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Diketopyrrolopyrrole (DPP) derivatives have been proposed for both singlet fission and energy

DOI: 00.0000/XXXXXXXXXX

upconversion as they meet the energetic requirements and exhibit superior photostability compared

to many other chromophores. In this study, both time-resolved electronic and IR spectroscopy have
been applied to investigate excited state relaxation processes competing with fission in dimers of
DPP derivatives with varying linker structures. A charge-separated (CS) state is shown to be an
important intermediate with dynamics that are both solvent and linker dependent. The CS state
is found for a subset of the total population of excited molecules and it is proposed that CS state
formation requires suitably aligned dimers within a broader distribution of conformations available

in solution. No long-lived triplet signatures indicative of singlet fission were detected, with the CS

state likely acting as an alternative relaxation pathway for the excitation energy. This study provides

insight into the role of molecular conformation in determining excited state relaxation pathways in

DPP dimer systems.

1 Introduction

Photophysical studies of covalently linked chromophores in so-
lution have the potential to provide additional insight into the
factors that govern singlet fission which cannot be elucidated
from solid-state studies. By studying isolated bichromophoric
molecules in solution rather than thin films of stacked chro-
mophores, complex intermolecular interactions and structural
heterogeneity unique to crystalline and solid state structures can
be eliminated allowing the study of the minimum possible unit
of singlet fission.m® One can also study the role of charge-
transfer (CT) states through variation of the solvent dielectric
constant.®? However, in the absence of the rigid thin-film pack-
ing environment, the flexibility of molecular conformation in so-
lution can add a level of complexity. Only a limited number
of chromophores have been investigated in linked dimers in or-
der to understand the process of singlet fission. Exothermic
systems have received particular attention as the excess energy
(ES| > 2(ETy)) allows a certain degree of energetic flexibility, for
example, if singlet or triplet energy levels are perturbed when
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chromophores come in close proximity, adopting different con-
formations in a thin-film environment, 41011 Diketopyrrolopy-
rrole (DPP) is a biradicaloid molecule, a feature which allows
for a suitably low triplet energy thus making singlet fission en-
ergetically feasible in some derivatives such as 3,6-di(thiophen-
2yl)diketopyrrolopyrrole (TDPP). DPP derivatives have strong
charge-transfer character along with high emission quantum yield
and photostability, and have been shown to undergo efficient sin-
glet fission in thin films.2"15 However identifying intramolecu-
lar singlet fission in dimers of DPP derivatives is less straightfor-
ward compared with non-linked equivalent systems, due to two
main factors. Firstly, it has been shown in previous work that
the spectral features of the key excited state species - the charge-
transfer state, correlated triplet pair and isolated triplet - overlap
strongly. Secondly, the ability of the DPP chromophore to
accommodate charge - to form charge-transfer and charge sepa-
rated species - necessitates methods to deconvolve the competing
photophysical pathways. Despite these challenges, singlet-fission
has been recently reported in a study of DPP dimers linked via a
dithienylphenylene spacer at the ortho, meta or para positions. ™
That study suggests that some charge-transfer character facilitates
singlet fission in DPP - as seen in the ortho and meta dimers in
polar solvents. However, very strong charge-transfer character as
observed in the para form of the dimer can lead to symmetry-
breaking charge separation (SBCS), which acts as a trap. In an-
other DPP dimer study, Mauck and co-workers studied DPP chro-
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mophores coupled via a xanthene linker to mimic 7 — 7 stacking
seen in thin films which was previously reported to show effi-
cient singlet fission.1% These authors proposed a pseudoequilib-
rium model where the S;S state can reach a relaxed S;S’ state
via the charge transfer state or, in polar solvents can form the fully
charge-separated ion pair state. In either case, the intermediate
states observed provided an alternative relaxation pathway to sin-
glet fission. These studies highlight the complexity of the charged
intermediate states competing with the singlet fission pathway in
DPP derivatives necessitating further investigation. In this study,
dimers of TDPP have been designed with varying linker flexibility
to study the effect of dimer geometry, and thus coupling, on the
excited state relaxation processes. For simplicity we henceforth
refer to these TDPP derivates as "DPP". The molecules under in-
vestigation are given in Figure[l] Three dimers were synthesised -

Monomers Dimers

m-xylyl-DPP-dimer

Fig. 1 Structures of the DPP derivatives investigated in this work.

one with a flexible saturated five carbon linker (¢5-DPP) and two
dimers coupled via a more rigid xylyl linker, one coupled at the
meta (m-xylyl DPP) and the other at the ortho (o-xylyl DPP) posi-
tion. The corresponding monomers were also synthesised as ref-
erence materials. Both electronic and IR transient spectroscopy
were used to study the photophysics of the dimers in solvents
of varying dielectric constant in order to understand the role of
molecular conformation and electronic coupling on excited state
relaxation mechanisms.

