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ABSTRACT: Quantum coherence effects on charge transfer and
spin dynamics in a system having two degenerate electron acceptors
are studied using a zinc 5,10,15-tri(n-pentyl)-20-phenylporphyrin
(ZnP) electron donor covalently linked to either one or two
naphthalene-1,8:4,5-bis(dicarboximide) (NDI) electron acceptors
using an anthracene (An) spacer, ZnP-An-NDI (1) and ZnP-An-
NDI2 (2), respectively. Following photoexcitation of 1 and 2 in
toluene at 295 K, femtosecond transient absorption spectroscopy
shows that the electron transfer (ET) rate constant for 2 is about
three times larger than that of 1, which can be accounted for by the
statistical nature of incoherent ET as well as the electron couplings
for the charge separation reactions. In contrast, the rate constant for
charge recombination (CR) of 1 is about 25% faster than that of 2. Using femtosecond transient infrared spectroscopy and
theoretical analysis, we find that the electron on NDI2

•− in 2 localizes onto one of the two NDIs prior to CR, thus precluding
electronically coherent CR from NDI2

•−. Conversely, CR in both 1 and 2 is spin coherent as indicated by the observation of a
resonance in the 3*ZnP yield following CR as a function of applied magnetic field, giving spin−spin exchange interaction energies of
2J = 210 and 236 mT, respectively, where the line width of the resonance for 2 is greater than 1. These data show that while CR is a
spin-coherent process, incoherent hopping of the electron between the two NDIs in 2, consistent with the lack of delocalization
noted above, results in greater spin decoherence in 2 relative to 1.

■ INTRODUCTION

Expanding simple electron donor−acceptor (D−A) systems to
larger structures with multiple donors and/or acceptors raises
the possibility that site-to-site charge (spin) hopping or
complete delocalization, where the wave function simulta-
neously involves two or more sites, can influence both charge
transfer and spin dynamics. Previously, systems with either two
identical donors or acceptors have been studied using
noncovalent D/A mixtures1−3 and assemblies,4 as well as
covalent D−A dyads5 and triads,6,7 all of which have the
potential for electron/hole hopping or delocalization between
the two A or D species, respectively.8,9

In the specific case of two degenerate electron acceptors,
D−A2, we have shown that electron transfer can proceed
coherently to a delocalized state of the dimeric acceptor. The
charge transfer is a consequence of renormalization of the
electronic coupling for electron transfer as well as the system
bath interactions.10 Under cryogenic conditions, delocalization
is maintained throughout the charge separation process,
resulting in a nonstatistical rate enhancement for charge
transfer to two acceptors relative to one acceptor. We
demonstrated this fully coherent charge transfer in a
triptycene-bridged anthracene-benzoquinone system, where

electron transfer from the anthracene lowest excited singlet
state to two equivalent benzoquinones occurs five times faster
than to a single benzoquinone acceptor. Similarly, using a p-(9-
anthryl)-N,N-dimethylaniline (DMA-An) donor and a dimeric
naphthalene-1,8:4,5-bis(dicarboximide) (NDI) acceptor, we
observed a smaller nonstatistical rate enhancement factor of
2.6 ± 0.2 for charge separation, and also a factor of 2.0 ± 0.2
for charge recombination.11

Coherent electron spin dynamics also play an important role
in D−A systems intrinsic to natural12,13 and artificial14,15

photosynthesis, avian navigation,16,17 and quantum informa-
tion science (QIS).18−22 In the context of natural and artificial
photosynthesis, the polarization and delocalization of spin
among multiple cofactors plays a crucial role in dictating the
reaction mechanism and kinetics.23,24 With regard to QIS,
photogenerated radical pairs in organic D−A molecules have

Received: November 20, 2020
Revised: January 8, 2021
Published: January 15, 2021

Articlepubs.acs.org/JPCA

© 2021 American Chemical Society
825

https://dx.doi.org/10.1021/acs.jpca.0c10471
J. Phys. Chem. A 2021, 125, 825−834

D
ow

nl
oa

de
d 

vi
a 

N
O

R
TH

W
ES

TE
R

N
 U

N
IV

 o
n 

A
ug

us
t 1

5,
 2

02
2 

at
 1

6:
01

:4
7 

(U
TC

).
Se

e 
ht

tp
s:

