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ABSTRACT

Photoinduced electron transfer in donor—bridge—acceptor (D—B—A) molecular systems can
occur via tunneling over long distances (rpa) of well over 10 A. We commonly observe
decreasing rates of electron transfer with increasing distances, a result of a decrease in the
electronic coupling of the donor and acceptor moiety. In the study of D-B—A molecules with
Ru(bpy)s*" as a bridge/core, Kuss-Petermann and Wenger observed the opposite trend (J. Am.
Chem. Soc. 2016, 138, 1349); a maximum rate constant of electron transfer was observed at an
intermediate electron transfer distance. Within the high-temperature limit of the classical Marcus

equation, their observation was qualitatively explained by a sharp distance dependence of outer



sphere (or solvent) reorganization energy, as predicted by Sutin and co-workers (J. Am. Chem.
Soc. 1984, 106, 6858), and almost distance independent electronic couplings. Here, we report
another example of such an underexplored behavior with three kinked D-B-A systems of 7pa ~10
— 19 A, showing increasing rates of nonradiative charge recombination with increasing rpa. The
three D—-B—A systems are based on boron dipyrromethene and triphenylamine as electron
acceptor and donor groups, respectively, with aryl bridges where the donor and acceptor moieties
are connected at meso- positions. These D-B—A molecules exhibit radiative electron transfer
reactions (or charge-transfer emission), which enables us to experimentally determine the solvent
reorganization energy and the electronic couplings. The analysis of charge-transfer emission that
explicitly considers electron-vibration coupling, in conjunction with the temperature-dependent
analysis and computational method, revealed that the solvent reorganization energy indeed
increases with distance and at the same time the electronic coupling decreases with distance
expectedly. Therefore, under the right conditions for solvent reorganization energy and
electronic coupling values, our results show that we can observe the acceleration of electron
transfer reactions with increasing distance even when we have expected distance dependence of
electronic coupling. This work indicates that the acceleration of electron transfer with increasing

distance may be achieved with a fine tuning of molecular design.



1. Introduction

Electron transfer (ET) is the movement of an electron between donor and acceptor molecules.
Despite this simplicity, this reaction remains to be one of mother nature’s most important
chemical reactions in the production of biologically accessible energy.! Multistep ET in
photosynthetic reaction center are the fast steps in photosynthesis, resulting in the efficient
charge separation and formation of the spin-correlated radical pairs (SCRPs). The detailed
studies of the SCRP dynamics, including spin and magnetic field effects on the charge separation
and recombination processe,> have revealed the fundamental features of the ET reactions,
providing a blueprint for developing small synthetic molecules that mimic photochemical charge
separation occurring in these proteins.’> Because of the synthetic accessibility and tunability of
their electronic and optical properties, synthetic donor—bridge—acceptor (D—B—A) molecules
have also been instrumental for systematic studies of radiation-® and photo-induced’ ET events,
providing a greater understanding of the parameters that shape ET reaction characteristics, such
as electron transfer distances, the Gibbs energy changes, and the spin roles on ET reactions.
More recently, photogenerated SCRPs are considered as a promising molecular qubit for
potential quantum information science (QIS) applications,’ including quantum computing and
communications,'® and sensing.!!

Because many ET reactions in the D-B—A molecules systems do not involve the emission of
photons, many previous efforts have focused on nonradiative charge separation and
recombination reactions. However, photon emission accompanying ET is possible from SCRPs
or charge-separated (CS) states.'” This type of emission is commonly termed charge-transfer

(CT) emission, which arises from the radiative recombination of electrons and holes that are



spatially separated from each other; the general photophysical pathway we consider in this paper

is shown in Figure 1a.
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Figure 1. (a) General photophysical pathway with radiative charge recombination from singlet
RP. (b) Molecular structures of perpendicular D-B—A molecules studied in refs '* and !* where
R =H in ref 13 and Me in ref 14. (¢) Molecular structures of kinked D—B—A molecules studied
in this work.

An important characteristic of CT emission is its sensitivity to the environmental conditions
of polarity and polarizability in condensed media. As a result of these properties, CT emission of
short-range (donor—acceptor distance, 7pa < 5 A) has been utilized in various technologies, such
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as temperature sensors and responsive biomedical optical imaging probes, as well as organic

light emitting diodes, notably as thermally activated delayed fluorescence (TADF) emitters.!*-2°

This interesting type of molecular emission has provided the inspiration for our investigations of



the D—B—A molecular systems. While CT emissions from the short-range system are commonly
observed and utilized in the applications, reports of CT emission from long-range intramolecular
analogs are still scarce. Among the few previously reported are some with donor—acceptor
distances remarkably up to rpa = 16 A (center-to-center distance) using non-conjugated
bridges.>!* As CT emission generally occurs from RPs of singlet character, we could use CT
emission as a read out of spin information of SCRPs that act as qubits if one can render singlet
RP emissive and at the same time achieve long enough RP state for coherent singlet-triplet
mixing to occur; therefore SCRPs can act as optically addressable spin systems.!'! In our previous
work, we demonstrated long-range CT emission from D—B—A molecules with rpa up to 24 A at
room temperature,'® using conjugated bridges that connect boron dipyrromethene (BODIPY or
BD) and triphenylamine (TPA) as electron acceptor and donor, respectively. BD also serves as a
photon absorber in the visible region. Our molecular design to realize efficient CT emission over
long distance is based on intensity borrowing from the oscillator strength of the local excited
state.”*?> Due to complementary reduction potentials, the combination of BD and TPA provides
an appropriate energy gap between (3'BD*) and the RP state (BD" —Bridge—TPA™") to allow CT
emission to occur from typically nonradiative RP states, but their lifetimes are not long (up to ~
10 ns)."> An extension of rpa in similar D-B—A molecules based on BODIPY and TPA
derivatives was successful in elongating RP lifetime (up to ~ 90 ns at room temperature),'* but
no CT emission was observed. Yet, with this long RP lifetime, we achieved the magnetic
modulation of recombination fluorescence through RP spin dynamics; recombination
fluorescence was produced by spin-selective back charge recombination of singlet RPs.'* The

lack of CT emission from this series of molecules may indicate a distance limit of this structural



motif (Figure 1b). Note that we call them perpendicular motifs as the transition dipole moment of
the initial excited state (S'BD*) and the direction of ET are perpendicular to each other.'?