2 Experimental

2.1 Materials

Unless stated otherwise all chemicals and solvents were pur-
chased from Sigma-Aldrich or Merck and used as received. De-
tailed descriptions of the synthetic methods for model and dimer
compounds are given in the ESIf.

2.2 Computational Details

Conformational pre-screenings of ground-state geometries of the
c5- and m-xylyl DPP dimers were conducted with the effi-
cient semi-empirical molecular-orbital model GFN2-xTB20
ing Grimme’s standalone program! - yielding up to nearly 150
conformers in some cases. GFN2-xTB’s own implicit-solvation

- us-
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model was used for this purpose. Further refinement of the ge-
ometries was achieved at the B97-3c22 level of theory, which is
an efficient low-cost DFT method, that takes into account crucial
London-dispersion effects and minimizes basis-set incompletion
errors by using its own triple-{atomic-orbital (AO) basis set. The
conductor-like screening model (COSM0)23 was used to incorpo-
rate solvation effects. B97-3c calculations were carried out with
TURBOMOLE 7.4.1,%% its numerical integration grid "m4", and
the resolution-of-the-identity (RI) approximation to the Coulomb
integrals using the appropriate auxiliary basis set.2> The most
stable conformers within a 5 kcal/mol window (6 kcal/mol for
the m-xylyl DPP dimer) and the fully extended conformers were
then used for single-point calculations to obtain accurate rela-
tive energies. For this purpose, we used the range-separated,
dispersion-corrected double-hybrid ®-B97X-2120.p3(BJ27-2%) ip
its "TQZ" parametrization in conjunction with the def2-TZVPP=0
triple-{ AO basis set. This functional has been shown to be one
of the most accurate and robust to treat relative energies in con-
formers based on the comprehensive GMTKN552L database for
general main-group chemistry, kinetics, and noncovalent interac-
tions22. A local version of ORCA4=2 was used for these calcu-
lations. ORCA’s grid "4" and the conductor-like polarizable con-
tinuum model®3/ (CPCM) were applied in all cases. The pertur-
bative part of the double-hybrid functional was calculated within
the RI approximation with an appropriate auxiliary basis set. %
Self-consistent-field convergence criteria were set to 10~/ E, in
all TURBOMOLE and ORCA calculations. The geometry conver-
gence criterion was set to 10~7 E, with respect to the change in
total energy between two optimization cycles.

2.3 Photophysical Characterisation (Steady-State)

The UV-vis absorption spectra of all samples were acquired using
a UV-visible spectrophotometer (CARY 50 Bio, Varian). Steady-
state PL spectra were acquired on a Varian Eclipse spectrofluo-
rimeter using an excitation wavelength of 525 nm and excitation
and emission bandwidths set to 5 nm.

2.4 Photophysical Characterisation (Time-Resolved)
2.4.1 TCSPC

Solution samples were excited with a mode-locked and cavity-
dumped Ti/sapphire laser (Coherent Mira 900F/APE Puls-
eSwitch) pumped by a Coherent Verdi-10 DPSS Nd:YVO, laser.
The laser output (800 nm wavelength, 5.4 MHz repetition rate)
was frequency-doubled to provide an excitation wavelength of
400 nm. The individual fluorescence decay curves were collected
using an f1 lens after first passing through an emission polari-
sation analyser set at the magic angle, then a monochromator
(Jobin Yvon H20) and detected using a hybrid photomultiplier
tube (Becker & Hickl, HPM100) fed to a time-correlated sin-
gle photon counting (TCSPC) module (SPC-150, Becker & Hickl,
Berlin, Germany). The fluorescence decay times were extracted
from the decay profiles using nonlinear least square iterative re-
convolution software (FAST, Edinburgh Instruments Ltd) and a
sum-of-exponentials analysis.
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2.4.2 Transient Absorption Spectroscopy

