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mulated Raman spectroscopy –
guided library mining leads to efficient singlet
fission in rubrene derivatives†

Kajari Bera, Christopher J. Douglas and Renee R. Frontiera *

Chromophores undergoing singlet fission are promising candidates for harnessing solar energy as they can

generate a pair of charge carriers by the absorption of one photon. However, photovoltaic devices

employing singlet fission are still lacking practical applications due to the limitations within the existing

molecules undergoing singlet fission. Chemical modifications to acenes can lead to efficient singlet

fission devices, but the influence of changes to molecular structure on the rate of singlet fission is

challenging to model and predict. Using femtosecond stimulated Raman spectroscopy we have

previously demonstrated that the triplet separation process during singlet fission in crystalline rubrene is

associated with the loss of electron density from its tetracene core. Based on this knowledge, we mined

a library of new rubrene derivatives with electron withdrawing substituents that prime the molecules for

efficient singlet fission, without impacting their crystal packing. Our rationally chosen crystalline

chromophores exhibit significantly improved singlet fission rates. This study demonstrates the utility and

strength of a structurally sensitive spectroscopic technique in providing insights to spectroscopy-guided

materials selection and design guidelines that go beyond energy arguments to design new singlet

fission-capable chromophores.
Introduction

The theoretical efficiency of solar energy conversion to electrical
energy for a single p–n junction solar cell is limited to �34% as
calculated by Shockley and Queisser.1 Although this limit takes
into account the energy losses due to ll factor and charge
recombination, the largest reason for this limit is due to spec-
tral losses. A strategy to overcome spectral losses is to manu-
facture semiconductors based on organic molecules that can
better utilize the solar spectrum by increasing the charge per
photon ratio. One such process is singlet ssion (SF), where one
photon is used to generate two triplet excitons, leading to
external quantum efficiency exceeding 100%.2,3 Ultrafast spec-
troscopic measurements have demonstrated that SF is a multi-
step process comprising an excited singlet exciton S1 converting
into a distinct intermediate of a neighboring pair of triplets
coupled with an overall singlet character, called a correlated
triplet pair 1(T1T1),4–9 undergoing subsequent loss of the elec-
tronic coherence to form 1(T1/T1) and nally spin relaxation
innesota, Minneapolis, MN 55455, USA.
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leading to two individual isolated triplets T1.6,9–15 Thus, SF
generates two charge carriers at the expense of a single photon
through a spin-allowed ultrafast process. Customized organic
chromophores undergoing SF have the ability to push the
boundary of photovoltaic power conversion efficiency from 34%
to 45% and thus has inspired new methods to fabricate
photovoltaic devices.16,17 However, solar cells based on SF have
yet to deliver on this promise, with observed power conversion
efficiency maximum of only 5.1% due to energy loss mecha-
nisms.18 Therefore, we need strategic material design models
for advancing compounds capable of undergoing SF to achieve
efficiency much closer to the theoretically modeled limit.

The major obstacle in the development of SF devices is the
scarcity of materials capable of undergoing SF with near unit
efficiency while also possessing other desirable qualities such
as solution processability, photochemical stability and large
extinction coefficients.19,20 This lack of materials is partly due to
the limited knowledge about the molecular design principles to
develop tunable SF-capable systems, resulting in slow and
unproductive trial-and-error approaches. Computational-
guided design is challenging due to difficulty in modeling the
complex multiexcitonic states with several different crossing
potential energy surfaces and spins. The small number of
available chromophores is compounded by the difficulty in
designing congeners or derivatives with similar molecular and
electronic structures that also have similar solid-state packing
structures. The only way to reach a consensus is by examining
Chem. Sci., 2021, 12, 13825–13835 | 13825
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Fig. 1 (a) Overlaid dimers from crystallographic data of rubrene, FM-
rubrene and F-rubrene demonstrating the similarity in crystallographic
packing between the three organic molecular crystals. (b) Molecular
structure of rubrene, FM-rubrene and F-rubrene along with the
spontaneous Raman spectra in their crystalline form with a 785 nm p-
polarized excitation. (c) Electrostatic potential (ESP) plot in rubrene,
FM-rubrene and F-rubrene from our DFT calculations. Red depicts
high electron density and blue depicts low density.
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a wider set of materials. Thus, the primary interest in this eld
has been to understand the photophysical mechanism of SF
with the aim of rationally designing materials to increase the
commercial viability of SF. Examples of rationally selecting
materials, particularly congeners of molecules known for SF
properties, are exceptionally rare.

In order to design materials undergoing efficient and rapid
SF, crystal packing needs to be optimized. Many experimental
and theoretical studies have focused on the connection between
electronic and vibronic couplings with SF dynamics to design
systems for highly efficient SF process.5,10,15,21–27 However, the
relationship between SF efficiency and molecular structure is
challenging to explore, and correlations between the molecular
structural changes and its effects on the SF rates and yields
remain unclear. Thus, there is a need to construct a compre-
hensive set of measurement-guided design protocols based on
the structural dynamic studies on known SF molecules to
develop principles for the synthesis or selection of new and
more efficient SF systems.

