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Abstract

The nonequilibrium Fermi’s golden rule (NE-FGR) describes the time-dependent rate
coefficient for electronic transitions, when the nuclear degrees of freedom start out in a
nonequilibrium state. In this paper, the linearized semiclassical (LSC) approximation of the
NE-FGR is used to calculate the photoinduced charge transfer (CT) rates in the carotenoid-
porphyrin-Cgy molecular triad dissolved in explicit tetrahydrofuran. The initial nonequilibrium
state corresponds to impulsive photoexcitation from the equilibrated ground-state to the wx*
state, and the porphyrin-to-Cgg and the carotenoid-to-Cgg CT rates are calculated. Our results
show that accounting for the nonequilibrium nature of the initial state significantly enhances
the transition rate of the porphyrin-to-Cgg CT process. We also derive an instantaneous Marcus
theory (IMT) from LSC NE-FGR, which casts the CT rate coefficients in terms of a Marcus-
like expression, with explicitly time-dependent reorganization energy and reaction free energy.

IMT is found to reproduce the CT rates in the system under consideration remarkably well.

1 Introduction

Photoinduced charge transfer (CT) processes have been the subject of intensive research efforts
over the last several decades, due to their fundamental importance in cellular respiration, ' repair of
photodamaged DNA,? photosynthesis,>* photocatalysis,> and organic photovoltaics (OPV).%18
A variety of first principle computational methods for calculating photoinduced CT rates have
been proposed for and applied to gas-phase molecules. '°->> However, the development of similar
methods for calculating photoinduced CT rates in complex condensed-phase systems remains
challenging. >*-%3

One exception is Marcus theory, which has offered an intuitive approach towards understanding

CT rate constants in a wide range of condensed-phase systems,”®3

as well as fitting and
interpreting experimental measurements.>! However, Marcus theory is based on the assumptions
that the nuclear degrees of freedom (DOF) start out at thermal equilibrium on the donor electronic

potential energy surface (PES) and that CT can be described by a rate constant. Under those



conditions, the Marcus theory CT rate constant is expressed in terms of only three parameters:
(1) The electronic coupling coefficient, (2) The reorganization energy, and (3) The reaction
free energy.”* As such, Marcus theory provides a robust, flexible, and convenient platform for
calculating CT rate constants in complex condensed-phase systems.!>3>-3% However, Marcus
theory cannot account for the effects caused by the nonequilibrium nature of the initial state in
photoinduced CT. Such effects are expected to be important when the time scale of relaxation to
thermal equilibrium on the donor PES is similar to or longer than the time scale on which the
electronic transition occurs. >

In contrast, the nonequilibrium Fermi’s Golden Rule (NE-FGR) is designed to account for ef-
fects caused by the nonequilibrium nature of the initial state.’~*? Furthermore, combining the NE-
FGR with the linearized semiclassical (LSC) approximation has made it possible to apply the NE-
FGR to complex condensed-phase systems described by all-atom anharmonic Hamiltonians. 404!
The LSC NE-FGR expression was also shown to coincide with the corresponding quantum-
mechanically exact result when the donor and acceptor PESs correspond to multidimensional
parabolas that differ only with respect to their equilibrium geometry and energy.*’ Furthermore,
the time-dependent NE-FGR rate coefficient reduces to the time-independent equilibrium FGR (E-
FGR) transition rate constant when the system starts out at equilibrium on the donor state and the
electronic dephasing time is shorter than the electronic transition time scale. The Marcus theory
rate constant can then be obtained from the LSC approximation of the E-FGR by assuming that
(1) The nuclear DOF are classical; (2) The nuclear motion occurs on a time scale slower than
the electronic dephasing time; and (3) The equilibrium distribution of the donor-acceptor potential
energy gap is Gaussian. 3343

Recently, we used the LSC E-FGR to estimate the CT rate constants between the three
excited states of the carotenoid—porphyrin—Cgn (CPCgy) molecular triad solvated in explicit
tetrahydrofuran (THF).** It was found that the CT rate constants are strongly dependent on the

conformation of the triad, and that CT in the linear conformation is faster than in the bent

conformation. >** Tt was also found that CT is driven by the solvent DOF, rather than by the



intramolecular triad DOF.** Here, the nuclear motion does not involve light particles and occurs
at room temperature, so significant nuclear quantum effects are not expected; our recent study
of mapping the all-atom Hamiltonians onto spin-boson models indeed showed very small nuclear
quantum effects in this solution of triad in THF.*

In this paper, we apply the LSC NE-FGR to the above-mentioned solvated triad system in order
to estimate the effects of nonequilibrium initial state preparation on the rate of photoinduced CT.
To the best of our knowledge, this is the first-ever application of LSC NE-FGR to a condensed-
phase system described by an all-atom anharmonic Hamiltonian. We also show that it is possible
to derive an instantaneous Marcus theory (IMT, see below) from LSC NE-FGR by making several
reasonable assumptions.