Femtosecond transient absorption measurements were performed
using a pump-probe configuration based on a high repetition rate
(96 kHz, 60 fs) Coherent RegA 9050 amplifier. Pulses of 800
nm were split and passed through a tunable optical paramet-
ric amplifier (Coherent OPA 9450) on one arm to generate the
pump (505 nm) beam while the other arm generated the white
light continuum probe beam using a 3 mm-thick sapphire window
(CASTECH). An off-axis parabolic reflector focused the pump and
probe pulses to overlap in the solution-phase sample with a pump
spot size of approximately 200 um, giving an excitation fluence
of 0.80 uJ cm~2. Pump-induced absorption changes (AOD) of
the solutions in a 2 mm pathlength optical cell were measured
by comparing adjacent transmitted probe pulses with and with-
out pump pulses using a synchronized mechanical chopper in the
path of the pump beam. The time-resolved transient absorption
spectra were recorded using a high-speed fibre-optic spectrom-
eter (Ultrafast Systems) at ~7.4 kHz. The instrument response
function was estimated to be ca. 150 fs FWHM.

2.4.3 Transient Infrared Spectroscopy

The transient infrared spectroscopy measurements were per-
formed on the ULTRA spectroscopy platform at the Central Laser
Facility (CLF) at the Rutherford Appleton Laboratory (RAL) at
Harwell, UK. The excitation pulses had a central wavelength of
450 nm, a duration of 100 fs and a pulse energy of 1uJ. The
pulses were focused to a 100 um diameter spot. The excited re-
gion is probed by broadband (~300 cm™!) infrared probe pulses.
Both pump and probe pulses are generated at a repetition rate of
10 kHz, with every second pump pulse chopped by a fast optical
chopper, reducing the excitation rate to 5 kHz. Probe transmis-
sion through the sample was recorded alternately in the presence
and absence of the pump pulse to generate the transient differ-
ence spectrum. The samples had an optical density of 0.1-0.2 in
a 50 um pathlength demountable liquid cell (Harrick Scientific).
The sample cell was rapidly raster scanned around the focal spot
region over the course of the measurement to refresh the sample
within the excitation spot.

2.5 Global analysis

The GloTarAn Analysis Program> was used to decompose the
large multidimensional transient absorption and transient in-
frared datasets to determine the principal states involved in the
photophysical relaxation pathways of the molecules under inves-
tigation. A target model was tested which describes the dynam-
ics of the concentrations of the various excited-state species. We
used a branched model to describe the subpopulations of DPP
dimer molecules. Further information on the model description
and application are given in the ESIT.

3 Results and Discussion

3.1 Synthesis

Full details of the monomer and dimer synthetic procedures can
be found in the ESI(Figures [S1]-[S6}i). 'H NMR spectra showing
no significant contribution from impurities are given in Figures
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3.2 Computational Analysis

A conformational analysis of the ¢5-DPP and m-xylyl-DPP dimers
in a toluene and DMSO solvent continuum was performed to il-
lustrate the effect of solvent and linker on the ground state con-
formations. The ground state dimer configurations are relevant
as they provide an insight into the initial conformations being
excited before any excited state rearrangements can occur. Cur-
rently, there are no efficient methods available that allow the sam-
pling of conformers of large, flexible systems for excited states.
The four lowest energy conformations of the ¢5-DPP and m-xylyl
DPP dimers in each solvent are given in Figure 2h. The results
of our calculations suggest that the dimers exist in a folded con-
formation in the ground state. For the m-xylyl dimer, we calcu-
lated fewer low energy conformations than for the c5-dimer and
there is a stronger weighting towards the lowest energy, folded
structure (see Table ‘). The energy of the fully extended con-
formation of the c5-dimer, where the two chromophores are non-
interacting, was calculated to be thermally inaccessible (Figure
[S12}i) with an energy difference of about 20 kcal/mol relative to
the most stable conformer depending on the solvent (see Table
[Si}i). This contrasts with an earlier study using lower levels of
theory reporting a DPP dimer in a fully extended conformation
which folds in the excited state.® The calculations also show a
minor slip angle between the chromophores and misalignment of
transition dipole moments of the chromophores (Figures [2a and
b, respectively).

