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ABSTRACT

A theoretical calculation was performed to evaluate the photo-induced electron transfer (PIET) rate
between a gold atom and a gold ion solvated in carbon tetrachloride (CCl,) in the framework of Marcus
electron transfer (ET) theory, including both solvent reorganization effects and electronic wavefunction
coupling between the ET diabatic states. A novel component of this work involves calculation of the
electronic coupling strength using a recently developed constrained real-time time-dependent density-
functional-theory (CRT-TDDFT) method. It is found that the PIET rate reaches its maximum value at the
electronic resonance wavelength regardless of the inter-particle separation, suggesting a strong correla-
tion between PIET and light absorption. In comparison with thermally activated electron transfer (TAET)
at room temperature, light irradiation is demonstrated to be much more efficient than thermal fluctu-
ations in promoting long-range ET, at least for the most common situations, when the light travelling
substantially exceeds thermal energy. This work is the first step towards a quantum theory of plasmon
enhanced electron transfer, and the theory can also be used to calculate electron transfer rates quite

generally for condensed phase problems.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Many chemical reactions can be associated with electron trans-
fer [1], in which an electron moves from a donor chemical species
to an acceptor chemical species either through thermal fluctuation
[2] or under light irradiation [3]. The wide-ranging importance of
electron transfer phenomena was highlighted by the Nobel Prize in
chemistry awarded to Rudolph A. Marcus, who first realized that
the electron transfer (ET) rate, kgr, is governed by three important
factors, namely the driving force AGy, the reorganization energy
Mo, and the electronic coupling strength Jo, as shown below in the
Marcus formula in the high temperature limit [4]:

2w, 2 1 2
kET _=r .]0 767(AG0+A0) /4ArokpT (1)
h | | \/ 477,')\.0ka

Assuming the Born-Oppenheimer approximation, a system’s total
wavefunction, ¥(R, r), can be decomposed into a vibrational part,
on(R), and an electronic part, ¥e(r),

Y(R, 1) = on(R)e(r) (2)

Therefore, in Eq. (1), the density-weighted Franck-Condon factor
(DWEC)of (1/ /4mhoky T )e~(AGo+40)*/420ksT reflects the vibrational
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wavefunction overlap, (pn(A)|¢n(D)), between the donor (D) and
the acceptor (A), whereas J is related to the electronic Hamiltonian
coupling:

Jo = (¥e(A)| Ho | (D)) 3)

Following its original application to the so-called “outer sphere”
ET, which is primarily driven by thermal fluctuations in the solva-
tion medium [5], Marcus theory has been successfully expanded to
describe the so-called “inner sphere” ET in which structural change
in the redox centers and their coordinated solvents, such as in the
Creutz-Taube ion with mixed valence, play a dominant role [6].

A widely used manner to probe ET mechanism is to connect
a donor and an acceptor by a typically conjugated molecular
bridge to comprise the so-called D-B-A system [7-9], which ET
rate heavily depends on the donor-acceptor separation primarily
because of sensitivity of the bridge-mediated electronic wavefunc-
tion overlap with distance [10-12]. From a theoretical perspective,
there has been a long-standing issue of the accuracy of the cal-
culated electronic coupling strength until the recent development
of constrained density functional theory (C-DFT) [13]. By applying
a systematically determined position-dependent Hartree poten-
tial to impose charge localization on the reacting centers, C-DFT
achieves a rather reliable description of ET diabatic states that is
critical for evaluating AGy, A¢ and Jp. Once all of the three key
parameters are known, we are in a good position to evaluate the ET
rate according to the Marcus formalism.
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Fig. 1. Energy level diagram for a photo-induced electron transfer process as a
function of the charge transfer coordinate qc. For the present study, AGo =0.

In this paper we demonstrate the use of a new time-dependent
density functional theory-based method, denoted CRT-TDDFT (con-
strained real-time TDDFT) [14], for performing this evaluation.
Our goal with this approach is to develop a method which is
suitable for modeling photoinduced ET processes involving plas-
monic nanoparticles in which the photoexcitation is converted into
electron transfer. Since plasmons are collective excitations of the
conduction electrons, the process whereby their excitation leads to
the transfer of individual electrons is not understood, yet there are
experiments which clearly show that this can happen [15,16].

