited at its lowest energy band at

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

Normalized AA
o
()]

0.4
0.2
0.0 +<b———— — — AU -
2 0 2 4 10 100 1000 10000
PD2 Time (ps)

<
<

hel

[0}

X

T

£

[e]

P4

20 2 4 10 100 1000 10000

PD3 Time (ps)

<

<

hel

[0}

N

T

£

[}

4

O Agy =707 nm

A ke =675 nm

0 Ae =651 nm

10 100 1000 10000
Time (ps)

Fig. 5 Transient absorption single wavelength kinetics of the triplet-
pair peak at 505 nm for different excitation wavelengths given by the
legend. The measurements were performed at 100 K in MTHF. Full
details and obtained fitting parameters are presented in Section 11 in
the ESI.

677 nm, there is no evidence of fast and efficient SF as observed
for PD1. Instead, the growth of the triplet excited state
absorption is observed with a rise time of 4.2 ps and decay with
an average lifetime of 800 ps. A possible explanation for this
result could be that PD2 does not adopt a strongly coupled
structure as found for PD1 due to the steric hindrance of bulky
substituents on the phenylene-bridged unit of PD2. This ratio-
nale would also explain why the absorption spectra of PD2
(Fig. 4) show a weaker red shift and less substantial growth of
the lowest energy band upon cooling. Weaker growth of the
lowest energy band can also be rationalized by the fact that PD2
has two conformational minima close in energy (Fig. 1a), which
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would result in a broader distribution of conformers. Similar to
the behaviour of dimers PD1 and PD2, SF for PD3 exhibits
a clear dependence on excitation energy as evident from the
kinetics at 100 K (Fig. 5). Considering that the triplet-pair of PD2
does not display the extremely fast formation and decay that
was seen for PD1 when excited at the lowest energy band, it is
somewhat surprising that we observe it for PD3 when exciting
its lowest energy transition (707 nm). This observation,
combined with the fact that PD3 shows the most substantial
growth and red shift of the lowest energy absorption band in
Fig. 4, implies that PD3 can adopt a very strongly coupled
conformation, despite being the apparently most rotationally
restricted dimer according to calculations (Fig. 1). This could be
due to the presence of other local energy minimum conformers
that were not identified in the simplified dihedral scan in
Fig. 1a, but whose existence have been verified from further
calculations (Fig. S3.8, vide supra). We further hypothesize that
enhanced electronic coupling between the pentacene units can
be mediated through the silyl substituents on the phenylene
spacer in this highly sterically encumbered dimer (see space
filling models in Fig. $3.3 and S$3.47), similar to previously re-
ported observations* and in line with the effect of hyper-
conjugation between a silyl substituent and an unsaturated
carbon in B-position.***’ Additionally, from the decay trace ob-
tained with excitation at 651 nm (Fig. 5), it becomes apparent
that this excitation wavelength populates the excited state of at
least two distinct conformations of PD3. One of the conforma-
tions appear to display kinetics similar to the strongly coupled
conformer observed with excitation at the red-most band at
707 nm, while the other conformer results in SF and subsequent
triplet pair decay on much longer time scales (>7 ns). It is likely
that the excitation of the strongly coupled conformer for PD3 is
caused by excitation of a higher energy vibronic transition of the
band at 707 nm with the pump at 651 nm. The strong and
rapidly decaying ground state bleach signal at around 707 nm
lends credence to this assignment, see Fig. $11.10.1 The triplet
excited state behaviour when exciting at 651 nm is similar to
that observed when exciting at 677 nm, but with substantially
different rate constants for the different processes, as evident
from the lifetimes in Table S11.1.7F

Theoretical calculations provide insight regarding the
possibility of selective excitation of conformers