To address the above-mentioned challenges about rational
designing of materials guided by spectroscopic measurements,
we couple prior vibrational spectroscopic knowledge and
synthetic protocols, and packing knowledge to identify and
screen potential candidates for SF. Although transient absorp-
tion spectroscopy is the most popular technique to quantify and
demonstrate SF, obtaining direct structural information using
this technique can be challenging. Vibrational spectroscopies
are compelling probes because they can directly probe nuclear
motions, thereby monitoring the structural changes in mole-
cules undergoing singlet ssion.28 We have thus previously
investigated the structural evolution in crystalline rubrene, the
tetraphenyl tetracene derivative shown in Fig. 1a, during SF with
femtosecond stimulated Raman spectroscopy (FSRS). Rubrene
is one of the most studied organic semiconductors because of
its unique optoelectronic properties, such as high charge carrier
mobility and long exciton diffusion lengths,29–32 and the fact
that it undergoes efficient SF in its crystalline orthorhombic
form.33–40 Early studies established that SF is the most prom-
inent decay path of the excited singlet excitons in crystalline
rubrene,30,36,39 where the correlated triplet pair is formed within
20 fs and has a lifetime of 2 ps before separating into two
individual triplets.40

A large number of rubrene congeners have been crystallized,
and even more have been synthesized. Limiting a Chemical
Abstract Search (SciFinder) to substituted 5,6,11,12-tetraphe-
nyltetracenes (rubrene) revealed over 350 structures with the
5,6,11,12-tetraaryltetracene core.41 Limiting the candidates to
those proven by X-ray crystallography to adopt conformations
and solid-state packing similar to orthorhombic rubrene
reduces the number of candidates by an order of magnitude,
but still provides a daunting number of candidates. One of us
has developed syntheses that allow for late-stage diversication
of the rubrene structure;42 new compounds of this class can be
readily prepared by a variety of methods.43–47 Without predictive
structural and mechanistic models however, selecting candi-
dates to study SF from this library of rubrenes amounts to
‘guess-and-check’ work. The prospect of proposing the
13826 | Chem. Sci., 2021, 12, 13825–13835
synthesis of new rubrenes for SF is similarly a guesswork.
Ideally, a model for the structural and electronic changes
involved in rubrene's SF process guide our mining of candidates
from the known rubrene library and aid in the design of new
targets for synthesis.

We previously conducted a study highlighting the changes in
the molecular structure of rubrene during the SF process.48

FSRS is an ultrafast vibrational spectroscopic technique that is
used to investigate the structural dynamics in a chemical reac-
tion by monitoring the vibrational modes of the system with
© 2021 The Author(s). Published by the Royal Society of Chemistry
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high temporal and spectral resolution.49–54 Our FSRS measure-
ments indicated that the separation of the correlated triplet pair
into two individual triplets is accompanied with the loss of
electron density from the tetracene core in crystalline rubrene.48

Building off on our crystalline rubrene FSR spectral analysis and
interpretation during SF, here we hypothesize that rubrene
derivatives with reduced amount of electron density in the tet-
racene core will facilitate the triplet separation process faster,
which will be experimentally manifested as smaller extent of
structural reorganization in the FSR data of the derivatives.

Assessing this hypothesis requires a system in which the
electron density over the tetracene backbone in parent rubrene
can be controlled, for example by introducing substituents in
the peripheral phenyl groups in rubrene moiety. Fortunately,
Douglas and co-workers have previously engineered and char-
acterized a series of rubrene derivatives with the electron
withdrawing CF3 substituent.42,55 In this work we study two
potential candidates for SF from the database of synthesized
rubrene derivatives by Douglas and co-workers: di-CF3 di-CH3

rubrene (FM-rubrene) and di-CF3 rubrene (F-rubrene), where
the functional groups are on the para position of the phenyl
rings as shown in Fig. 1.42 The presence of electron withdrawing
groups in the phenyl rings reduces the electron density over the
tetracene core in the rubrene derivatives, which is in accordance
with the criteria to test our proposition.

