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Calculations are presented that suggest coherent oscillations in the electronic state populations of an
electron transfer reaction in a polar solvent can be induced by subjecting the system to a sequence of
monochromatic laser pulses on the picosecond time scale. These oscillations are produced by pumping
the system between different steady state distributions attained in the presence and absence of a strong
continuous-wave electric field. The amplitude and rise time of these time-dependent oscillations may
be altered by changing the pulse duration and the electric field strength. The experimental realization
of the proposed scheme will require strong electric fields (=107 V/cm), and the effect will be most

pronounced for activationless reactions.

PACS numbers: 33.80.Be

The effect of a many-body environment on the quan-
tum dynamics of a two-state system is a much studied
theoretical problem whose results may readily be applied
to processes such as electron transfer reactions in con-
densed phase media. Electron coherence in these systems
is an important and interesting effect. With no dissipa-
tion, an electron oscillates between two (donor and ac-
ceptor) sites within the electron transfer complex. When
the interaction with the bath becomes stronger, these os-
cillations will decay in time. At some critical value of
the system-bath coupling, irreversible decay will be at-
tained. This coherence-incoherence transition has been
studied in the small polaron problem by Holstein [1] and
in the two-site problem by Chakravarty and Leggett [2]
and others [3]. Coherence in quantum well heterostruc-
tures with weak electron-phonon coupling [4] has been
observed experimentally. In this work, we will suggest a
new physical situation where coherence, albeit based on
a different mechanism than the one responsible for coher-
ent oscillations in the systems considered in Refs. [1-4],
might be observed.

In electron transfer (ET) reactions in polar solvents,
incoherent quantum transport due to the strong electron-
solvent dipole interaction is always observed. The rate
constant may be described in the framework of the spin-
boson Hamiltonian [2]

A~ 1 N 1 ~ 1
Hsp = —5 A6, + 5€6, + 3 Z(P/% + wiq})
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where /A is the electronic coupling parameter, € is the
bias (the reaction heat) between two equilibrium positions,
0, are Pauli spin matrices, and w; and g, are, respec-
tively, the frequency and coupling constant of the kth bath
oscillator described by coordinate g and momentum py.
The electronic state associated with the |+) eigenstate of
0, (with eigenvalue +1) shall be designated as the donor
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electronic state. It corresponds to the state in which a
mobile electron is localized on the donor site. The other
electronic base state is then the acceptor state. Within the
framework of the noninteracting blip approximation [2],
assuming a small electronic hopping matrix element and
strong electron-medium coupling (as in many mixed va-
lence electron transfer complexes immersed in polar sol-
vents), the system decays exponentially with an inverse
time constant given by the sum of the forwards (donor
— acceptor) and backwards (acceptor — donor) rate con-
stants obtained from the golden rule. In the high tempera-
ture limit, Levich-Dogonadze [5] and Marcus [6] obtained
the following expressions for the forwards and backwards
rate constants:
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where E, is the reorganization energy defined as E, =
% > g,%/w,%. The relevant kinetic equation for the evolu-
tion of the difference in electron populations of the donor
and acceptor states, x(1) = Py(t) — P,(1), is

x(r) = —k° — k9x(1), 3)

where the constants k+ are given in terms of the for-
wards and backwards golden rule rate constants as k3 =
kf + k.

The solution to Eq. (3),

x(t) = (xo + KO /&%)e K — k0 /0, 4)

where xp is the initial value of x, is elementary but
instructive: The population relaxes exponentially with
inverse time constant k9, and the population difference
reaches an asymptotic value of —k° /k% independent of
initial populations.
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When a strong time-dependent electric field is applied, field strength (c.f. below). The equation of motion within
the dynamics may be described by the Hamiltonian H = the noninteracting blip approximation for the electronic
Hsg — % &,V (t), where V(¢) is proportional to the electric | population difference x(7) is then given as [7,8]

x(t) = —A2|: fotdt' sin[F(¢t) — F(¢') + €(t — t")]sin[Q(t — ¢')/m]exp[—Qa(t — t")/7]
+ jotdt' cos[F(t) — F(t') + e(t — t")]cos[Q1(t — t')/m]exp[—Qa(t — t’)/w]x(t’)] (5)

where F(1) = [, 6 dt'v(¢'), and at high temperatures | is that in the absence of the applied field, one set of rate