We assume that the triad is initially at equilibrium on the ground (G) state PES, CPCgq, before
being impulsively photoexcited to the P-localized excitonic #x* state, CP*Cgy. Photoexcitation is
then followed by either a transition to the excited P-to-Cgo CT state, CP+Cg0, which is denoted as

CTl:

CPCe0(G) 2 CP*Ceo(nm*) — CPTCyy (CT1), (1)
or to the excited C-to-Cg charge separated state, C*PCgO, which is denoted as CT?2:

CPCy(G) 2% CP*Cep(mn*) — CTPCyy (CT2). 2)

One-dimensional cartoons of the relevant PESs involved in these CT processes in two different
triad conformations (bent and linear) are represented in Fig. 1.

The remainder of this paper is organized as follows. Section 2 outlines the nonequilibrium
Fermi’s Golden Rule and the instantaneous Marcus theory, respectively. The model and simulation
techniques for the triad in THF are described in Sec. 3. Results are reported in Sec. 4. The

conclusions and outlook are provided in Sec. 5.
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Figure 1: One-dimensional cartoons of the potential energy surfaces (PESs) for different donor-to-
acceptor transitions between excited states after a vertical photoexcitation from the ground state in
the bent (top) and linear (bottom) carotenoid-porphyrin-Cgy (CPCgp) triad conformations. Here,
(U)eq is the average donor-acceptor potential energy gap sampled on the equilibrium donor (77*)
state, whereas (U ) is the average donor-acceptor potential energy gap sampled on the equilibrium
ground state (G). The relative positions of the harmonic PESs are quantitatively obtained using
the corresponding values of (U)eq, (U)o, and the reorganization energy E, obtained from MD
simulations performed on the all-atom anharmonic model of a rigid triad dissolved in THF.



2 Theory

2.1 Nonequilibrium Fermi’s Golden Rule

Consider a two-state system with the overall Hamiltonian H = Hp|D) (D|+ H4|A)(A| +Tpa(|D)(A|+
|A)(D|), where |D) and |A) represent the diabatic donor and acceptor electronic states, respectively,
and I'py is the electronic coupling coefficient. Hj, /4 are the corresponding nuclear Hamiltonians,
Hps =P?/2+ Vi a(R), where R = (R,...,Ry) and P = (Py,...,Py) are the mass-weighted
nuclear coordinates and momenta and Vp, A(R) are the donor/acceptor PESs (in what follows,
boldfaced quantities correspond to vectors and quantities capped with ~ correspond to quantum-
mechanical operators, while the same quantities without the ~ correspond to their classical
counterparts).

Assuming that the system starts out at the donor electronic state with the state of the nuclear
DOF described by the nuclear density operator Py (in this paper, Pg is chosen to correspond to
thermal equilibrium on the ground state PES, po = pl = e P46 /T, [ePHc], where Hg = P2/2 +
Vi(R) is the ground state nuclear Hamiltonian, B = 1/kpT is the inverse temperature, and Tr,(-)

denotes trace over the nuclear Hilbert space), the donor-state population Pp(t) is given by
Po(r) = Tr [~ ™/ poe™ /" D) (D) 3)

where Tr = Tr,Tr, denotes trace over both of the nuclear and the electronic Hilbert spaces.

Applying second-order perturbation theory, the donor-state population can be written as>"40

t
Pp(t) ~ exp {—/ dt'k (t’)] ) 4)
0
where the time-dependent rate coefficient is defined as

Hﬂ:%m%ﬁw@@. (5)



Here,

s o ~ 2 0 e
C (t/, T) _ ‘FDAF Tr, o Hpt /hpoezHDt /he zHAr/hezHDr/h ) (6)

For a detailed discussion of the LSC approximation of Eq. 6, as well as the progression of
approximations that can be derived from it, the reader is referred to Appendix A and Ref. 40.
The results presented in this paper were obtained at the “C-D” level of approximation, which

corresponds to classical initial sampling and dynamics on the donor PES:

CEP (¢,7) =ITpal? [ dRodPopo(Ro, Po)

X exp {—%/ﬂ[ aw (Rf))} . (7)

Here, po(Ro,Po) is the phase-space density that correspond to the classical limit of py, U(R) =
Vp(R) — V4(R) is the donor-acceptor potential energy gap, and RP is the nuclear configuration
at time 7, obtained via classical dynamics on the donor PES, starting with (Rg,Pp) as the initial
conditions. The nonequilibrium relaxation dynamics during ¢’ is propagated on the donor PES at
all levels of LSC NE-FGR. As we will show below, the results are not affected by our choice to

perform the calculation at the C-D level, where the coherence dynamics during (¢',¢/

— T) occurs
on the donor PES, since the CT rates in the system under consideration turn out to be insensitive
to the choice of PES that the coherence dynamics is based on.