//p
ub

s.a
cs

.o
rg

/s
ha

rin
gg

ui
de

lin
es

 fo
r o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Laura+Bancroft"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jinyuan+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Samantha+M.+Harvey"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matthew+D.+Krzyaniak"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peng+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Richard+D.+Schaller"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Richard+D.+Schaller"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+N.+Beratan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ryan+M.+Young"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+R.+Wasielewski"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpca.0c10471&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c10471?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c10471?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c10471?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c10471?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c10471?fig=agr1&ref=pdf
https://pubs.acs.org/toc/jpcafh/125/3?ref=pdf
https://pubs.acs.org/toc/jpcafh/125/3?ref=pdf
https://pubs.acs.org/toc/jpcafh/125/3?ref=pdf
https://pubs.acs.org/toc/jpcafh/125/3?ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.jpca.0c10471?ref=pdf
https://pubs.acs.org/JPCA?ref=pdf
https://pubs.acs.org/JPCA?ref=pdf


many desirable qualities that make them promising spin qubit
pairs (SQPs) and that fulfill the well-known DiVincenzo
criteria for viable qubits.25 For example, subnanosecond
electron transfer from D to A following laser photoexcitation
produces an entangled SQP having a well-defined spin state,
which allows for reliable execution of quantum gate operations
without the use of ultralow temperatures or high magnetic
fields.21,22

Spin hopping or delocalization can have a significant impact
on SQP spin coherence.7,26−34 For example, we recently
compared the spin dynamics of a covalent D•+−C−A2

•‑ triad
system to the corresponding D•+−C−A•‑ system, where C is a
light-absorbing chromophoric acceptor.7 Photogeneration of
the SQP in a magnetic field, B0, results in Zeeman splitting of
the SQP triplet sublevels (Figure 1), where the spin−spin

exchange coupling, 2J, is the energy gap between the singlet
and triplet SQP states. This coupling is primarily a through-
bond interaction, while the corresponding spin−spin dipolar
interaction, D, is a through-space interaction. When B0 ≫ 2J
and D, the |T+1⟩, |T0⟩, and |T−1⟩ eigenstates are quantized
along B0 and the |S⟩ and |T0⟩ state energies remain field
invariant.35−38 Under these conditions, mixing between the
initially populated |S⟩ and unpopulated |T0⟩ states of the SQP
results in zero quantum coherence between |S⟩ and |T0⟩. The
value of 2J is <5 mT in D•+−C−A•‑ and D•+−C−A2

•‑ because
there are a large number of bonds separating the two radicals
in these triads. In addition, the value of D is also less than 0.2
mT because of the long distance between the two spins. Our
earlier work showed that rapid electron hopping within the
dimeric acceptor of D•+−C−A2

•‑ results in faster decoherence
of the mixed |S⟩ and |T0⟩ states than in the single acceptor

D•+−C−A•‑ reference system.7 This work also showed
magnetic field dependent changes in the SQP population
since 2J is comparable to both the differential hyperfine
interactions and the relaxation effects between D•+−C−A•‑

and D•+−C−A2
•‑. In contrast, if 2J is large, coherent spin

evolution is generally inhibited when B0 = 0 and the system
can remain locked in the initially populated |S⟩ state for long
times.39 However, applying a magnetic field B0 = 2J turns on
|S⟩ ↔ |T+1⟩ (2J > 0) or |S⟩ ↔ |T−1⟩ (2J < 0) spin mixing,
which allows one to probe the spin dynamics of the system.
To explore charge transfer and spin coherence in a system

where 2J is much larger than the hyperfine interactions,
recombination is slow, and a local triplet state is energetically
favorable, we designed a covalent D−A2 molecule comprising a
zinc 5,10,15-tri(n-pentyl)-20-phenylporphyrin (ZnP) chromo-
phoric electron donor and one or two NDI electron acceptors
linked by an anthracene (An) spacer, ZnP-An-NDI (1) and
ZnP-An-NDI2 (2), respectively (Figure 2). Compound 2 has
two π-stacked NDI acceptors, while 1 has a photo- and
electrochemically innocent 1,2-cyclohexanedicarboximide in
place of the second NDI acceptor. The An spacer places the
two NDI acceptors of 2 in a π-stacked geometry,40 which has
been shown previously to result in significant electronic
coupling between them.41 The combination of the ZnP donor
and NDI acceptor(s) yields a large free energy of reaction for
charge separation and the An spacer places the SQP sufficiently
close to ensure large 2J values.42,43 The energy of the ZnP
triplet state is 1.6 eV,44 which opens a triplet charge
recombination pathway and enables the direct measurement
of 2J using magnetic field-resolved transient absorption
spectroscopy. The measured 2J values, in combination with
transient infrared absorption measurements and theoretical
analysis, allow us to assess the influence of quantum coherence
on the charge recombination and spin dynamics of the SQP in
2.