0.(t)/7 = E,t/h and Q,(t)/m = E, kgTt*/k>. constants (and the associated equilibrium constant) will be
In the case of an electron transfer complex, applica- operative, while when the ac field is turned on, a different

tion of an external electric field E(z) produces a coupling set of rate and equilibrium constants is actuated.

potential V(r) = uoE(z), where ug is the difference be- Assuming that the evolution of the system is much

tween the dipole moments of the reactant (donor) and slower than the typical relaxation time of the bath
product (acceptor) states. It has been shown [7,8] that in excitations, Eq. (5) may be simplified [9] to

the presence of a monochromatic, continuous-wave (cw)

field, i.e., for E(t) = Egy cos(wgt), x(¢) still relaxes ex- x(t) = —K_(@) — K+()x(0), (6)
ponentially without any large scale oscillations. More-

over, the forwards and backwards rate constants are in where

general modified to different extents by the applied cw

t
field. A range of asymptotic donor and acceptor distri- K (1) = Azf dt' sin[F(t) — F(t") + €(t — t)]
butions spanning orders of magnitude can be obtained by 0 , ,
varying the field parameters. A reaction that favors occu- X sin[Qi(r = 1)/ m]) expl~Qa(t = 1)/ 7],
pation of one electronic state can be altered to favor the @)

other state when the field is applied. Hence, it is plau-

sible that a simple “on-off” sequence of monochromatic e , ,
pulses could be utilized to drive oscillations between the Ki@)=A 0 di” cos[F(1) = F(1') + e(t — 1]
popl}lations Qf t.he donor. and acc-eptor excited stat§s. A X cos[Q1(t — t')/7] exp[—Qa(t — ¢")/r].
precise description of this scenario and demonstration of

its validity within the spin-boson model introduced above ®)

is presented in what follows.

The electric field profile motivated by the above obser-
vations is shown in Fig. 1. The monochromatic cw field
is switched on for intervals of time 7,, which alternate
with “field-off” intervals of duration 7. The key point

In the absence of any applied field, Eqgs. (7) and (8) yield
(in the high temperature regime and neglecting short-time
transients) the time-independent Marcus rate constants;
specifically, K- = k% and K, = kﬂ. When an intense
monochromatic field is applied, these values are modified
to [7,8]

‘ , ' ‘ +=ﬁ_Aj< T )1/2 i 12(,uoEo>
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1__‘ | where J,, is the mth order Bessel function.

In Ref. [8] it was shown that the ratio —k_/k., which
| determines the asymptotic steady state donor and acceptor
] populations, can vary strongly with field parameters. The
key design feature for our purposes is to choose molecular
and field parameters such that —k% /k0 is close to —1
(acceptor state is favored), while —k_/k. with the field
on is close to +1 (donor state is favored). In this way,
FIG. 1. The electric field E(r) is a sequence of monochro- pronounced oscillations in the electronic populations of
matic pulses of duration 7p at intervals T, apart. the ET system can be achieved.
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In Fig. 2 we demonstrate how the sequence of
monochromatic laser pulses in Fig. 1 gives rise to electron
coherence in a chemical reaction of electron transfer in a
polar solvent. We take a typical polar solvent reorgani-
zation energy, E, = 1 eV and iwyp = E,. The transition
matrix element is chosen to be equal to 100 cm™ !, which
is typical for nonadiabatic ET reactions. The electric field
strength is chosen such that woEg/fiwg = 2. InFig. 2(a),
the electronic population oscillates between the donor and
acceptor sites despite the strong environmental dissipation
and the fact that this reaction is activationless and strongly
exothermic. At € = E,/2 (with an activation energy
E,/8), the amplitude of the oscillations is smaller. These
oscillations disappear for the symmetric reaction ( where
€ = (0). The pulses in this case (1.325 ps) were much
shorter, since relaxation rates for the unbiased system
were much larger.