We also note that starting with the nuclear DOF at thermal equilibrium on the donor PES, i.e.

po = Pt = ¢ PHp /Ty, [~ PHD], implies that C(',T) — C(7) = |Tpa|* Tr, |ppdeiHat/heifipT/h|

Assuming that the donor-to-acceptor transition happens on a time scale longer than the lifetime of



C(7) then leads to Pp(t) = exp(—kp_,at), where kp_,4 is the E-FGR rate constant given by: 3

2 o]
kp_a Z?RC/O dr C(T),
C(%) =[Tpa P Tty [ﬁgqe—iﬁAr/heiﬁDT/h]
~Ipal? [ dRodPop (Ro. Po)

X exp Li_l /OTdZU (R,D)] . (8)

It should be noted that the fime-dependent rate coefficient, k(t'), replaces the time-independent
rate constant, kp_, 5, when the nuclear DOF start out at a nonequilibrium initial state. Accounting
for this effect is important when k(') and kp_, are significantly different and the time scale for
reaching thermal equilibrium on the donor PES is comparable to or longer than the time scales of
donor-to-acceptor electronic transition, ~ k51_> 4~ The last equality in Eq. (8) corresponds to the
LSC approximation for the E-FGR at the C-D level.

The Marcus rate constant can be obtained from the LSC approximation of the E-FGR rate
constant in Eq. (8) by replacing C(7) by its second-order cumulant expansion and assuming that

the lifetime of C(7) is much shorter than the time scale of nuclear motion: *?

€))

jMarcus _ T'pa ’2 2_77: exp | — <U>2
b=A hi o2 202
Here, (U) and o are the average and standard deviation of the donor-acceptor potential energy
gap, U, at equilibrium on the donor PES, respectively. The corresponding reorganization energy,
E,, and reaction free energy, AE, can be related to (U) and o through the following relations:

E, = 0?/(2kgT) = —AE — (U).

2.2 Instantaneous Marcus Theory

A more intuitive and quantitative way for understanding the trends in the transient CT rate is via

the instantaneous Marcus theory (IMT) picture, where the transition rate coefficient, ('), is given



in terms of the following Marcus-like expression with explicitly time-dependent donor-acceptor

potential energy gap average and standard deviation:

—\ 2

Tpal® |27 (Uy)
M :|— iad - 10
() hi o2 xP 202 (10

Here, U, and oy are the nonequilibrium average and standard deviation of the donor-acceptor
potential energy gap at time ¢’ after the photoexcitation, which is calculated by averaging over
many nonequilibrium trajectories that start out with the nuclear DOF sampled from py(Rg,Py) and
whose dynamics is governed by the donor PES. Like the Marcus theory, the conditions under which
the IMT expression is reasonably accurate are (1) The nuclear DOF are classical; (2) The nuclear
motion occurs on a time scale slower than the electronic dephasing time; and (3) The #’-dependent
distribution of the donor-acceptor potential energy gap is Gaussian.

The IMT rate coefficient in Eq. (10) can be derived starting from the LSC NE-FGR at the C-0

level: 40
€ (¢',7) =ToaP? [ dRodPopo(Ro. Po)

X exp [%U (RD) T}

= |[pal <et‘U:/f/fl>. (11)

It should be noted that within this approximation, one would have a distribution of U (RtD, ) =Uy
at each 1/, since each choice of (Rg,Pg) will give rise to a different Rf,) . Substituting Eq. (11) into

Eq. (6), we have

2 d
K0() = SRe / 4O’ 7)
0

2 2 ¢ iU/T/h
= IToal Re/o dr<e , > (12)

The integrand <eiUt’T/ h> is expected to decay to zero rapidly because of the distribution of U, will



result in destructive interference (the broader the distribution the faster the decay). The decay time
can be easily estimated by calculating <eiUt’ v/ h> directly from MD data. For the system under
consideration, this decay time is ~ 20 fs (see Fig. S2). Let 7.(¢') be the lifetime of <eiUZ’T/ h> as a
function of nonequilibrium time ¢’. Assuming the lifetime 7.(¢') is much shorter on the time scale
of nuclear motion, i.e. ¢’ > 7.(t') (which would be any time scale of practical interest in practice

since 7, is so short), we can then change the integration upper limit to infinity:

2 * ;
kC—O(t/) :?|FDA|2RG/ dr <elUt/’L'/fl>
0

1 * ,
:?|FDA‘2</ dTelU,/r/h>

=2 [oal*(8(Uy)

21
:7’FDA‘2PrOb (Ut’ :0). (13)

Here, Prob (U, = 0) is the probability for U, = 0.

