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ABSTRACT

Photoexcitation of molecular chromophore aggregates can form excimer states that play a
significant role in photophysical processes such as charge and energy transfer, and singlet fission.
An excimer state is commonly defined as a superposition of Frenkel exciton and charge transfer
states. In this work, we investigate the dynamics of excimer formation and decay in m-stacked
9,10-bis(phenylethynyl)anthracene (BPEA) covalent dimers appended to a xanthene spacer, where
the electronic coupling between the two BPEA molecules is adjusted by changing their
longitudinal molecular slip distances. Using exciton coupling calculations, we quantify the relative
contributions of Frenkel excitons and charge transfer states and find that there is an upper and
lower threshold of the charge transfer contribution for efficient excimer formation to occur.

Knowing these thresholds can aid the design of molecular aggregates that optimize singlet fission.



INTRODUCTION

Photoexcitation of molecular chromophore aggregates often results in the formation of excimer
states in which an exciton on one chromophore electronically interacts with one or more
neighboring chromophores resulting in overall stabilization of the system.! Excimer formation is
observed in various types of chromophore assemblies including covalent dimers,> aggregates in
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solution,’® and in the solid-state,” which is of particular interest to organic electronics and

1213 Often times, excimer states can act as an exciton traps'* and decrease the

photovoltaics.
quantum yield of desired products or device performance.'”” This occurs when the excimer
formation rate is faster than the targeted processes such as exciton diffusion, charge transfer and
transport, and singlet fission (SF).!%!” However, in some cases, excimers have been proposed to
act as intermediates in desirable photophysical process; for example, to mediate SF in
polycrystalline  3,6-bis(aryl)diketopyrrolopyrrole (DPP) films'® and perylene-3,4:9,10
bis(dicarboximide) (PDI) covalent dimers.!® Traditionally, the excimer state has been defined as
a linear combination of Frenkel exciton (FE) and charge transfer (CT) states. Defining |S;S, >
and |S,S; > as states where the excitation resides on one of the two molecules, and |[AC > and

|CA > where the cation and anion reside on either molecule, the excimer state, [Ex>, can be

expressed as:*°
|Ex > = a(|S;Sy > +|SyS1 >) + b(|CA > + |AC >) (D

where a and b are coefficients and the squares of these coefficients indicate the relative
contributions of the FE and CT states. The relative degree to which the FE and CT states contribute
to |Ex> depends on the electronic interactions in molecular aggregates as dictated by the

interchromophore distance, orientation, and solvation environment.>!-?



The contribution from the FE state can be understood as the Coulombic interactions among the

123 These Coulombic

molecules comprising the aggregates as described by the Kasha mode
interactions are dictated by the relative orientations of transition dipole moments and result in
Davydov splitting, which can be easily observed in the steady state absorption spectra of the
aggregates.”* Contributions of the CT state to the excimer state have been widely recognized from
the observed solvent polarity dependence of excimer formation.>® 2?2 In many systems, having
large CT character stabilizes the excimer state resulting in faster excimer formation in higher yield.
For instance, in the case of extended viologens, a shorter distance between the two chromophores
leads to increased CT character and thus faster excimer formation,?> while for PDI dimers and
aggregates, excimers with increased CT character have been observed in highly polar solvents.5?!
Recently, folded geometries of PDI dimers were shown to have similar CT and FE contributions
based on their calculated exciton couplings.>?* It has also been reported that a CT contribution
comparable to that of the FE state allows for SF leading to '(T1T1) multiexciton state formation.?!
Although it is widely assumed that most excimer states have a large FE contribution with a small
degree of CT character that stabilizes the excimer state, it remains unclear what degree of CT state

contribution relative to the FE states is necessary to facilitate or avoid excimer formation, leading

to important implications for the role of excimers in other photophysical processes, such as SF.