Plasmonic nanoparticles involve a large number of electrons, but
they are also highly dissipative such that a time-domain theory can
evaluate ET rates for a very large system using a short time integra-
tion. This is the principle of the CRT-TDDFT approach to calculating
electron transfer rates [14]. The present application is designed to
test this formalism for a very simple physical system which consists
of a gold atom that transfers an electron to a gold ion in a non-
aqueous solvent. Even for this very simple problem, we can study
the dependence of the electron transfer rate on the frequency of
the initial photoexcitation to see if electron transfer and optical
absorption are correlated with each other. This is important for
plasmonic processes where the quantum yield for photochemistry
is not known, and where it is not clear that plasmon excitation cou-
ples to the electron being transferred. For individual gold atoms, the
photoexcitation and electron transfer processes should be directly
correlated if both atoms are well separated, but at shorter separa-
tions the donor and acceptor states are coupled, and more complex
behavior is possible.

2. Computational details

Under light irradiation, the transferred electron is first promoted
from the ground state donor to an excited state, followed by a non-
radiative electronic coupling from the donor excited state to the
acceptor to complete the PIET cycle (Fig. 1). The electronic coupling
strength, (Wp(t)|Hol¥/) , between the perturbed donor, yp(t), ,

and the unperturbed acceptor, 1/fg is given by:
(Yp(®FoY]) = (wp(tws) (¥3] Ao |w3)
+ (¥p()wp) (Vp| Ho [¥3)

~ (Yp(D)IY]) HYa + HRp (4)
under the assumption of a small perturbation that allows us to set
(¥o(Oyp) ~ 1 (5)

Here we note that we have assumed that there are only two states,
Donor and Acceptor, and that these states are orthogonal and com-
plete.

O 0660
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Fig. 2. Model system consisting of an ionized Au dimer solvated in CCly.

There are two ET paths indicated by Eq. (4). The first path
is independent of the applied external field, involving the time-
independent coupling strength HXD and coupling the ground states
of the donor and acceptor, while the second path is via the excited
states with a time-dependent coupling strength <1//D(t)|1//2> HS,
which is proportional to the applied field of the electromagnetic
wave. The second term can be calculated by tracking the time
evolution of the diabatic wavefunction overlap. In our recently for-
mulated CRT-TDDFT [14], a C-DFT calculation is first performed
to determine the constraining Hartree potentials for the construc-
tion of the diabatic ground states (i.e., for the donor and acceptor).
These wavefunctions are then driven by an external electric field
Eext(t) to mimic the effects of light irradiation, leading to a time
dependent wavefunction {p(t). According to the definition of the
frequency-dependent ET matrix element, y(w):

C Jw)  fdeye) [ dtet (Yp(D1p]) HRs
" Eext(w) — fdteithext(t) - fdtei””Eext(t)

the “effective” coupling strength via the excited states, J(w), is
therefore given by:

J(@) = y(0)Eexi(@) = y(w)/I(w) (7)

where I is the radiation intensity. Note that to incorporate the effect
of damping in a plasmonic system, the frequency w in Eq. (6) needs
to be taken to be complex (i.e., w — w +il"), with an imaginary com-
ponent that describes the damping rate, similar to what we used
earlier in calculating the spectra of plasmonic structures [17].

In general, AGg and A are respectively determined by energetic
changes in the reactive system itself and by solvation effects. How-
ever, in our simple model system of an ionized Au dimer solvated
in CCl4 with fixed inter-particle separation R (Fig. 2), there is no
structural change in the Au dimer after electron transfer so only
solvent reorganization needs to be included in the ET transfer rate
expression. In this sense, the driving force, AGg(w) subject to an
incident light energy hw, can be expressed as:

AGo(w) = AGg — hw = —hw (8)

Y(w) (6)

i.e.,, AGg=0. In the present study, A¢ is estimated from the implicit
solvation energy penalty by forcing the solute atom and ion to
adopt the acceptor’s charge distribution while the dielectric solvent
medium is optimized for the donor’s charge distribution:

Ao = Esoi(D, A) = Eoi(A, A) (9)

where the first letter in parenthesis indicates the solvent’s dielec-
tric configuration, and the second one denotes the solute’s charge
distribution.

3. Results and discussion
3.1. Reorganization energy Ag

The APBS package [18] was chosen to solve the
Poisson-Boltzmann (PB) equation to determine the reorganization
energy at room temperature (298.15K). In the PB calculation, a
dielectric constant of 2.24 and a molecular radius of 2.76 A were
used for the implicit solvent CCly, while a dielectric constant of
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Fig. 3. Reorganization energy, A, as a function of inter-particle separation, R.