■ METHODS

Steady-State Spectroscopy. UV−visible absorption
spectra were obtained using a Shimadzu UV-1800 spectrom-
eter in a quartz cuvette with a 1 mm path length.

Transient Absorption Spectroscopy. Femtosecond
transient absorption experiments were performed using the
instruments described in previous accounts.74 The 560 nm,
∼100 fs pump pulse was generated using a commercial
collinear optical parametric amplifier (TOPAS-Prime, Light-
Conversion, LLC) while the 414 nm pump was the second
harmonic of the fundamental. The pump pulse was depolarized

Figure 1. Zeeman splitting of RP energy levels (2J > 0).

Figure 2. Chemical structures of molecules studied.
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to suppress polarization-dependent dynamics in the signal. The
pump pulses had energies of 1 μJ/pulse. Spectra were collected
using a customized Helios/EOS spectrometer (Ultrafast
Systems, LLC). All transient absorption data sets were
collected on samples with a path length of 1 mm and an
optical density of ∼0.5 at 414 nm for the toluene data and
∼0.25 at 560 nm for the 1,4-dioxane-d8 data. All samples were
put through three freeze−pump−thaw cycles to remove
oxygen. Solution samples were stirred during run time to
avoid degradation from localized heating. All data sets were
background-subtracted to remove scatter from the pump pulse
and corrected for time zero offsets and group delay dispersion
using Surface Xplorer (Ultrafast Systems, LLC). The data sets
were then each subjected to a global wavelength fitting analysis
using a sequential 2-step model: A → B → C for the
femtosecond transient absorption data and B→ C→ G for the
nanosecond transient absorption data. For fitting the femto-
second transient absorption data, the rate constant kBC was
fixed at the value obtained from the nanosecond transient
absorption data fit. The kinetic traces were fit at five to six
wavelengths across the relevant spectral features of the species
formed in each of the experiments.
Transient Femtosecond Infrared Spectroscopy. The

femtosecond time-resolved infrared (fs IR) absorption
apparatus has also been described previously, and it was
equipped with a Helios-FIRE IR spectrometer (Ultrafast
Systems, LLC).75 The 560 nm excitation pulses were
attenuated to 2 μJ/pulse and depolarized. The time resolution
was ∼500 fs. Difference spectra were obtained by modulating
the pump at 500 Hz using the optical chopper in the Helios-IR
spectrometer. Spectra were acquired in 1000 nm windows
spanning 5600−8200 nm (1219−1785 cm−1) and combined
without scaling prior to kinetic analysis. The fs IR spectra were
calibrated using the ground state FTIR spectra. The samples
were prepared in 1,4-dioxane-d8 with an optical density of
∼0.125 at 560 nm in a demountable cell (Harrick Scientific)
with a 500 μm Teflon spacer with 2 mm CaF2 windows. The
sample holder was rastered during experiments to reduce the
effects of local heating. Both data sets were background-
subtracted to remove pump pulse scatter and corrected for
time zero offsets and group delay dispersion using Surface
Xplorer (Ultrafast Systems, LLC). The data sets were then
each subjected to a global wavelength fitting analysis using a
sequential 2-step model: A → B → C. The kinetic traces were
fit at five wavelengths across the relevant spectral features of
the species observed in each of the experiments.
Magnetic Field Effects. NsTA experiments were

performed to monitor the charge recombination triplet yield
of 3*ZnP as a function of applied magnetic field using an
instrument described previously.76 A 414 nm excitation pump
pulse was used to excite the Soret band of the ZnP subunit.
The optical density of the samples was ∼0.5 with a 1 mm path
length at 414 nm. The nsTA spectra were integrated over
450−500 nm and 0.5−10 μs at each magnetic field value to
ensure that only 3*ZnP was monitored. Periodically, the
magnetic field was brought back to 0 mT to monitor the
baseline and the 3*ZnP yields were then normalized to the
yield at zero magnetic field.
Computational Details. Molecular structures of the

ground and excited state species were optimized using density
functional theory (DFT) and time-dependent density func-
tional theory (TDDFT) with the phe0 functional and the ma-
def2-SVP basis set.77,78 The solvent effects were included using

the PCM model (for toluene). The empirical dispersion
correction with the Becke−Johnson damping79 was used in the
DFT calculations. All of the computations were performed
using the Gaussian 16 program.80 The donor−acceptor
electron transfer coupling was computed using the generalized
Mulliken−Hush approach81 with TDDFT computed dipole
moments and transition dipole moments. The transition dipole
moments between excited states were approximated using the
response functions derived from linear response TDDFT
calculations, and this approximation was validated by quadratic
response TDDFT computations implemented in the DAL-
TON2018 program.82 We benchmarked a wide range of DFT
functionals and found that the donor−acceptor system of
interest is best described using the pbe0 functional.

