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ABSTRACT

A major benefit of intramolecular singlet fission (iSF) materials, in which through-bond
interactions mediate triplet pair formation, is the ability to control the triplet formation dynamics
through molecular engineering. One common design strategy is the use of molecular bridges to
mediate interchromophore interactions, decreasing electronic coupling by increasing
chromophore-chromophore separation. Here, we report how the judicious choice of aromatic
bridges can enhance chromophore-chromophore electronic coupling. This molecular engineering
strategy takes advantage of “bridge resonance,” in which the frontier orbital energies are nearly
degenerate with those of the covalently-linked singlet fission chromophores, resulting in fast iSF
even at large interchromophore separations. Using transient absorption spectroscopy, we
investigate this bridge resonance effect in a series of pentacene and tetracene-bridged dimers and
we find that the rate of triplet formation is enhanced as the bridge orbitals approach resonance.
This work highlights the important role of molecular connectivity in controlling the rate of iSF
through chemical bonds and establishes critical design principles for future use of iSF materials

in optoelectronic devices.



INTRODUCTION

Singlet fission (SF), the process by which two triplet excitons are produced from one
photogenerated singlet exciton, has resurged as a promising avenue for overcoming theoretical
efficiency limits of single-junction silicon solar cells.! The challenge for designing SF
chromophores is rooted in the complexity of the SF mechanism that permits coupling of a singlet
exciton (S1) to a spin-coupled triplet pair state (TT). For efficient light harvesting, it is necessary
for materials to undergo quantitative and fast singlet fission, while maintaining long triplet
lifetimes.*> This requirement is met in materials with low-energy triplet states that satisfy energy
conservation criteria and which exhibit sufficient electronic correlations between neighboring
chromophores to permit rapid formation of the (TT) multiexciton. As a result of
multichromophore interactions in SF, the rate of triplet pair formation depends sensitively on the
degree of orbital overlap as determined by the interchromophore alignment and separation.® A
variety of successful approaches have enabled SF with different chromophore arrangements
using both through-space (intermolecular singlet fission, xSF)**!* or through-bond
(intramolecular singlet fission, iSF) interactions.!! !> Optimal arrangements are those that

maximize the rate of triplet formation, to outcompete losses from the singlet state.

The effect of interchromophore separation on the rate of triplet pair formation has been
studied in a variety of SF systems.!*!¢ While molecular crystals of tetracene and pentacene
exhibit tight chromophore-chromophore packing and rapid rates of SF, these systems are
generally difficult to implement in high-throughput processes for devices due to their poor
solubility.!” Introducing solubilizing groups to the oligoacene chromophores imparts facile
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processability for solution casting techniques, but at the disadvantage of a slower SF rate.

The relationship between molecular packing and SF was quantified by Yost et al., who found



that changing functional groups in pentacene can induce vastly different crystal structures,
resulting in slower rates of singlet fission with decreasing interchromophore coupling.?! Similar
phenomena were observed in micelle/nanoparticle arrangements due to dynamic morphology
changes, confirming that closer packed arrangements dramatically enhanced triplet pair
formation rates.?>?*> A complementary approach to establish structure-property relationships in
SF materials involves intramolecular singlet fission (iSF) compounds, in which the triplet pair is

generated along the backbone of a molecular oligomer (with two or more covalently linked SF
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chromophores or macromolecule in dilute solution. Thus, iSF compounds allow precise

correlation of the triplet pair dynamics to the specific arrangement of chromophores, including

their proximity, relative planarity, exciton energies, and sequence.?’ 3

The primary strategy for tuning the triplet pair dynamics in iSF systems involves the use
of bridging units to modulate intramolecular interactions between two covalently-linked singlet
fission chromophores. Recent studies have revealed that fast iSF in pentacene and tetracene-
based systems is typically observed when chromophores are directly linked.!!** However,
correspondingly slower rates of singlet fission are observed when they are coupled through a
variety of bridging units, i.e. conjugated, homoconjugated, or non-conjugated bridges.***>>7 It
has been found that bridges that increase distance and/or decrease conjugation (by using sp’
carbon units) almost always yield a deleterious effect.!!#2340 Regiochemistry of the bridging
unit is also an important design consideration and has recently been shown to impact triplet pair
dephasing and dynamics.*!*? Thus, it is necessary to understand how the chemical and electronic
properties of the bridge can be engineered to impact the rate of SF. Notably, the vast majority of

molecular bridges contain high energy frontier molecular orbitals (FMOs) that are energetically

mismatched with the relevant electronic states of the covalently-linked chromophores.