Here, we synthesized covalent dimers of 9,10-bis(phenylethynyl)anthracene (BPEA) using a
xanthene bridge and a phenylene spacer (Scheme 1) to systematically tune the electronic coupling
between two BPEA molecules and to study their excited state dynamics. BPEA is an extensively
studied industrial dye that has a near unity fluorescence quantum yield in solution. Recently, it has
been shown that BPEA in the solid state undergoes efficient SF.?2 However, we found that

excimer formation is the dominant photophysical process in covalent BPEA dimers based on



solvent-dependent transient absorption and time-resolved fluorescence studies. In addition to the
experimental studies, we calculated the exciton couplings to quantify the contribution of FE and
CT states in BPEA and other systems including PDI covalent dimers and polycrystalline DPP
systems. Such calculations show a correlation between excimer formation dynamics and the

relative ratio of FE to CT state contribution to the overall electronic description of the excimer.

Scheme 1. BPEA covalent dimers: Oph, 1ph, and 2ph.

EXPERIMENTAL SECTION

Synthesis of BPEA dimers. BPEA covalent dimer Oph was synthesized by Sonogashira coupling
of  4,5-dibromo-2,7-di-fert-butyl-9,9-dimethylxanthene and  9-ethynyl-10-phenylethynyl-
anthracene in 27% yield. The reaction also gave mono-substituted xanthene S1 in 67% yield,
which was used to prepare slip-stacked 1ph and 2ph. Namely, 1ph and 2ph were synthesized by
Suzuki—Miyaura coupling of S1 and the corresponding boronic esters S4 and S5, respectively

(Scheme 2, see Supporting Information for detailed procedures).



10 mol% Pd(PPhg),
10 mol% Cul
toluene/dist. iProNH (7/3)
80°C,15h

5 mol% Pd(PPhg),
5 equiv. K,CO3
THF/H,0 (9/1)
reflux, 15 h

S4(n=1)
S5(n=2)
1.5 equiv.

1ph, 60% (n = 1)
2ph, 86% (n =2)

Scheme 2. Synthesis of covalent BPEA dimers Oph, 1ph, and 2ph.

Spectroscopy. UV-Vis absorption spectra were acquired in toluene (Tol), dichloromethane (DCM)
and N,N-dimethylformamide (DMF) on a Shimadzu UV1800 absorption spectrometer. Emission
spectra were collected using a Horiba Nanolog spectrofluorometer. Fluorescence quantum yields,
®r, were determined by using the front face mode with a HORIBA Nanolog spectrofluorometer

equipped with an integrating sphere (Horiba Quanta - ¢).

The femtosecond transient absorption (fsTA) experiments were conducted using instruments
described previously.? The 414 nm pump pulses were generated using a laboratory-built collinear
optical parametric amplifier and attenuated to 1 pJ/pulse.’* The pump pulses were depolarized to
suppress the effects of orientational dynamics. Transient absorption spectra were detected using a
customized Helios/EOS spectrometer (Ultrafast Systems, LLC), where the Helios spectrometer is
used for pump-probe delays up to 7.4 ns and the EOS spectrometer is used for pump-probe delays
of 0.6 ns to 340 ps. The optical density of the samples was ~0.3 at the excitation wavelength (Aex

=414 nm) in 2 mm cuvettes.



Picosecond time-resolved fluorescence (psTRF) data were collected using a Hamamatsu
C4780 streak camera. The 414 nm, 15 nJ laser pulses from a Spirit-NOPA-3H were utilized as the
excitation source. Data were collected using 2 ns, 10 ns and 100 ns time windows; the instrument
response function (IRF) was ~2% of the acquisition window, with the highest time resolution being
40 ps. The IRF was determined from the pump scatter using Gaussian deconvolution as described
in Supporting information. The optical density of the samples was kept below 0.1 at the excitation
wavelength in 2 mm cuvettes. All data were acquired in the single-photon counting mode using

the Hamamatsu HPD-TA software.