In Fig. 6, time dependent density functional theory (TD-DFT)
calculations are presented, in which the lowest energy elec-
tronic transitions of specific conformers are calculated. The
transition energies are plotted together with the absorption
spectrum of PD1 and PM for comparison. For these calcula-
tions, the molecular structure of PD1 was used, but the silyl-
substituents on the pentacene units were omitted and
replaced with hydrogens to save computational time. The pen-
tacene and phenylene subunits were locked in different orien-
tations resembling the optimized structures of PD1-3 (Fig. 1b)
as shown in the graph legend. The energy and oscillator
strength of electronic transitions were calculated under
symmetry restrictions, see Section 2 in the ESIf for details. From
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Fig. 6 Top: lowest energy transitions in different conformations of an
unsubstituted pentacene dimer (PD1, orange, red, blue and green bars)
and the monomer (PM, black bar), calculated using TD-DFT, functional
CAM-B3LYP, basis set 6-31G(dp). The inset illustrates the pentacene—
phenylene—pentacene geometry of the respective conformer. The
shorter colored bars represent the phenylene-bridge unit at different
dihedral angles and the longer grey bars represent the pentacene
moieties. Note that the blue and red conformations (6 = 45°) have very
similar transition energies and oscillator strengths causing their bars to
overlap. Bottom: steady state absorption spectra of PD1 (dashed) and
PM (solid) in toluene.

Fig. 6 it is evident that the level of theory used here gives a good
agreement with experimental results, as the calculated transi-
tions matches well with the lowest energy absorption band of
both PD1 and PM. It should be noted that the calculations do
not take vibrations into account. Therefore, the calculated
transitions only show discrete energies without the vibrational
progression that is seen in the experimental absorption spectra.
From Fig. 6 we can see that the fully coplanar conformer
(orange) has the lowest energy transition. This is reasonable
because this conformer is expected to have the largest electronic
coupling between the pentacene units, both through bond and
space. In comparison, the conformer with coplanar pentacene
units and orthogonal phenylene spacer (green) shows its lowest
energy transition at an energy similar to what is calculated for
the monomer (PM, black), indicating that the through space
electronic coupling between pentacene units is low in the
dimers. Further, the lowest energy transitions of the interme-
diately twisted conformers (blue and red) are very close in
energy and in-between the energy of the lowest energy transi-
tion of the above-mentioned conformers. By comparing the
calculated transition energy of the various conformers in Fig. 6
it can be concluded that the electronic coupling between the
pentacene units is dominated by through bond coupling,
mediated by the phenylene spacer. We encourage other
researchers in the field to perform further computational
studies investigating the role of rotational conformation and
electronic coupling for SF. In total, the computational results
shown in Fig. 6 support the hypothesis that the electronic
transitions of different rotational conformers of the studied
pentacene dimers occurs at different excitation energies. This
further confirms that the varying rates of SF and triplet decay

© 2022 The Author(s). Published by the Royal Society of Chemistry
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depending on excitation wavelength observed in Fig. 5 is indeed
a result of selective excitation of various rotational conformers.