In the current work, we used a kinked bridge group in more compact D—B—A systems with
rpa = 10 — 19 A (Figure Ic) to explore their effects on the lifetime of RPs and CT emission. We
attempt to manipulate the rates of ET reactions, specifically charge recombination processes,
through modulating the magnitude of the electronic coupling between the donor and acceptor by
arranging the donor and acceptor moieties at meso-positions, rather than simply extending 7pa in
the perpendicular motif. Such a kinked bridge group was previously used in other D—B—A

3 we observed CT

molecular systems to promote long-lived RPs.?¢? Like our previous series,!
emission with decent lifetime from this kinked D—B—A series although the quantum yields of CT
emission were smaller than the previous series. Kinetic analysis revealed that unexpected
acceleration of nonradiative charge recombination reactions occur at longer 7pa while radiative
charge recombination rates decrease. This counter-intuitive behavior was predicted by
Brunschwig, Ehrenson, and Sutin* based on the opposing effects of separation distance on
electronic couplings (¥ba) and the solvent reorganization energy (As): Vpa and As are expected to
decrease and increase with increasing rpa, respectively. Recently, Kuss-Petermann and Wenger

experimentally observed this behavior’!-*?

using the D—B—A molecules based on a Ruthenium
complex (Ru(bpy)s), TPA derivatives, and anthraquinone (AQ). Ru(bpy)s*" acts as a photon
absorber/bridge and TPA derivatives and AQ are the electron donor and acceptor, respectively.
With this, they observed the increase of charge recombination (TPA**—Ru(bpy):**—AQ* —
TPA—-Ru(bpy)3**—AQ) rates with increasing 7pa (reaching the max at an intermediate rpa), and

qualitatively explained the observation by an increase of the solvent reorganization energy with

increasing distance, coupled with a very weak distance dependence (almost distance-



independence) of electronic couplings.’!** Since then, a similar behavior was documented.**
Here, our unique observation of CT emission in a new series of kinked D-B—A molecules
enables us to provide further quantitative arguments. We demonstrated a strong dependence of
the solvent reorganization energy with increasing distance, while our series of molecules still
exhibit an expected distance dependency on electronic couplings. This work indicates that a
synthetically small structural modification can shift the balance of reorganization energy and
electronic couplings to achieve accelerating electron transfer reactions with increasing distance.

2. Experimental Section

2.1. General Information

All reagents and solvents were sourced from standard commercial chemical supply
companies, unless noted otherwise. Silica gel (pore size 60 A, 230400 mesh, SiliCycle Inc.)
was used in manual, flash column chromatography. The 'H, and '3C NMR spectra were recorded
via a Bruker Avance III spectrometer, operating at 400.14 and 100.62 MHz, respectively. The
mass spectra were obtained via QStar Elite (AB Sciex) conducted at the Laboratory of Mass
Spectrometry and Omics Analysis of the University of Connecticut Department of Chemistry.
UV-vis absorption spectra were recorded by a Cary 50 Scan UV-vis spectrophotometer (Varian).
A FLS1000 photoluminescence spectrometer (Edinburgh Instruments) was used to record the
steady-state and time-resolved emission. Fluorescence lifetime measurements were performed
using a TCSPC system of the FLS1000 equipped with a TCSPC/MCS/counter module (TCC2), a
Hamamatsu H10720-01P, and a pulsed diode laser (EPL-510) as the excitation source that
provided 506 nm excitation having a pulse duration 85 ps. Using the FLS1000 equipped with an
integrating sphere, absolute measurements were conducted to obtain quantum yields of

fluorescence (®1). Quantum yield of CT emission (®cr) were determined by referencing to @ of



the same molecules. Unless explicitly mentioned, all the photophysical characterization was
conducted at room temperature (20 °C).

2.2. Synthesis

The synthetic scheme, detailed procedures, and characterizations of three BD-Bridge-TPA
molecular systems are described in Supporting Information.

2.3. Nanosecond Transient Absorption Spectroscopy (ns-TA)

A ns-TA system was created based around the LP920 laser flash photolysis / transient
absorption spectrometer (Edinburgh Instruments). This instrument was coupled with a third
harmonic (355 nm) of Nd:YAG as the pump (Continuum Surelite I, pulse width fwhm 5-7 ns, 10
Hz rep. rate), a X Model 920 450 W xenon arc lamp for a probe lamp, and a monochromator.
The monochromator is coupled with an iCCD camera (Andor Technology) to conduct spectral
measurements, and a P928 photomultiplier detector (Hamamatsu) to conduct kinetic
measurements. The pump beam was operated at an energy range of 2-7 mJ, depending on the
measurements conducted, with minor fluctuations that were accounted for. Samples were
prepared in 1.0 cm optical glass cuvettes for measurements. Triplet quantum yields (Dr) were
calculated via a relative actinometry method with benzophenone in acetonitrile (MeCN) as a
reference (Ot = 1.0).3° The ns-TA system was also fitted with a 3470 electromagnet (GMW),
powered by the Bipolar Power Operational Power Supply/Amplifier (Kepco), for magnetic field
measurements. The details of this setup were reported elsewhere.*® Datasets were processed and
analyzed using OriginPro 2017.