If we also assume that the instantaneous distribution of U, is Gaussian,

Prob(U;t') =

; (14)

where U, is the nonequilibrium average of U and 6, = U_z% — (U_t/)2 is the corresponding standard
deviation. Finally, inserting Eq. (14) into Eq. (13), we arrive at IMT time-dependent rate coefficient
as in Eq. (10). The IMT rate coefficient k™ (¢’) can also be expressed in terms of time-dependent
AE and E,:

o2

L — _AE({)-TU,. (15)

Er(t/) - 2kgT

It should be noted that similar expressions were proposed previously. 8447 For example, Cho
and Silbey derived an expression with a time-dependent reorganization energy but a constant 62

for harmonic systems,*® which is different from Eq. (10). Also, Evans and Coalson arrived at an

10



expression that is similar to our C-0 formula (Eq. (13)). 38

3 Simulation Techniques

The all-atom Hamiltonian of the CPCgn molecular triad dissolved in THF was adopted from Refs.
44 and 15. For the bent and linear triad conformations, different force fields were constructed for
the ground, #xt*, CT1, and CT2 states. The PESs for the entire system of the triad and THF differ
from one electronic state to another by the excitation energies and the partial charges assigned to
triad atoms. The excitation energies, partial charges, and electronic coupling coefficients for this
system were obtained from time-dependent density functional theory (TDDFT) using the range-
separated hybrid BNL functional. 3% Although we are applying the Condon approximation by
assuming the electronic coupling to be constant, in some sense, we take some non-Condon effects
into account by assigning different electronic couplings to different triad conformations. For a
given triad conformation, the Condon treatment is reasonable due to the low-amplitude solvent
motion will not change the coupling dramatically. Partial charges for the triad on each electronic
state on the donor-bridge-acceptor level and on the atomistic level are shown in Figs. S3 and
S4, respectively. Table S1 shows the energy corrections to the potential energy due to electronic
excitation. The electronic coupling coefficients (Table 1) between the electronically excited states
were assumed to be constant within the Condon approximation, and calculated via the fragment
charge difference (FCD) method.>!

The potential energy of a triad in explicit THF solvent in the MD simulations consists of three

11



terms: triad-triad Vi 7(r) , solvent-solvent Vg(s), and solvent-triad Vi, s7(r,s) interactions:

VP (r,s) = Vo7 (r) + Vs(s) + Ve s7(r,8), (16)
n—1 n o 0
1 q;j qj/
Var(r) =VpE(r)+ — (17)
=1y S 4meo oy — x|
N—-1 N
1 Oy
Vs(s) = VI (s) + 1 Q9 (18)
S o5 4meo |si—sil
noo1 Qg%
. (r7S)+z_Zij_Z’1 4reg [s; — 1] {19

Here, R = (r,s) where r and s are the triad and the solvent coordinates, respectively, o represents
the electronic state of the triad (ground, 77", CT1 and CT2), {¢}} are the triad’s atomic partial
charges (n atoms) in the a-th excited state, and {Q;} are the the solvent atomic partial charges (N
atoms). The non-electrostatic interaction terms, i.e. V2 (r), VY (s), and VF (r,s), are assumed
to be the same for different electronic states.

The overall PES in the a-th excited state is given by **

Va(r,8) :V&’ID (r,s)+Eq (rG’eq) —Vor (rG’eq)

=VMD(r,s) + W,. (20)

Here, E(r°9) is the a-th excited state energy with respect to ground state for the gas-phase triad
obtained from electronic structure calculations using the ground-state optimized or characteristic
geometries, i.e. ¥4 (in our case, bent and linear conformations). Since VP(r,s) + Eq (r@¢4)
double counts the triad intramolecular interactions, we subtract the corresponding contribution
from the classical force fields, Va;(rG’e‘l), giving rise to the energy correction Wy to the MD
potential energy at the a-th excited state. The values for of Eq, Vi 7 and Wy, for the 7z*, CT1, and

CT?2 states in the bent and linear conformations are shown in Table S1. The donor-acceptor energy

12



gap is thus given by
U(R) =U(r,s) =Vp'(r,8) = V3" (r,5) + (Wp — Wa). e3))

MD simulations for the system containing one triad molecule and 6741 THF molecules within
a 100 A x 100 A x 100 A periodic cubic simulation box were performed by AMBER 18 package.>?
The general AMBER force field (GAFF)>® was employed. We simulated four cases including
flexible bent and flexible linear triad conformations, where the end-to-end distance between carbon
atoms with indices of 21 and 193 as shown in Fig. S1 (out of 207 atoms in the triad) was constrained
at 49.6 A using a harmonic force with force constant of 100 kcal mol~'A™? in the flexible linear
conformation, as well as rigid bent and rigid linear triad conformations, where all atoms of the triad
molecule were constrained using the same harmonic restraint. Particle mesh Ewald summation>*
was used to describe the long-ranged electrostatic interactions. All the covalent bonds involving
hydrogen were constrained by the SHAKE algorithm.>> A cutoff of 9.0 A was employed for the van
der Waals interactions. The MD time step was chosen as 6 = 1.0 fs. The system was equilibrated
at 300 K using a Langevin thermostat with a collision frequency of 1.0 ps—!.