Comparing rubrene with the FM-rubrene and F-rubrene
derivatives, the substitution has little impact on the crystal
packing distances between tetracene pi-faces or the electronic
energy of the crystalline excited states. Our material selection
should allow us to look at SF in a series of related molecules,
giving insight into intrinsic structure–property relationships.
FM-rubrene and F-rubrene have comparable electronic state
energies to that of rubrene, indicating that SF should occur in
both derivatives.56 Although these rubrene derivatives have not
been previously investigated for SF experimentally, thin lms of
these derivatives have been shown to have longer exciton
diffusion length as compared to rubrene, indicating enhanced
electronic coupling, a desirable property for optoelectronics and
SF.57 The tetracene core in FM-rubrene and F-rubrene is planar
and the p-stacking packing motif of rubrene is maintained in
crystals of these derivatives, demonstrating that there is little
change in packing between the rubrene analogues. Computa-
tional studies on FM-rubrene and F-rubrene showed an
increased wave function overlap due to the noncovalent inter-
actions provided by substituents, which leads to large favorable
electronic couplings of the excited states for SF.56 Thus, we
selectively chose FM-rubrene and F-rubrene based on the
energetics of their orbitals and their similarity in the crystal
packing with rubrene, which indicates that SF should occur in
both FM-rubrene and F-rubrene. We used crystals of rubrene,
FM-rubrene and F-rubrene rather than thin lms due to the
controlled morphology available with crystal growth which is
important to study SF, as well as relevance to the substantial
body of literature on organic semiconducting behavior in high
quality single crystals. In this investigation, we aim to establish
the practical applicability of spectroscopy-guided screening to
identify and provide synthetic designing principles for
© 2021 The Author(s). Published by the Royal Society of Chemistry
chromophores with efficient SF properties that go beyond the
simple energy arguments.
Experimental method and setup
Sample preparation and characterization

We grew crystalline rubrene via a physical vapor deposition
(PVT) method using our home-built setup.48 FM-rubrene and F-
rubrene powder was prepared as previously described,42 and we
grew their single crystals via slow solvent evaporation method
(CH2Cl2/isopropanol, see ESI† for additional details). We ob-
tained 2–3 mm long and wide, plate-shaped, red-colored FM-
rubrene and F-rubrene crystals and mounted them separately
onto 1 mm thick glass coverslips. We present detailed crystal
growth methods in the ESI.† We measured the absorption
spectra of the crystals using a commercial instrument and plot
the proles in ESI Fig. S1.† We obtained the spontaneous
Raman spectra of the crystals using 785 nm excitation on
a home-built setup.
Femtosecond stimulated Raman spectroscopy

We measured time-resolved FSRS experiments on our home-
built optical setup, described elsewhere.48,58–61 In short, we
used the fundamental output of 4.6 W at 800 nm from a 1 kHz
repetition rate Ti:sapphire regenerative amplier (Coherent
model Libra-F-1K-HE-110) to generate the Raman pump,
Raman probe and actinic pulses for the FSRS experiments. We
focused 2.5 mW of the 800 nm fundamental output through
a 2 mm sapphire crystal to generate a white light continuum
and then compressed it with a fused silica prism pair to
generate the femtosecond broadband Raman probe. We used
two different setups to generate Raman pump pulses for the
experiments presented in this article. We used a custom grating
lter to generate the Raman pump pulse for rubrene FSRS data
and a custom etalon (TecOptics) to produce Raman pump pulse
centered at 807 nm for FM-rubrene and F-rubrene FSRS exper-
iments. We generated the actinic pulse using a home-built non-
collinear optical parametric amplication (NOPA) system to
produce pulses with a central wavelength of 536 nm and full-
width half maximum of 14 nm to collect time-resolved data in
crystalline rubrene and a 533 nm actinic pulse with 10 nm full-
width half maximum for crystalline FM-rubrene and F-rubrene
FSR experiments, shown in Fig. S2.† We performed the time-
resolved experiments on different days with different align-
ments, which resulted in slightly different actinic pulse central
wavelength. We used a newly installed pulse shaper (Fastlite
Dazzler™) and an SF10 prism pair compressor for compression
and dispersion compensation in the actinic pulse for the FM-
rubrene and F-rubrene FSR measurements.

We sent all the three pulses to the sample through an
inverted Olympus IX 73 microscope and collected the stimu-
lated Raman signal with a Princeton Instruments PIXIS 100F
CCD array detector. The laser beams are normal to the ab plane
in rubrene and FM-rubrene, and ac plane in F-rubrene crystals.
We modulated the time delay between the pulses using
a motorized stage for the time-resolved FSR data. We measured
Chem. Sci., 2021, 12, 13825–13835 | 13827
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the cross-correlation of the actinic pump and Raman probe
pulses by the optical Kerr effect with a 2 mm cuvette of cyclo-
hexane and found them to be 120� 3 fs with the 533 nm actinic
pulse for FM-rubrene and F-rubrene studies and 250 � 2 fs with
536 nm actinic pulse for rubrene FSR data. The better cross-
correlation during the FM-rubrene and F-rubrene FSR
measurements is attributed to better compression of the actinic
pulse by the newly mounted pulse shaper (Dazzler). Given the
high signal to noise ratio in our FSR data, we can resolve
changes in frequency less than 2 cm�1 apart. We present the
detailed experimental procedure in the ESI.†

In this study, we use previously published results for crys-
talline rubrene48 and have broadened the set of chromophores
examined here to provide new insights for molecular structure
designing guidelines to obtain more efficient SF systems for
their use in optoelectronics.