■ RESULTS
Synthesis. Details of the synthetic procedures and

characterization of 1 and 2 are given in the Supporting
Information.

Steady-State Spectroscopy. The normalized steady-state
absorption spectra of 1 and 2 in toluene are shown in Figure 3.

Both 1 and 2 have similar absorption features with the NDI
vibronic progression seen at 338, 360, and 381 nm. The
intensity of these features is stronger in 2 owing to the second
NDI unit. The normalized absorption intensity of 2 is not
exactly twice that of 1 likely because of electronic coupling due
to H-aggregation between the two NDI units.45,46 The Soret
band of ZnP occurs at 425 nm along with a shoulder at 404
nm. The Q(1,0) band of ZnP appears at 555 nm and the
Q(0,0) band at 595 nm in both compounds. The An
absorption is observed in the UV with small contributions to
the spectrum between 300 and 350 nm that overlaps with the
338 and 360 nm NDI absorptions.47

Transient Absorption Spectroscopy. Femtosecond and
nanosecond transient absorption spectroscopies, fsTA and
nsTA, respectively, were used to elucidate the excited-state
dynamics of 1 and 2. The excited singlet state of ZnP (1*ZnP)
was populated by exciting the Soret band using 414 nm laser
pulses. Experiments were carried out in toluene at 295 K under
a nitrogen atmosphere. The fsTA spectra for 1 and 2 (Figure
4) have many of the same spectral features; however, the
excited-state dynamics are different. Immediately after photo-
excitation, the spectra show features of 1*ZnP: namely, excited-
state absorptions at 380, 459, and 1281 nm; ground-state

Figure 3. Normalized steady-state UV−visible absorption of 1 and 2
in toluene at 295 K. Inset expands the ZnP Q-band region of the
spectra.

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://dx.doi.org/10.1021/acs.jpca.0c10471
J. Phys. Chem. A 2021, 125, 825−834

827

http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c10471/suppl_file/jp0c10471_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c10471/suppl_file/jp0c10471_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c10471?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c10471?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c10471?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c10471?fig=fig3&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://dx.doi.org/10.1021/acs.jpca.0c10471?ref=pdf


bleaching of the Soret band at 425 nm; ground-state bleaching
of the Q(1,0) band at 554 nm, overlapping ground-state
bleaching and stimulated emission of the Q(0,0) band at 595
nm; and stimulated emission of the Q(1,0) band at 652 nm. As
the features of 1*ZnP decay, the absorption features of ZnP•+

at 411 nm and NDI•‑ at 473 and 608 nm, as well as the
ground-state bleaches of NDI at 357 and 399 nm, appear,
which together are indicative of charge separation. This charge-
separated species is present throughout the ∼8 ns pump−
probe time delay range of the fsTA experiment and is the first
species observed at the start of the nsTA experiment. At these
longer times, the features of 3*ZnP appear as positive
absorptions at 391 and 458 nm as the SQP features decay.
The fsTA and nsTA data were subjected to global analysis

with states A, B, C, and G representing the 1*ZnP, ZnP•+-An-
NDI•‑, or ZnP•+-An-NDI2

•‑, 3*ZnP and the ground states,
respectively. The evolution-associated spectra (EAS) along
with kinetic fits and model populations are shown in Figures
S1 and S2. The effective 1*ZnP decay rate constant kAB is the
sum of the rate constants for the processes indicated in Figure
5. The rate constant kBC is a composite of several processes
involving the SQP including charge recombination from the
singlet and triplet SQP states to the ground state (kCRS) and
3*ZnP (kCRT), respectively, and spin mixing of the singlet and
triplet SQP states which can be kinetically modeled using an
equilibrium constant (KMIX).

48,49 The rate constant kCG
captures the decay of 3*ZnP to the singlet ground state
(kISC2). A summary of the rate constants obtained from global
fitting are given in Table 1.
Magnetic Field Effects. NsTA measurements show that

the 3*ZnP yield resulting from charge recombination within
the 3(ZnP•+-An-NDI•‑) and 3(ZnP•+-An-NDI2

•‑) SQPs is
magnetic field dependent (Figure 6). The Zeeman interaction
changes the energies of the |T+1⟩ and |T−1⟩ states of these
SQPs,36 which results in an observed resonance in the 3*ZnP
yield at the magnetic field where |T+1⟩ crosses |S⟩ (2J > 0) that

directly yields 2J (Figure 1).36,50 Fitting the data to Lorentzian
functions gives maxima at 2J1 = 210 mT for 3*ZnP-An-NDI
and 2J2 = 236 mT for 3*ZnP-An-NDI2 (Figure 6).