a) m-Xylyl-DPP dimer C5-DPP dimer

View 1:

b4 b B

View 2:

# R F SRR

C5-DPP dimer

m-Xylyl-DPP Dimer

View 1:

&b B w BB EL

View 2:

Fig. 2 a) Ground state calculated structures (B97-3c(COSMO) level of
theory2223)) of the four lowest energy c5-DPP dimer and m-xylyl-DPP
dimer conformers in solvents as indicated. The chromophores are shown
side-on in view 1 and face-on in view 2. b) The lowest energy structures
of the c5-dimer and m-xylyl dimer in DMSO with the direction of the
transition dipole moments indicated by the blue dashed line (as previously
reported.37)

These two factors were shown previously to be important
for singlet fission in DPP molecules.# The minimum interchro-
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mophore distances were approximately 3.5 A for each folded
derivative in each solvent (see ESIT). A list of the energies of all
calculated structures is given in Table[S1.

3.3 Photophysical Characterisation
3.3.1 Steady-State Characterisation

The steady-state absorption and emission spectra of the DPP
dimers showed high similarity to their monomer model com-
pounds (see Figure[S13]i). One exception of note is the meta-xylyl
DPP dimer which shows a significant reversal of the vibronic peak
height ratios in DMSO compared to toluene and the monomer
model suggesting proximity and thus some coupling between the
dimer chromophores (Figure 3p).
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Fig. 3 a) Steady-state absorption (left) and emission (right) spectra
of the m-xylyl-DPP dimer showing the change in vibronic band inten-
sity with solvent (toluene = green, benzonitrile = blue, DMSO = gold
and benzyl monomer control in toluene in black). b) Fluorescence de-
cay curves of the same dimer in toluene, benzonitrile, DMSO (colour
scheme as in (a)) showing an additional shorter component present in
polar solvents (monomer control in black for comparison).

Similar behaviour has been seen in a previous DPP dimer
study and attributed to increased coupling between the chro-
mophores.1® This indicates the linker can moderate the confor-
mations the dimers can adopt, as this behaviour is not as evident
in the flexible ¢5-DPP or o-xylyl-DPP dimers.

3.3.2 Time-Resolved Fluorescence Measurements

Time-resolved fluorescence (TRF) measurements were performed
to investigate the excited-state dynamics of the DPP samples.
Plots of the TRF data for all DPP dimers and controls are given in
Figure[S14}f with fit parameters given in Table[S2}i. The decays of
the monomers and dimers in non-polar toluene generally can be
fit with a single exponential model with lifetimes between 5 and 6
ns, indicative of similar relaxation pathways for both systems. For
all dimers in polar solvents, as shown for the m-xylyl DPP dimer

4| Journal Name, [year], [vol.], 1-4S19;
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in Figure 3p, an additional, faster component is present which is
not observed in the monomers. For all dimers in polar solvents,
a sum of exponentials decay function was required to adequately
fit the data (see Figure and Table [I). The existence of a
monomer-like component (~5-6 ns) in each dimer decay along
with shorter decay components suggests multiple subpopulations
of dimers in solution are being excited (i.e. subpopulation 1 re-
laxes as isolated monomers while subpopulation 2 has additional
faster relaxation pathways). The m-xylyl-DPP dimer exhibits two
interesting exceptions to the aforementioned trend (Figure
and Table [S2}). Firstly, this dimer shows biexponential fluores-
cence decay in toluene that is not observed in the monomer, and
secondly, it shows triexponential decay in benzonitrile. This triex-
ponential decay suggests two alternative pathways for quenching
and therefore three subpopulations in total.