Computational calculations

We optimized the ground state geometries (S0) with at
conformation of rubrene, FM-rubrene and F-rubrene in the gas-
phase using density functional theory (DFT) with B3LYP func-
tional and 6-31g(d,p) basis set on Gaussian 16 (version C.01)
program package.42,62 We computed the harmonic vibrational
frequencies of the optimized geometries to conrm a minimum
without any imaginary frequency had been reached. We per-
formed the natural bond orbital (NBO) analysis at B3LYP/6-
31g(d,p) level using NBO 3.1 program implemented in the
Gaussian 16 package to compare the charge distribution in
ground singlet state of rubrene, FM-rubrene and F-rubrene. We
optimized the lowest-energy triplet state geometries (T1) of all
three molecules by DFT at the (U)B3LYP/6-31g(d,p) level of
theory in gas-phase single molecule.

Results and discussion

To investigate the effect of reduced electron density in the tet-
racene backbone of rubrene on SF dynamics while keeping the
crystallographic parameters similar, we rationally selected FM-
rubrene and F-rubrene for this study. We present the crystal-
lographic parameters of rubrene, FM-rubrene and F-rubrene in
Table 1 demonstrating that the three motifs pack quite similarly
in crystals.57 We overlaid the dimers of rubrene and its
analogues from the crystallographic data in Fig. 1a to show that
there exists minimal change in the crystallographic packing
between all three of them, so any difference observed in SF
dynamics is only due to the changed electron density in the
tetracene core. We plot the steady-state absorption spectra of
Table 1 Crystallographic parameters of rubrene, FM-rubrene and F-
rubrene, where a, b and c are the lattice parameters and d is the
intermolecular spacing57

Lattice a (Å) b (Å) c (Å) d (Å)

Rubrene Orthorhombic 26.79 14.21 7.17 5.46
FM-rubrene Orthorhombic 34.14 14.05 7.14 5.89
F-rubrene Orthorhombic 31.18 14.21 7.12 5.73

13828 | Chem. Sci., 2021, 12, 13825–13835
rubrene, FM-rubrene and F-rubrene in Fig. S1,† which depicts
clear vibronic signatures in all the crystalline systems.

We collected ground state spontaneous Raman spectra of
crystalline rubrene, FM-rubrene and F-rubrene with a 785 nm
excitation to probe the effect of chemical substitution on the
vibrational modes and present it in Fig. 1b. All three moieties
possess the same vibrational modes in the ngerprint region.
We have labeled select Raman modes in Fig. 1b between 1300–
1541 cm�1, which correspond to C–C stretching and C–H
wagging motions in the tetracene core of all the three mole-
cules, based on our DFT frequency calculations.

Since the structural rearrangement observed during SF in
crystalline rubrene was previously established to be associated
with the loss of electron density in the tetracene core,48 we
aimed to quantify the effect of the electron withdrawing groups
on the charge distribution in the tetracene core within the
rubrene derivatives. We performed natural bond orbital (NBO)
analysis on the optimized ground state singlet geometries of
rubrene, FM-rubrene and F-rubrene. The natural charges from
the NBO population analysis on the tetracene backbone in
rubrene, FM-rubrene and F-rubrene are 0 e�, 0.012 e� and 0.016
e� respectively. These values indicate that the tetracene core in
rubrene has the most electron density followed by FM-rubrene
and then F-rubrene. To visually inspect this charge distribu-
tion over the rubrene series, we display the electrostatic
potential (ESP) maps in Fig. 1c. The ESP plot shows the density
of electrons within a molecule on a surface that encompasses
the molecule. Red depicts high electron density and blue
depicts low density. Based on the ESP plots, we observe that the
negative ESP is localized more on the tetracene backbone in
rubrene, followed by FM-rubrene and then F-rubrene. The ESP
maps along with NBO analysis demonstrates that the electron
density over the tetracene backbone is reduced while going
from rubrene to FM-rubrene and to F-rubrene.

Although the rubrene series have similar crystallographic
packing and ground state vibrational bands, the key difference
between these three molecules is the tetracene core electron
density. This indicates the importance of studying excited state
dynamics where the transient spectral changes between the
three can be signicant and those spectral differences can be
attributed as the function of the tetracene core electron density.
Based on our aforementioned hypothesis and the electron
density distribution calculations, we here predict that F-rubrene
should undergo the least structural rearrangement and thus the
fastest SF rate.

To test our prediction, we used time-resolved FSRS to
examine the excited state structural evolution during SF and
triplet separation process in crystalline rubrene and rubrene
derivatives. We compare these newly measured derivatives to
the previously published experimental data of crystalline
rubrene.48 A raw FSR spectrum contains contributions from
both the ground state and excited state features. Thus, to extract
only the excited state information, we subtracted the FSR
spectra collected in the ground state without the actinic pulse
from the spectra collected at a given time delay aer photoex-
citation with the actinic pulse. We present this one-to-one
subtracted FSR data of crystalline rubrene, FM-rubrene and F-
© 2021 The Author(s). Published by the Royal Society of Chemistry
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rubrene in Fig. S3.† We observe large bleach features of the
ground state modes in the excited state spectra due to the fact
that there are fewer molecules in the ground state aer photo-
excitation. These bleach features in the excited state spectra
required the addition of a scaled ground state spectra to be able
to extract features exclusive to the excited states. Therefore, we
added fraction of the ground state spectrum back to the excited
state spectra until ground state bleach was no longer observed
(kinetics shown in Fig. S4†) for rubrene, FM-rubrene and F-
rubrene FSR data in Fig. 2.