Comparison to other well-known single-electron transfer systems suggests that a suitably
designed bridge can have non-trivial effects on the carrier dynamics.** For example, in seminal
work on donor-bridge-acceptor systems, Wasielewski and co-workers found that the electron
transfer rate can be enhanced at large distances by minimizing the offset between the donor and

the bridge energy levels.**

Here, we systematically study how a variety of bridges impact the rate of iSF as the
bridge FMO energy levels become closer in energy to those of the singlet fission chromophores.
Motivated by previous studies on donor-bridge-acceptor molecules, we sought to investigate
whether the “bridge resonance” concept can be applied to singlet fission systems in which the
primary dynamical process is the conversion from a singlet exciton to a triplet pair multiexciton.
We posit that triplet pair formation will be accelerated as the FMO energies of the bridging
moieties approach those of the iSF chromophores, even for large bridge lengths (Figure 1a). To
test this hypothesis, we designed a series of pentacene (P) and tetracene-based (T) dimers
separated by aromatic bridges with varying degrees of FMO energy level alignment, as shown in
Figure 1b. We find that minimizing the energetic offset between the bridge and the iSF
chromophore indeed increases the rate of singlet decay into the triplet pair. The results also
reveal that the iSF rate becomes non-monotonic with increasing chromophore-chromophore
separation, and that the rate of SF can be enhanced by ~17 times at a fixed interchromophore
separation depending on the electronic structure of the bridge. This design concept enables
control over the iSF rate using the same chromophore-bridge-chromophore arrangement and

emphasizes the importance of bridge design in iSF dynamics.
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Figure 1. (a) Alignment of bridge frontier orbitals promotes coupling between chromophores and
increases the SF rate. (b) Molecular structure and calculated HOMO and LUMO values (eV,
relative to vacuum) of a series of conjugated bridges whose frontier orbitals systematically
approach resonance. The orbital energies are plotted relative to a set of terminal
pentacene/tetracene chromophores. From left to right, the bridges are phenylene (BP1 or BT1),

biphenylene (BP2 and BT2), naphthalene (PNP or TNT), benzodithiophene (P-BDT-P), and



TIPS-anthracene (PAP or TAT). Calculations were performed at the B3LYP/6-311G** level. (c)

The absorption spectra of the P-B-P compounds studied here in dilute chloroform solution.

METHODS

Experimental

The synthesis and characterization of BP1, BP2, BT1, and BT2 have been previously
reported by our group.'*> PNP, PAP, P-BDT-P, TNT, and TAT are synthesized using similar
cross-coupling conditions which are detailed in the SI. TIPS (triisopropylsilylethynyl) groups
were installed on anthracene (9,10 positions), tetracene (5,12 positions), and pentacene

chromophores (6,13 positions) to impart solubility and stability.

Theoretical

DFT calculations were performed with Q-Chem 5.0.4¢4” Ground-state geometry for the
chromophores were optimized in the gas phase at B3LYP/6-311G** level of theory. No
symmetry constraints were applied and the solubilizing groups were included in the calculations.
Geometry optimizations were converged to the Q-Chem default tolerances of 3 x 10™* a.u. (max
gradient) and either 12 x 10™* a.u. (displacement) or 1 x 10°® a.u. (energy). The energy of

HOMO and LUMO was calculated at the same level.