2.4. Femtosecond Transient Absorption Spectroscopy (fs-TA)

A fs-TA system was used based on the HELIOS FIRE (Ultrafast Systems), coupled with a

femtosecond laser system (Coherent). The details were reported elsewhere.>® Datasets obtained



were processed and analyzed with the software Surface Xplorer (Ultrafast Systems) via
fluorescence background subtractions, applied chirp correction, time-zero adjustments, single
value decomposition, global fitting, and kinetic fitting.

2.5. Electrochemistry

Cyclic voltammetry measurements were conducted on all three samples based around a 600E
Electrochemical Analyzer/Workstation (CH Instruments). This system was equipped with a
standard three-electrode cell comprised of a pseudo-Ag reference electrode, a Pt wire counter
electrode, and a 3 mm glassy carbon-disk working electrode in an acetonitrile (MeCN) solution
of 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF¢’). Datasets were processed and
analyzed with software CHI600e (CH Instruments). Potentials measured are referenced vs Fc™;
ferrocene was introduced before measurements were conducted. Spectroelectrochemical
measurements were performed with a honeycomb spectroelectrochemical cell (PINE research)
coupled to the 600E Electrochemical Analyzer/Workstation. Samples were prepared in MeCN
with 0.1 M TBA"PFs.

2.6. Computations

Computations were carried out with Gaussian16.>’” The geometries were optimized with
B3LYP functional®®3*° in density functional theory (DFT) -calculations. The geometry
optimizations were performed without symmetry constraints. Calculations on radical anions and
cations were spin-unrestricted. The 6-31G+(d) for the ground states and 6-31G(d) for the excited
states basis set were used for the geometry optimization and all other single-point calculations.
TDDFT single-point energy calculations were performed with B3LYP, PBEPBE,**! CAM-
B3LYP,* and ®B97XD.* The polarizable continuum model (PCM) for solvation in chloroform

was used as implemented in Gaussian.*+4¢



3. Results

3.1. Synthesis

Three kinked BD—Bridge—TPA molecular systems where Bridge is no additional bridge
(NA), phenyl (Ph), and fluorene (F1), were successfully synthesized (Figure 1c). We used a one-
pot two-step Suzuki coupling for Ph and Fi1 bridges, which helps avoid the isolation of the aryl
boronic esters.*’

3.2. Observation of CT emission

We recorded the steady-state absorption and emission spectra in chloroform, in which we
observed CT emission in the previous series.!* The absorption spectra are shown in Figure 2a,
with little change for the absorption band of BD moieties across the series, all similar extinction
coefficients values (¢ = 8.6 x 10* M! cm™), like previously reported BD—Bridge—TPA

molecules!?1

and other similar BDs.**-** The absorption and emission spectra of the parent BD
are shown in the Supporting Information (Figure S1). The rpa are reported in Table 1. They were
determined computationally based on center-to-center distances from DFT optimized geometries.

We also estimated rpa based on an electron-hole separation of the RP state identified in TDDFT

calculations,”> which is ~1 A shorter than the structural estimates (Table 1).

a 10, —1 b 4ol
= —_— c
o 9
é? 0.8 —3 [ 0.8+
8-S 06 5 06
O s 3
S'% 04 N 04
£ X £ 0.2
=] 0.2 & V4]
1 k 2
0.0- 0.0 . . . . ._. .
300 400 500 600 700 800 500 550 600 650 700 750 800
Wavelength (nm) Wavelength (nm)

10



c ——BD, d
—2
- —3
3 c
N2 S
S 3
.F) E
K] L
£
L
700 800 900 0 20 40 60 80 100
Wavelength (nm) Time (ns)
e
1.01
< 0.8
S
= 0.6
S
B 04-
g
0.2
0.0

7 8 9 10 11 12 13 14 15
Time (ns)

Figure 2. CT emission recorded from the D—-B—A compounds dissolved in chloroform. (a)
Absorption spectra of 1 — 3 and BD (Amax = 501 nm). The absorption bands in the 300—400 nm
region in longer bridges can be correlated to the bridge moiety. (b) Emission spectra of 1 — 3
and BD (Aex = 470 nm). For clarity, the spectra are normalized to the emission maxima (Amax =
512 nm) of BD fluorescence. The fluorescence emission in the normalized emission spectrum
region 600-800 nm is attributed to the CT emission. (¢) Zoom-in figure comparing the emission
spectrum of 2 and 3 and BD shows CT emission more clearly. (d) Decay profiles of BD emission
(Aem = 520 nm) and (e) CT emission (Aem = 760 nm) of 1, 2, and 3 in chloroform (Aex = 506 nm).

The redlines are fits to the biexponential decays. IRF = instrument response function.
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Table 1. Photophysical Properties of D-B-A Series?

DA AGgs Erp
Compounds Bridge Dpde Ocr®l | Droe
(A (eV)* (eV)©
10.1
1 NA -0.097 2.35 0.084 0.017 0.6
(9.2)
2 Ph 14.3 -0.025 243 0.35 0.013 0.3
(13.1) : : . . :
3 F 18.6 -0.037 241 0.23 0.003 | 0.06
1 (16.7) . : . . :

“Reported in chloroform at 20 °C. ®Donor—acceptor distance, determined as the center-to-
center length from DFT optimized structures. The values in the parentheses are determined as the
electron-hole separation of the RP state TDDFT calculations. °Estimated from exponential
fittings of biphasic fluorescence lifetime decays. The energy of S'BD* is determined from the
intersection of the absorption and emission spectra for 1-3. ‘Quantum yield of fluorescence.
Determined by the absolute method. °Errors are typically £10%. {Quantum yield of CT emission,
determined by referencing to @ of the same molecule. #Quantum yield of the triplet excited state
of BD (T'BD*).