In the equilibrium MD simulations for the Marcus E-FGR rate constant calculation, 200
independent trajectories of length 10 ns each were generated on the ground and 77* states’ PESs in
constant-NVT ensemble, giving rise to 4 x 10® configurations in total, which were sampled every
5 fs.

In the nonequilibrium MD simulations for NE-FGR and IMT calculations, 2 x 10* independent
initial configurations were sampled from a constant-NVT ensemble at 300 K on the ground-
state PES. Subsequently, 2 x 10* nonequilibrium trajectories were generated on the 77" (donor)
state PES in the constant-NVE ensemble of 4 ps in length with a time step of 1.0 fs, and 4000
configurations and energy gaps (#x* — CT1 and nxn* — CT2) were recorded per trajectory with

time interval of one time step between frames. Thus, a sum total of 8 x 107 nonequilibrium

configurations were averaged over obtaining the NE-FGR and IMT rates. The NE-FGR plateau

13



values for each transition were obtained by dividing 2 x 10* trajectories into 5 blocks, and the
plateau value of each block was calculated from ¢/ = 3 ps to 4 ps. The NE-FGR plateau values of
the 5 blocks and their average with error bars were provided in Table S2.

Finally, we estimate the computational costs for the nonequilibrium MD simulations for NE-
FGR or IMT calculation. For each nonequilibrium trajectory, generating 4000 configurations and
recalculating the potential energies on all states (7%, CT1 and CT2) takes about 21 minutes on an
HPC node with two Intel Xeon Gold 6132 @ 2.60 GHz (28 cores) CPUs using the Sander module
in AMBER 18. Thus, the total computational cost of nonequilibrium MD simulations for the 4
cases of triad conformations studied in this paper is about 784,000 core-hours, which is expensive.
Therefore, it would be desirable to develop an efficient method for these types of calculations.

Work in this direction is underway and will be reported in a separate future publication.

4 Results and Discussion

We present results for two characteristic conformations of the triad, bent and linear, with
the intramolecular triad DOF either frozen (rigid) or flexible. The point of considering two
conformations is to elucidate the correlation between molecular structure and CT rates. The point
of considering the rigid and flexible cases is to elucidate whether or not the intramolecular motions
of the triad contribute to the CT process.

NE-FGR transition rate coefficients, k(¢'), and donor population relaxation profiles, Pp(z), as
calculated for the tt* — CT1 transition via the LSC approximation at the C-D level, Eq. (7), are
shown in the left and right panels of Fig. 2, respectively. Also shown in Fig. 2 are the corresponding
predictions based on E-FGR at the Marcus theory level, Eq. (9). Significant deviations between the
predictions of E-FFR and NE-FGR are observed in the bent conformation, where the population
of the donor ™ state is seen to drop by ~ 90% within the first ~ 1 ps, which is the time scale for
k(¢') to reach it’s plateau value. Importantly, reaching the plateau corresponds to reaching thermal

equilibrium on the donor PES. It should also be noted that the plateau value agrees with the Marcus

14
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Figure 2: NE-FGR rate coefficient (left) and donor-state population (right) for the n#z* — CT1
transition in the flexible bent (a), rigid bent (b), flexible linear (c), and rigid linear (d) triad cases,
in comparison with E-FGR Marcus rate constants (blue). The dashed lines indicate the NE-FGR
plateau.
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rate constant calculated with sampling on equilibrium donor PES (see Table 1). In other words, the
system is in a nonequilibrium state during the initial ~ 1 ps transient period during which ~ 90%
of the CT process is completed. Thus, the 77" — CT1 transition in the bent conformation is seen
to follow non-exponential kinetics (as manifested by the strong time dependence of the transition
coefficient, k(¢')) and to be strongly enhanced by the nonequilibrium nature of the initial state.

It should also be noted that the relaxation time scale and the plateau value of the wn* —
CT]1 transition rate in the bent conformation is relatively insensitive to whether or not the triad
intramolecular DOF contribute (flexible) or not (rigid). This has already been observed for Marcus
theory rate constants in Ref. 44. However, the initial rate coefficient in the rigid bent triad is
higher than that in the flexible bent triad, which can be traced back to structural differences in the
equilibrated ground state. These observations suggest that this transient CT process is dominated
by the intermolecular (solvent) DOF, rather than by the intramolecular (triad) DOF. Importantly,
the results in Fig. 2 show that the intermolecular solvent DOF also dominate the photoinduced CT
processes when the system starts out in a nonequilibrium state.