Ultrafast Spectroscopy

Details of the transient absorption experiments have been described previously.'!-31-32-38

Briefly, a Ti:Sapphire regenerative amplified (1 kHz repetition rate) is used to pump an optical

parametric amplifier to produce tunable pulses with a pulse width of ~ 100 fs. A portion of the



800 nm fundamental is used to generate a supercontinuum probe by focusing into a thin sapphire
plate. For femtosecond to nanosecond delay times, a mechanical stage is used to adjust the pump
and probe delay. For nanosecond and longer delay times, an electronically gated supercontinuum
probe pulse from a fiber laser. The pump pulse is the same for both probe measurements.
Ultrafast measurements are conducted at concentrations below 50 uM in chloroform solution

(pentacene compounds) or toluene (tetracene compounds).

RESULTS AND DISCUSSION

Ideally, iSF chromophores should undergo extremely fast singlet fission in order to
outcompete parasitic deactivation pathways from the photoexcited singlet state. To test the
impact of the bridge resonance hypothesis on the rates of iSF, we synthesized a series of bridged
TIPS-pentacene (P) dimers with the general structure of P--P, where 3 represents the bridge
moiety. We selected various [ units between pentacenes: phenylene (BP1), biphenylene (BP2),
naphthalene (PNP), benzodithiophene (P-BDT-P), and TIPS-anthracene (PAP). Our strategy in
choosing the bridges is to explore the dependence of the SF rate with increasing number of fused
rings in the bridge (BP1 = PNP - PAP), which has the consequence of both reducing the
offset with the pentacene orbitals and increasing the distance between chromophores (Figure 1b).
In addition, we designed a set of pentacene-f-pentacene compounds that maintain a fixed
distance between the chromophores (BP2, P-BDT-P, and PAP), which allows us to further

understand the effect of the bridge FMOs.

The alignment of the bridge orbital energies relative to pentacene is determined using
density functional theory at the B3LYP/6-311G** level of theory (Figure 1b) and ranges from >

2 eV (BP1) to 0.5 eV (PAP). The corresponding experimentally determined energies were



obtained from literature values according to established protocol** and are provided in the SI. As
the bridge HOMO-LUMO gap approaches that of pentacene, the P-B-P compounds exhibit
additional absorption peaks in the visible region near 500 nm that are absent in the monomer
(Figure 1c). This transition energy of this peak is too low to represent a localized bridge
excitation’®*® but does correspond to the transition energy of the normally dark S> pentacene
exciton. This effect is most pronounced in PAP and P-BDT-P and suggests hybridization of the
bridge with higher energy orbitals on the pentacene units, an effect that has been previously
explained for multichromophore acenes.*” However, the localized absorption in the pentacene
unit near 670 nm is unaffected, suggesting minimal hybridization/charge transfer character in the
lowest energy S; exciton. For the exciton dynamics reported here, the pump pulse is tuned to

directly excite pentacene and avoid higher lying CT states.

We study the singlet fission dynamics of these materials in degassed dilute (~ 50 uM)
chloroform solution using transient absorption spectroscopy (TAS). The methodology for
identifying singlet fission in solution is well-established and widely used.!?12333%51 The protocol
consists of photoexciting singlet excitons with a laser pulse tuned to the absorption energy of a
localized exciton on the pentacene chromophore. The pentacene singlet exciton exhibits a
characteristic broad photoinduced absorption (PIA) spanning 400-575 nm that decays
concomitantly with the rise of triplet exciton, with a characteristic narrow PIA near 520 nm, on
picosecond timescales. Although the triplet absorption feature is common to all pentacene-based
singlet fission materials, we verify the spectrum in each compound using triplet sensitization
methods, directly populating an individual triplet exciton using collisional energy transfer. The
SF-generated triplet pair and sensitized (individual) triplet spectra show similar spectral line-

shapes but exhibit significantly different excited state lifetimes. Since the triplet pair can undergo



triplet-triplet annihilation, triplet population loss occurs on time scales much faster than the
sensitization lifetime (~20 us in pentacene, SI) and provides definitive evidence for a triplet pair
as well as confirming singlet fission as the dominant process. Here we focus on the SF dynamics
after pumping a vibrationally excited state of the lowest energy (S1) exciton and probing the
transient response of the system using broadband white light pulse, permitting concurrent
observation of the key spectral regions. Global analysis was used to extract time constants and