We used a grating lter as the source to generate the Raman
pump pulse for the FSR data of rubrene in Fig. 2a and an etalon
as the source for the FSR data of FM-rubrene and F-rubrene in
Fig. 2b and c, which lead to differences in the linewidths
between the measurements. As a control, we collected the FSR
data of crystalline FM-rubrene using the grating lter as the
source to generate Raman pump pulse (Fig. S5–S7†) and we
observe similar excited state dynamics as we observe with the
etalon. Therefore, we can condently compare the three data
sets presented in Fig. 2 to understand how the dynamics of SF
and triplet separation process differ among the rubrene deriv-
atives. While the excited state dynamics in FM-rubrene are
similar using grating lter and etalon-derived Raman pump
pulses, we continued using the etalon system to study the
excited state dynamics in F-rubrene because the etalon provides
better spectral resolution, necessary here to observe small
changes in vibrational frequencies. The traces at the bottom of
the three data sets in Fig. 2 correspond to the ground state
stimulated Raman spectrum of crystalline rubrene, FM-rubrene
and F-rubrene, each scaled by a factor of 1/5 for clear pictorial
representation. In this study we mainly focus on the broad
Fig. 2 Femtosecond stimulated Raman spectra of crystalline (a) rubre
transient Raman spectral evolution after photoexcitation for the 1430 cm
aid the visualization of the small frequency shifts.

© 2021 The Author(s). Published by the Royal Society of Chemistry
features below 1200 cm�1 and the shaded region vibrational
peaks around 1430 cm�1 in all three crystals.

From Fig. 2, we observe broad long-lived features below
1200 cm�1 region in the FSR data of crystalline rubrene, FM-
rubrene and F-rubrene. From our previous FSR study on crys-
talline rubrene we assigned this broad feature to an electronic
signature of the separated triplets during the SF process by
comparing the dynamics of this broad feature with the transient
absorption data in rubrene (Fig. S8†).48 Interestingly, the FSR
data of crystalline FM-rubrene and F-rubrene in Fig. 2b and c
also display broad long-lived features below 1200 cm�1. We
observe similar broad features in the transient absorption data
for crystalline FM-rubrene and F-rubrene in Fig. S8,† which is
indicative of excited state absorption. Since rubrene does not
undergo SF in solution,36 as a control wemeasured the transient
absorption data of FM-rubrene in solution, presented in
Fig. S9.† We do not witness these broad long-lived features in
the transient absorption data of FM-rubrene solution as seen in
its crystalline counterpart. This implies that the origin of those
broad long-lived features in FSR spectra of FM-rubrene and F-
rubrene are similar to the long-lived triplet states in crystal-
line rubrene. Given that the energetics of the electronic states in
FM-rubrene and F-rubrene satisfy the energy criteria for SF56

and the similarity of spectral dynamics between rubrene and
the derivatives, we believe that FM-rubrene and F-rubrene
undergo SF and form long-lived triplets. Therefore, we
assigned these broad long-lived spectral features to electronic
transient absorption signatures of the separated triplets
generated through the SF process in FM-rubrene and F-rubrene.

In addition to triplet features, we observe that the Raman
mode shaded in red for crystalline rubrene FSR data in Fig. 2a
ne, (b) FM-rubrene and (c) F-rubrene. Shaded regions highlight the
�1 mode. Inset shows the zoomed in profile of the solid boxed region to
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undergoes a spectral evolution with a time constant of 3.3 � 0.2
ps. This mode appears at a frequency of 1430 cm�1 around time
zero and then blueshis to a frequency of 1462 cm�1 by 3 ps as
shown in Fig. 3a and S10.† In ultrafast spectroscopy, a shi in
vibrational mode implies a structural rearrangement.54,63–65

Since the time constant associated with the frequency shi of
the 1430 cm�1 mode is longer than the 2 ps correlated triplet
pair lifetime in crystalline rubrene,40 we previously assigned this
structural evolution to dynamics during the triplet pair sepa-
ration 1(T/T).48

The 1430 cm�1 mode in the ground state Raman spectrum of
rubrene corresponds to C–C stretching and C–H wagging
Fig. 3 (a) Transient Raman frequency evolution of the mode around
1430 cm�1 at time zero in crystalline rubrene, FM-rubrene and F-
rubrene upon photoexcitation. Error bars are contained within the
markers. (b) The corresponding total shift in the 1430 cm�1 Raman
band position in the threemolecules and the associated rate constants
as a function of the total charge on the tetracene backbone from NBO
population analysis.

