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ABSTRACT: Experimental results for optically controlled electron-transfer reaction
kinetics (ETRK) and nonequilibrium solvation dynamics (NESD) of Coumarin 480 in
DMPC vesicle show their dependence on excitation wavelength A.. However, the
celebrated Marcus theory and linear-response-theory-based approaches for ETRK and
NESD, respectively, predict both of the processes to be independent of A.,. The above said
lacuna in these theories prompted us to develop a novel theory in 1D space, where the
effect of innumerable Franck—Condon states is included through A.. The present theory
not only sheds light on the origin of failure of the existing theories but also gives the
correct trend for the effect of 4., on ETRK and NESD. More importantly, the calculated
results of NESD are in excellent agreement with the experimental results for different
values of A,. The new theory will therefore advance the knowledge of scientific community

on the dynamics of photoinduced nonequilibrium processes.

he control of molecular dynamics and rate of chemical

reactions by tuning thermodynamic and kinetic parame-
ters has provided recurring themes of research in physics and
chemistry, in which theoretical predictions'™'® have been
consistent with experimental observations. With the advent of
laser spectroscopy, more precise control of dynamical processes
in condensed phase, for example, electron transfer reaction
kinetics (ETRK) (Figure 1) and nonequilibrium solvation
dynamics (NESD) (Figure 2), by proper tuning of the optical
excitation wavelength A, has created immense interest in
chemical physics community in recent times. Experiments
conducted for optically controlled ETRK'’ ™' and NESD**~**
show their dependence on the excitation wavelength 4.
However, the celebrated Marcus theory'® and other theo-
ries'' ™" developed based on the same for ETRK, linear
response theory' ' for NESD, show that both ETRK and
NESD should be independent of A.. In the case of Marcus
theory'® for electron transfer, it is assumed that the system
initially and at the critical point where electron transfer does
take place always remains in thermal equilibrium. However, in
the case of optically created innumerable Franck—Condon state
(nonequilibrium state (Figure 1b)) and the critical config-
uration (X* of Figure 1), electron transfer does take place in
the nonequilibrium state instead of the equilibrium one. In this
case, the overall ETRK depends on the time taken for the
journey from the initially prepared Franck—Condon state
(Figure 1b) to the critical configuration (X* of Figure 1).
Again, initially prepared Franck—Condon states (nonequili-
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brium state (Figure 1b)) are different for different A.,. We can
therefore expect the ETRK should depend on 4,,. According to
the linear response theory, NESD is identical to the dynamics
of equilibrium ensemble average of energy gap fluctuation
relaxation. Therefore, according to this theory, optically
controlled NESD (Figure 2) should not depend on 4., because
optically controlled NESD depends on the time taken by the
system for the journey from the initially prepared innumerable
Franck—Condon states (nonequilibrium state (A* of Figure
2)) to the bottom of excited-state potential energy surface.
Again, initially prepared innumerable Franck—Condon states
(nonequilibrium state (A* of Figure 2)) are different for
different A.. We therefore expect the optically controlled
NESD to depend on A,. The major difficulties in the Marcus,
linear response, and other theories'™'® developed based on
these theories are that there is no provision to include an
optical tuning parameter such as the photoexcitation wave-
length A, as an input parameter; therefore, these theories fail to
explain the A, dependence of ETRK'™*' and NESD**~**
observed in experiment. The failure of the approximate existing
theories''® prompted us to develop a novel unified theory that
takes into account the effect of not only the thermodynamic
parameters but also the effect of innumerable Franck—Condon
states through the single parameter A.. This unified theory is
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Figure 1. (a) Equilibrium state (before photoexcitation) for DA
(donor—acceptor pair) and solvent at a particular configuration
(indicated by arrow). (b) Non-equilibrium initial state (after
photoexcitation) for D*A™ and solvent at the same configuration as
in panel a. (c) Non-equilibrium state (before ET) at transition point
for D*A™ and solvent at new different configuration (indicated by
different arrow). (d) Non-equilibrium state at transition point (after
ET) for DA and solvent at the same configuration as in panel c. (e)
Equilibrium state for D*A™ and solvent at new different configuration
(indicated by different arrow).
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Figure 2. Schematic illustration of the potential energy surfaces
involved in solvation dynamics in DMPC vesicle (Figure 4). Lower
surface represents the solute (A) (Coumarin 480) and solvent in the
different region of DMPC vesicle, while the upper surface represents
the solute (A*) in excited state and the solvent in the same region as
in the ground state. As the solvation proceeds, the solute (A*)
particles emit light in the form of fluorescence, with continuously
decreasing frequency v(t) (shown by vertical downward arrow).

then applied to the two most important nonequilibrium
processes, viz. photoinduced NESD**~** of Coumarin 480 in
microenvironments of dimyristoyl-phosphatidylcholine
(DMPC) lipid vesicle and ETRK'’~*" in condensed phase to
explain the effect of 1, on these nonequilibrium processes
observed in experiment.