obtain deconvoluted spectra corresponding to the singlet and triplet species.
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Figure 2. Top: Transient absorption spectra of a) BP1 b) PNP c) PAP excited at 600 nm in 50 uM
chloroform solution. Prominent singlet (S1) and triplet pair (TT) photoinduced absorption features

are outlined for clarity. Bottom: Deconvoluted transient spectra of singlet and triplet pair species

as determined by global analysis.
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Using this well-established methodology, we find that efficient iSF occurs in all P--P
chromophores. The singlet fission dynamics of BP1 has previously been reported by our group
(Figure 2a) and shows a SF time constant of ~ 20 ps with quantitative conversion yields.!! The
raw transient absorption data for the P-f-P series are qualitatively similar to BP1, differing
mainly in the rate of SF and the lifetime of the triplet pair. The spectral dynamics for PNP
(singlet lifetime ~ 46 ps) and PAP (singlet lifetime ~ 43 ps) are shown in Figure 2 along with
their spectral decompositions obtained using global analysis with a sequential kinetic model (S;
— (TT) — So). Additional data for BP2 and P-BDT-P are found in the SI. The compounds
show species absorption spectra representative of pentacene-containing chromophores, with
nearly identical broad singlet PIA in the blue/green region of the spectrum and a strongly peaked
triplet PIA with its maximum absorption peak near ~ 520 nm. The decay of these characteristic
PIAs are indicated by the dotted lines in the raw data plots of Figure 2 and can be clearly seen by
inspection in the spectral decompositions. The primary difference is seen in the seemingly
narrower triplet PIA in PAP (and in P-BDT-P) that is a result of overlapping absorption features

observed in the linear spectra near 500 nm (Figure 1c¢).

The transient absorption dynamics indicate quantitative SF yields without population loss
or the generation of an additional parasitic species. One key signature of direct singlet to triplet
conversion is the presence of an isosbestic point for the singlet and triplet pair photoinduced

absorption spectra, >

which is observed in all P-B-P chromophores. The sole exception is BP1,
whose dynamics show a continual evolution of the triplet pair spectrum over the first ~ 100 ps
after iSF, as has been previously discussed.!! Other B units display a much simpler dynamical

evolution toward (TT). The resulting kinetic traces at the isosbestic points, for example 550 nm

in PNP, are flat over the SF time scales (SI) ensuring that the triplet pair yield is solely
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determined from kinetic competition between SF and radiative decay (kg):

QY(rry = 200 * kg /(kg + kgr). A complete summary of the SF time constants and yields for

these compounds can be found in Table 1. Additional evidence for quantitative yields includes a
conserved area of the pentacene-localized ground state bleach (GSB) feature during SF and a
kinetic analysis showing that iSF time scales exceed the pentacene monomer lifetime®* (~ 13 ns)
in all compounds. We have previously reported that the triplet pair generation rate and triplet pair
decay rate are not strictly independent without additional modifications of the triplet pair
potential energy surface.** As such, the molecules discussed here generally follow that trend that
slower SF is correlated to slower triplet pair recombination.* However, the bridge may play an
additional role in mediating triplet pair decay that is not well understood, including modifying
the overall aromaticity, planarity, or degree of spin-orbit coupling.’® The relationship between
bridge chemical structure and triplet pair decay is outside the scope of this particular discussion
will be treated in a future manuscript.

Considering the various bridging units described here, we will first discuss the singlet
fission dynamics in a series of compounds where 3 containing n=1 (phenylene, BP1), n=2
(naphthalene, PNP), or n=3 (anthracene, PAP) fused rings. As we progress from BP1 — PNP —
PAP, the HOMO and LUMO of the series become closer in resonance with the SF
chromophores as the bridge size (chromophore separation) increases (Figure 1a). Based on
previous studies, we would expect that increasing the separation distance between the
chromophores would decrease the rate of singlet fission, with PAP giving the longest time
constant.!! However, we observe that this trend is not maintained, with PAP exhibiting a much
faster than expected SF rate. The single wavelength kinetics for the fused ring compounds

