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ABSTRACT

Rates of chemical reactions typically accelerate as the temperature rises, following the Arrhenius
law. However, electron transfer reactions may exhibit weak temperature dependence or
counterintuitive behavior, known as anti-Arrhenius behavior, wherein reaction rates decrease as
temperature increases. Solvent reorganization energy and torsion-induced changes in electronic
couplings could contribute to this unusual behavior, but how each contributes to the overall
temperature dependence is unclear. One can decelerate the charge recombination process in
photogenerated radical pairs or charge-separated states by harnessing this often-overlooked
phenomenon. This means that we could achieve long-lived radical pairs without relying on

conventional cooling. Using a series of homo molecular dimers, we showed that the degree of



torsional hindrance dictates temperature-dependent torsion-induced changes in electronic
couplings and, therefore, charge recombination rates. The overall temperature dependence is
controlled by how changes in electronic coupling and the temperature-dependent solvent
reorganization energy contribute to the rates of charge recombination. Our findings pave the way
for rationally designing molecules that exhibit anti-Arrhenius behavior to slow down charge
recombination, opening possibilities for applications in energy-related and quantum information

technologies.



1. Introduction

The Arrhenius law!
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is a result of chemical kinetics, describes the temperature dependence of reaction rate constants,
and is widely used as an empirical interpretation tool.> AG* is the activation energy of the
reaction. Electron transfer reactions typically follow the Arrhenius law. The nonadiabatic
electron transfer equation (the Marcus equation)>* shows that the rate of electron transfer (ker)
increases exponentially with increasing 7+
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where Vi, 4, and AG° are the electronic coupling of the initial and final states, total
reorganization energies, and the change in Gibbs energy. ks and £ are the Boltzman and reduced
Planck constants. 4 can have contributions from internal (Av) and solvent reorganizations (4s); 1 =

Av + Zs. The activation energy is defined as
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Rearrangement of eq. 2a shows that In(ker7"?) has a linear (negative slope) relationship with the

inverse temperature 1/7.
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The linearity assumes that Vi, A, and AG® are temperature independent. This linearity gives us
experimental access to Vir and 4 when AG® can be reasonably well determined or estimated.
However, some key factors governing these parameters can be temperature-dependent: solvent
reorganization energy (As), AGY itself, and molecular conformations (associated Vif). Deviations

from the temperature-dependent linearity of electron transfer reactions have been documented



but are scarce.” Slow solvent relaxation, most profoundly in glass-forming media,® can generally
control the reaction rates to weaken the temperature dependence.’” Electron transfer reactions in
the Marcus inverted region could lead to very weak or almost no temperature dependence®
because of the contributions from the high-frequency vibrational modes in the semiclassical
Marcus equation, known as the Marcus-Jortner-Levich (MJL) equation (see Supplementary
Information Section 2).%!!

The primary charge separation process in photosynthetic reaction centers exhibits an anti-
Arrhenius behavior,'? where ket decreases with increasing 7. Bixon and Jortner attributed this
unexpected behavior to the strong coupling to the medium vibrational motion modes.'* Kim et
al.'* observed a bell-shaped temperature dependence, including anti-Arrhenius behavior, in
intermolecular electron transfer reactions. Conformationally rigid molecular systems could offer
more detailed insights. Using donor-bridge-acceptor (D-B-A) molecules, Davis, Ratner, and
Wasielewski!® later suggested that gating by torsional motion is responsible for such a
counterintuitive behavior in inframolecular electron transfer reactions. Conformations of certain
torsion angles can have stronger/weaker electronic couplings,'® and therefore, a larger population
of such conformations at higher temperatures could lead to acceleration/deceleration of electron
transfer reactions. Their study suggested that long-distance electron transfer through longer oligo
-phenylenevinylenes could exhibit more pronounced dependence on torsional motions because
multiple linkages imparted more complex torsional motions. While torsional gating can control

the rate of electron transfer reactions,'¢'®

rigorous testing of its impact on temperature
dependence, in particular anti-Arrhenius behavior, has been difficult because of the increasing

complexity associated with D-B-A molecules such as multiple torsion angles among different

units (e.g., oligo-p-phenylenevinylenes bridge) and energetic contributions. Specifically,



Matyushov and co-workers have elegantly shown that the temperature-dependent solvent
reorganization energy'” results in a bell-shaped dependence of ket on 1/T; charge recombination

20 Such temperature-dependence of solvent

rates decelerate at high and low temperatures.
reorganization energy was also shown?! to contribute to the very weak or almost no temperature
dependence mentioned above.® Their results reaffirm the pronounced effects of reorganization
energy in controlling electron transfer reactions while simultaneously casting the question of
whether torsional motion could significantly contribute to the temperature dependence of
electron transfer reactions, as suggested earlier. The effects of reorganization energies and
torsion-induced changes in electronic couplings on rates of electron transfer reactions are

illustrated in Figure 1. In the Marcus inverted region, a decrease of As and smaller V' can

independently lead to slower ket at elevated temperatures at comparable AG°.
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Figure 1. (a) Molecular structures investigated in this study. (b) Temperature can affect
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electronic coupling (V) and solvent reorganization energies (4s) that could result in the anti-

Arrhenius behaviors of nonradiative electron transfer reactions.