Restricted rotation and its effect on triplet-pair decay kinetics

The fsTA measurements at 100 K in Fig. 5 show that the more
weakly coupled rotational conformers of PD1-3 appear to have
significantly longer lived triplet-pairs relative to the measure-
ments at room-temperature (Fig. 3). This indicates that the
triplet-pair recombination is either a thermally activated
process or that the highly viscous environment at 100 K, near
the glass transition temperature of MTHF,* prevents geometric
relaxation to a more planar geometry, which in turn slows down
the triplet recombination. A more planar chromophore-phe-
nylene-chromophore, and thus a more strongly coupled
conformer, has been previously reported to increase the rate of
triplet recombination.” A comparison of the triplet-pair decay
kinetics of PD1 at 100, 150, and 200 K (Fig. S12.11) reveals that
the lifetime of the triplet-pair is significantly reduced as the
temperature is increased. Increasing the temperature will also
reduce the viscosity, and, consequently, this data suggest that
the dihedral relaxation could have a more substantial impact on
the triplet lifetime than the temperature considering that the
thermal energy is still quite low at 150 K. To gain more insight
regarding the importance of environment rigidity on the triplet-
pair lifetime, we investigated the SF dynamics of the dimers in
polystyrene films at room temperature. Fig. 7 presents the room
temperature triplet-pair kinetics at 505 nm for PD1-3 in toluene
and in polystyrene films following excitation at 612 nm. All
three dimers show similar spectral features in both toluene and
when embedded in polystyrene matrices (full details and
spectra are presented in Section 13 in the ESIt). Due to the
presence of multiple rotational conformers, it is not possible to
fit the kinetics of the polystyrene matrix measurements to
a simple two component model as in the case of the solution
measurements in Fig. 3. A two-component fitting is further
complicated by the possibility of formation of T,T;-states with
different multiplicities with unique decay rates, which is known
to occur on longer timescales.*’ Instead, tail-fits of the triplet
decays are used to compare the recombination rates of the
solution and polymer samples. The triplet-pair of PD1 in poly-
styrene decays with an average lifetime of 298 ps. The lifetime in
toluene solution is comparatively short at only 13 ps. For PD2
and PD3 in polystyrene, the triplet-pair decays with average
lifetimes of 8610 and 7960 ps, respectively. This can, in turn, be
compared to their triplet-pair lifetime in toluene of 98 and 177
ps, respectively. The rate constants for PD1-3 are summarized
in Table $13.1.F It is noteworthy that the recombination kinetics
of the formed triplet pair appear to be more affected by the
restricted molecular motion in polystyrene than the triplet
formation. For instance, the triplet-pair lifetime of PD2 is
increased by a factor of 88, whereas the rise time is approxi-
mately the same in polystyrene as in toluene (9.3 vs. 10.3 ps).
The same trend is seen for PD3, although to a lesser degree. For
PD1, the formation of the triplet-pair is under-resolved in both
polystyrene and toluene, and we still see a clear increase of the
triplet-pair lifetime in polystyrene relative to toluene. The
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Fig.7 Room temperature single wavelength kinetics of the triplet-pair
peak for PD1-3 at 505 nm in toluene (red triangles) and in polystyrene
(blue squares). The measurements were performed with a pump pulse
at 612 nm. Tail-fits of the triplet-pair kinetics reveal significantly longer
triplet-pair lifetime in polystyrene compared to toluene.

results here suggest that the triplet-pair deactivation is more
dependent on the dihedral relaxation to a more strongly
coupled conformation than the actual SF event. This design
parameter could thus be of importance in future technological
applications where it might be crucial to extend the triplet
lifetime while maintaining efficient and fast SF.

Conclusion

In this work, we have experimentally investigated the effect of
pentacene dimer rotational conformers in SF. A set of three
pentacene dimers with varying degree of rotational steric
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hindrance have been used to study both the triplet formation by
SF as well as the triplet recombination. The interpretation of the
experimental results was supported by DFT calculations. By
selective photoexcitation of different rotational conformers, we
have shown that the relative orientation of the SF chromo-
phores is a critical parameter determining the intramolecular
electronic coupling and hence the rate of SF. This effect is most
clearly seen for the dimer with most steric hindrance (PD3)
where the rate of SF varies by three orders of magnitude and the
rate of triplet recombination varies by four orders of magnitude,
only depending on which rotational conformer that initially is
photoexcited. Further, we have shown that triplet formation by
SF is nearly independent of viscosity while the triplet pair life-
time is substantially longer in a viscous medium. This indicates
that the triplet pair decay is mediated by conformational
relaxation in the excited state. The results presented in this
work highlights the importance of controlling both the static
lowest energy molecular geometry as well as the dynamic
molecular reorganization processes when designing molecules
for SF. Finally, we encourage future research investigating
conformational flexibility and relaxation in the excited state as
an additional design parameter in the development of intra-
molecular SF molecules realizing both efficient SF and extended
triplet pair lifetimes.
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