3.3.3 Transient absorption spectroscopy

Femtosecond Transient Absorption Spectroscopy (TAS) was used
to further investigate the excited state species involved in the
relaxation of the DPP dimers. The DPP monomers have simi-
lar transient spectral features to previously reported monomeric
DPP derivatives (Figures[S15|and[S16}1). 181936 The main ground
state bleach is seen in the wavelength range 460 - 600 nm which
matches the absorption spectrum, and stimulated emission is ob-
served from 600 nm to 675 nm matching the fluorescence spec-
trum of the monomer. A S; — S, broad absorption band appears
at longer wavelengths (675 - 800 nm). Similar spectral features
are observed in ¢5-DPP and o-xylyl-DPP in non-polar toluene. In
the dimer transient absorption spectra, we did not observe photo-
physical behaviour consistent with singlet fission i.e. fast forma-
tion of a triplet state with positive features in the range 580-600
nm and negative features either side which persists beyond the 8
ns time window of our experiment.1#1> Instead, we observed an
excited state absorption (ESA) unique to the DPP dimers which
grows in at 640 nm in polar solvents (Figure [4p and Figures|S17]
-[ST9}1). This feature is not observed in the monomer model com-
pounds. This ESA grows in at a rate which is dependent on both
solvent and linker structure. The solvent-dependent nature of
this species along with previous studies on charge-transfer and
charge-separated states in DPP derivatives allows us to assign this
species as the radical anion of a charge-separated state, 1638139
Indeed, spectro-electrochemical studies show that this absorption
can be induced by applying a negative potential (Figure [S20}1).

Global analysis using GloTarAn target analysis software was
performed on the transient absorption data to decompose the
spectra and determine the main species involved in the relax-
ation pathways.2? For the dimer-solvent combinations showing
biexponential fluorescence decays, a kinetic model is proposed
where excitation of two main subpopulations of dimer conformers
in solution gives rise to distinct S;Sy states (Figure[5). The pre-
exponential factors from the fit to the fluorescence decays were
used to fix the branching ratio in the model.

Subpopulation 1, represented by species-associated spectrum
1 in blue (Figure [4k), relaxes to the ground state radiatively and
non-radiatively with a similar rate to the corresponding monomer
control. This lifetime was fixed to the long lifetime of the fit to
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Fig. 4 a) Femtosecond transient absorption spectra of m-xylyl DPP dimer in DMSO (pump 505 nm). b) Temporal profiles of key transient features
at wavelengths labelled with the global fit overlayed (dashed line). c) Species associated spectra from the global fit using the kinetic model given in
Figure labelled as singlet population 1 in blue, singlet population 2 in green and CS state in gold. d) Population kinetics of species in (c).

a) Monomers, b) Dimersin polar solvents
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Fig. 5 Kinetic scheme used in the global analysis of the DPP dimer tran-
sient absorption datasets. a) For model compounds in all solvents and
the dimers in non-polar solvents, the excited molecules relax via a first
order (sum of radiative and non-radiative) process. b) For dimers in po-
lar solvents, there are two main subpopulations with different conforma-
tions. In one subpopulation the chromophores are sufficiently distanced
that they relax like the model compounds. In the second subpopula-
tion where chromophores are closer together and suitably aligned, the
main relaxation pathway is via the charge-separated state. c) Graphical
representation of the effect of interchromophore distance (in different
molecular conformations) on the relaxation pathways taken.

the fluorescence decay. Superimposed on this behaviour is that of
subpopulation 2 (SAS 2 in green) which relaxes non-radiatively
via the charge-separated state (SAS 3 in gold). The proportion of
this second population of S;Sy, along with the rate of formation
and decay of the charge-separated state, is affected by both the
linker structure and the solvent dielectric constant. The global fit
to our proposed model shows two species with spectral features
similar to the monomer transient absorption spectrum and a third

species with charge-separated state absorption around 640 nm.
In the o-xylyl and m-xylyl DPP dimers the CS state forms faster
in DMSO but in higher abundance in benzonitrile, as determined
from the preexponential factors, indicating the proportion of the
total TCSPC signal amplitude (Table[T).

This suggests that solvent polarity alone does not drive the for-
mation of the CS state but rather the solvent affects the molecular
conformation which in turn tunes the interchromophore distance
and thus orbital overlap determining the rate of formation and to-
tal population of the excited state. The m-xylyl-DPP dimer in ben-
zonitrile - which had a triexponential fluorescence decay - could
not be adequately fit using this model. The addition of a third
step - a conversion between the two populations (S;Sy popl and
pop2) did not lead to a reasonable fit. We therefore suggest that
this dimer in benzonitrile can adopt many conformations and that
results in complex photophysical behaviour that cannot be ade-
quately fit to the target kinetic model. Although there is evidence
of an excited state absorption in the vicinity of the CS state at
640 nm for both ¢5-DPP dimer in benzonitrile and m-xylyl DPP
dimer in toluene, the feature forms at a much slower rate and
could not be fully resolved with the experimental time window
(~8 ns) available to us. However, this process likely accounts for
the non-single exponential fluorescence decays observed in these
solvents.