■ DISCUSSION
Charge Transfer Dynamics. The charge separation rate

constants (kCS) of 1 and 2 are obtained by subtracting the rate
constant for the decay of 1*ZnP with no acceptors (4.2 ± 0.1
× 108 s−1)51 from kAB, which gives (2.78 ± 0.01) × 109 s−1 and
(8.48 ± 0.05) × 109 s−1 for 1 and 2, respectively, with charge
separation quantum yields of 0.87 and 0.95, respectively. Given

Figure 4. Transient absorption spectra at 295 K in toluene. FsTA spectra for (a) 1 and (b) 2. NsTA spectra for (c) 1 and (d) 2.

Figure 5. Jablonski diagram for 1 and 2. IC = internal conversion, F =
fluorescence, CS = charge separation, ISC = intersystem crossing,
MIX = singlet−triplet SQP spin mixing, CRS = charge recombination
to singlet, and CRT = charge recombination to triplet.

Table 1. Rate Constants in Toluene at 295 K Obtained from
the Transient Absorption Spectroscopy Dataa

rate constant 1 (s‑1) 2 (s‑1)

kAB (3.20 ± 0.01) × 109 (8.90 ± 0.05) × 109

kBC (2.71 ± 0.05) × 107 (2.16 ± 0.05) × 107

kCG (8.26 ± 0.03) × 104 (7.70 ± 0.01) × 104

akAB values are from the fsTA data, while kBC and kCG values are from
the nsTA data.
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that 2 has two NDI acceptors and 1 has one NDI acceptor,
using a purely statistical basis one would expect kCS for 2 to be
twice that of 1, whereas it is about three times as large. The
free energy changes for the charge separation reactions 1*ZnP-
An-NDI → ZnP•+-An-NDI•‑ and 1*ZnP-An-NDI2 → ZnP•+-
An-NDI2

•‑ are ΔGCS = −0.27 eV and −0.36 eV, respectively,
while the total nuclear reorganization energies for these same
processes are λ = 0.29 eV for 1 and λ = 0.32 eV for 2 (see
Supporting Infomation). Comparing ΔGCS to λ shows that
charge separation for both molecules occurs near the
maximum of the Marcus rate vs free energy dependence,52,53

which suggests that a small increase in the electronic coupling
matrix element, VCS, for charge separation in 2 relative to 1
may be responsible for the observed kCS(2)/kCS(1) rate ratio.
Using eq 1:54

k V k T

s m

2
(4 )

( e / )e

CS CS S

m

m s G m k T

2
B

1/2

0

( ) /(4 )CS S S
2

B∑

π πλ=
ℏ

| |

! λ ω λ

−

=

∞
− − Δ + +

(1)

where kCS and ΔGCS are given above, the internal and solvent
reorganization energies λi and λS are obtained as described in
the Supporting Infomation, S = λi/ℏω, and ω is assumed to be
approximately 1500 cm−1 as is typical for aromatic donors and
acceptors. The values of VCS for 1 and 2 are 2.9 and 7.4 cm−1,
respectively.
The free energies of reaction for charge recombination to

the singlet ground state are ΔGCRS = −1.79 eV for ZnP•+-An-
NDI•‑ and −1.70 eV for ZnP•+-An-NDI2

•‑, while those for
charge recombination to 3*ZnP (ET = 1.6 eV) are ΔGCRT =
−0.19 eV and −0.10 eV, respectively (see the Supporting
Infomation). Charge recombination to the singlet ground state
for both compounds falls well into the Marcus inverted
region,55,56 while charge recombination to 3*ZnP is in the
Marcus normal region for both compounds, as is common for
these reactions. Given the relative values of ΔGCRS for
1(ZnP•+-An-NDI•‑) and 1(ZnP•+-An-NDI2

•‑), electron transfer
theory predicts that kCRS for 1(ZnP•+-An-NDI2

•‑) should be
larger than 1(ZnP•+-An-NDI•‑), while the relative values of
ΔGCRT for 3(ZnP•+-An-NDI•‑) and 3(ZnP•+-An-NDI2

•‑)
predict that kCRT for 3(ZnP•+-An-NDI•‑) should be larger
than 3(ZnP•+-An-NDI2

•‑). Thus, the fact that the overall
experimental charge recombination rate constant kCR for 1 is
larger than that of 2 (kBC in Table 1) suggests that kCRT > kCRS.