Exciton Coupling (J) Calculations. The value of J is calculated by simulating the steady-state
absorption spectra of the BPEA compounds through time-propagation of the Frenkel/charge-
transfer Holstein Hamiltonian.’!** This Hamiltonian captures how the presence and mixing of
exciton and CT states impacts the linear response of the compound. We use a single Franck-
Condon-active vibration to describe the nuclear degrees of freedom for both the singlet and CT
manifolds. To capture the spectral linewidths, we apply a Gaussian windowing function to the
time-domain linear response prior to Fourier transformation to the frequency domain. We first
simulated the BPEA monomer spectrum to extract a Huang-Rhys factor of ~0.9 for the primary
~1400 cm™ vibration apparent in the vibronic structure of the experimental spectra. This C=C
stretch has been previously studied in anthracene-based compounds.**-** We used this result in
conjunction with the calculated electron and hole transfer integrals to simulate the dimer linear
responses and determine the strength of the coulombic interaction between the BPEA

chromophores. Further details regarding these simulations can be found in the SI.

The hole and electron transfer integrals between HOMO-HOMO and LUMO-LUMO of the

two molecules were calculated from the integral matrix elements using the Amsterdam Density



Functional (ADF) package® at the density functional level of theory (DFT). Here, the BPEA
dimers are geometry optimized in dichloromethane (DCM) using B3LYP basis and Grimme3
dispersion correction functional to account for n-m interactions. Optimized structures are shown in
Figure S24. Following the optimization, the xanthene bridge is removed similar to the method used
for previous systems®® to calculate the transfer integrals. For calculating the one-electron coupling,
the triple { with two polarization functions (TZ2P) basis set and the B3LYP exchange-correlation
functional were chosen. Fock and overlap integral matrix elements were calculated using the
TRANSFERINTEGRALS key with the fragment orbital approach as implemented in ADF. The

effective coupling between orbitals i and £, Vir, was calculated using the following equation:*’

1
Jir — 3Sif(ei+er)

Vie =
if 1-S%

(1)

where Jir is the Fock matrix element between a pair of monomers, Sif is the overlap integral, ei and
er are the Fock matrix elements within a monomer. The calculated matrix elements for the
corresponding systems are shown in Table S2.

The CT state energy, E(CT), was calculated by performing single-point energy calculation
using Density functional theory (DFT) calculations. Geometries of BPEA and PDI monomers
(Figure 5) were optimized in QChem (v. 5.0) with the B3LYP functional and 6-31G* basis set in
gas phase followed by further optimization using a polarizable continuum model (C-PCM) and the
specified optical and static dielectric constants for each solvent medium. A single point energy
calculation on the optimized geometry was performed and convergence was reached to obtain the
energy of neutral, anion and cation species. The energy of anion and cation is scaled by subtracting
the energy of neutral species and the E(CT) was calculated as the sum of cation and anion energy.®-

39 Example input files and the values are reported in Table S3.
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Figure 1. (a) Steady state absorbance and (b) emission spectra of BPEA monomer and dimers
in DCM.

RESULTS

Steady state optical properties. Ground state absorption spectra of the covalent BPEA dimers in
DCM were obtained to qualitatively compare exciton coupling among BPEA dimers (Figure 1).
The absorption maxima of 0-0 and 0-1 transitions in BPEA monomer in DCM are 464 nm and 438
nm, respectively, and the 0-0 transition has a greater intensity than the 0-1 transition. Due to
multiple conformers in the solution phase, the BPEA monomer in solution has a broad
absorption.*” Unlike the BPEA monomer, the 0-1 transitions in the BPEA covalent dimers have
greater intensities than the 0-0 transitions, indicating H-type intramolecular interactions.**
Presumably, strong n-m interactions drive the BPEA molecules to stack even with phenyl spacers.
The absorption maxima of the 0-0 and 0-1 bands of Oph are 466 nm and 435 nm, respectively,
which are comparable to the BPEA monomer. In contrast, the 0-0 and 0-1 transitions of both 1ph
and 2ph are red shifted (Table 1). Steady state absorbance spectra of the BPEA dimers in Tol are

shown in Figure S1 with the corresponding peak positions and ®@r (Table S1).



Table 1. The absorption and emission maxima, singlet state energies (£(S1)), and fluorescence
quantum yields of BPEA monomer and dimers in DCM.