13830 | Chem. Sci., 2021, 12, 13825–13835
motions of the tetracene core in rubrene. Since the 1430 cm�1

vibrational mode blueshis aer photoexcitation, the shi in
frequency we observe in the excited state spectra is associated
with the structural rearrangement of the tetracene core during
the triplet separation process in crystalline rubrene. We previ-
ously assigned this spectral evolution of the 1430 cm�1 to
higher frequencies to be accompanied by the loss of electron
density in the tetracene backbone during the correlated triplet
pair separation into two individual triplets in crystalline
rubrene.48 Therefore, we expect a correlation between the
structural rearrangement during the correlated triplet pair
separation and the frequency shi along the rubrene series: the
smaller the structural rearrangement, the smaller the frequency
shi, and the less energy lost during the whole ssion process.
Since FM-rubrene and F-rubrene have less electron density in
their tetracene core than rubrene, we expect to observe smaller
and faster frequency shis in the vibrational mode in the
derivatives compared to rubrene, where F-rubrene is expected to
be the fastest to separate the correlated triplet pair into indi-
vidual triplets.

Excitingly, we obtained similar behavior of the frequency
evolution for the 1430 cm�1 vibrational mode in crystals of FM-
rubrene and F-rubrene as observed in crystalline rubrene, as
shown in the FSR data in Fig. 2b and c respectively. To extract
information on the transient evolution of the Raman vibration,
we t the Raman mode around 1430 cm�1 at different time
delays aer photoexcitation with a Gaussian spectral function.
We notice that the intensity evolution of the 1430 cm�1 mode is
different within the three crystals and this difference in inten-
sity evolution of the 1430 cm�1 mode is due to differences in the
resonance conditions of the excited states in the three deriva-
tives. We plot the dynamics of the tted peak frequency around
1430 cm�1 region as a function of time for rubrene, FM-rubrene
and F-rubrene in Fig. 3a. The experimental error bars for the
frequency ts are contained within the markers. We t the
spectral peak frequencies to a biexponential decay convoluted
with the cross-correlation between the actinic pulse and the
Raman probe to obtain the kinetics. We considered a potential
triexponential decay function to t our results. This yielded
similar results, but with more poorly tted time constants. See
the ESI (Fig. S10†) for additional discussion. We have propa-
gated the error in the instrument response function during the
deconvolution process and obtained the time constants (s1)
associated with the kinetic ts for rubrene, FM-rubrene and F-
rubrene as 3.3 � 0.2 ps, 150 � 20 fs and less than 120 � 40
fs, respectively. The time constants of the spectral evolution for
FM-rubrene and F-rubrene approaches our instrumental
response function of 120 � 3 fs in the experiments. A time
constant of tens of nanoseconds, corresponding to long-lived
triplets, was held constant to t the transient spectral evolu-
tion of the feature around 1430 cm�1. Using the time constants
from the kinetic ts, we quantify that the 1430 cm�1 at time zero
displays a shi of�32 cm�1 by 3 ps in rubrene,�11 cm�1 by 150
fs in FM-rubrene and �9 cm�1 in less than 120 fs in F-rubrene.
Within error, the time constants for FM-rubrene and F-rubrene
are not signicantly different. However, we have measured
multiple F-rubrene and FM-rubrene crystals, and in all cases, we
© 2021 The Author(s). Published by the Royal Society of Chemistry
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observe faster dynamics in F-rubrene compared to that in FM-
rubrene. Thus, the trend of frequency shi and the associated
time constants is qualitatively followed where F-rubrene
displays a smaller frequency shi on a relatively faster time
scale than FM-rubrene.

The stimulated Raman signal obtained by employing
a broadband Raman pump and a narrowband Raman pulse
offers a high spectral resolution of vibrational features and
information on the time dependent vibrational frequencies
integrated over the dephasing vibrational time. The signal
observed in FSRS experiments do not represent instantaneous
vibrational frequencies present in the sample only at the
moment when the probe arrives, but the signal comprises of all
the vibrational frequencies present in the sample over the
course of the vibrational dephasing time.66,67 This means that
the FSRS spectrum obtained at a time point of 100 fs contains
information on 100 fs + DT, where DT is the vibrational
dephasing time convoluted with the Raman pump pulse. The
center peak frequencies observed experimentally at the early
time points in our FSRS data in Fig. 3a are not the instanta-
neous frequencies. However, the relative shis of the 1430 cm�1

mode in the uorinated rubrene derivatives, while small, are
reproducible across samples and thus qualitatively holds true.