However, one needs to be cautious because the kinetic
competition between the singlet and triplet recombination
pathways is also modulated by KMIX between the |S⟩ and |T0⟩
states. This constant has been shown to vary inversely with
2J;57 however, the exact dependence and the reliance on the
acceptor−acceptor coupling, VAA, remain unclear.
The charge recombination dynamics are well-described by a

single exponential decay process in the nsTA data. This implies
either that the electron hopping rate constant, khop, between
the two NDI units in 2 is either much larger than kCRS and
kCRT or that the electron is delocalized between the two NDI
units. If hopping occurs, the rate is estimated to be khop ≳ 1010

s−1 at 295 K based on the observation of hopping in a similar
covalent NDI dimer using continuous-wave electron para-
magnetic resonance (CW-EPR) spectroscopy.41 Such a rapid
hopping time is well below the instrument resolution of the
nanosecond transient absorption measurement (∼0.6 ns) and
is indeed on the same time scale or faster than the initial charge
separation event, ensuring that electron hopping is not directly
observable in this experiment. Fast hopping processes have
been shown to be a source of spin decoherence in SQPs.7

Electron delocalization between the acceptors can be probed
directly using time-resolved femtosecond infrared (fsIR)
spectroscopy. Charge delocalization is expected to result in a
change in the vibrational frequencies associated with the
dimeric acceptor compared to those of the single localized
anion due to mode softening from differences in bond orders.
The fsIR spectra for 1 and 2 in 1,4-dioxane-d8 following 560
nm excitation are shown in Figures S7 and S8, respectively, and
were subjected to the same kinetic analysis as the fsTA data
discussed above. 1,4-Dioxane-d8 was used instead of toluene
for the fsIR and FTIR measurements to avoid the vibrational
modes of toluene overlapping with our desired signals. Mode
assignments and fitting information are given in the Supporting
Infomation. The IR spectrum of 1*ZnP is weak and featureless
and is replaced by strong absorptions in both compounds at
1270, 1518, 1600, and 1635 cm−1, along with bleaches of the
NDI CO stretches at frequencies above 1650 cm−1. These
features appear with kAB = (3.79 ± 0.06) × 109 s−1 and (1.19 ±
0.01) × 1010 s−1, respectively, which are somewhat faster than
the rate constants observed in toluene (Table 1) and then
decay to a combination of ground and triplet states (Figure 7).
The CR rate constants are also faster in 1,4-dioxane-d8 relative
to those in toluene with kBC = (1.36 ± 0.01) × 108 s−1 and
(1.05 ± 0.01) × 108 s−1, respectively. The difference in rate
constants between 1,4-dioxane-d8 and toluene is likely a

Figure 6. Magnetic field dependence of the normalized yield of
3*ZnP-An-NDI and 3*ZnP-An-NDI2 in toluene at 295 K with
associated fits.

Figure 7. Normalized state B from the fsIR EAS for 1 and 2. Samples
were prepared in 1,4-dioxane-d8 and excited at 560 nm.
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consequence of coordination of the Zn in the ZnP donor to an
oxygen atom of 1,4-dioxane-d8 resulting in ZnP being slightly
easier to oxidize and thus ΔGCS becoming more negative for
both 1 and 2, which is a well-known phenomenon for zinc
porphyrins.58 The corresponding fsTA spectra for 1 and 2 in
1,4-dioxane-d8 are given in Figures S3−S6. A comparison of
the SQP EAS (state B) of each compound shows that the
spectra are nearly identical (Figure 7); this finding is consistent
with our previous work on π-stacked acceptors.59−61 The
spectral similarity indicates that at room temperature the
electron is localized on a single NDI unit and that any hopping
must be occurring on a time scale slower than the vibrational
periods probed and thus the electron is not delocalized
between the two NDI units.
Theoretical analysis supports the extent of charge local-

ization indicated by the IR spectra. For the equilibrium
geometry of the singlet charge separated state, the singly
occupied molecular orbital is only partially delocalized (Figure
S10) between the two NDI acceptors in 2. The computed
negative charges, i.e. the Hirshfeld charge populations, are
−0.77 and −0.12 for the two NDI acceptors. Stretching the
structure slightly along the two NDI bending modes at an
energy cost of about 300 cm−1 leads to essentially full charge
localization. The computed singlet charge separation couplings
(Tables S1−S4) agree within factors of 3−4 with the values
derived from experiment using eq 1, in addition to predicting
that VCS (2) > VCS (1). Furthermore, the computed donor−
acceptor charge recombination electronic couplings, VCR,
(Tables S5−S8) are comparable in magnitude irrespective of
whether there are one or two NDI acceptors.
Delocalization of the charge must be supported by an