Long-lived radical pairs (RPs) or charge-separated states are critical for efficient charge

2 improving reactivity for photo-redox catalytic processes,>* and

generations in photovoltaics,’
better spin mixing and control of spin-correlated RPs for molecular quantum sensing,?*
communications, and computations.”> While cooling is often used to achieve such long-lived
states, we argue that anti-Arrhenius behaviors can be exploited as an alternative way of slowing
down charge recombination, reducing the reliance on low-temperature/cryogenic environments.
Here, we used a set of homo molecular dimers as a model system to further understand this
underexplored behavior and showed that the change in torsional flexibility of single aryl moieties
could result in the different temperature dependence in the solution phase and the observation of
anti-Arrhenius behavior in charge recombination.

In homo molecular dimers, photoinduced electron transfer reactions are often symmetry-
breaking charge separation (SBCS). SBCS has been the subject of extensive experimental and
theoretical studies because of their crucial role in the light-harvesting reactions of center-specific
chlorophyll molecules or “special pair”.?® Inspired by Nature’s apparatus, many synthetic
chromophores (dimers) and supramolecular assemblies have been designed to recreate SBCS,

27-29

using polycyclic aromatic hydrocarbons and their derivatives which include boron-

dipyrromethene (BODIPY) chromophores.** BODIPY presents a unique opportunity where we

can link two identical units at various locations,’!-¢

allowing us to investigate the effects of
torsional motions. Because of reduction potentials, some BODIPY dimers can undergo SBCS.

Here, we use two distinct types of homo dimers; orthogonally (or meso-) coupled and B-p (here,

simply B-) coupled dimers (Figure 1a). These two coupling sites provide different degrees of



flexibility in torsion angles without changing participating donor/acceptor molecular properties.
We used unsubstituted benzene and a bulky counterpart, durene (1,2,4,5-tetramethylbenzene), as
a bridge to further control torsional motions between the two BODIPY units. While two torsional
motions do not necessarily move in sync, they are considered identical, given structural
symmetry. Because of different potential energy surfaces (PES) along their respective torsion
angles, the effect of “locking” of torsional motion by a bulky bridge is different for meso- and f3-
coupled dimers, making them exhibit different temperature-dependent electron transfer reactions
and, therefore, allowing us to help understand the controlling factors of temperature dependence.
Our findings suggest the possibility of rationally designing molecular systems whose charge
recombination of photogenerated radical pairs exhibits anti-Arrhenius behavior.

The paper is organized as follows. We first describe the basic photo- and electrochemical
characteristics of the new B-coupled BODIPY dimers (Section 2.1-2.3). Next, we present the
study of photoinduced electron transfer reactions (symmetry-breaking charge separation and
recombination) in the series of meso- and B-coupled BODIPY dimers at ambient temperature
(Section 2.4-2.5). We then discuss the temperature-dependent photophysical properties,
including anti-Arrhenius behaviors observed in both series (Section 2.6), followed by the
conclusion (Section 3).

2. Results and Discussions

2.1. Synthesis and diastereomers of the B-coupled BODIPY dimers.

The synthetic scheme, procedures, and characterizations of the new molecules explored in this
work are presented in Supplementary Information Section 1. In addition to the dimers with
benzene and tetramethylbenzene as bridges, we prepared a direct B-p coupled dimer’” *® (BDa,

Figure 1a) for comparison. We also prepared the respective monomers as controls (BD, BDPh,



and BDPhMes, Figure 1a). The B-coupled dimer with a bulky bridge exhibits an interesting trait.
Suzuki-Miyaura coupling of diiodotetramethylbenzene with mono-borylated BDs resulted in the
formation of two stereoisomers of BODIPY dimers: the approximately centrosymmetric Cax
conformer (syn) and the C2y non-centrosymmetric (anti) conformer. The polarities of these two
conformers are significantly different from each other due to symmetry. The difference can be
easily visualized by silica gel thin-layer chromatography (TLC) (Figure 2a), making it possible
to isolate them using silica column chromatography and characterize them individually. Density
functional theory (DFT) calculations support this large polarity difference (Figure 2b).
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Figure 2. Stereoisomers of the B-coupled BODIPY dimers. (a) Visualizing the polarity
difference of two conformers by silica gel TLC. (b) DFT optimized structures of syn and anti-

BD: at B3LYP/6-31+g(d).

As the dipole moment of BODIPY is along the short axis,* the overall dipole moment becomes
larger (1 ~ 10 Debye in the gas phase) in syn-BD2 where the two BDs’ short axis align in the
same direction. On the other hand, the overall dipole moment of anti-BD:2 is much smaller (ux ~1

Debye), where the dipole moments of the two individual BDs align oppositely and cancel out



each other. Because it is highly nonpolar, the solubility of anti-BD2 is poor in many organic
solvents we tested, especially in polar solvents. While significantly different in polarity, the two
stereoisomers (syn/anti diastereomers) behave almost identically within our experimental errors

in the solution phase tested.

2.2. Photophysical properties of the f-coupled BODIPY dimers.

We recorded absorption and emission spectra in a select number of solvents. Normalized
absorption and emission spectra of the dimers and corresponding monomers in chloroform are

shown in Figure 3, and some photophysical properties are reported in Table 1.
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Figure 3. Steady-state photophysical characteristics of the B-coupled dimers and respective
monomers in chloroform. (a) Normalized absorption spectra. (b) Normalized emission spectra

(kex =480 nm).