The nonequilibrium nature of the initial state is seen to have a very different effect on the
nr* — CTI1 transition rate in the linear conformation (see Fig. 2(c) and (d)). In this case, the
deviations between the E-FGR and NE-FGR rates are rather modest in the transient period. It
should also be noted that the NE-FGR plateau value in the case of the rigid linear triad is somewhat
different from the Marcus theory rate constant. This suggests either deviations from the Marcus
limit or that equilibrium on the donor PES has not been reached yet within the 4 ps simulation time
window. However, the deviations from thermal equilibrium do not lead to significant deviations in
CT rates and exponential kinetics in this case.

The fact that both the time scale and kinetics of the wz* — CT1 transition are strongly
conformation-dependent can be viewed as a structure—function relation, where molecular structure
(triad conformation) is seen to have a rather dramatic effect on function (the CT rate). Thus, the
triad provides a relatively simple demonstration for the potential importance of such structure-

functions relations in more complex systems, such as the correlation between interfacial structure
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Table 1: Comparison of E-FGR Marcus rate constants M (s~ 1) and the NE-FGR plateau
rate kNE-placau (=1 for different CT transitions in flexible bent (FB), rigid bent (RB), flexible
linear (FL), and rigid linear (RL) triad solvated in explicit THF. Here, F%)A (eV?) is the
squared electronic coupling coefficient, (U) (¢V) and o (¢V) are the average and standard
deviation of the donor-acceptor potential energy gap, respectively, obtained by sampling on
the equilibrium ground (G) or ™ states.

Transition | Conf. | Sampling 74 () c ™M JNE plateau
FB ncy}r* 58x 107" 8;?)?) 8:122 ?:218:? ’ igﬁ 12403 % 10

7z’ —CT1 | RB n(J}r* 58x 107" 8:4112? 8:121 igigg ’ igﬁ 1.840.7 x 10!
FL n?r* 8.1x 107 :8212 812? Higi i 183 1.440.1x 102
RL 7r(7}t 8.1x 107 :8%; 8:138 Zﬁgigﬁi ’ 181 5.6+0.4 x 101!

- 6

FB n(i}t 20x107° -822?1? 8%; igigii }82 6.740.3 x 106

zn’ —CT2 | RB n(:t* 20x107° :8:;51?461 8:%; g:;igé ’ }82 6.940.2 x 106
FL n?r* 40x107° :821(1)2 8:332 igig:i i 182 1.840.1x 108
RL ﬂ?r* 40x107° 832; 8:532 giigi ’ }88 2.440.1 x 108
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and interfacial CT rates in OPV materials. 13-56:57

Next, NE-FGR transition coefficients, k(¢'), and donor population relaxation profiles, Pp(z),
as calculated for the wz* — CT2 transition via the LSC approximation at the C-D level, Eq. (7),
are shown in the left and right panels of Fig. 3, respectively. Results are shown for the bent and
linear conformations, with the intramolecular triad DOF frozen (rigid) or flexible. Also shown in
Fig. 3 are the corresponding predictions based on E-FGR at the Marcus theory level, Eq. (9). In
contrast to the 7z* — CT1 transition, the nonequilibrium nature of the initial state has a negligible
effect on the 7zx* — CT2 transition rate. This can be traced back to the fact that the 7z* — CT2
transition is much slower, as is evident by the fact that only 10~ of the donor population is lost
within the initial 4 ps (compare to Fig. 2, where much of the donor population has transferred to
the acceptor state on the same time scale). This means that the equilibration process of the nuclear
DOF on the donor PES, which occurs on the picosecond time scale, would have little effect of the
overall CT rate. In both cases, the extremely minor nonequilibrium effects that can be observed
are more pronounced in the bent conformation.

The above trends in the CT rate coefficients are consistent with and can be understood in terms
of the PESs in Fig. 1, which are drawn to scale for the case of the rigid triad. For the #x* — CT1
process in the bent conformation, one observes that the deviation of the nonequilibrium initial state
of the nuclear DOF from the corresponding equilibrium state is the largest, which would lead to
stronger nonequilibrium effects. Furthermore, the nonequilibrium initial state of the nuclear DOF
is in closer proximity to the crossing region between the 7* and CT1 PESs, which leads to the
observed enhancement in the CT rate. At the same time, the deviation of the nonequilibrium initial
state of the nuclear DOF from the corresponding equilibrium state is much smaller in the case of the
nrn* — CT1 process in the linear conformation than in the bent conformation, which leads to less
pronounced nonequilibrium effects. Furthermore, the fact that the nuclear configuration is further
away from the crossing region between the 77 and CT1 PESs in the initial nonequilibrium state
than it is in thermal equilibrium is consistent with the fact that the NE-FGR is in fact somewhat

slower in comparison to the Marcus rate constant.
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For the #w* — CT2 process, the deviations of the nonequilibrium initial state of the nuclear
DOF from the corresponding equilibrium state are rather small in both bent and linear conforma-
tions. This fact, combined with the overall slower rate compared to the 7w* — CT1, then leads to

negligible nonequilibrium effects.
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Figure 4: The distribution of energy gap (U) for the zzx* — CT1 transition (a) and #* — CT2
transition (c) in the flexible bent triad at different times after the vertical excitation from the
ground state and the corresponding instantaneous Marcus rate coefficient (cyan) and NE-FGR rate
coefficient (red) (b,d).