extracted at the maximum of the triplet PIA show a moderate decrease in the triplet rise from
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BP1 to PNP but little change from PNP to PAP (Figure 3a). As we move from BP1 to PNP, the
HOMO/LUMO offsets of the bridge relative to the terminal pentacenes are reduced by nearly 1
eV from 2.1/2.8 eV to 1.1/1.7 eV (Figure 1b). The overall singlet fission time constant nearly
doubles to 46 ps due to decreased interchromophore electronic coupling with increased
separation (an additional 2.3 A measured between the 2,2’ positions of the pentacenes). In PNP,
it is clear that the orbital energy offsets of the naphthalene bridge are too large to have a
noticeable impact on the SF rate, i.e., no bridge resonance effect is observed. In PAP, the
HOMO/LUMO offsets are reduced to 0.5/0.5 eV. We would intuitively expect a similar increase
in the SF time constant in PAP due to the inclusion of an additional fused ring on the bridge that
results in an additional 2.3 A of separation between the bridged pentacenes. Instead, the
measured SF time constant is shorter (43 ps) than what is observed with PNP (46 ps), despite the
decreased proximity of the pentacenes. This suggests that the bridge is playing a material role in

dictating the SF dynamics.

Previous work has shown that iSF in symmetric acene compounds proceeds through a
direct mechanism that is kinetically favorable when the singlet and triplet pair states are

resonant.’® As such, golden-rule like expression for the rate of singlet fission was derived, such
that the SF rate is proportional to the square of the direct coupling strength (k5F~|(TT|ﬁel |51)|2)

and the dominant terms in H,; scale inversely with distance.?*> If we ignore bridge resonance
effects and apply the scaling relation observed when progressing BP1 to PNP, then we would
expect the iSF time constant in PAP to be in the range of ~ 70 — 90 ps based on the simple
functional form for a direct mechanism. Instead, the slight decrease in time constant for PAP as
compared to PNP implies that the coupling strength is maintained or slightly enhanced, an effect

that can be solely attributed to bridge resonance effects. The evolution of the SF rate constants
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for BP1 and PNP are in rough agreement with the expected scaling based on a simple linear
reduction of the coupling strength (ksz~1/d?) with distance (d), but the rate constant for PAP

deviates significantly from this trend (Figure 3b).
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Figure 3. (a) Kinetics at wavelengths selective for triplet PIA of BP1, PNP, and PAP highlight
the impact of a resonant bridge design, with PNP and PAP having nearly identical triplet rise
times. (b) iSF rate constant as a function of the number of fused rings, n, in the bridge. The
predicted scaling using a simple relation in which the coupling strength varies linearly with

distance is shown as a dotted line as a guide to the eye.
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Table 1. iSF Rate and Time Constants of Bridged Pentacene Dimers

Compound | ks (ps™) | Tsr (ps) QYrr
BP1 5x 107 20 199.7%
BP2 4.5x107 | 220 196.7%
PNP 2.2 %1072 | 46 199.3%
PAP 2.3 %1072 |43 199.3%
P-BDT-P |7.7x102 |13 199.8%

The slight variations between BP1, PNP, and PAP provide a simple, near-linear scaling
of the HOMO/LUMO offsets with increased pentacene-pentacene distance (n = 1, 2, 3; Figure
3b). To further isolate the effect of the bridge energetics on the iSF rate, we synthesized the
additional compounds P-BDT-P and BP2, which have a similar pentacene-pentacene separation
distance as in PAP (~ 10 A). Unlike in the fused ring series, we modify only the bridge
electronic structure, including the HOMO/LUMO offsets which vary from 1.4/2.1 eV in BP2 to
0.5/1.7 in P-BDT-P to 0.5/0.5 ¢V in PAP. Within this series, we see a wide variation in the SF
time constants, from 220 ps in BP2!!*% to 13 ps in P-BDT-P, representing a ~ 17x overall
change for a constant interchromophore distance. The singlet decay rate in P-BDT-P is
particularly fast, even though it has a large LUMO offset compared to pentacene. In contrast to
donor-B-acceptor compounds, in which the LUMO offset is of primary importance,* we
conclude that both the HOMO and LUMO offsets are relevant in determining the iSF rate. The
faster iSF in P-BDT-P compared to PAP is not captured within our simple picture, but likely
results from several factors including the presence of a heteroatom on the bridge and the