Upon photoexciting the BD acceptor moiety (Aex = 470 nm) in the molecular systems 1 — 3,
we observed fluorescence (Amax = 512 nm) from the BD along with a broad emission band
spanning the region from 600—1000 nm (Figure 2b). We assigned this broad emission as CT
emission from RP to the ground state (GS); BD —Bridge-TPA"® — BD-Bridge—TPA. This
emission is not correlated to aggregation of exciton emission, due to samples being prepared and
measure at concentrations < ~1-5 uM, and no significant concentration dependence was
observed. The quantum yields of emission are reported in Table 1, showing the trend of
decreasing ®cr decreasing with increasing rpa. ®@cr are generally smaller than those of the
perpendicular motif at a comparable distance.!* Note that the normalized emission spectra in

Figure 2a make ®cr appear much smaller in 2 and 3 compared to 1 because of larger @ in 2 and
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3. Yet, molecular system 3 of the longest rpa still has measurable CT emission; a zoomed-in
emission spectra for 2 and 3 is shown in Figure 2c, illustrating the presence of CT emission more
clearly.

Time-resolved emission measurements showed biphasic decays of the BD fluorescence for 1
— 3 in chloroform (Figure 2d), with the faster component (kfast) being an order of magnitude, or
more, faster than the fluorescence lifetime of BD alone (Supporting Information, Table S1). This
difference suggests that a major deactivation route exists, the CS pathway. The slower
component (ksiow) of the biphasic decay was also an order of magnitude, or more, slower than
kast, which can be attributed due to recombination fluorescence of S'BD, following back charge
recombination from the singlet RP state (bCR). Fitting the biphasic fluorescence lifetimes, as
previously described,>>* we determined AGcg in chloroform (Table 1), along with kcs, kvcr and
total kcr (Supporting Information, Table S1). In a similar manner to the previous series,>'* due
to the proximity in energy of the $'BD" and RP states (AG¢g ~ - 30-100 meV), within the thermal
equilibrium range, efficient charge recombination to the initial excited state and the resulting
recombination fluorescence is realized. Time-resolved emission measurements of CT emission
clearly showed the rise, slower than the instrument response function (IRF) of our instrument
(Figure 2e).

To gain further insights into the nature of CT emission and kinetics, we performed
temperature-dependent steady-state emission measurements as well as lifetime measurements
(both on BD fluorescence and CT emission) in the range of 5 — 60 °C. Expectedly, the CT
emissions are temperature dependent, and they almost disappear at higher temperatures, favoring

the back charge recombination and reproduction of S'BD* (Supporting Information, Figure S2).
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3.3. Unexpected Acceleration of Nonradiative Charge Recombination

In addition to the evidence for CT emission provided by the biphasic decays of BD
fluorescence, the femtosecond transient absorption measurements provide supporting evidence
that RP state formation is occurring. The spectra and kinetics of 1 in chloroform are shown in

Figure 3 and the spectra of 2 and 3 are shown in Supporting Information Figure S3.

S1 * o+ 81
a BD*  TPA™ .. TPA b —— 356 nm
104 / / ——451 nm
\ 6 —— 620 nm
a ] ~
o a
o 4-
E o £
3 —1ps g
-51 ——50 ps 27
——500 ps
-104 — 7000 ps 0- —mw
350400450550 600 650 700 750 ; ; ; ;
1 10 100 1000
Wavelength (nm) Time (ps)

Figure 3. Identification of radical pair formations upon photoexcitation of BD. (a) Transient
absorption spectra of 1 at 1, 50, 500, 7000 ps after the fs laser pulse (Aex = 500 nm) in
chloroform. (b) Decay kinetics of 1 monitored at respective wavelengths at 356, 451, and 620 nm

roughly correspond to the isosbestic points for ' BD*, TPA*" and BD*" (color coded in panel a).

We assigned the transient absorption bands using the previously reported spectral signature of
the BD radical anion (BD", at ~ 560 — 570 nm),*® and with the absorption spectra of the
electrochemically produced radical cation BD—Bridge—TPA™" (Supporting Information, Figure
S4). While the spectra of radical cations shift depending on the bridge lengths, reduction
potentials of BD and TPA radical cation are relatively independent of the bridge lengths, arguing

that charges are expected to be largely localized in each moiety (Table S2). At the same time,
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less positive reduction potentials of TPA radical cation with longer bridges (~20-40 meV) of the
current series may indicate a slight delocalization on to the bridge. DFT calculations show that
the angles between the longest axis of BODIPY (which corresponds to the transition dipole
moment of S'BD*) and the line connecting the center-to-center of the charged species
(direction of ET reactions) stay relatively constant; 38°, 44°, 41° for 1, 2, 3, respectively
(Supporting Information, Figure S5). With this series of data, we, therefore, use center-to-center
distance as a measure of charge separation (7pa in Table 1). No transient absorption bands were
seen corresponding to a reduced or oxidized bridge moieties, indicating that the bridge moieties
are likely not involved directly in the ET process, instead acting as a virtual state for tunneling.
This is expected, due to the very unfavorable driving forces for ET reactions to either oxidize or
reduce the bridge moieties (Ph and F1) based on their reduction and oxidation potentials.>>->®
Specifically, the oxidation potential of Ph and F: are reported as ~ 2.1% and 1.3 V vs Fc™°,
respectively,”” which are significantly higher than that of BD (~0.8 V vs Fc*?) and TPA (~0.5 V
vs Fc™). Please see Supporting Information, Table S2 for the values in the current series of
D—B—A. Therefore, this set of data supports the tunneling mechanism of the ET reactions.