The IMT rate coefficients are found to be in excellent agreement with the corresponding LSC
NE-FGR rate coefficients at the C-D level, as shown in Fig. 4(b) and (d), in the cases of #7* —
CT1 and n* — CT2 transitions in the flexible bent case. It should be noted that obtaining the
IMT rate coefficients is also computationally more cost-effective. This can be traced back to the
fact that calculating the rate coefficient based on Eq. (7) requires numerically averaging over an
oscillatory integrand, whereas the same integration can be performed analytically when the energy
gap distribution is Gaussian. Similar excellent agreement between IMT and LSC NE-FGR at the

C-D level CT rate coefficients is shown in Figs. 5, S5, and S6 for the flexible linear, rigid bent,
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Figure 5: The distribution of energy gap (U) of the #zw* — CT1 transition (a) and 7" — CT2
transition (c) in flexible linear triad at different times after the vertical excitation from the
ground state and the corresponding instantaneous Marcus rate coefficient (cyan) and NE-FGR rate
coefficient (red) (b,d).
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and rigid linear cases, respectively. Fig. S7 shows the energy gap distributions at different times
are Gaussian, thereby validating the underlying assumptions in IMT. Fig. 6 shows the excellent
agreement of donor-state population decay between IMT and NE-FGR approaches in all the cases
investigated here.

The IMT also provides a way to interpret the nonequilibrium effects on the molecular level via
the time-dependence of U/, 6y, E,(t'), AE(t'), and Ex (). In the case of the rigid bent triad shown
in Fig. 7(a) and (b), U, is seen to increase while o, is seen to be a constant with increasing ¢/,
which implies that the corresponding instantaneous activation energy, E(t') = kgT (U_,/)2 / (2(‘73)
increases and thereby kM (¢') decreases with increasing #'. More specifically, for zz* — CTI,
U, increases from about 0.2 eV to 0.3 eV and o, fluctuates around 0.16 eV, over the first
4 picoseconds. This translates into increasing E4 from about 0.015 eV to 0.08 eV, thereby
diminishing the CT rate coefficient with increasing . At the same time, for the 77* — CT2
transition, Uy increases from —0.5 eV to —0.4 eV and o, fluctuates around 0.27 eV, over the first
4 picoseconds, which translates into a decrease in E4 from about 0.05 eV to 0.03 eV and thereby
an increase in kM (') with increasing ¢'. (see bottom panels in Fig. 7).

The above-mentioned trends in U,/, which corresponds to the center of the distribution over
U at time t', are consistent with Fig. 7. For example, since the deviation of the initial value of
(U)o from (U)eq for the 7" — CT1 transition in the bent conformation is larger than that for the
nr* — CT2 transition, relaxation on the donor (") PES leads to a larger change in the case of
the #* — CT1 transition.

The above-mentioned trends in o can be understood based on the underlying nonequilibrium
solvation dynamics. The phenomenon that o, for 7z* — CT2 is in general larger than for z7* —
CT1 can be traced back to the fact that CT2 is associated with CT over a longer distance. As a
result, the difference in potential energy relative to the 7™ state is larger on average and so is
its fluctuation, because more solvent molecules are directly affected by charge separation over a
longer distance.

The solvation process can be visualized by looking at the time evolution of the corresponding
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radial distribution functions (RDFs) between the triad surface and the THF molecules. As shown in
Fig. 8, for the bent triad, the difference in the RDF between the triad and THF centers of mass right
on the time of the photoexcitation and the RDF at 4 ps after photoexcitation, Ag(r), shows almost
no changes, while the difference in the RDF between the triad and the negatively-charged oxygen
atom in THF (black lines) shows an incremental shift from ~ (3.0 —6.0) A to ~ (2.0 —3.0) A
nearby the first solvation shell. This solvation dynamics is driven by the difference in partial
changes of the ground state and the 77" state for the bent triad, as shown in Fig. S3. By examining
the contributions from different parts of the triad, it is evident that a more structured solvation shell
is formed, as can be observed from the increased RDF between the negatively-charged Cgg part and
the oxygen in THF (cyan), and the decreased RDF between the positively-charged porphyrin part
and the oxygen in THF (red), respectively (see Fig. 8 right panel). This structural rearrangement
gives rise to a picture of reorientation of the THF molecules so as to align their dipoles in a manner
that leads to stabilization on the 7™ PES (see top illustration of Fig. 8), which corresponds to
even lower potential energies on the CT surfaces and thus an increase in the donor-acceptor energy
gap. However, it should be pointed out that the change in the RDF around the first solvation shell
is relatively small compared with the entire first shell total height. The structural reorientation is
rather small effect but would be helpful for understanding the energetic change in the relaxation

process. The linear triad shows no change in the RDFs, therefore no significant change in the

energy gap.