enhanced planarity imparted by linkage through a 5-membered ring.>®
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In general, the iSF rate constant in a P--P compound will be a multivariate function of
several factors, including the chromophore-chromophore separation and the electronic structure
of the bridge. Within the full set of P--P compounds, this multivariate dependence can be
visualized in 3D by plotting the SF rate constant as a function of both the interchromophore
distance and the minimum of the HOMO or LUMO offset energy (Figure 4a). Within this plot,
the bridge resonance effect can be visualized by projecting the 3D plot along the SF
rate/Distance axes (back left wall in Figure 4a), where it can be clearly seen that a wide range of
iSF rates can be observed at long distances (even exceeding the short distance values).
Alternatively, the bridge resonance effect can be visualized by taking a slice through the data at a
constant interchromophore distance, allowing us to isolate the effect of the changing orbital
offset energy (shaded region in Figure 4a). Simply projecting the data onto the SF rate/Bridge
Offset axes (back right wall in Figure 4a) is not a good representation of the data due to a strong

dependence on the interchromophore separation.

To show that this effect can be generalized to other SF chromophores, we have
synthesized and measured the exciton dynamics in an analogous set of bridged TIPS-tetracene
(T) dimers with the general structure of T-B-T. 8 includes phenylene (BT1), biphenylene (BT2),
naphthalene (TNT), and TIPS-anthracene (TAT) (SI). Nearly identical qualitative behavior is
observed, in which the SF rate is enhanced at long distances due to the bridge resonance effect.
As in the pentacene compounds, this effect is readily apparent for the fused ring series (BT1 —
TNT — TAT) in which SF is enhanced in TAT (7 ps — 30 ps — 14 ps) despite the longer
tetracene separation. Alternatively, we can compare BT2 and TAT as they have nearly identical
interchromophore spacing. In TAT, the smaller offsets (0.3/0.2 eV) compared to BT2 (1.2/1.8

eV) increase the SF rate constant by a factor of ~ 17x, nearly the same magnitude observed for
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the analogous pentacene compounds. The similarity to the bridged tetracenes to their pentacene
counterparts can be seen from inspection by comparing the 3D plots of the SF rate constant
versus interchromophore separation and orbital offset (Figure 4b). Taken together, we conclude
that the SF rate is dependent on both the distance between chromophores and the resonant

alignment of the bridge frontier orbitals.

(a) (b)

2 0.08 o,

Figure 4. The rate of singlet fission as a function of the minimum energy offset (HOMO or
LUMO) of the bridge relative to the terminal chromophores and distance between chromophores

in the (a) pentacene dimer series and (b) tetracene dimer series.

CONCLUSIONS

To gain insight into the factors that govern the dynamics of intramolecular singlet fission,
this manuscript focuses on structure-property relationships involving the electronic structure of
the bridging units that link two singlet fission chromophores. We find that energy-level
alignment of the bridge FMOs to those of the SF chromophore impact the rate of triplet pair
formation. When the FMOs of the bridge come closer in resonance to the FMOs of the flanking

chromophores, it was found that the rate of iSF is much faster than in bridges that have large
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deviations in the energy level alignment. Remarkably, the SF rate constant in P-BDT-P is

comparable to a previously reported pentacene dimer bridged by just a single carbon atom,*

demonstrating the significance of the bridge resonance effect in being able to overcome the
penalty associated with extending interchromophore separation. The enhancement of the SF rate
in PAP, TAT, and P-BDT-P suggests that a wide range of potential chromophore/bridge
combinations can exhibit favorable singlet fission dynamics. While the mechanism by which the
bridge orbitals affect the SF rate appears distinct from donor-bridge-acceptor complexes, this
work establishes the critical nature of the bridge in tailoring multiexciton formation dynamics in

1SF materials.
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