The bias parameter € chosen ensures that the initial
decay will be an exponential relaxation to the product
state. After the pulse is turned on, the system dynamics
is controlled by the field, and the population is driven
toward the long time product distribution that would be
obtained by application of a monochromatic cw field. The
rate at which the population of reactants grows depends
on the value of k4. At the completion of the pulse,
the system relaxes according to the rate constant k9,
which is appropriate in the absence of the field. The
reactive system therefore oscillates between two steady-

state distributions: x = —k_/k+ while the pulse is on
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FIG. 2. Electron population difference x(t) = P,(t) — P,(t)

for three electron transfer reactions in the presence of the
pulsed laser field depicted in Fig. 1. The frequency of the
field is Awo = E, = 1eV and the field strength is such
that woEo/hwo = 2. (a) Activationless reaction, € = E,;
(b) reaction with € = E,/2; and (c) symmetric electron transfer
with no bias.

and x = —k%/k9 after the pulse. Subsequent periodic
oscillations are produced by a periodic sequence of pulses
on the picosecond time scale. For the symmetric reaction,
the application of a laser pulse alters the evolution
rate of the electronic populations, but, since the steady
state distributions are unchanged, oscillations cannot be
achieved by the proposed switching mechanism.

In Fig. 3 the electric field strength of the pulses
is altered by changing the parameter a = woEo/hwg
from 2.5 to 1.5 when € = E,. At a = 2.5, maximum
amplitude of population oscillation is obtained since this
is the field strength for which the probability of electron
transfer to the product state is lowest [8].

In Fig. 4 we show how the population profile may
easily be manipulated by changing the pulse duration from
T, = 53 to 6.625 ps for the biased system, € = E, with
an electric field strength related to a = 2.0. When the
pulse duration is much longer than the rise time of the
system upon application of the electric field, the system
saturates at the long time reactant-product distribution.
When the pulse is shorter than the rise time, pumping
to the equilibrium population distribution is not achieved,
and a sequence of oscillations of smaller amplitude is
obtained.

From Figs. 2—4, we can also see how the electric field
strength, the time duration of the pulses, and the bias of
the chemical system affect the mean population (which
is the average of the long-time population distributions in
the absence and presence of the light field) about which
the electron density oscillates.

In conclusion, coherent electronic oscillations in a dissi-
pative environment may be observed by irradiating an ET
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FIG. 3. Effect of electric field strength on the population dif-

ference x(t) = P4(¢t) — P,(¢t). The parameter a = uoEo/hwo
is changed from (a) a = 2.5 to (b) a = 1.5 for the activation-
less reaction € = E,, with 7p = Ty = 13.25 ps and hwy =
E, = 1eV.
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FIG. 4. Effect of the pulse profile on the population difference
x(1) = P4(t) — P,(¢) for activationless reaction: (a) pulses of
duration 7p = 53 ps separated by T, = 53 ps and (b) pulses of
duration 7p = 6.625 ps separated by 7o = 6.625 ps.

complex in a polar solvent with a sequence of laser pulses
on the picosecond-nanosecond time scale, which drive
oscillations in the electron population. We have found
an analytical expression for the time-dependent behavior
of the electron population, and shown that activationless
ET systems are good candidates for the observation of sig-
nificant oscillations. The physics of this phenomenon is
simple: The electronic population oscillates between two
steady-state distributions, one dependent on an external
driving field and the other the Gibbs-Boltzmann equilib-
rium distribution. These oscillations will not be observ-
able in a symmetric electron transfer process.

A value of a = uoEy/hwy ~ 2.1 would require (for
a reorganization energy E, of 1 eV) an electric field
strength of Ey = 3 X 107 V/cm, assuming a photon
energy of 1 eV and a *e charge pair separated by a
distance on the order of 5—7 A.  This distance range
is commensurate with those of mixed valence electron
transfer systems [10] and electron transfer reactions along
chains of rigid organic ring systems [11]. Although the
required field strengths are high, they are experimentally
attainable [12], and it is unlikely that they would result
in dielectric breakdown of the solvent since the pulses are
of very short duration. Detection of the electronic state
populations would be possible via transient absorption
measurements using a probe laser if either the products
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or reactants had significant absorption coefficients in the
IR or the visible region of the spectrum.

The coupling between the electric field and the electric
dipole of the ET complex depends on the orientation of
the ET complex as po - E(¢)/2. To avoid dilution of
the effects predicted by our analysis due to orientational
averaging, it may be advantageous to embed a collection
of aligned ET complexes using thin film techniques. We
have not considered direct coupling between the electric
field and the solvent. It is difficult to estimate the strength
of this coupling without detailed molecular analysis, but
we expect that it should not overwhelm the direct coupling
of the field to the ET complex when the dipole moment of
the ET complex is much larger than that of the solvent.
Thus, mixed valence transition metal complexes with
many spacer groups separating the donor and acceptor
sites may serve as optimal systems for realizing the effects
described in this work.
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