0-0 (nm) 0-1 (nm) E(S1) (eV) Dr (%)

BPEA 464 438 2.60 95+5
Oph 466 435 2.52 59+3
1ph 471 446 2.55 92+7
2ph 473 452 2.57 82+9

The steady state fluorescence spectrum of the BPEA monomer in DCM has a clear vibronic
progression of 0-0, 0-1 and 0-2 transitions. In contrast, Oph in DCM has a significantly broadened
emission spectrum without a strong vibronic progression, which is characteristic of excimer
formation in BPEA.*' The emission spectrum of 1ph is also broadened, but shows a somewhat
more well-defined 0-0 and 0-1 vibronic progression with maxima at 457 nm and 494 nm, similar
to that reported for a BPEA cyclophane.** Dimer 2ph has a vibronic progression similar to BPEA
monomer that is red shifted, indicating a lack of excimer formation. Although there are minor
differences in the absorption spectra of the dimers between DCM and Tol, their steady-state
emission spectra change significantly depending on the solvent polarity (Figure S2). For example,
the emission maxima of Oph and 1ph are shifted more in DCM than in Tol, whereas the intensity
ratio between 0-0 and 1-0 in Tol is greater than in DCM. Assigning the onset of the steady state
absorbance and emission spectra as the first singlet excited state energy, E(Si), the BPEA
monomer has the largest £(S1) =2.60 eV followed by 2ph (2.57 ¢V), 1ph (2.55 eV), and Oph (2.52
eV) (Table 1). Unlike BPEA monomers, ®r < 1 in the BPEA dimers, indicates changes to their

excited state dynamics relative to the monomer.

Excited state dynamics. We performed time-resolved fluorescence (TRF) spectroscopy to
investigate the excited state dynamics of the BPEA dimers. The BPEA monomer in DCM has

near-unity ®r with a singlet excited state lifetime of 3.2 + 0.2 ns. On the other hand, upon



photoexcitation of Oph, excimer formation is observed within the 40 ps instrument response
function (IRF) (Figure S3). Although the identity of the species depend on the dimers, in each case
the simplest model consisted of three or four proposed states, A, B, C, and D which are populated
in a stepwise manner was used as the kinetic model. The resulting fits represent effective rate
constants that incorporate contributions from radiative decay and other pathways for population
loss. By globally fitting the different time windows of the TRF spectra (Figure 2), excimer

formation and decay time constants are obtained (Table 2).
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Figure 2. TRF spectra of BPEA dimers in DCM upon photoexcitation at Aex = 414nm (15 nJ/pulse).
The TRF spectra are globally fit using an, A - B —» C — GS, evolution-associated decay model and
the resulting spectral fits are shown in the bottom panel. Additional time windows, wavelength fits and
population vs. time fits are shown in Figure S3-S12.
Considering the spectral fits obtained from global fitting of Oph in DCM, we assigned species
A to the excimer state due to broad spectral feature. Between species A and B, species A has an

additional peak at 475 nm compared to the species B (Figure 2). Presumably, species B is a

structurally relaxed excimer state since there is a red shift in the emission maximum.
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Unlike in Oph, upon photoexcitation of 1ph in DCM, there is a clear vibronic progression in
the emission spectrum, which is assigned to the FE state (Figure 2). Following the decay of this
FE state within the 40 ps IRF, we observe a broad and red-shifted emission, indicating formation
of an excimer state. Besides species A, which is assigned to FE state, the rest of the states are
assigned to excimer states.Once again, the multiple excimer states arise from the structural
relaxation over time.. The lowest energy state is reached as indicated by the most red-shifted
emission (Figure S8) with its emission maximum occurring at 543 nm and having a 15 + 2 ns
lifetime. The lowest energy excimer state for Oph in DCM has an emission maximum at 549 nm
with a 30 + 2 ns lifetime. The lower energy and longer emission lifetime of Oph compared to 1ph

indicates that the excimer state is more stable in Oph.

Table 2. Excimer formation and decay time constants from TRF measurements for BPEA dimers

in DCM and Tol.