appropriate acceptor-acceptor coupling interaction, VAA. Since
thermal fluctuations tend to localize charges through
modulations of the local electronic and environmental
symmetries, for coherence to be maintained VAA must be
larger than kBT. At the same time, the coupling cannot be so
strong that the reaction free energy is dramatically changed,
and the symmetric combination of acceptor orbitals is overly
stabilized. Here, the splitting between the reduction potentials,
2VAA = 90 meV,40 shows that VAA is less than two times kBT at
room temperature. While this coupling strength satisfies the
first criterion, it may not be is sufficiently large to overcome the
influence of thermal fluctuations that will tend to produce
charge localization on a single acceptor species.
As we have discussed earlier,10,11 coherent charge recombi-

nation from a delocalized acceptor would result in a factor of
√2 higher DA coupling compared to the case of localization
on a single acceptor, and thus a factor of 2 enhancement in the
recombination rate, according to eq 1. However, the observed
total recombination rate to the singlet ground and lowest
triplet states in 2 is actually slower than in 1. The free energies
for recombination discussed above are different enough that eq
1 adequately predicts the behavior of the rates in the absence
of coherent delocalization on the two acceptors. Moreover, the
similarity of the fsIR spectra strongly suggests that the charge
has localized prior to recombination; since charge hopping
between the two NDIs is incoherent, the electron density is
always restricted to one NDI unit on the vibrational time scale.
Spin Dynamics. Focusing on the triplet state, the 3*ZnP

quantum yield in the absence of the NDI acceptors that results
from spin−orbit-induced intersystem crossing is 0.9.62

Assuming internal conversion is negligible, ϕISC1 = ϕT(1 −
ϕCS), thus ϕISC1 = 0.07 ± 0.02 for 1 and 0.03 ± 0.02 for 2. In

contrast, the observed 3*ZnP yields for 1 and 2 determined
from the nsTA data and the extinction coefficients of closely
related Zn porphyrins,62,63 are 0.95 ± 0.02 and 0.60 ± 0.02,
respectively (see Supporting Infomation). This shows that the
majority of the observed 3*ZnP is derived from SQP
recombination (kCRT, Figure 5) and only a small portion of
3*ZnP comes from the intersystem crossing mechanism.
The spin−spin exchange coupling 2J of an SQP is related to

the electronic coupling matrix elements between the SQP and
nearby electronic states.64−67 Given that the principal states
coupled to the SQP are the 1*ZnP-An-NDI (or NDI2) excited
states that precede charge separation and the ZnP-An-NDI (or
NDI2) ground and 3*ZnP-An-NDI (or NDI2) states that result
from charge recombination, then
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where the indicated matrix elements VCS, VCRS, and VCRT
couple the singlet and triplet SQP states to 1*ZnP, the singlet
ground state, and 3*ZnP, respectively, ΔGCS, ΔGCRS, ΔGCRT,
and λ were defined and given earlier, and it is assumed that λ is
the same for each charge transfer process. Given that the donor
and acceptor both involve relatively large π systems, we also
assume that VCRS
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2 for each SQP, so that eq 2 can be

simplified to
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Using VCS for 1 and 2 obtained from our data and eq 1, the
corresponding experimental values of 2J1 and 2J2, as well as
ΔGCS, ΔGCRS, ΔGCRT, and λ for 1 and 2 given above, eq 3
yields VCR(1) = 15 cm−1 and VCR(2)= 10 cm−1, which is
consistent with the observation that kCR(1) > kCR(2) (Table 1)
and the computed values of VCR (Tables S5−S8). As noted
above, theory predicts that CR proceeding by a coherent
superexchange mechanism comprising two equivalent path-
ways from a delocalized acceptor would give VCR(2) =
√2VCR(1).