The dimers’ absorption and emission spectra are red-shifted compared to those of their

respective monomers, and the degree of shifts varies from Ph-BDz, syn/anti-BD2, to BD2. The

shift of the emission peak relative to the absorption peak (Av = vgma* — vipa') also depends on



the bridges of the dimers. These characteristics point to interesting exciton couplings. The
exciton coupling is not the focus of this work, and we will present an in-depth analysis of these
properties in a separate paper. The emission quantum yields of the dimers in chloroform (®em~
0.8) are slightly higher than those of the corresponding monomers (®em ~ 0.6-0.7). Emission
lifetimes (7 = 1/kem) of the dimers are somewhat shorter than the corresponding monomers, but
femtosecond transient absorption (fsTA) spectroscopy confirmed no significant additional
nonradiative decay pathways (i.e., electron transfer reactions) for the dimers in chloroform
(Figure S1). Among the dimers, ®em for syn/anti-BD:2 is higher than Ph-BD2 and BDa..
Nonradiative decay constants (knr), calculated by k,,,- = (1 — @,y ) ke, are smaller for syn/anti-
BD: than the corresponding monomer (BDPhMeas) and BD. This decrease in knr suggests that the
improved rigidity imparted by durene, restricting rotations of both BD units, works in favor of

increasing ®em.

Table 1. Select Photophysical Properties of the B-coupled BODIPY Dimers and Monomers in

Chloroform.
gtasx )\(ranna}x AV a (D T krad knr
(nm) | (nm) | (cm™) (ns) | (s (s
dimers
syn-BD2
523 532 359 | 0.83+0.02 | 3.0 | 2.7x10%| 5.8 x 107
(C2v)
anti-BD2
523 532 323 0.85+0.02 | 3.0 [ 2.9 x10% | 4.9 x 107
(C2n)
Ph-BD2 528 555 921 0.74+0.02 | 3.2 [ 2.3 x10%| 8.2 x 107
BD:> 534 | 523,574 | 1305 | 0.77+£0.022 | 3.32 2.6 x 10% | 7.6 x 107
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monomers

BDPhMes | 514 | 528 | 516 | 0.73+0.02 | 43 | 1.7x10%| 6.6 x 10’

BDPh | 515 | 538 830 | 0.74£0.01 | 4.6 | 1.6 x 10| 5.6 x 107

BD 502 | 513 | 427 | 0.61£0.02 | 3.7 | 1.6 x10° | 1.1 x 10
max p

“Av = v —vips . ” The values are for the emission whose peak is at 574 nm.

We observed different and more complex emission properties of the dimers in a polar solvent,
N, N-Dimethylformamide (DMF) (Table 2); notably, we observed significantly lower ®em and
shorter emission lifetimes while those of the monomers are less affected by the change in
polarity. They indicate that an additional deactivation pathway exists in the dimers in a polar

environment: symmetry-breaking charge separation.

Table 2. Select Photophysical Properties of the B-coupled BODIPY Dimers and Monomers in

DMF.
;rll:)asx }\énrgx AV? o T krad knr
(nm) | (nm) | (cm™) (ns) (s (s
dimers
syn-BD2
521 | 531 252 0.13+0.05 0.76 - --
(C2v)
anti-BD>
521 | 531 252 0.14 +0.05 0.76 - -
(Can)
0.025 = 0.02 (ex)
Ph-BD2 527 | 556 918 0.16¢ - -
0.005 £ 0.02 (f1)?
BD> 534 | 573 | 1205 | 0.019 +0.02 (ex) | 0.45s°¢ -- -
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‘ ‘ ‘ ‘ 0.016 + 0.02 (f1)?

monomers
BDPhMes | 512 | 526 | 861 | 0.68+0.02 | 4.0 |1.7x10°|8.1x 10’
BD-Ph | 514 | 540 | 406 | 0.77+0.02 | 47 [L6x10°|4.8x 10’
BD | 501 | 512 | 349 | 054+002 | 3.6 |15x10°13x10°

Ny = yIax — X b Py (f1) is the emission quantum yield of the monomer-like BODIPY

fluorescence, and ®@em (ex) is the quantum yield of the BODIPY dimer excitons. ¢ The reported
values are based on the global fitting of time-resolved emission decays at multiple wavelengths.
These values are NOT the lifetimes of “prompt” emission.