3.3.4 Transient Infrared Spectroscopy

Femtosecond transient infrared spectroscopy was performed on
the ¢5-DPP and m-xylyl-DPP dimers in toluene and DMSO and the
data were globally analysed using the model proposed in Figure
From previous studies of the ground state IR spectra of DPP
molecules, the spectral features of the ground state molecules
include an amide carbonyl in the range 1650-1700 cm~!, DPP
core aromatic C=C stretches around 1550 cm~! and lower energy

14519 |5
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Table 1 Comparison of decay times from the global analysis of the transient absorption of DPP dimers and those derived from the multiexponential
fit to the equivalent fluorescence decays where 753 = 1/k; 3. B; indicates the proportion of the total signal amplitude. Note that 7; of the global

TA fit was fixed to the long lifetime from the TCSPC results

Tra, (PS) trcsec, (ps) (B;%)

Solvent Derivative T (%) T3 T T
DMSO c5-DPP 6061 5.91 714 1150 (43%) 6069 (57%)
o-DPP 5464 68 456 540 (85%) 5468 (15%)
m-DPP 5882 3.34 277 884 (48%) 5830 (52%)
bn o-DPP 5208 457 1457 922 (85%) 5213 (15%)

thiophene aromatic C=C stretches around 1400 cm~!.5240 The
two strongest bleach transients are common to all DPP derivatives
and are found at 1565 cm~! and 1670 cm~! and can be assigned
to the C=C out-of-phase stretch of the DPP core and the amide
carbonyl of the DPP core respectively (see Figure[6].

A key excited state absorption mode is found at 1520 cm™!.
This mode grows in over the 3 ns experimental window in the
dimer samples. The mode grows in faster in DMSO than in
toluene for both the dimers studied. The c5-dimer transient IR
spectra were fit globally using the branched model proposed in
Figure[5| The resulting species-associated spectra and population
kinetics for the meta-xylyl- and c5-dimer are given in Figure

The relaxation rate of the first population of S; S, was fixed us-
ing the fluorescence lifetime value of the corresponding monomer
and the other rates were allowed to float. The fit produces rates
consistent with the equivalent fit to the transient absorption data
(see Table . The agreement between the transient lifetimes ex-
tracted from global analysis of the TA and TRIR data provides
support for the model proposed in Figure

Table 2 Comparison of lifetimes from global analysis of transient absorp-
tion and transient IR datasets. Note 7; unit is nanoseconds and is fixed
to the long fluorescence lifetime

Derivative Dataset 71 (ns) T (ps) 73 (ps)

m-DPP TA 5.9 3.3 277
TRIR 5.9 4.7 290

c5-DPP TA 6.1 5.9 591
TRIR 6.1 4.4 617

The dominant differences between the two populations of con-
formers as seen in the species associated spectra are the pres-
ence of the mode at 1520 cm™! for the second population of $;S;
and the charge separated state only (Figure and c¢). Given
the dynamics of this mode match those of the previously assigned
charge-separated species, it is clearly reporting on the dynamics
of the charge separated state. The bleach of the amide carbonyl
of the DPP core near 1660 cm™! is also shifted to a higher fre-
quency by 3 cm~! in these species and the bleach at 1565 cm™! is
more dominant than for the first population of S;Sy. The higher
frequency of the NC=0 bleach indicates a strengthening of this
bond which could be the result of increased orbital overlap be-
tween two closely interacting chromophores.