40,68−70 On the basis of the free energy,
reorganization energy, and VCS estimates described above, we
found VCR(2) = 0.67 VCR(1) meaning CR for 2 is not an
electronically coherent process. Nevertheless, our studies of
related multiacceptor systems show that incoherent electron
hopping between nearly equivalent sites occurs with khop ≳
1010 s−1 at 295 K.41

Although CR is electronically incoherent, the observed
magnetic field effects are consistent with CR for both 1 and 2
being spin coherent. The resonance line shapes in the magnetic
field effect data (Figure 6) for 1 and 2 provide information on
hyperfine interactions and spin decoherence and relaxation
effects.71 Given the relatively small g-factor difference between
the radicals that comprise each SQP, the hyperfine interaction
primarily determines |S⟩ ↔ |T+1⟩ mixing. However, the mean
hyperfine fields of 1 and 2 are only 1.46 and 1.38 mT,
respectively, using models57 that employ previously reported
values for the radicals.41,72 Using these mean hyperfine fields
and a previously reported model (see Supporting Infoma-
tion),73 the resulting rate constants for hyperfine mixing of
1,3(ZnP•+-An-NDI•‑) and 1,3(ZnP•+-An-NDI2

•‑) are 4.1 × 106

s−1 and 3.9 × 106 s−1, respectively. Given the similarities of the
two estimated hyperfine contributions, these interactions do
not adequately account for the differences in line shape and

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://dx.doi.org/10.1021/acs.jpca.0c10471
J. Phys. Chem. A 2021, 125, 825−834

830

http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c10471/suppl_file/jp0c10471_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c10471/suppl_file/jp0c10471_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c10471/suppl_file/jp0c10471_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c10471/suppl_file/jp0c10471_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c10471/suppl_file/jp0c10471_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c10471/suppl_file/jp0c10471_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c10471/suppl_file/jp0c10471_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c10471/suppl_file/jp0c10471_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c10471/suppl_file/jp0c10471_si_001.pdf
pubs.acs.org/JPCA?ref=pdf
https://dx.doi.org/10.1021/acs.jpca.0c10471?ref=pdf


width of the field dependent 3*ZnP yield data for 1 and 2
(Figure 6). The large full-width at half-maximum values of 163
mT for 1 and 173 mT for 2 indicate that spin decoherence
contributes to line broadening to a larger degree in 2 relative to
1.71 Additionally, the asymmetric baseline in 2, specifically the
normalized triplet yield dropping below 1 at high magnetic
fields, also supports the important role of decoherence
effects.71 Interestingly, since the D−C−A and D−C−A2

systems studied in our previous investigation had 2J values
that were relatively small,7 both hyperfine interactions and
relaxation effects gave rise to differences in both the shape and
peak position of the 2J resonance. Compounds 1 and 2 provide
an advantage over that earlier study in that they illustrate the
fact that rapid electron hopping between the two NDI sites in
2 affects spin decoherence in a regime where the relative
hyperfine interactions are not a factor.

■ CONCLUSIONS

Following photoexcitation of 1 and 2 in toluene at 295 K,
femtosecond transient absorption spectroscopy shows that the
ET rate constant for 2 is about three times larger than that of
1, which can be accounted for by the statistical nature of
incoherent ET as well as a small change in free energy of
reaction. In contrast, the rate constant for CR of 1 is about
25% faster than that of 2. Using femtosecond transient infrared
spectroscopy and theoretical analysis, we find that the electron
on NDI2

•‑ in 2 localizes onto one of the two NDIs prior to CR,
thus precluding electronically coherent CR from NDI2

•‑.
Conversely, CR in both 1 and 2 is spin coherent as indicated
by the observation of a resonance in the 3*ZnP yield following
CR as a function of applied magnetic field, giving spin−spin
exchange interaction energies of 2J = 210 and 236 mT,
respectively, where the line width of the resonance for 2 is
greater than 1. These data show that while CR is a spin-
coherent process, incoherent hopping of the electron between
the two NDIs in 2, consistent with the lack of delocalization
noted above, results in greater spin decoherence in 2 relative to
1.
Designing D−A2 systems that achieve coherent electron

transfer at room temperature poses a particular challenge due
to the localizing nature of thermal fluctuations. The require-
ments of kBT ≪ 2VAA and small VAA necessarily restrict the
operable temperature range. While lowering the temperature
has been shown to enable delocalization, increasing VAA will
only reduce the probability for coherent electron transfer,
because of the free energy effects discussed above. A balance of
these factors may exist, where a carefully tuned VAA would
enable this process. The acceptor−acceptor coupling must be
modulated in such a way that the VDA between the donor and
each acceptor remains approximately equal. This constraint
rules out the use of asymmetric spacers and typical slip-
stacking strategies, which would bias one acceptor in favor of
another. Alternatively, modification of the solubilizing tails or
side groups could splay the acceptors slightly, lessening their
electronic coupling. The use of a different linker group, where
the acceptors are noncofacially oriented, could also be used to
greater effect, although this would also impart greater flexibility
and disorder, which could also disrupt the required
degeneracy. Overall, much work needs to be done to identify
molecules that meet all of these requirements.
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