2.3. Electrochemical characterizations.

Electrochemical data show that the charge separation processes are energetically allowed in a
polar solvent. We determined the reduction potentials by cyclic voltammetry (CV) in DMF,
acetonitrile (MeCN), and dichloromethane (DCM), depending on the solubility of the
compounds. The voltammograms of the f-coupled dimers and monomers in DMF are shown in
Figure S2. The reduction potentials and associated data are reported in Table 3 (DMF) and
Table S1 (MeCN and DCM). Details of the analysis of electrochemical data, including

comproportionation constants, are given in Supplementary Information, Section 3.
Table 3. Reduction Potentials of the - and meso-coupled BODIPY Dimers and Monomers®

1 b 2 3 4 p 0 0
Ered Ered Ered Ered Esi AGCSC AGCR

(o+/0,V) | (0/®-,V) | (®-/2-,V) | (2-/03-,V) | (¢V) | (eV) (eV)

B-coupled

syn-BD2 0.70 -1.57 -2.52 236 | -0.17 | -2.19
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anti-BD2 0.73 -1.56 -2.81 236 | -0.16 | -2.20

Ph-BD2? 0.70 -1.49 ND¢ 230 | -0.19 | -2.11

BD2 0.76 -1.48 -1.66 -2.58 224 | -0.14 | -2.10

meso-coupled

mi2Ph 0.70 -1.55 -1.64 ND¢ 245 | 024 | -2.21
msPh/ 0.81 -1.47 -1.50 ND¢ 244 | -0.20 | -2.24
monomers
BDPhMe4 0.68 -1.56 -2.49
BDPh 0.70 -1.52 -2.44
BDMe: 0.70 -1.57 ND¢
BD 0.71 -1.56 -2.46

@ Reported vs. Fc™ in DMF with 0.1 TBAPFs™ unless otherwise noted. The error is generally
+0.02 V. ?The peaks are irreversible, and the reported values are the peak value. ¢ The reported
values are for DMF. Determined by eq. 3. ¢ We could not make reasonable measurements in
DMF, and the values reported here are the estimations based on the data in DCM (Table S1) and
scaled by the data of BDPh in DMF and DCM. ¢ Not determined. / Reported vs. Fc™* in MeCN
with 0.1 TBA"PFs

We now consider the energetics of photophysical pathways in DMF (Figure 4a). We estimated

the Gibbs energy change for charge separation by

92

AG((J)S = e(Er%ed - Erged) - - Eg& (3)

4TTEGESTDA

where El,; and E?,; correspond to the reduction of the radical cation and the neutral,
respectively, and E5¢ is the singlet excited state energy of the BODIPY dimer ([Dimer]* in
Figure 4a), measured as the crossing point between the steady-state absorption and emission
measured in DMF. The energies of the singlet excited state of the monomers (°BD*, the “local”

excited state) are slightly higher, and excitation at a shorter wavelength results in the population
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of the monomer excited state in DMF. We estimated 7pa as a center-to-center distance based on
DFT-optimized structures; rpa = 12.5 A for syn/anti-BD2, Ph-BD2, and rpa = 8.4 A for BD2. The
estimated AGZg are negative in all the dimers, showing that we have a large enough driving force

of charge separation, and SBCS is energetically allowed in DMF.
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Figure 4. Overview of the photophysical pathways of the B-coupled dimers. (a) Photophysical
diagrams of the dimers. The energy scale is arbitrary. Triplet excited states are not shown for
brevity. (b) Emission spectra of the B-coupled BODIY dimers (Aex = 540 nm for BD2 and 490 nm
for the rest). (c) Comparison of BD and syn-BD2 emission lifetimes in chloroform and DMF (Aex

=506 nm).
2.4. Symmetry-breaking charge separation in the B-coupled dimers.

We observed SBCS for all the B-coupled dimers. The observations are similar to the meso-
coupled dimers reported by Thompson, Bradforth, and co-workers (e.g., msPh and msB, Figure
1).% In this section and the following (Sections 2.4 and 2.5), we focus on the effect of torsional
degrees of freedom on charge separation and recombination. As part of the study, we also
introduced 1,2,4,5-tetramethylbenzene in the meso-coupled dimers (mi2Ph, Figure 1a, named

after ref 3°) and compared the effects of a bulky bridge on these dimers.
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The first evidence of SBCS in the B-coupled dimers comes from emission measurements, as
briefly mentioned above. Absorption and emission spectra of all the dimers in DMF are shown in
Figure S3 and Figure 4b, respectively. The absorption spectra are similar to those in chloroform
except for small blue shifts in peak wavelengths (Table 2). On the other hand, we observed some
changes in emission properties. One indication of SBCS is the low quantum yield of emission.
The quantum yields of the dimers in DMF are significantly smaller than those in chloroform (see
Table 1 for chloroform and Table 2 for DMF). For example, ®em of syn-BD2 is 0.83 and 0.13 in
chloroform and DMF, respectively. We observed only one emission peak for syn/anti-BDa,
which looks more like the BD local emission. For Ph-BD2 and BD:2, we observed BD local and
exciton [Dimer]* emissions, and their ®em is reported separately. Emission lifetime
measurements showed a monophasic decay for syn/anti-BD2 and biphasic decay for Ph-BD2 and
BD:, where the faster component is dominant (~ 90%). The monophasic decay for syn/anti-BD2
is faster than the corresponding monomers in both DMF and chloroform (Figure 4c). They also
correspond to the excited state/RP decays determined by fSTA spectroscopy (see below). The
faster components of the biphasic decays for Ph-BD2 and BD2 agree with the rate of charge
recombination determined by fsTA (see below). The slower component of the biphasic decay
may be due to the monomer-like emission that might come from populations that do not undergo
electron transfer reactions or slight impurities. We did not capture the “prompt” dimer
exciton/local BD excited state emission decays that can reflect the rates of SBCS. Those decays
in Ph-BD:2 and BD: are faster than the time-resolution of our TCSPC setup (~20-30 ps) as shown

by fsTA, and therefore we could not determine the lifetime of these emissions.