1.0 and an atomic radius of 1.74A were selected for the solute
Au atoms [19]. The electrostatic potentials at the atomic sites,
Ui(A) (i=1, 2), were first evaluated with the acceptor’s charge
distribution (Q; =+1, Q2 =0) to obtain the solvation energy of the
acceptor in the form:

Ex(A,A) =) U(A)Q(A) (10)

Moreover, with the electrostatic potentials, U;(A) (i=1, 2), eval-
uated with the donor’s charge distribution (Q; =0, Q; =+ 1), acting
on the acceptor’s charge distribution,

Exoi(D.A) =) Ui(D)Q(4) (11)
the reorganization energy Ay can be estimated as:
ho=)_ (UD)~ U(A))Q(A) (12)

We investigated A for a total of six inter-particle separations,
R, varying from 5A to 10A, and the results indicate a strong posi-
tion dependence (Fig. 3). When R is 5 A, A reaches a small value
of 110.0k,T (2.85eV). With increasing R, Ao tends to approach
a plateau value of >150.0 kT (3.88 eV). The larger reorganization
energy corresponding to larger inter-particle separation can be
ascribed to the better solvation of the isolated Au* cation.

3.2. Ground state electronic coupling strength J,

The C-DFT method was employed to evaluate the ground state
electronic coupling strength, Jy, between the donor and the accep-
tor diabatic states, using definitions that are illustrated in Fig. 2. It
is not surprising that we see rapid decay of Jo with increasing sepa-
ration between the reaction centers in Fig. 4 due to the exponential
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Fig. 4. The decay of electronic coupling strength, J, for ground state electron trans-
fer.
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Fig. 5. Thermally activated electron transfer rate, kgT.

radial character of the electronic wavefunctions. By fitting Jy to a
shifted exponential function,

Jo =Je PR=FRo) (13)

the decay coefficient, 8, turns out to be 1.43 A-1, which is substan-
tially higher than with the bridged donor-acceptor system with
B<0.6 A1 [20-22]. The faster decay in our model Au dimer sys-
tem arises from the wavefunction localization due to the missing
Tr-stacking bridge.

3.3. Thermally activated electron transfer rate, k(E’T

The thermally activated electron transfer rate, kET, (i.e.,between
the ground states of the donor and acceptor) is calculated according
to Eq. (1), and is shown in Fig. 5. Although the kgT is significantly
lower than most experimentally reported values [4] (in the ps~!
range) due to the pronouncedly higher reorganization energy than
what is commonly found, the exponential law is again perfectly
satisfied with an even larger decay coefficient of 6.34A~1. In this
case, the variation of Ay with distance is not negligible, leading to
a much stronger influence than the already rapid decay of J,.

3.4. ET matrix element, y(w)

The CP2K package [23] was used to perform C-DFT and the
CRT-TDDFT calculations with the Perdew-Burke-Ernzerhof (PBE)
[24] exchange-correlation functional and the polarized-valence-
double-{ (PVDZ) basis set [25]. A pulsed electric field was applied to
the Au dimer with the polarization direction taken along the inter-
atomic axis. An example of the time evolution of the electronic
coupling strength driven by the external pulse is given in Fig. 6 for
R=5A. This exhibits very strong periodicity as expected. Through
the Fourier transforms of J(t) and Eex:(t) according to Eq. (6), and
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Fig. 6. Time evolution of electron coupling strength, J(t), for R=5.0 A.
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Fig. 7. The absolute square of the frequency-dependent ET matrix element, |y(w)|?.

using a damping constant I"=0.1eV, the absolute square of the
ET matrix element, |y(w)|? for three inter-particle separations, 5 A,
6Aand 7 A, are presented in Fig. 7. When R=5 A, |y(®)|? has a pro-
nounced peak at 3.11 eV with a height of ~0.9 x 107 atomic unit
(au). When R increases to 6A, a blue-shift of 0.24 eV is observed
along with a drastically lowered peak height at ~0.1 x 107 au. For
the larger Au dimer separation of 7 A, the peak of |y(w)? nearly
disappears. A strong frequency dependence of |y(w)|? is antici-
pated because the incident light wavelength not only determines
the transition probability from the donor state to the excited state,
but also determines the coupling efficiency between the excited
state and the acceptor state. From a chemical kinetics perspective,
the final production rate of the acceptor should be limited by either
the transition probability or the coupling efficiency, whichever
is slower. To exemplify the strong correlation between PIET and
light absorption, the absorption cross-section, o(w), for the Au
dimer with the same inter-particle separations is shown in Fig. 8.
Apparently, o(w) follows a very similar pattern to |y(w)}?, i.e., a
heightened peak at 3.05 eV for R=5 A, a blue-shift of ~0.16 eV when
R increases to 6 A, and comparable relative peak intensities. Note
that the excitation energy associated with isolated gold atoms in
CCly is about 6 eV, so all the structures in Fig. 8 are associated with
molecular excitation of the Au,* dimer (Fig. 9).