5 Concluding Remarks

We applied the LSC NE-FGR to calculate the photoinduced CT dynamics in the CPCgy molecular
triad dissolved in explicit THE. To the best of our knowledge, this is the first application of the
LSC NE-FGR to a condensed-phase system described by an all-atom anharmonic Hamiltonian.
For this system, we calculated the time-dependent electronic transition rate coefficients from the

porphyrin-localized nt* state (CP*Cgg) to the porphyrin-to-Cgo charge transfer state (CP+Cg0),
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or the carotenoid-to-Cgg charge separated state (C*PCgO), in two different conformations (bent
and linear). The initial nonequilibrium state corresponds to impulsive photoexcitation from the
equilibrated ground-state to the 7" state. Our NE-FGR calculations show that the nonequilibrium
nature of the initial state can lead to significant deviations of the CT rate in comparison to the
case where the system is assumed to start out at equilibrium on the donor PES as in E-FGR.
More specifically, we find that the CP*Cgy — CP*Cg0 transition rate in the bent conformation
is forty time faster when nonequilibrium effects are accounted for. While we are not aware
of direct experimental evidence for the transient nonequilibrium effects reported in this paper,
we believe that such evidence may be obtainable from pump-probe measurements. We also
showed that the results are consistent with the instantaneous Marcus theory (IMT), which the
LSC NE-FGR rate coefficient can be shown to reduce into for the system under consideration.
Within IMT, the transition rate coefficient is given by a Marcus-like expression, with explicitly
time-dependent donor-acceptor energy gap average and standard deviation, or equivalently time-
dependent reorganization energy and reaction free-energy.

The LSC NE-FGR and IMT open the door to the investigation of nonequilibrium effects
on CT and energy transfer rates in many systems of current technological and biological

5

interest, including confined molecular systems,® condensed-phase systems, >’ and semiconductor

interfaces.>” Work on such extensions is underway and will be reported in future publications.

A Appendix: Hierarchy of linearized semiclassical NE-FGR

In this appendix, we outline the hierarchy of linearized semiclassical (LSC) approximations to
the nonequilibrium Fermi’s golden rule (NE-FGR) that was developed in the previous work.*’
LSC is based on expressing the correlation function as a real-time path integral, and then applying
the linearization approximation to the differences in the forward and backward paths. Adding

additional approximations then leads to more cost-effective approximations, which eventually

leads to the instantaneous Marcus theory (IMT) introduced in the main text.
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The hierarchy of LSC-based expressions for NE-FGR C(¢’, T) with arbitrary initial preparation

dictated by Py is given by

CVA( 1) =|Tpal? / dRodPy[po]w (Ro,Po)

. T
X exp —% / dTU(RfV)y (A.D)
L t,
V(1) =|FDA\z/dRodPO[ﬁo]W(Ro,PO)
X exp %U(Rﬂ)r] , (A2)

CEN (1) =|Tpaf? [ dRodPopo(Ro, o)
i t'—1
X eXp {7 / drU(R;’V)], (A3)
t/
CP (¢, ) =|Tpal? | dRodPopo(Ro, Po)
i t'—1
X exp [_fz / drU(R?)], (A.4)
t/
CO/0 N 2
C(t',7) =|T'pal” | dRodPopo(Ro,Pp)

i

X exp [ﬁU(Rt/)T} . (A.5)
Here, “W” denotes Wigner sampling for nuclear DOF:
1\ .
ol (Ro, o) = (%) [ aze™ TR -221 po R +2/2), (A6)

“C” denotes classical nuclear sampling via the corresponding classical distribution pg(Rg,Pp);
following the initial sampling. In the all-atom simulations, after sampling initial conditions
(Ro,Py) via Wigner or classical nuclear densities, the system is propagated on the donor surface
forwardly for time ¢ arriving at Ry, and then backwardly from time ¢ to ' — 7 (7 =0 — ')
integrating the energy gap in the phase factor, for each point in C(¢',7), where“AV” denotes the
7-dynamics is propagated on the average surface V,, = (Vp + V4 ) /2 resulting in trajectories of R$",

“D” denotes the T-dynamics on the donor surface resulting in trajectories of R2, “0” denotes no
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T-dynamics beyond the relaxation on donor PES till R,.
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