To gain further insights into time-resolved photophysical behaviors in these dimers, we

performed fsTA spectroscopy. We used global fitting to analyze each fsSTA data set with a
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sequential, irreversible, kinetic model (A — B — C—--+). The spectral profiles obtained from

analysis with a sequential scheme are called evolution-associated decay spectra (EADS).*’ The

EADS of syn-BD2 in DMF are presented in Figure Sa, and those of Ph-BD2 and BD: are

presented in Figure S4.
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Figure 5. Photoexcitations of syn- and anti-BD: result in the formation of RPs in DMF. (a)

EADS of syn-BD2 with corresponding lifetimes upon photoexcitation at Aex = 500 nm. (b) The

absorption of radiolytically generated radical anions of BD**! and electrochemically generated

BDPhMe4*". (c) Decay kinetics of syn-BD2 at 355 and 401 nm in DMF upon photoexcitation at

Aex = 500 nm. (d) Comparison of the decay kinetics of syn- and anti-BD2 at 401 nm in DMF

upon photoexcitation at Aex = 500 nm.
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Although we could identify a component that has the spectral signature of BD* (~560 nm*') in
the single value decomposition (SVD)’s components in all the B-coupled dimers data set in
DMF, the features are not clear in the EADS likely because of the overlap with the ground state
bleaching. On the other hand, we observed the absorption peak at ~400 nm in EADS (e.g.,
EADS with 7 = 800 ps for syn-BD2) that agrees well with the absorption band of BODIPY
radical cations (BDPhMes®*") that we recorded spectroelectrochemically (Figure 5b). The rise
times of this peak at ~400 nm (Figure 5c¢) correspond to ksscs obtained by global fitting: note
that ksscs >> ks1 in the absence of SBCS. Consistent with the emission measurements, the TA
measurements showed identical (within experimental errors) photophysical pathways for syn and
anti-BD»; representative kinetic traces are shown in Figure 5d, and rate constants are reported in
Table 4. Again, no electron transfer reactions were observed in less polar solvents like

chloroform and toluene: fSTA data of syn-BD2 in chloroform are presented in Figure S1.

Table 4. Kinetic Rates for Transitions between the Excited States of the - and meso-connected

BODIPY Dimers at Room Temperature in a Polar Solvent.

1/kcr (ps)
Solvent 1/ksBcs (ps) 1/(ktrtkar) (ps)?
fsTA ¢ Emission ?
B-coupled

syn-BD2 DMF 300+ 20 800 £ 20 -- 760 £ 20 ¢
anti-BD2 DMF 300+ 20 790 £ 20 -- 760 £ 20 ¢

Ph-BD2 DMF 17+8 126 £ 18 150 +20¢

BD:2 DMF 7+1 340 £25 450 +2049

meso-coupled
mi2Ph DMF 180+ 10 1070 £ 100 --
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msPh DMF 60 £ 10 260 £ 50 --
MeCN¢? 50+ 10 200 + 80
msB MeCN¢? 0.8+0.2 2000 + 100
monomers
BDPhMe4 DMF 4060 £ 100
BDPh DMF 4790 £ 100
BD DMF 3630+ 100

¢ Determined by transient absorption spectroscopy. ? Determined by time-resolved emission
measurements. ¢ The decays are monophasic. ¢ The decays are biphasic, and the short component
corresponds to kcr (see Table 2). ¢ Data were taken from ref *°.

Based on the TA spectra at a longer time scale, we determined that the production of triplet
excited states of BDs in these dimers in DMF are negligible, meaning triplet productions by
neither spin-orbit charge-transfer (SOCT-ISC)*'** nor radical pair intersystem crossing (RP-ISC)
followed by triplet charge recombination is efficient in the current systems. Therefore, we can

exclude the spin effects on the charge recombination rates.

2.5. Effects of tetramethylbenzene in B- and meso-coupled dimers.

All the dimers follow the photophysical pathway depicted in Figure 4a with varying rate
constants. Charge separation (ksscs) becomes slower, but recombination (kcr) becomes faster for
Ph-BD: than a more compact BD2. This somewhat unexpected observation of faster charge
recombination at a shorter distance is similar to the meso-coupled BODIPY homo dimers
previously reported (msPh vs. msB where msPh has benzene between two BODIPYs, see Figure
1 for the structure and rate constants for Table 2) though the effect in the B-coupled dimer case is

smaller. Thompson, Bradforth, and co-workers used this observation to support the hypothesis
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that molecules with higher torsional rigidity exhibit longer charge-separated state lifetimes
(slower kcr) because of a higher barrier to reaching resonance between the ground and CS
surfaces.’® This set of our data supports this hypothesis. In contrast to Ph-BD2 and BD2, the two
BODIPY planes of syn/anti-BD2 are more “locked” to a coplanar configuration because of
structural hindrance by tetramethylbenzene as shown by the PES scanned along the torsion angle
(¢). The comparisons of PES for BD2, BDPh, and BDPhMes are shown in Figure S5. kspcs is
about 15 and 40 times slower for syn/anti-BDz than for the unconstrained counterpart Ph-BD:
and the more compact BDz, respectively. The effect is comparably smaller for the recombination
process because kcr is only about 2 and 6 times slower for syn/anti-BD2 than for Ph-BD2 and