Recent reports on bichromophoric dimers of sufficient confor-
mational flexibility systematically showed that symmetry break-
ing charge separation or singlet fission could be tuned through
both conformational restrictions and the local solvent environ-

6 Journal Name, [year], [vol.], 14519

ment.#142 [n the DPP dimer systems under investigation here,
the coexistence of faster relaxation pathways with the monomer-
like fluorescence reveals underlying dimer subpopulations. We
observe mixed spectra comprising contributions from multiple
subpopulations of dimers with differing geometries in the steady-
state emission, time-resolved fluorescence decays and transient
absorption and infrared results. At one extreme, the chro-
mophores of the dimer are sufficiently far apart to exclude any
strong electronic coupling between chromophores. In that case,
following photoexcitation, a single chromophore is excited and
relaxes radiatively in a similar fashion to the model monomer
compounds. At the other extreme, the chromophores are suffi-
ciently close and in a geometry favourable to allow orbital overlap
between chromophores. The coupling between the chromophores
opens up a new non-radiative relaxation pathway via symme-
try breaking charge separation. This behaviour is observed in
the dimers in polar solvents (benzonitrile and DMSO) and the
m-xylyl DPP dimer in toluene suggesting that a combination of
bridging unit and solvent properties determines the proportion
of molecules with the required geometry for charge separation
and the speed at which this process can occur. The role of sol-
vent is more complex than involving dielectric properties alone.
DMSO is the most polar solvent used here, however, in general,
benzonitrile leads to the faster charge separation and more flu-
orescence quenching indicating that other properties of the sol-
vent (e.g. aromaticity, specific solute-solvent interactions) may
also play a role in the conformation adopted by the dimers allow-
ing the chromophores to come closer together. It has been found
that in the case of DPP, SF is close to isoergic and thus, inter-
chromophore interaction can have a significant effect on the en-
ergetics of the chromophores compared with isolated model com-
pounds.#344 In comparison with earlier reports on covalent DPP
dimers, the flexible, unconjugated nature of the bridging unit in
our structures involves through-space rather than through-bond
coupling, which should be closer to the types of interactions that
govern singlet fission in thin films. A number of studies of sin-
glet fission in solid-state DPP systems show that a slip-stacked ar-
rangement of the interacting chromophores is a prerequisite for
singlet fission. The bridging structures in this study do not facili-
tate such a slip-stacked arrangement allowing the charge separa-
tion process to dominate, acting as a trap and preventing fission.
Finally it should be noted the lower entropy of singlet fission of
a bichromophoric dimer system will also play a role in the re-
duced likelihood for SF compared to the situation in the stacked
crystalline material. 11
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Fig. 6 Transient IR spectra of DPP dimers in DMSO at fixed pump-probe delays and dynamics at fixed frequencies as noted. a,c) Transient IR spectra
of the m-xylyl DPP dimer and c5-dimer respectively. b,d) Corresponding temporal evolution at fixed frequencies as indicated. Note the growth of a
key excited state feature at 1520 cm~! in gold. The dashed line gives the fit from the proposed kinetic model.
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Fig. 7 Species-associated spectra of m-xylyl and c5-dimer in DMSO from a global fit to the transient-IR spectra using the kinetic scheme given in

Figure

4 Conclusions

Flexibly linked DPP dimers were investigated to determine the
role of dimer geometry on their excited-state relaxation processes.
Dispersion-corrected DFT calculations, along with steady state
spectroscopy, time-resolved fluorescence and transient electronic
and IR spectroscopies revealed the existence of multiple subpopu-
lations of folded conformers contributing to their ultrafast dynam-
ics. While a flexible bridge eliminated complicating through-bond
interactions, we found that the added flexibility allowed for con-
formational heterogeneity which resulted in complex photophys-

ical behaviour. A new model for DPP-dimers is used to explain
the observed results where two main subpopulations of molecu-
lar conformers relax to the ground state via parallel pathways.
One subpopulation exists in a conformation where there is inter-
action between chromophores leading to charge-separated state
formation. We have found the solvent not only modifies the di-
electric environment but also plays an additional role affecting
the conformations available to the molecule and thus the yield of
the charge-separated state. Other work has highlighted the effect
of interchromophore distance and orientation on the coupling of
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pentacenes which affects the formation of the correlated triplet
pair and resulting rate of singlet fission.#2 We see no evidence
suggesting the formation of a correlated triplet pair or recom-
bination in our system. We conclude that the linker flexibility,
rather than allowing the dimers to adopt a favourable geometry
for singlet fission, allowed a more complex distribution of molec-
ular conformers which lead to relaxation via several competing
pathways. This study highlights the important role of conforma-
tional heterogeneity in the photophysics of linked DPP dimers.
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