To study the effect of A, on NESD and ETRK, we first
derive the kinetic equation in 1D space for the probability
distribution g(a,t), where g(a,t) represents the probability of
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finding the reaction coordinate or solvation coordinate to have
the value a at time t. The kinetic equation for g(a,t) is derived
by employing the projection operator methodology developed
by Zwanzig™ and Garcia-Colin et al.”® and generalized further

by us.”” >’ The derivation leads to the final simplified kinetic
equation
og(a, t v,
g(a ) — Di i + ﬂ eff(a) (a’ f)
ot Oa| Oa 0a

- k05(a - u*)g(a, t) (1)

where k, represents the intrinsic rate constant for ETRK at the
transition point where electron transfer takes place. To study
the solvation dynamics, the above kinetic equation will be used
with ky = 0. Here D and V. (a) represent,” " respectively,
the diffusion constant and effective potential in solvation
coordinate (k, = 0 of eq 1) or reaction coordinate space for
ETRK (k, # 0 of eq 1). Here  denotes the inverse
temperature. In the a space, it can be shown that the initial
nonequilibrium distribution function becomes simply a 1D
Dirac delta function

g(a, 0) = 5[a - Zl—c]

ex

)

where h and c represent the Planck constant and the velocity of
light. Here the effect of innumerable Franck—Condon states
(Figure 1b and A* of Figure 2) enters through A, (eq 2).
Again, the effect of A, on g(a,t) is included through g(4,0) (eq
2). However, in the case of Marcus theory'® for electron-
transfer reaction and linear-response-theory-based'™'" ap-
proach for NESD, it is assumed that the system remains
initially in thermal equilibrium state instead of nonequilibrium
(eq 2) one. Because of the initial thermal equilibrium
distribution function adopted in Marcus, linear response, and
other existing theories,'™'® they fail to explain the effect of A,
on ETRK and NESD observed in experiment. The unified
theory (eqs 1 and 2) developed here is now to be employed to
explain the effect'’~** of 4., on the two very important classes
of non equilibrium processes, viz. optically controlled
ETRK'""*" and NESD™*~** of Coumarin 480 in DMPC lipid
vesicle.

In the case of ETRK, we consider a many-particle system
consisting of solute DA (donor—acceptor system) (Figure la)
and solvent, which are in thermal equilibrium. The ion-pair
D'A™ in the solvent medium ( Figure 1b) is formed by shining
light of ultrashot laser pulse. According to Franck—Condon
principle, the nuclear configuration in the ground state (Figure
1a) and ion pair state (Figure 1b) remains the same. When light
is switched off, the system starts the journey toward the
equilibrium state (Figure 1a) in the downhill potential of the
ion pair D¥A™. During its journey, when the system reaches the
critical configuration H,(I") = Hg(F )) (X* of Figure 1,
corresponding to a* = 0 in eq 1), the electron transfer takes
place with an intrinsic rate constant k,. Here H,(I") and H,(T'),
respectively, represent the Hamiltonian (HP*) of the solute—
solvent system in the ground (DA and solvent) and

Hamiltonian (H™') of ion-pair state (D*A” in the solvent
medium).

To explain the experimental observation'’ ™' that with an
increase in A, the rate of ETRK increases, we consider here a
simple theoretical model consisting of a multidimensional space
spanned by the solvent polarization P(r) and the low-frequency

—21

DOI: 10.1021/acs jpclett.7b01938
J. Phys. Chem. Lett. 2017, 8, 4545—4549


http://dx.doi.org/10.1021/acs.jpclett.7b01938

The Journal of Physical Chemistry Letters

vibrational coordinate g as well as the high-frequency quantum
mode (w). Thus one has

HY'N = / F(x)P(x)-P(x) dr — f P(x)-E(r) dr

1 2 ( e 1) el
+—(q+q)* +[n + = |ho + AE
S(a+g) + |+ )