BD2, respectively. The trends on SBCS and CR are depicted in Figure 6a, b.

a - - --Fits —— Simulation P p-coupled
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Figure 6. Tetramethylbenzene slows down charge separation and recombination of the - and
meso-coupled BODIPY dimers. (a) CS state population as a function of time for the B-coupled
dimers: syn-BD2, Ph-BD2, BD2. Transient absorption (TA) signals (left y-axis) and population
(right y-axis) taken from simulations of SBCS are overlayed. TA signals are measured at 401,
396, and 400 nm for syn-BD2 (black line), Ph-BDz2 (blue line), and BDz (green line). Note that the

early times of the TA signal of syn-BD2 and Ph-BD: overlap from the initial excitons. (b) The
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pictorial representations of the observed trends of the rates of SBCS and CR among the B-
coupled and (c) meso-coupled BODIPY dimers. The circles represent BODIPY moieties. The

arrows represent torsional motions.

To further examine the effect of the structural hindrance by tetramethylbenzene, we prepared a
structurally constrained meso-coupled BODIPY dimer (mi2Ph, Figure 1). We also prepared
msPh for comparison. The steady-state absorption and emission spectra of msPh and mi2Ph in
DMF are reported in Figure S6. The synthetic scheme, characterization, and basic photophysical
characterizations in chloroform and DMF are reported in Supplementary Information
Experimental Section, Table S2, and Table S3, respectively. The voltammograms and
electrochemical data are reported in Figure S7 and Table 3. The Gibbs energy change of charge
separation (AGQs) for mi2Ph and msPh are also reported in Table 3, using eq. 3 with 7pa = 8.8
A2 We performed fSTA measurements in DMF, and EADS of mi2Ph and msPh are presented in
Figure S8, in which we could clearly identify the spectral signatures of both the BODIPY radical
cation and anions. Interestingly, introducing tetramethylbenzene slowed down SBCS but did not
significantly elongate the RP lifetime (Table 4). msPh behaves very similarly in DMF and
MeCN (Table 4), and we can fairly compare the rate constants with the data set of msB recorded
in MeCN.** kcr is ~3.5 times slower in mi2Ph than msPh, but 2 times faster than the more
compact msB. SBCS and charge recombination are still the fastest and slowest in msB among the
three meso-coupled dimers, respectively, as illustrated in Figure 6c, further signifying the large
structural reorganization required for charge recombination in msB.*° The differences in the
effect of tetramethylbenzene on the photophysics between the B- and meso-coupled BODIPY

dimers reflect the more pronounced change of conformational restrictions imposed by
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tetramethylbenezene in the B-coupled dimers. The PES along the phenyl ring’s torsion angle (¢)
in the B and meso-coupled dimers showed more flexibility at the B position. We discussed the
PES data in the context of temperature dependence in Section 2.6. One interesting observation is
the difference in the degree of electronic couplings, judged by the transfer integrals, for electron
and hole between the - and meso-coupled dimers: 1 > & for the B-coupled dimer and & > tu for
the meso-coupled dimer. This difference reflects how atomic orbitals contribute to the HOMO
and LUMO of BODIPY. For LUMO, a significant contribution comes from the carbon at the
meso position but not from the carbon at the B position. In contrast, for HOMO, more
contribution comes from the carbon at the P position (Figure S9). These differences may
indicate that the charge separation occurs through electron transfer for the meso-coupled dimers
and hole transfer for the P-coupled dimers. Other details of the PES are presented in

Supplementary Information Section 4.

2.6. Temperature dependence of electron transfer reactions in the dimers.

Temperature-dependent measurements show the different anti-Arrhenius behaviors for the
charge recombination processes in the - and meso-coupled dimers series. Here, we focus only
on two pairs of B- and meso-coupled dimers with a bridge.

First, SBCS follows the expected Arrhenius behavior for all four molecules (Figure 7a, b).
We can fit the data with eq. 2¢, assuming that A, electronic coupling between the S1 and RP
states (V*), and AGs are temperature independent. In the fitting, 2 and V* are variables while we
keep AGYs = -0.17 and -0.16 eV for syn-BD2 and Ph-BD2 and -0.24 and -0.20 eV for mi2Ph and

msPh as reported in Table 3.
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Figure 7. Temperature-dependent charge separation of (a) the B-coupled and (b) meso-coupled
BODIPY dimers. Temperature-dependent charge recombination of (c) the B-coupled and (d)
meso-coupled BODIPY dimers. The data are from fsSTA measurements unless otherwise noted in

the legend. The lines are fitted lines to eq. 2c.