The rate constants (kcs and total kcr), estimated from the global fitting are reported in Table 2.
Importantly, the measured kcs (either by global fitting or fitting at single wavelengths at the
isosbestic points where appropriate) are comparable to the CT emission rise time (Table 2) as
well as the rate constants obtained from the fitting of biphasic decay of BD fluorescence lifetime

(Supporting Information, Table S1). Combined, our data clearly supports that the long-

wavelength emissions are indeed CT emission (radiative charge recombination).
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Table 2. Nonradiative and Radiative Electron Transfer Rates?

ks1 kcs kcr (tot) kcrs krad
(s (s (s (s (s
Compounds | Bridee fsTA fsTA fsTA CT em fsTA R £
p & global global® rise® rised global

1 NA 1.38 x 1.35 % 1.01 x | 6.94x | 3.35x 2.63 x 1.15 %

100 10 10 10° 107 107 10°
) Ph 2.79 x 2.52 % 2.60x | 246x | 6.83 x 6.96 x 1.33 x

10° 10° 10° 10° 107 107 10°
3 F 2.45 % 2.18 x 2.13 % 1.98 x | 9.53 x 1.19 x 3.66 x

10° 10° 10° 10° 107 10® 10°

“Reported in chloroform at 20 °C. *Estimated by kcs = ksi(D—B—A) — ksi(BD) where ksi(BD) =
2.7 x 10% (s7!) determined by the fluorescence decay of BD alone. ‘Determined by the rise time
of radical anions or cation peak (isosbestic point). Determined by the rise time of CT emission
kinetics measured by the TCSPC method: kcs ~ krise. *kcrs = (kcr(tot)- krad) * (1 - @1) where we
used kcr (tot) measured by the CT emission decay. kraa = kcr (tot) X ®cr/des.

The initial charge separation occurs with ¢cs > 92% for 1 — 3, which is expected from
fluorescence decay being an order of magnitude faster than that of BD alone and the rapid
appearance of the RP states seen in the TA spectra (Figure 3). We determined ¢cs under
equilibrium condition using a similar approach employed for TADF.”® Using m-conjugated
bridges enables this efficient charge separation, even without large driving forces at play and
with the kinked bridges. Thus, the relatively low ®crt reported for 1 — 3 in chloroform is not a
result of inefficient initial charge separation, rather likely a result of the charge recombination
pathways branching from the RP states (Figure 1).

Following the confirmation of RP state formation, TA measurements were conducted on a ns

timescale to better examine if the RP states being generated in 1-3 had sufficiently long lifetimes
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for coherent singlet-triplet mixing, allowing potential magnetic field effects to be explored.®® We
determined that the lifetimes of the RPs were at most 10-20 ns long, in agreement with the
lifetime of recombination fluorescence (ksiow). These lifetimes are likely insufficient durations for
coherent singlet-triplet mixing to occur, and we did not observe any measurable magnetic field
effects on the radicals and triplet excited states at the field strengths of 0 to 600 millitesla.

We also determined the quantum yields of the triplet excited state (@) of the local BD state
("'BD*) (Table 1). We used Aex = 355 nm as the excitation source in nsTA because of the

14,36 \we confirmed that the excitation in

instrument’s limitation. In the same way as previously,
this region results in the ultrafast energy transfer from the excited states of TPA/Bridge to $'BD"
(<1 ps), followed by the almost identical photophysical pathways as the case with
photoexcitation at the BD core (Supporting Information, Figure S6). We then used @t to
determine the rates of nonradiative charge recombination of singlet RP, kcrs (Table 2). Here, we
assumed that the singlet RP state can either recombine spin selectively to form the GS or can
form T'BD*. We did not attempt to discriminate between the two possible pathways of the
formation of T'BD* ('RP — *RP — T!BD* or 'RP — T'BD*), though the former is more likely
the case. With ¢cs, Ocr, and kcr in hand, we also determined the radiative rate constants of CT
emission (knd) and nonradiative charge recombination of singlet RP (kcrs). We observed a
decrease in krad With increasing rpa (Table 2), but unexpectedly observed an increase in kcrs with
increasing rpa (Figure 4). In the following discussion, we focus on this counter-intuitive result of
increasing nonradiative singlet charge recombination rates at longer distances. While we aid the

analysis with the information obtained from the CT emissions, we do not provide a thorough

analysis of CT emission, which will be described in future studies.
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We would like to note that our discussion centers on the effects of solvent reorganization and
electronic couplings. In the prior work by Kuss-Petermann and Wenger,*'* two other possible

effects were deemed negligible and not explicitly considered: they are spin effects (i.e., singlet vs

)60-61

triplet charge recombination of RPs and electron-vibration (e-v) coupling effects (especially

in the Marcus inverted region),*”®® both of which could result in accelerating charge
recombination. While we determined spin-selective charge recombination rates to exclude the
spin effect, the nature of our current analysis did not completely exclude the possible effects of

e-v coupling.
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Figure 4. Distance-dependence of kcrs in chloroform.