Oph DCM  Oph Tol 1ph DCM 1ph Tol 2ph DCM 2ph Tol
1 50+40ps 1.7£02ns 27+40ps 220+40ps 200+40ps 510=+40ps
T 3+2ns 30+2ns 700+40ps 830+40ps 2.8+0.2ns 24+02ns
T3 30 £+ 2ns 23+ 2ns 4+2ns 40+2ns
T4 15+2ns 8+ 2ns

We also measured the TRF spectra in Tol to gauge the solvent polarity dependence of the
excimer formation dynamics. There are changes in both the time constants and the emission
maxima. All the excimer formation and decay time-constants are slower in Tol than those in DCM
for Oph and 1ph (Table 2). In addition, the emission peaks are more red-shifted in DCM than in
Tol, which is in good agreement with the steady-state emission spectra (Figures S3-S12). Unlike

Oph and 1ph, 2ph exhibits biexponential emission decays without significant spectral changes
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(Figure 2). By fitting the spectra using an A — B — GS model, the first decay time constant is

faster in DCM than in Tol, whereas the second component remains the same.

Since the temporal resolution in our TRF experiments is limited, femtosecond transient

absorption (fsSTA) spectroscopy was used to investigate the excimer formation rate. Upon
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Figure 3. FsTA spectra of BPEA dimers in DCM upon photoexcitation at Aex=414nm (1 pJ/pulse).
The fsTA spectra are globally fit using A - B — C — GS kinetic model and the resulting spectral

fits are shown in the bottom panel. Wavelength fits and population vs. time fits are shown in Figures
S13-S23.

photoexcitation of the Oph dimer in DCM at 414 nm (1 uJ/pulse), a ground state bleach (GSB) and
stimulated emission (SE) feature occur between 420 nm and 550 nm, while the singlet excited state
absorption (ESA) has maxima at 588 nm and 955 nm (Figure 3). Following the rapid disappearance
of the singlet ESA, an excimer state is formed as evident in the rise of a new ESA feature between
483 nm and 600 nm. By globally fitting the spectra using an A — B — C — GS model, species A
shows ESA spectral features similar to the Sn <— S1 transitions of the BPEA monomer. The stronger

GSB of the 0-0 band at 468 nm relative to that of the 0-1 band at 436 nm further supports the
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assignment of species A to the singlet excited state, i.e. the FE state (Figure 3). Following rapid
decay of this state, the ratio between the 0-0 and 0-1 bands also changes to that typical of an H-
type aggregate in species B. Both species B and C are the ESA of the excimer state. The spectral
features of species B and C are similar, but a major difference exists in the ratio of the peak at 588
nm to the shoulder at 503 nm. From the global fitting, the excimer formation time constant is 0.4
+ 0.3 ps, with two different excimer decay time constants of 80 + 5 ps and 31 + 2 ns (Table 3).
These values are in good agreement with those obtained from the TRF measurements. The same
analysis was performed on Oph in Tol and the resulting spectral fits are shown in Figure S15. Both
the excimer formation and the decay time constants are slower than those of Oph in DCM as

reported in Table 3.

Table 3. Excimer formation and decay time constants from TA measurements for BPEA dimers

in DCM and Tol.

Oph DCM Oph Tol 1ph DCM 1ph Tol 2ph DCM 2ph Tol
1 04+03ps 08+03ps 13+4ps 42+3ps  3.0+x03ps 2.0+03ps
T 80+5ps 180+10ps 210+40ps 1.5+02ns 100+ 10ps 22+5ps
T3 31#2ns 34+£05ns 35+08ns 3.6+0.1ns 3.1+03ns 23+0.2ns
T4 24+ 3 ns 16 + 4 ns 8+ 1ns

Similarly, in 1ph, the early time features result from the singlet excited or FE state. There is a
pronounced GSB and SE at 400-500 nm, where the 0-0 peak is more intense than 0-1 peak along
with ESA maxima at 597 nm and 1024 nm. Globally fitting the spectra usingan A - B - C —
D — GS model, the excimer formation time constant is T = 13 + 4 ps, followed by the three
different excimer decay time constants (Table 3). These decay time-constants are in good
agreement with those obtained from TRF measurements. The overall slow formation and decay

time constants of the excimer in Tol indicate that the excited state dynamics of these dimers are
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solvent polarity dependent. In addition, compared to Oph, the excimer formation rate is

significantly slower in 1ph and thus, a clear singlet or FE state ESA is observed in species A.