2

DA _ , 1 g l)
B = [fep(e) p() dr + L+ (n s
where E(r) represents the electric field at the point r due to the
ion pair D*A™ and the function f(r) takes into account the
effect of finite size of the solvent molecules. Here AE®
represents the electronic energy change due to the transition
DA — DA™ and can be expressed AE® = 1; — AG, where
Arand AG represent, respectively, the solvent reorganization
energy and free energy of the charge recombination reaction
D'A”™ — DA

The vibrational quantum numbers n8 and n, respectively,
represent the ground (DA and solvent) and excited state (D*A~
in the solvent medium). The experimentally measurable
quantity p(te,) represents the concentration of the unreacted
species DA™ at time t and can be expressed for the model
potential defined in eqs 3 and 4 and using the eq 1 as

ptre) = [ dagla ) = ¥ g, ()

where the equation for C,(t) is defined as

dC(z)
" o) - g, /4% kq exp[—(e%)°] x
2. C(D)g,(e¥)q (%)
n=0 (6)
with eo=(AG+AT—hw+hc/,1€X)\/§,

£ = (AG + Ap) %, and 7 = t/7;, where 7| represents the
T

solvent orientation relaxation time. Here gq,(¢,) represents the
normalized Hermite polynomials. To explain the effect of
excitation wavelength on ETRK observed in experiment,'’ ™'
we consider here a barrierless processes (AG + Ay = 0) for
electron-transfer reaction and solve the first-order coupled
differential eqs S and 6 numerically for three different excitation
wavelengths, A, = 480, 620, and 800 nm, considered in
experimental studies,'’ "' and the parameters used are AG =
—4.0 €V and ] = 0.3 eV. Here J, which is defined through k, as
4

2
kO = (T
the transition point (X* in Figure 1). The calculated results are
plotted in Figure 3, from which it is clear that the decay of the
excited-state population p(t,,) becomes faster with increase in
ey which is consistent with the experimental observations.'”~*'
However, the Marcus theory'® and all other theories
developed based on this principle predict that the ETRK rate
should be independent of A, and thus fail to explain the
experimental observation'’ " (Figure 3).

Here the ETRK rate k, (at X* of Figure 1) is very large in
comparison with the diffusive dynamics (Figure 1b—c) of the
solute (D*A™)—solvent system, and the overall ETRK rate is
thus dictated by diffusion dynamics (Figure 1b—c) only. In this

)]2, represents the electron-transition probability at
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Figure 3. Plot of the excited-state population decay function p(t, &))
versus time t (in ps) based on the new relation (eqs S and 6) for the
parameters:AG = —4.0 eV, T = 300 K, 7, = 0.3 ps, and ] = 0.47 eV and
selected values of excited wavelength 4., = 480 nm (O), 4., = 620 nm
(), and A, = 800 nm (A), considered in the experimental'’~>'
studies of ETRK.

case, with decrease in 1, the system is placed far away (Figure
1b) from the reaction position, that is, the sink position (X* in
Figure 1); therefore, the system takes a longer time to reach the
same position (X* in Figure 1). Hence, the population of the
solute (D*A™) represented by p(te,) decays slowly, with
consequent decrease in the ETRK rate.

We now consider NESD, focusing first on a solute A in a
ground electronic state dissolved in a solvent, and the solute is
then excited to a different electronic state A* (Figure 2)
through optical excitation. As the molecule A* and solvent
molecules relax on the excited-state potential surface, A* can
undergo a transition to the ground state (A in Figure 2) by
photoemission. The change in the energy of the solute is
measured experimentally in terms of the time-dependent
fluorofrequency v(t) (represented by vertical dotted lines in
Figure 2) leading to the fluorescence spectrum. The
experimentally observed quantity nonequilibrium solvation
time-correlation function (NSTCF) S(t) is defined in terms
of the emitted light frequency v(t) and g(a,t) as

_ u(t) = v(oo)
S = 0 ")

/_o;da ag(a,t) — /_o:oda a g(a, )
= he/dy, — /_‘:du a g(a, o)

?)

and is used to elucidate the underlying molecular motions
involved in the relaxation of the solvent in response to the
solute excitation. Here g(a,t) (ko = 0 of eq 1) represents the
distribution function for solvation dynamics.

To explain the experimental results”*>* and the origin for
the hidden break down of linear response theory'’ and other
existing theories' ™ developed based on this, we consider an
anharmonic potential in solvation coordinate space (a), viz.