4. Discussion

4.1. Semiclassical Marcus Equation

We observed the trend of increasing kcrs with increasing rpa for 1 — 3. As the electronic
coupling Fpa usually decreases with increasing rpa, we would expect to see a decrease in ET
rates if all other terms are held fixed, based on the “high-temperature limit” of the semiclassical

Marcus equation:

2 1 (AG°+21)?
ker = ?ﬂ Voal® JamakgT exp (_ 4AkgT ) (1)
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where Vpa is the electronic coupling between the initial and final states of ET reactions, and 7,
ks, and T are the reduced Planck constant, the Boltzmann constant, and Temperature,
respectively. Here, 4 is the total reorganization energy (4wt). The Marucs theory does predict a
regime exists such that ET rates will continue to increase until hitting a maximum at an optimal
rpa, with further increases in rpa resulting in decreases of ET rates.’® The key to this is a
reorganization energy A that can outweigh the effect of V'pa resulting in faster ET rates as rpa
increases. Despite this prediction, this has remained a largely unconsidered effect in the studies
of ET reactions, except for a few cases.®*®> Kuss-Petermann and Wenger demonstrated this trend

experimentally with their D-B—A constructs’!-*

where they observed almost distance-
independent V'pa while 4 increased with increasing rpa, providing a qualitative argument for the
reasoning behind this counter-intuitive behavior.

Reorganization energy Awt is the sum of solvent and internal reorganization (Av) energies: Atot
= /s + Av. Usually, Av’s are assumed to be relatively constants in homologous D—B—A series
when charge delocalization does not change across the series. In our rigid D—-B—A systems, with
1 — 3 only differing by their bridge group, we expect that there is a small difference in Av across
within series; little distance dependence. Electrochemical measurements support this to some
extent as mentioned above.

In contrast to Av, s, the energy for the reorganization of the solvent molecules solvating the

D—B—A system during ET reaction, can have a large distance dependence. A simple dielectric

continuum model of As, or the Marcus two-sphere approach,® is

b= |G e md) G2 @

where &o is the vacuum permittivity constant, 7p and ra are the donor and acceptor radii, » and &

are the refraction index and the static dielectric constant for the solvent, respectively.
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Generally, determination of reorganization energies is one challenging task in the field of ET
reactions.®? Internal reorganization energies may be estimated by resonance Raman studies,®” but
their applications can be limited.®* The case in point of this work is solvent reorganization
energy. The dielectric continuum model of As (eq. 2) is widely used as an estimate of As and it
does predict a larger value at increasing rpa, but it is noted that eq. 2 underestimates the distance
dependence®® as it does not incorporate molecular details, and it also has other shortcomings.®
Alternatively, one can use a molecular modeling approach that takes into account the discrete
nature of solvent molecules and the solute.”®”! Experimentally, one may use temperature-
dependence of ET reactions or the Arrhenius analysis (AA). Kuss-Petermann and Wenger used
AA with eq. 1 to obtain Awt (they considered Av negligible and used Aiwot as As), assuming Aot and

Vba are temperature independent. Under the same assumption, we also performed the analysis on
1
kcrs. The Arrhenius plots (In (kCRSTE) vs 1/T) is shown in Supporting Information, Figure S7.

While we also observed the decrease in 4wt with increasing rpa (Table 3), the Awt values turn out
to be too large and not consistent with the other aspects of ET reactions (see Section 4.2).

Table 3. Solvent Reorganization Energies and Electronic Couplings in Chloroform

tot As Av Vpa
(eV) (eV) (eV) (cm™)?
two- AA
Compounds | Bridge | AA® spec® W 4| spec® | /two- | AA |rad’ | GMH?2 | eq. 4"
sphere .
sphere
240
1 NA 1.27 0.47 0.57 | 0.16 | 0.75 28 1190 880
(190)
150
2 Ph 1.42 0.54 0.68 | 023 | 0.73 17 | 155 300
(200)
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120
3 Fi | 173 | 060 | 074 | 023] 099 | 3 | 65 200
(130)

2 Vpa of the !CS and GS states. ® Determined by the Arrhenius analysis (AA). ¢ Determined by
the fittings of CT emission. ¢ Determined by the two-sphere model (eq. 2). ¢ Reported values are
determined by Av = Aot (AA) — As (two-sphere model). f Determined by eq. 6. & Determined by

eq. 7. The values in the parentheses are the coupling values at the geometry of the RP state. "
Determined by eq 4. with A’s determined by the fitting of CT emission.

There are also reports that indicate As decrease with increasing rpa.”? Therefore, to add to the
qualitative argument of Kuss-Petermann and Wenger’s work, our work here sought to determine
the value of As experimentally with CT emission measurements. In the next section, we described
our analysis.

4.2.Spectral Analysis of CT Emission

Radiative charge recombination or CT emission coupled the same initial ('RP) and final (GS)
states as nonradiative charge recombination, therefore there is a close relationship between
thermal electron transfer and radiative CT reactions.”>’® Marcus” showed that simultaneous
analysis of CT absorption and emission spectra yield an accurate determination of the ET
parameters, such as the Gibbs energy, magnitude of electronic coupling V'pa, and reorganization
energies 4. We could obtain the estimates from either one of them. Taking advantage of these
unique features, some earlier works, including the work on intermolecular D/A systems by
Gould and Farid,”””® the work on intramolecular (solvent-coupled) D-B—A molecules by Zimmt
and Waldeck,’* 7% and by Heitele and Jortner®! extensively utilized CT absorption and
emission spectra to quantify the ET parameters.