In the case of 2ph, the overall ESA spectra have a more pronounced vibronic progressions.
Globally fitting the spectra using an A — B — GS model, species A results from the singlet excited
state and has an ESA with local maxima at 603 nm, 1076 nm, and 1391 nm. Species B has a new
spectral feature at 650 nm, which is assigned to the BPEA anion based on its spectral similarity to
the chemically reduced BPEA monomer.*’ In addition, this anion spectral feature is more
pronounced in 2ph in DMF, which is a higher polarity solvent than DCM (Figure S23). We
attribute this anion feature to a small degree of symmetry-breaking charge separation (SB-CS).
Species C has spectral features similar to species B but with a decreased amplitude. For 2ph in
Tol, the overall spectral features do not change over time, indicating that SB-CS is absent and the
multiple decay time constants are attributed to solvation and multiple conformers. Regardless, SB-
CS is a minor decay pathway given the high ®r of 2ph in all three solvents. The ®r of 2ph in Tol
18 90 £ 5%, 82 £ 9 % in DCM and 77 + 3 % in DMF. Such decreasing ®r and more pronounced
anion feature with increasing solvent polarity strongly support the presence of minor SB-CS in
2ph. In addition to the decrease in ®r, there is also a red shift in the emission spectrum in DMF

and a stronger 0-1 vibronic peak compared to Tol and DCM (Figure S2).

Quantifying FE and CT contributions to the excimer state. Based on the results from fsSTA and
TRF spectroscopies, there is a significant solvent dependence in the excited state dynamics of the
BPEA dimers. Faster excimer formation and slower decay dynamics are observed in higher
dielectric environments for Oph and 1ph. In addition, SB-CS is only observable in high polarity

solvents for 2ph. In order to further understand these changes in excited state dynamics, we
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calculated the contribution of FE and CT character in the excimer state by diagonalizing the

following electronic Hamiltonian matrix:

Esi  Jecow Vem Vi

_ ]Coul ESl VLL VHH
Ha =1y, Vi Eq 0 @

VLL VHH O ECT

where Jcou 1S the strength of coulombic interaction and, Vun and ViL are the hole and electron
transfer integrals for the two BPEA molecules in the dimer. Here, the four basis states are SoSi,
S1So, CA and AC and diagonalizing this Hamiltonian matrix results in four excimer eigenstates.
The detailed description is given in the Supporting Information. Diagonalizing this electronic
Hamiltonian provides four excimer eigenstates with the corresponding energies shown in the
Supporting Information. Since the lowest energy state presumably has the highest population, we
compare the FE and CT contribution which are shown as |a*/(a|*+b|?) and |b[*/(a]*+b]?), respectively

in Table 4.

Table 4. The calculated values of FE and CT contributions and the excimer state energies in DCM

and Tol.
OphDCM OphTol 1phDCM 1phTol 2phDCM  2ph Tol
|al*/(a]*+b|) 0.84 0.997 0.92 0.998 0.94 0.998
|b|*/(a*+[b]?) 0.16 0.003 0.08 0.002 0.06 0.002
(|al*/|b?) 5.1 125 12 416 15 543

Energy 2.27eV 229eV. 230eV 231eV 2.30eV 231eV

Comparing the CT contributions, among the BPEA dimers in DCM, Oph has the greatest CT
contribution (0.16) followed by 1ph (0.08) and 2ph (0.06). Although this trend is similar across
the dimers in Tol, the magnitude of the ratio is significantly greater than those in DCM. Such a

result is reasonable because in low polarity solvent like toluene, the CT state energy is higher, thus
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there is poorer mixing of the CT state with the FE state in Tol. In addition, the energy of the
excimer state (Table 4) decreases with an increasing CT contribution. Thus, Oph has both the

greatest CT contribution and the lowest excimer state energy.