The frequency upshis observed in Fig. 3a are not intuitively
correlated with bond stiffening or weakening. However, based
on our previous computational and experimental studies, we
found out that the blue shi is associated with the electron
density change aer photoexcitation during SF.48 The amount of
frequency shi observed experimentally is related to the extent
of structural rearrangement occurring within the molecules
during the correlated triplet pair separation process while
undergoing SF. This structural rearrangement is in turn asso-
ciated with the loss of electron density over the tetracene core in
the rubrene series during the loss of electronic coherence of the
correlated triplet pair. Thus, to extract the relationship between
the electron charge distribution in the ground state of the
rubrene series with spectral evolution, we plot the total experi-
mentally observed shi in frequency of the Raman mode
around 1430 cm�1 from our FSRS data and the rate (1/s1) of this
frequency shi as a function of the NBO charges on the tetra-
cene core in the rubrene derivatives in Fig. 3b. We observe an
inverse relationship between the frequency shi and the tetra-
cene backbone being more positive along the rubrene series.
We also found a direct correlation between the rate constant of
the frequency shis with the presence of less electron density
between the tetracene cores in rubrene, FM-rubrene and F-
rubrene. The rate constant of this frequency shi is propor-
tional to the rate of SF and thus, our results reveal that the FM-
rubrene and F-rubrene exhibit SF rates higher than rubrene,
with F-rubrene undergoing slightly faster SF than FM-rubrene.
This demonstrates a one-to-one correlation between the
charge distribution over tetracene core in the three molecules
and the experimentally observed structural rearrangement and
rate of triplet pair separation via SF.

Here, we have associated the spectral evolution to the
structural rearrangement during the triplet pair separation
1(T/T) in rubrene, FM-rubrene and F-rubrene based on their
© 2021 The Author(s). Published by the Royal Society of Chemistry
time constants.40,48 As we are limited by our instrument
response function of 120 fs and given that the frequency
evolution time-constants in FM-rubrene and F-rubrene are on
ultrafast timescales of 150 fs and 120 fs respectively, it can be
assumed that this frequency evolution observed in FM-rubrene
and F-rubrene correspond to the entire process of the system
going from S1 / 1(TT) / 1(T/T). However, dissecting the
individual steps would call for shorter instrumental response
functions. Additionally, the time constants associated with the
spectral evolution of the 1430 cm�1 Raman mode, which we
have attributed to the structural evolution dynamics during the
triplet pair separation 1(T/T), is faster than the growth of the
separated triplet signatures from the transient absorption data
in Fig. S11.† A possible explanation for the time gap between the
vibrational structural evolution of the triplet pair separation
and the electronic feature appearance from uncoupled triplets
could be due to other processes that occur simultaneously with
the triplet formation, such as triplet–triplet annihilation or
other relaxation processes. We note that differences between
time constants observed in transient absorption microscopy
and FSRS have been observed in all previously published singlet
ssion studies involving using FSRS to probe dynamics in single
crystals,48,59 and thus we emphasize the relative comparison
between the FSRS results here rather than the absolute
numbers. Most importantly, we observe that the structural
changes in FM-rubrene and F-rubrene is indeed to a lesser
extent than that observed in rubrene during the SF process, as
predicted by our model.

To correlate the observed experimental structural reorgani-
zation with the molecular structural properties in the rubrene
derivatives, we draw attention to our NBO calculations. From
the NBO analysis, F-rubrene and FM-rubrene have less electron
density in their tetracene core compared to rubrene, and
therefore, the derivative structures are closer to their triplet
state structures to begin with. Since F-rubrene possess the
minimum amount of electron density in its tetracene core
among the rubrene series, it displays the smallest frequency
shi, and thereby undergoes the least and fastest structural
reorganization to form the individual triplets because its
ground state structure is pre-primed to that of the nal triplet
structure. Hence, less energy is lost in restructuring the mole-
cules in F-rubrene while separating the correlated triplet pair,
a favorable property for SF as this reduces the thermalization
loss. Therefore, we have successfully utilized our spectroscopic
knowledge to predict and screen the molecular structure of the
rubrene derivatives such that they are pre-deposited to the
product structure, which is the triplet structure during SF in this
scenario. Additionally, the observed correlation between the
frequency shi and the tetracene core electron density suggests
that the electron density shis away from the tetracene core into
the phenyl groups during the separation of correlated triplet
pairs in rubrene and its derivatives. This time-resolved study
thus provides new insights regarding the directionality of the
electron density movements during SF within the rubrene
derivatives series.

Fig. 4 represents a schematic illustration of the structural
changes in rubrene, FM-rubrene and F-rubrene during the
Chem. Sci., 2021, 12, 13825–13835 | 13831
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triplet pair separation process via SF. We graphed the frontier
molecular orbitals consisting the highest occupied molecular
orbital (HOMO) of the ground singlet state and singly occupied
molecular orbital (SOMO) of the triplet state in rubrene, FM-
rubrene and F-rubrene obtained from our DFT calculations in
Fig. 4. Analyzing the optimized geometries in the ground singlet
and rst triplet structures indicate that rubrene, FM-rubrene
and F-rubrene undergo less changes in their structures while
going from singlet to triplet geometry. This is in agreement with
the little change we observe in the vibrational dynamics
between the singlet and triplet states suggesting that the
structure of the triplets and singlets are quite similar. Analyzing
these optimized geometries further supports our experimental
results that FM-rubrene and F-rubrene undergo less changes in
their structures while going from singlet to triplet geometry
than rubrene. Also, comparing the molecular orbitals of the
SOMO of triplet and HOMO of ground singlet state conrms
that the electron density indeed shis from the tetracene
backbone into the edges of the peripheryl phenyl groups during
the triplet generation process, as depicted by the curved purple
Fig. 4 Schematic diagram of the frontier molecular orbitals associatedwi
the ground singlet state is plotted on the left side and the lowest energy
systems. The purple curved arrows illustrate the loss of electron density
triplet separation process via SF. The time constants are experimentally