Expectedly, SBCS occurs in the Marcus normal region. Given the relatively fast rates of SBCS,
the reaction is expected to occur from the excited states at the nuclear of the ground states
(Franck-Condon states), and solvent reorganization energies may not change significantly over
the temperature range. The obtained V'* are about the same in the meso-coupled dimers, while

the structurally unconstrained dimer, Ph-BD2, is about 4-5 times larger than the structurally
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constrained dimer syn-BDa. The fitted parameters (A and V*) for all four dimers are reported in
Table S4. The difference in the coupling is consistent with the PES data (Figure 8, and
Supplementary Information Section 4) that showed that the energy minima are the same for
the two meso-coupled dimers (msPh and mi2Ph) while it shifts to that of lower electronic
coupling (hence slower charge separation) for a structurally constrained syn-BD2 compared to
Ph-BD:s.
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Figure 8. Potential energy surfaces for (a) the meso-coupled and (b) B-coupled BODIPY dimers
as a function of torsion angle (¢). The couplings are reported as the transfer integral of electron

and hole (e and tn). The coupling data are fitted with equation V = V, cos?(¢@) + V,. Vo and Va
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describe the coupling constants where one torsion angle is at ¢ = 0° and ¢ = 90°, respectively,

while the other is at the optimized configuration.

Charge recombination processes do not follow the expected Arrhenius behavior. Temperature-
dependent fsTA measurements directly monitor charge recombination and show that charge
recombination rates of the unconstrained Ph-BD2 slowed dramatically at elevated temperatures.
For example, 1/kcr of Ph-BD2 1s 136 + 10 ps at 7= 0 °C, which slowed to 68 + 10 ps at 7= 60
°C. The charge recombination processes, determined by fsTA, are almost temperature-
independent for syn/anti-BD2 (Figure 7¢). As noted above, the measured emission lifetime for
the B-coupled Ph-BD: corresponds to the charge recombination of RPs, which showed the same
trend. From 7 = 0 °C to 60 °C, we observed an increase in exciton emission lifetime, and the
nonradiative charge recombination rates slowed by ~40 % (Figure S10). The emission lifetime
of syn-BD2 is not temperature-dependent (Figure S11). In clear contrast, we observed the anti-
Arrhenius behavior for the constrained meso-coupled dimer mi2Ph, but the charge recombination
was almost temperature-independent for the unconstrained counterpart msPh (Figure 7d). While
the emission lifetimes do not directly reflect the charge recombination for the meso-coupled
dimers, the recombination fluorescence lifetime of mi2Ph increases as temperature increases
while msPh decreases (Figure S12).

The fits of the CR data to eq. 2c gave us near zero to negative activation energies (positive
slopes, Figure 7c, d). We could also not fit the data even with the MJL equation when we
assumed AGQg, As, and Vir are temperature-independent (see Supplementary Information
Section 2 for details). Given the structural similarity, the nature of the resulting charges within

RPs is similar among the four molecules, especially among the two of the same series. Indeed,
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the electrochemical measurements show the almost identical AGg (Table 2). Therefore, the
observed difference in the temperature dependence of the charge recombination rates must come
from the structural factors associated with the bridge moieties (i.e., torsional motion).

We first look at the most structurally constrained mi2Ph. The torsion angle minimum between
the BD core and phenyl ring in the meso-position is ¢ = 90°. Please see Figure 8a for the PES
for the dimers and Figure S13 for the control BODIPYs. The introduction of tetramethylbenzene
in the meso-position does not alter the optimal ¢ from msPh to mi2Ph, while it further restricts
the motion with extra methyl groups locking the torsion angle more to the orthogonal
configuration for mi2Ph. This locking significantly raises the energy barrier to access “flatter”
conformations of higher electronic couplings. We can consider mi2Ph as one extreme case of
“strong” torsional hindrance with a single minimum at the orthogonal configuration along 180°
rotation.*® Given this steep potential barrier present in mi2Ph, little structural changes occur
along the torsion angle over the temperature range of our study, keeping the electronic coupling
constant. This structural rigidity is corroborated by the fact that the nonradiative decay of the
control BODIPY (BDMez, Figure 1a) is almost temperature independent, compared to the usual
increase in nonradiative decay with an increase in temperature for BD (Figure S14). The phenyl
rotation at the meso-position is responsible for the increased nonradiative decay.*”> *® Their
radiative decays are temperature-independent (Figure S14).

Therefore, we can attribute this temperature-dependent change in kcr of mi2Ph to temperature-
dependent solvent reorganization energies. Fitting the data to the MJL equation showed a
decrease in As as temperature increases. The fitting details are presented in Supplementary
Information Section 2. In short, we fitted the data with temperature-dependent As and AGZg

while Vir was assumed to be temperature independent (see above). This decrease in As at higher
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temperatures is consistent with the earlier experimental observations by Zimmt and co-workers**
5% and the models by Matyushov.!>2° The obtained electronic coupling is similar to * obtained
from the fitting of the CS data (Vir =25 cm™ vs. /* =30 cm™).

As the solvent reorganization energies primarily come from the solvation surrounding the
charged species, this recombination rate change with As occurs for mgPh as well. On top of this
contribution from the temperature change in 4s, we have a contribution from torsional change.
Because of the shallower potential barrier, msPh can adopt “flatter” configurations of higher
electronic couplings at higher temperatures, which are more favorable for charge recombination.
This torsion-induced change in electronic couplings counteracts the change with As, making the
overall trend almost temperature-independent. Indeed, we can fit the more or less temperature-
independent kcr data of msPh to the MJL equation by assuming a temperature-dependent Vir
(Supplementary Information Section 2). The obtained Vir for msPh (44 cm™ at 7= 20 °C) is
higher than that for mi2Ph, corroborating more flexible torsional motion and hence a higher
coupling for msPh.