The intensity of emission /(v) is given by

I(v) x v3|M@W)|*FC(v) (3a)
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where M(v) is the transition moment at frequency v and FC(v) is the Franck-Condon factor.
While the intensity borrowing and therefore the electronic coupling between the singlet excited
state and the RP (V*), in addition to V, can be substantial in determining M(v), it is difficult to
establish the exact contributions in the current case. Here, we only consider the band shape, and

therefore we have chosen to describe the reduced intensity in terms of FC(v) = I(v)/V* in a similar

manner to the earlier work””- 8!
2
1(v) _ -S SHRW (/15+AG°+whw+hv)
—5 = Zw=o(e MR ="—)exp [~ prre— (3b)

v . . : :
where Syr = ﬁ is the Huang-Rhys factor characterizing the strength of e-v coupling, and w is

only one high frequency of the coupled quantum mechanical vibration modes. This is formally
similar to the expression for a semiclassical Marcus equation that considers high-frequency (>>
ksT/h) vibrations of electron donor and acceptor molecules (e-v coupling), represented by a
82-84

single (“average”) quantized mode,

2
1 0 —SHR SHRW _ (/15+AGO+WFI(A))
,/4n/15kBTZW=O(e w! Jexp [ 4AskgT ] (4)

ker = 2?“ |Vap |?

Accurate characterization of all the parameters is difficult in the absence of structure in CT
spectra. Experimentally, we measured AG® from the emission lifetime experiments (Table 1).
The rest of the parameters (1s, Av, and A#w) are variable. We fixed the e-v coupling 2w based on
the DFT calculations (Ao = 0.171 eV ~ 1370 cm™); we used the average frequency that is
obtained as a sum of all the frequencies that are typically characteristics to C=C modes®’
weighted with their relative intensities of the GS-optimized structures, in a similar manner to the
work by Matyushov.?® All three molecules have similar average frequencies. Representative

fittings of CT emission spectra are shown in Figure 5 and the fitted values are reported in Table

3.
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Figure 5. Spectra fits of CT emission with eq. 3b; (a) 1, (b) 2, (¢) 3 in chloroform at 20 °C. Red
lines are BD fluorescence emission. CT emissions lines were determined by subtracting the BD

emission from the emission spectra.

We could obtain reasonable fits with other combinations of A and Z®. For example, DFT
calculations provide Av = 0.14 eV (based on the individual donor and acceptor moieties), and we
can use this value as a fixed Av to fit the spectra to obtain As = 0.48, 0.62, and 0.69 eV for 1, 2, 3,
respectively. It is interesting to note that Av by the DFT calculation is fortuitously close to that
obtained for 1 by the fitting without constraints. On the other hand, larger Av values for 2 and 3
estimated by the fittings might point to a slight delocalization of charges (likely positive charges

on TPA) as suggested by the electrochemical measurements (Supporting Information, Table S2).
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However, not all the combinations would work. Notably, we could not fit the CT emission

spectra with Awt estimated from the Arrhenius plots and the Marcus two-sphere model for As
(Table 3). This failure can be easily seen by inspecting the peak of CT emission that is
approximately characterized by’
hvpax = —(AGer + Ag + Ay + hw) (5)
If we use Jwt from the AA (and neglecting the specific vibrational mode contribution) the
experimentally obtained AGcr (= Ere, Table 1), we obtain Avmax = 1.08, 1.01, and 0.68 eV. They
are significantly lower than actual values of hv,,, that are 1.77, 1.70, 1.65 eV for 1, 2, and 3,
respectively (Figure 5). This showed the limitation of using eq. 1 which is without electron-
vibration couplings, at least in our case. We could also not fit the spectra well without
incorporating high-frequency (>> ks7/h) vibrational mode, highlighting its importance.

The spectral analysis supports the trend that As increases with increasing rpa while the values
by the spectral analysis are smaller than the Marcus two-sphere model. More detailed analysis of
CT emission spectra, including their temperature-dependent behaviors and possible effects on 4,
are underway.

4.3. Distance Dependence of Electronic Couplings

We now examine the distance dependence of electronic couplings, V'pa, for 1 — 3, to see if
V'ba 1s almost independent of the distance. While the Arrhenius analysis (AA) with eq. 1 resulted
in a reasonably small and distance dependent Vpa values, we decided to use other methods to
independently estimate V'pa because the AA yields too large Awt values to account for the CT
emission data (see Section 4.2). Here, we employed a couple of other methods, including use of
radiative decay rate within a two-state model and the generalized Mulliken-Hush (GMH)

analysis.
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We determined Vpa using the radiative decay constant (krad) within a two-state model (RP and

GS) with only Vpa;** ¥

32m3n3
3h

krag = |VDAAHIZ<U) (6)

where Au is the change in dipole moment accompanying electron transfer and (v) is the first
moment of the emission band, which is taken as the peak energy of the CT emission band. As
seen, the radiative decay method does not require the information of 1s. While we expect that a

25, 8889 would be well-suited like in our

three-state model that includes the local excited state
previous case,'® we did not use a three-state model partly because of the lack of measurable CT
emission in enough number of solvents at the moment. Nonetheless, judging from the values, a
two-state model appears to yield reasonable Vpa values (Table 3). The obtained values have
exponential distance with the attenuating factor  ~ 0.13 = 0.01 A™' (Supporting Information,
Figure S8). Compared with the reported coupling values determined with the same two-state
model, the current coupling values are expectedly larger than those for non-conjugated bridges,*

but a couple of times smaller than contact ion pairs/exciplex’” *°

and slightly smaller than a
porphyrin-[60]fullerene conjugate (assumed at contact distance ~ 4 A).%!