13832 | Chem. Sci., 2021, 12, 13825–13835
arrows in Fig. 4. Therefore, the time-resolved studies in partner
with the theoretical calculations together support that the
electron density moves away from the tetracene core into the
side phenyl groups during the separation of the correlated
triplet pair in rubrene and its derivatives.

One limitation in the current FSRS crystalline rubrene data is
the fewer data points in the ultrafast regime. It might seem from
Fig. 3a and S10† that rubrene also displays a �12 cm�1

frequency shi near time zero on ultrafast time scale of less
than 1 ps, similar to the �11 cm�1 shi in FM-rubrene within
150 fs and �9 cm�1 frequency shi in F-rubrene within 120 fs.
This would suggest that this fast time-constant dynamics is
a common relaxation step between rubrene and the derivatives,
and that the absence of the slow time constant of 3 ps in FM-
rubrene and F-rubrene is the deciding factor resulting in the
fast SF process in rubrene derivatives. However, our current
data and their ts with bi- and tri-exponentials suggest that the
relaxation process associated with the structural rearrangement
during triplet separation process in rubrene takes about 3 ps
th the SF process in rubrene, FM-rubrene and F-rubrene. The HOMOof
SOMO of the triplet states on the right side for each of the molecular
from the tetracene core into the peripheryl phenyl groups during the
obtained from our FSRS data.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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whereas it takes �150 fs in FM-rubrene and �120 fs that in F-
rubrene.

In summary, we used the insights gained from FSRS studies
about structural changes during SF in crystalline rubrene to
screen promising candidates for efficient SF process. We
compared the crystal structures and measured spontaneous
Raman spectra of rubrene, FM-rubrene and F-rubrene to show
their similarities. We then performed FSRS on crystalline
rubrene, FM-rubrene and F-rubrene and observed that aer the
systems absorb light, placing the wavepackets on the excited
state Franck–Condon surface, all three chromophores relaxes
displaying spectral signatures of long-lived triplets generated
via SF. We provide the rst ever experimental evidence for these
rubrene derivatives to undergo efficient SF. Among the three
molecules, F-rubrene displays the fastest rate of SF, which is
a favorable property to generate excitons for further harvesting
into photovoltaics. Hence, we conclude that we have selected
pre-primed molecular structures of rubrene derivatives, guided
by spectroscopic data, to undergo more efficient SF. Our results
not only dene the structural changes within molecules during
SF but bridges the gap between spectroscopic results and
translating these results to practical application regarding effi-
cient SF systems. This study expands upon our previous spec-
troscopic knowledge, proving that controlling the electron
density in the tetracene core synthetically leads to signicant
improvement in the SF rate. Moving forward, we plan to explore
this spectroscopy-guided experimental control of synthesis with
other acene derivatives, particularly those containing electron
withdrawing functional groups on the peripheral aryl groups,
provided themolecular packing in the crystal remains the same.
These studies will help achieve the end goal of utilizing current
spectroscopic knowledge to formulate and realize design
guidelines for new and efficient SF systems.

Conclusion

In conclusion, we have successfully used FSRS to understand
the effect of chemical modication on SF and our results indi-
cate that both our carefully chosen rubrene derivatives, FM-
rubrene and F-rubrene, undergo SF. We observe a shi in the
frequency of a vibrational mode during triplet separation
process in our time-resolved FSR data, which is associated with
the loss of electron density from the tetracene backbone into
the peripheryl phenyl groups in crystalline rubrene and its
derivatives. By intentionally reducing the electron density over
the tetracene core in the rubrene derivatives, we have now
designed the system to have a structure which is much closer to
the nal structure for efficient SF. Thus, we observe less struc-
tural reorganization in rubrene derivatives and a faster rate of
SF in F-rubrene followed by FM-rubrene compared to parent
rubrene. Less structural reordering leads to lower energy losses,
thereby reducing thermalization loss mechanism for efficient
SF. We have created a predictive model based on spectroscopic
techniques for the design and identication of rubrene deriv-
atives that show increased SF rates. Our work shows that the
long-held promise of spectroscopy-informed small molecule
design for organic optoelectronic materials can be realized in
© 2021 The Author(s). Published by the Royal Society of Chemistry
rubrene-based singlet ssion systems. This will inspire spec-
troscopic measurements-guided intelligent engineering and
syntheses of future materials within SF chromophores and
other similar families.
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