We now turn our attention to the B-coupled dimers. For the structurally unconstrained Ph-
BD2, the energy minimum is at the configuration of an intermediate electronic coupling (Figure
8b). We can classify Ph-BD: as a “weak” torsional hindrance case.*® As the energy barrier
toward the orthogonal configuration is much shallower compared to the barrier toward the
“flatter” configurations, it will more likely take conformations of lower electronic couplings at
higher temperatures. Coupled with the underlying change in As, this torsion-induced change in
electronic coupling slows down the charge recombination process at higher temperatures, leading
to the observed anti-Arrhenius behavior. On the other hand, the tetramethylbenzene bridge fixes

the phenylene ring to be more orthogonal to the BODIPY planes (¢ ~70° for syn-BD2 vs. ~ 50°
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for Ph-BD2) and lowers the energy barrier for the orthogonal configuration (¢ ~ 90°)
significantly; AE = E (p = 90°) - E (optimal ¢) = 15 meV vs 37 meV for syn-BD2 and Ph-BD». At
the same time, it raises the energy barrier for “flatter” configurations, compared to Ph-BDz. The
energy minima of syn-BDz are therefore more orthogonal, and we can also classify syn-BD2 as a
“strong” torsional hindrance case.*® Yet, compared to the meso-coupled counterpart (mi2Ph), the
torsional motion is not as severely restricted (Figure 8). Note that the energy scale (y-axis in
Figure 8 and Figure S13) is about five times larger for the meso-coupled dimers (Figure 8a),
signifying the existence of more severe torsional rigidity compared to the P-coupled dimers
(Figure 8b). Therefore, at elevated temperatures, syn-BD2 can still take conformations of higher
electronic couplings and, consequently, favor charge recombination. This increase in electronic
coupling counteracts the change in As to have almost temperature-independent charge

recombination for Ph-BD2 over the temperature range of our study in a similar manner to msPh.

3. Conclusions

While the Arrhenius law bears significant importance in chemistry, anti-Arrhenius behavior
remains an underexplored phenomenon. Here, we investigated the role of torsional motion and
solvent reorganization energy in the temperature dependence of the photoinduced symmetry-
breaking charge separation and recombination reactions. As part of the study, we prepared a new
series of B- and meso-coupled BODIPY homo dimers with 1,2,4,5-tetramethylbenzene as a bulky
bridge. Because of the structural rigidity, we could identify and isolate the two stereoisomers for
the p-coupled dimers (syn- and anti-BD2). The photophysical and electrochemical
characterizations showed almost identical behaviors of these two stereoisomers in the solution

phase we tested. Tetramethylbenzene as a bridge reduces the electronic coupling and, therefore,
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slows down the electron transfer processes in both B- and meso-coupled BODIPY dimers
compared to the dimers with an unsubstituted phenyl bridge, but the extent of reduction differs.
Temperature-dependent measurements revealed that both series of dimers exhibit anti-
Arrhenius behaviors in the charge recombination process. The two series of homo dimers capture
the two different cases of torsional hindrance usually observed: strong and weak. In a meso-
coupled dimer, restricted torsional motion favors the conformation of the least electronic
coupling (strong torsional hindrance). The severe restriction imposed by tetramethylbenzene
does not allow the constrained dimer (mi2Ph) to take conformations of higher electronic
couplings even at elevated temperatures, effectively keeping the coupling constant fixed at the
minimum over the tested temperature range. Yet, the change in solvent reorganization energy
leads to anti-Arrhenius behavior in charge recombination. The unconstrained meso-coupled
dimer (msPh) can take conformations favorable for electron transfer reactions at elevated
temperatures due to a shallower energy barrier. This results in counteracting the contribution
from the solvent reorganization energy and, overall, in almost temperature-independent charge
recombination processes. On the other hand, because of a weaker torsional hindrance, the
unconstrained B-coupled dimer (Ph-BD:) takes the conformation with intermediate electronic
coupling. Temperature increase shifts it to take conformations of lower electronic coupling (¢ ~
90°) which are unfavorable for electron transfer reactions, resulting in the anti-Arrhenius
behavior. On the other hand, the constrained B-coupled dimers (syn/anti-BD2) can take the
conformations of (close to) the least electronic couplings due to the structural hindrance. The
elevated temperature shifts the equilibrium to conformations of higher electronic coupling and,

therefore, faster electron transfer reactions. This change in couplings counteracts the solvent
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reorganization energy contribution to have the overall charge recombination trend temperature
independent.

While the temperature dependence of solvent reorganization energy, when present, leads to
anti-Arrhenius behavior of electron transfer reactions under a certain temperature range,”® we
demonstrate that a simple torsional motion can significantly modify the temperature dependence.
The nature of modifications depends on the strength of torsional hindrance, and we can
synthetically control such a hindrance to exhibit anti-Arrhenius behavior (e.g., mi2Ph in DMF).
The current study shows that we can rationally design the molecular systems to take advantage
of this underexplored chemical phenomenon to decelerate charge recombination of SCRPs
without cooling down. This strategy may be helpful in producing long-lived SCRPs for energy-

and quantum information technologies.
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