We also applied the two-state GMH analysis to compute V'ba. The applications of GMH to
photoinduced electron transfer reactions are well documented,””* and we also employed it

before.!* Extending the Mulliken-Hush approach,” #” Newton and Cave’**°

expressed Vpa (or
Vab in the equation below) in terms of the experimentally accessible adiabatic parameters as

Vs = Vor = H120E K12AE
DA ab Apap ((Ap12)?2+4(u12))/?

(7
where a and b represent initial and final states of the system on diabatic surfaces (here, they are
RP and GS), ui2 is the transition dipole moment coupling the adiabatic surfaces of the ground

and excited states, and Azu2, the change in dipole moment between the ground (1) and excited
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(1r) states where 1 and 2 represent each state on adiabatic surfaces. Auab and Az are related to
the diabatic and adiabatic electron transfer distance through dab = Agav/e and diz = Apnz/e. We
can apply GMH to an arbitrary nuclear geometry.”**> Here, we used the optimized GS and the
optimized RP state within TDDFT. We used B3LYP/6-31G(d)/PCM (CHCI3), which correctly
predicts the nature of RP (BDu*-Bridge-TPA®", please see Supporting Information, Figure S9)
as the lowest charge-separated state or RP state whose energy is lower than S!BD* and higher
than T'BD* at the GS geometries. A long-range corrected functional (CAM-B3LYP and
©B97XD) incorrectly placed the RP state energetically higher than S!BD* while another hybrid
functional PBEPBE correctly places the RP state lower than 3!BD* but incorrectly places it
lower than "'BD* as well (Supporting Information, Table S3). The difficulty of modeling long-
range charge-transfer excited states by TDDFT is well recognized,”® and very recently Forde,
Tretiak and co-workers’’ examined one of our D-B—A compounds,'® showing that state-specific

schemes”®

can more accurately describe solvation induced stabilization of RP states. Their
approach may prove useful in future studies. AE is defined as the vertical energy gap at each
reaction coordinate. We only consider the x- component of all dipole vectors which are aligned
along a direction defined by the centroids of the D and A moieties; projecting sa2 along the
electron transfer direction. The GMH analysis (with B3LYP functional) provided us with Vpa
values that are comparable to those obtained by the radiative decay approach (Table 3). We
obtained similar but slightly smaller Vpa values with PBEPBE functional (Supporting
Information, Table S4). While the coupling values depend on the geometries,'* * they generally
decrease with increasing rpa: notably it decreases by half for 3 compared to 1.

We also used eq. 4 (the semiclassical Marcus equation with electron-vibration coupling) with

spectral As and Av, which yielded about 2-3 times larger V'pa values compared to the radiative
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decay and GMH analyses (Table 3): note that the use of A’s from the Arrhenius/two-sphere
yielded much larger values (>> 0.1 eV). The semiclassical Marcus equation assumes that the ET
reactions are nonadiabatic,!® although, for electronic couplings larger than ~200 cm™,% 1! the
reactions may have significant adiabatic character and therefore becomes less dependent on Vpa.
A simple analysis based on the Landau-Zerner expression'? indicates that ET reactions,
especially in 1, may well be in the adiabatic regime.

While our current analyses are admittedly not complete, all the analyses showed an expected
distance dependence of the electronic couplings within the series (Supporting Information,
Figure S9). Yet, the distance-dependent change in solvent reorganization energies is significant
enough to accelerate the nonradiative charge recombination process in the Marcus inverted
region. As shown in Figure 6, even with expected and observed decrease in Vpa with increasing
DA, the Marcus curves shift down and to the right, creating a regime in the inverted region where

kcrs 1s faster at larger 7pa.

fon =101 A ] 1

In(kerss ™)

6 T T T T T
0.0 0.5 1.0 1.5 2.0 2.5

-AGgg (eV)

Figure 6. Gibbs energy dependence of singlet charge recombination rates (kcrs) at three
different donor—acceptor distances (7pa). The solid lines are calculated using eq. 4 with A values
obtained from fittings of the CT emission spectra. pa are 880, 300, and 200 cm™! for 1, 2, and 3,

respectively. The box highlights the data points of experimentally measured kcrs.
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5. Conclusions

We presented a new series of D-B—A systems with a kinked bridge group. A series of
evidence was presented to unambiguously support the formation of the RP state and the presence
of CT emission. Despite the kink between the donor and acceptor, in the form of meso-
substitutions, the electronic coupling constant was not significantly reduced to prevent the
formation of RP states, but the quantum yields of CT emission were lower than those in the
perpendicular motif."*. Unexpectedly, a trend was recognized in the series of kcrs increasing
with rpa. This trend was understood to be due to the distance dependence As. Kuss-Petermann

3132 observed the same trend, attributing to the sharp distance dependent As and

and Wenger
almost distance independent Vpa. Taking advantage of the existence of radiative decay, we
estimated As experimentally from the analysis of CT emission spectra and were able to show that
As increases with increasing 7pa. On the other hand, unlike examples by Kuss-Petermann and
Wenger, our analysis showed that V'pa decrease with increasing 7pa, but As increases with rpa at
such a rate it offsets the decrease of Vpa to result in faster kcrs. With this work, we provide
further evidence that As increasing with rpa results in ket increasing even when Fbpa has expected
to decrease with distance. While we could provide some quantification, our current analysis is
not complete and further work is still needed for a more complete understanding of these
observations. Yet, with the underlying connections between nonradiative and radiative decays,
we showed that the existence and analysis of radiative charge recombination can provide much
needed quantitative information on this underexplored effect. Such a fundamental understanding

will aid us in the synthetic regulation of ET reactions and in developing optically addressable,

specifically based on emission, molecular qubits with SCRPs.
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