DISCUSSION

Comparison between experimental rates and the calculated exciton coupling. There is good
qualitative agreement for all BPEA dimers between the experimentally observed excimer
formation rates and the CT contributions. Based on the fsTA and TRF spectroscopy results, Oph
has the fastest excimer formation rate (Table 1) and also has the greatest CT contribution The
greater CT contribution in 1ph allows facile excimer formation, whereas 2ph behaves like the
BPEA monomer with a small degree of CT. However, it is unclear how the CT contribution affects

SB-CS.

Based on the calculated coefficients, the greater degree of CT contribution, i.e. larger
Ib|?/(a]*+|b|?) values, lead to lowering of the CT state energies. Experimentally, lower energy
excimer state emission is observed from Oph (2.25 eV) compared to 1ph (2.29 eV). From the
calculations, Oph has the lower excimer state energy (2.27 eV) compared to 1ph (2.30 V) in DCM.
Thus, the calculations show that increasing the CT contribution lowers the excimer state energy,
and moreover, there is a near quantitative agreement between the experimentally observed excimer
state energy and the calculated energy. A similar trend is also seen in Tol. It should be noted that
the excimer state energy is similar across different dimers, but their dynamics are significantly

different due to changes in electronic coupling.
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Comparing the results for BPEA dimers to those for other chromophores. Since the CT
contribution provides rich information about BPEA dimer systems, we have also calculated these
values for different systems that form excimers such as the crystalline DPP system and PDI
covalent dimers in solution (Figure 4). Previous studies have shown that a selection of DPP
systems undergo SF via an excimer intermediate state.'® *-4> Different crystal packing structures

lead to changes in electronic coupling and result in excimer-mediated SF or direct SF from the

CBH1? CgHy7
CaH13 |/j\CaH13
Q N ] N 0]

O N™ =0
R1 R> CSHHW) Cus\I)
Me methyl H CgHiz CeHiz
Cé n-hexyl H

TEG triethyleneglycol H
Ph n-hexyl phenyl

Bis-PDI2 Bis-PDI3
Bis-PDI1

Figure 4. Previously reported polycrystalline DPP and PDI covalent dimers. These systems
are used to calculate FE and CT contributions in this work.

singlet excited state. Among different DPP derivatives, the n-hexyl (C6) derivative forms excimers
with the fastest rate followed by methyl (Me), and triethyleneglycol (TEG) derivatives.'® In
contrast, the phenyl-DPP (Ph) derivative undergoes SF without an excimer intermediate state.**
Comparing the CT contributions for DPP systems, C6 has the greatest value of 0.13 followed by
Me (0.04), TEG (0.009), and Ph (0.0005) (see Supporting Information Tables S14-17). This trend
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is also seen in the excimer formation rate where the fastest rate occurs in C6 (~0.9 ps)™! followed
by Me (~2.7 ps)’!, and TEG (~10.1 ps)'.!® Similar to BPEA dimers, a greater CT contribution
lowers the excimer state energy as evidenced by C6 having the lowest excimer state energy of 2.00
eV followed by Me (2.15 eV), TEG (2.16 eV), and Ph (2.42 eV). All these trends in the DPP
system further support the idea that excimer formation is facilitated by a greater CT contribution,
and when there is a lack of CT contribution as shown in Ph derivative, excimer formation is

inhibited.

In the case of PDI covalent dimers (Figure 4), Bis-PDI1 has a CT contribution of 0.14, whereas
Bis-PDI2 and Bis-PDI3 have the ratios of 0.59 and 0.58, respectively (Tables S18-20). Bis-PDI1
forms excimers in <200 fs whereas PDI2 and PDI3 form a mixed state in ~50 ps, which is
composed of '(SoS1), '(T1T1), and CT states, similar to the mixed state observed in terrylenediimide
(TDI) dimers.*® The PDI2 and PDI3 dimers are unique cases because the lowest excimer
eigenstate has a greater contribution from the CT state than the FE state,. Kim and co-workers
suggest that a comparable contribution of FE and CT states prevents excimer formation, but rather
facilitates multiexciton generation.’ On the other hand, PDI1 dimer, which forms excimers rapidly,
still has a greater contribution from FE similar to the BPEA covalent dimers and some of the DPP

systems.
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Figure 5. Calculated percent contribution of FE and CT states. The lower limit of the CT
contribution for excimer formation is shown as a dashed line for the (a) BPEA and (b) DPP
systems and the upper limit is shown for the (¢) PDI systems. The calculated FE and CT
contributions are shown in Table S21.