V() = 4%((1 k) + 0@ — k)
T

(8)

where 6 is the anharmonicity parameter. Now combining eqs 1,
7, and 8 for ky = 0 and assuming € to be small, after some
algebra, we obtain the new expression for S(t) given by
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S(t) = %(L exp[At] — M exp[—Br])

E B 2
- ﬂwf@mm — exp[—Br])
T 1 (9)

2
whereK=#,Kl=2 /i—K,AzKl—Z,L=<KL‘+1>,

M= (%1 - 1), and B = k; + 2. It is clear from eq 9 that S(¢) is
independent of A, for harmonic potential (6 = 0), which is in
accord with linear response theory'® and other existing
theories” ~” prediction. However, in the case of anharmonic
potential (8 # 0), eq 9 and experimental results* " suggest
that S(t) depends on the excitation wavelength, 4., indicating
the breakdown of linear response theory'® and other existing
theories.' ™ Equation 9 is now to be employed to explain the
effect of excitation wavelength A, on solvation dynamics of
coumarin 480 in a heterogeneous medium®*~** of DMPC lipid
vesicle (Figure 4). To reproduce the results predicted by

/Hydmphilic head
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Figure 4. Schematic representation of heterogeneous microenviron-
ments of dimyristoyl-phosphatidylcholine (DMPC) lipid vesicle.
There are four possible locations of the probe molecule Coumarin
480: bulk water, water pool, inner interfacial region, and hydrocarbon-
like region (bilayer region).

experiment””> we consider the parameters k, 4.0 eV,
reorganization energy Ar = 0.4 eV, T = 300 K, anharmonicity
parameter k = 0.05, and the solvent relaxation time 7; = 2200
ps corresponding to the excitation wavelength A, = 390 and
410 nm and 7;, = 1100 ps for A= 420 nm. The results obtained
for S(t) based on eq 9 are plotted in Figure S for A, = 390, 410,
and 420 nm.

It is obvious from Figure S that S(f) depends on the
excitation wavelength, indicating the breakdown of linear
response theory hypothesis'® and other existing theories.' ™
The calculated results are in excellent agreement with the
experimental ones. It is clear from Figure S that although S(¢) is
different for two different excitation wavelengths viz. 4., = 390
and 410 nm, the solvation relaxation time is the same, that is, 7,
= 2200 for both the cases but is significantly different (7=
1100) when excitation wavelength used is 420 nm. The need
for two distinct solvent relaxation times, viz. 7= 2200 (ps) and
7, = 1100 ps, to reproduce the experimental results of S(t)
(Figure S) indicates the presence of two distinct environment
around the solute particle (coumarin 480). Again, another very
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Figure S. Plot of S(t) versus time t in picoseconds (ps) for the
parameters: k,, = 4.0 eV, A; = 0.4 eV, T = 300 K, and k = 0.05. The
parameters 7;, = 2200 ps corresponding to the excitation wavelengths
Aex = 390 and 410 nm and 7;, = 1100 ps for A, = 420 nm. The results
based on the new relation (eq 9) are shown by the solid lines. The
black, red, and blue solid lines correspond to the excitation wavelength
Aex = 390, 410, and 420 nm. The experimental*” results are plotted as
square (0), circle (O), and triangle (A) corresponding to the
excitation wavelengths 1., = 390, 410, and 420 nm.

6000 7500 9000

interesting observation from Figure S is that the solvation
dynamics dramatically slows down by almost three orders of
magnitude (Figure S) in comparison with the same in bulk
water (~1 ps) due to highly restricted motion of the solvent
molecules in the water pool and inside the vesicle but near the
interface in comparison with free water in bulk.

To summarize, this is the first time a simple 1D unified
theory (egs 1, 2, S, 6, and 9) has been developed to study the
effect of innumerable Franck—Condon states through the single
parameter excitation wavelength A, on NESD and ETRK,
which was missing in the existing theories.'~'® It is also able not
only to explain the origin of break down of Marcus theory'' '
for ETRK and linear response theory for solvation dynam-
ics' ™' but also to predict the effect of ., on ETRK and NESD
observed in experiment,'’">* whereas existing theories'~'® are
unable to predict the same. Most importantly, the calculated
results for S(t) (eq 9) are also found to be in excellent
agreement with the large set of experimental results”~>* for
different A, and significantly outperform the results of the same
obtained based on linear response theory to describe solvation
dynamics."~'® The present unified theory thus not only
advances the knowledge of scientific community for photo-
induced nonequilibrium processes but also provides a scheme
to the experimentalist for precise control of the same.
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