3.5. Photo-induced electron transfer rate, kgp(w)

The frequency-dependent PIET rate can be calculated by the
revised Marcus formalism:

27 )=

\/ 47'[)\,0ka
2w 2 1
iy ( - -
o l(@)|v()] .

o—(AGo(@)+10) 44k, T

ker(w)

o~ (—Tho+20) /4h0ky T

(14)
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Fig. 8. Absorption cross-section of Au,*.
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Fig. 9. Photo-induced electron transfer rate, kgr(w).

Obviously, the PIET rate, kgr(w), is governed by the radiation
intensity, which determines the concentration of the transferring
electrons in the excited state. In the present study, the average
solar radiation intensity is taken to be 342 W/m? for all incident
frequencies (a relatively weak intensity that is similar to values
used in plasmon driven photochemistry experiments where non-
linear effects are unimportant). In addition, a short electric pulse
with a field strength of 1.47 x 10% V/m was applied for 0.0121 fs to
drive the electron dynamics. As anticipated, ker(w) peaks at similar
frequencies to | y(w)|? and o(w), suggesting that the molecular reso-
nance offers a unique opportunity to maximize the ET rate through
quantum tunneling. By plotting kgr(w) at its resonance wavelength
as a function of R (Fig. 10), and fitting it to a shifted exponential
function as we did for k(E’T, the decay coefficient, 8, is found to be
2.27 A-1, much smaller than the 6.34 A~ value found for the decay
of TAET. The much slower decay of PIET over this distance can be
principally ascribed to the much more spatially extended molecu-
lar orbitals in excited states than in the ground state, leading to a
much stronger electronic Hamiltonian coupling.

3.6. Comparison between ker(w) and kgT

To quantify the relative efficiency of PIET and TAET, an efficiency
ratio, x, is defined as:
x= kET’(;)Ures) (15)

ET

where wres is the resonance frequency. For all inter-particle sep-
arations, PIET is substantially faster than TAET (Fig. 11). More
interestingly, x increases drastically from ~6 x 104 at R=5A, to
~1.7 x 1010 at R=10A. The high efficiency of PIET partially stems
from the excellent match between the solvent reorganization
energy, Ao, and the molecular resonance energy, hw, both being
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Fig. 10. Decay of photo-induced electron transfer rate, ker(w) at its resonance
energy (numbers under markers) with distance.
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Fig. 11. Distance-dependent efficiency ratio, x, between PIET and TAET.

~3.3 eV, leading to a maximum nuclear wavefunction overlap as
quantified by the density weighted Franck-Condon factor. Another
important contribution to the rapid ET under light irradiation is the
more diffuse electronic wavefunctions associated with the excited
states, making PIET more dominant over TAET as the separation of
the two atoms increases.

4. Conclusions

For decades, the determination of the PIET rate has been a
challenging task, as the calculation relies not only on the accu-
rate construction of the diabatic ground states as needed for TAET
without light irradiation, but also depends on the efficient eval-
uation of the electronic Hamiltonian coupling strength because a
potentially large number of ET paths can be involved via different
excited states. Inspired by time-dependent perturbation theory,
our recently developed CRT-TDDFT approach [14] can efficiently
determine the frequency-dependent electronic coupling strength
between the excited state and the acceptor state by evaluating the
transition probability from the donor state to the excited state,
regardless of the degeneracy of the excited state. Because CRT-
TDDFT is essentially a time-domain method, we avoid the explicit
construction of the excited states, which is typically computation-
ally expensive. As an added benefit, within a single CRT-TDDFT
simulation run, the PIET rates for all incident wavelengths are
determined through a Fourier transform of the time-dependent
electronic coupling strength, in combination with a trivially devised
driving field. Although the present application to Au-Au* is a “toy”
problem and therefore is not computationally challenging, the
CRT-TDDFT approach scales well with system size, and therefore
should be applicable to many interesting photo-induced phenom-
ena, including the plasmonic particle problems that have served as
the primary guide in developing the Au dimer model. In addition
we expect that additional applications will be possible, including
electron injection from a light-harvesting dye to a semi-conductor
layer in dye-sensitized solar cell [26], and water splitting under
visible light irradiation on a catalytic surface [27].
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