Based on the FE and CT contributions calculated in variety of dimer systems including BPEA,
PDI, and DPP, there seems to be a threshold for a CT contribution to facilitate excimer formation
(Figure 5). For instance, in the BPEA covalent dimers, when the CT contribution is less than 0.06,
the excimer state does not form as seen in 2ph, setting the lower limit of CT contribution for
excimer formation. In crystalline DPP systems, the threshold for CT contribution is much smaller,
below 0.0005 for prohibiting excimer formation. In contrast, for the covalent PDI dimers, PDI2
and PDI3, when the CT contribution is significant (0.58), exceeding the contribution of FE,, there
is also no formation of excimer state, setting the upper limit of CT contribution for excimer
formation. Although the exact value of these thresholds varies among different systems, there
appears to be a specific range of CT contributions to facilitate excimer formation within the same

series of molecules.

Absence of singlet fission. Based on the singlet (£(S1) = 2.52-2.60 eV) and triplet excited state
energies (E(Ti) = 1.24-1.30 eV), the latter of which were obtained using multiple triplet
sensitizers*’ (see Supporting Information), BPEA covalent dimers have favorable energetics for

SF; however, unlike BPEA in the solid state, where efficient SF occurs, either excimer formation
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or fluorescence is a major decay pathway in the covalent BPEA dimers. There are two reasons.
First, the excimer formation rate is much faster than the SF rate observed in the solid-state film
due to a larger degree of CT contribution in BPEA dimers compared to solid-state BPEA. We
calculated the CT contributions for both the C2/c (0.02) and Pbcn (0.005) polymorphs of BPEA
in solid-state films (Figure 5). These values are far smaller than the CT contribution observed in
2ph, which is 0.06, and thus it is reasonable that there is no excimer formation in C2/c and Pbcn

BPEA films.

Second, presumably for SF to occur in covalent dimers, there needs to be a significant
contribution from the CT state as seen in the PDI2 and PDI3 dimers. Both PDI2 and PDI3 have
CT contributions that are larger than those of FE, and only these two dimers undergo SF. In
addition, upon photoexcitation of TDI dimers, a spectroscopically observable mixed state,
composed of '(SoS1), !(T1T1) and CT states is formed.*® Due to a large CT state contribution, both
cation and anion species are spectroscopically observable in TDI dimers.*® Similarly, in pentacene
systems, where ultrafast SF occurs, the CT character is calculated to range from 50-94%.*® Thus,
in BPEA covalent dimers, the CT contribution is insufficient to drive SF, but it also exceeds the
threshold necessary for the CT contribution to promote excimer formation. Presumably, the CT
contribution can be balanced in specific molecular designs to avoid excimer formation and to

promote SF.

CONCLUSIONS

We have synthesized covalent BPEA dimers using a xanthene bridge and changed the
longitudinal distance between the two BPEA units by changing the number of phenyl spacers.
Based on fsTA and TRF measurements, excimer formation is a major decay pathway for Oph and

1ph, whereas fluorescence emission from the S state with a small degree of SB-CS is observed
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for 2ph. Solvent-polarity dependent excited state dynamics confirms the importance of the CT
state in excimer formation. We quantified the contribution of the FE and CT states and found that
there are different lower and upper thresholds in the CT contribution among different systems
including BPEA, DPP, and PDI molecular aggregates that facilitate excimer state formation. Such
quantitative analysis using exciton coupling could aid in designing molecular aggregates to avoid
excimer state formation and to favor singlet fission.
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