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Abstract

Photoinduced proton-coupled electron transfer (PCET) plays a key role in a wide range of energy
conversion processes, and understanding how to design systems to control the PCET rate constant
is a significant challenge. Herein a theoretical formulation of PCET is utilized to identify the
conditions under which photoinduced PCET may exhibit inverted region behavior. In the inverted
region, the rate constant decreases as the driving force increases even though the reaction becomes
more thermodynamically favorable. Photoinduced PCET will exhibit inverted region behavior
when the following criteria are satisfied: (1) the overlap integrals corresponding to the ground
reactant and the excited product proton vibrational wavefunctions become negligible for a low
enough product vibronic state and (2) the reaction free energies associated with the lower excited
product proton vibrational wavefunctions contributing significantly to the rate constant are
negative with magnitudes greater than the reorganization energy. These criteria are typically not
satisfied by harmonic or Morse potentials but are satisfied by more realistic asymmetric double
well potentials because the proton vibrational states above the barrier correspond to more
delocalized proton vibrational wavefunctions with nodal structures leading to destructive
interference effects. Thus, this theoretical analysis predicts that inverted region behavior could be
observed for systems with asymmetric double well potentials characteristic of hydrogen-bonded
systems and that the hydrogen/deuterium kinetic isotope effect will approach unity and could even
become inverse in this region due to the oscillatory nature of the highly excited vibrational
wavefunctions. These insights may help guide the design of more effective energy conversion

devices.
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1. Introduction

Photoinduced proton-coupled electron transfer (PCET) is an essential component of a wide
range of energy conversion processes throughout chemistry and biology. Examples of such
processes include natural and artificial photosynthesis, as well as photoelectrochemical reduction
of carbon dioxide to carbon monoxide or hydrocarbons.!-® Given the complexity of these types of
processes, which may include many different steps, simple model systems have been designed to
enable the investigation of the fundamental underlying physical principles of photoinduced
PCET.?-?! In these model systems, PCET may be initiated by photoexcitation to a metal-to-ligand
or ligand-to-metal charge transfer state® - 14 15 17. 18 or to a locally excited state of an aromatic
molecular component.!? 13- 16, 1921 A fter this initial photoexcitation, the PCET reaction can occur
through a variety of different types of mechanisms involving charge separation and charge
recombination.

An interesting question that arises for photoinduced PCET is whether the Marcus inverted
region behavior can be observed and, if so, under what conditions it is expected to be observed. In
Marcus theory for electron transfer (ET), the rate constant depends exponentially on the free
energy barrier,>> 23 which is expressed in terms of the reaction free energy AG° and the
reorganization energy 4 as follows:

(AG° + /1)2
47 '

AG' = (2)

Marcus theory predicts an inverted parabola for the dependence of the logarithm of the ET rate
constant on the driving force —AG®° (Figure 1). The maximum rate constant is predicted to occur
for —AG° = /1 because the free energy barrier vanishes and the reaction becomes activationless. In
the inverted region, where —AG° > A, the ET rate constant decreases as the driving force increases

(i.e., as the reaction becomes more exoergic). The inverted region has been observed
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experimentally for electron transfer?* and is technologically relevant because it has been proposed
to be useful for slowing down charge recombination reactions to avoid wasting energy in energy
conversion processes.?> 26 However, it can be significantly suppressed for systems with accessible
excited intramolecular vibrational states?’-3% or completely disappear for electrochemical ET due

to the available continuum of electronic states associated with the electrode.31-33

activationless

inverted

Log [k ]

Driving force, -AG®

Figure 1. Schematic plot of the logarithm of the rate constant & versus the driving force AG°
with the free energy barrier given by Eq. (1). The gray vertical line indicates the driving force
equal to the reorganization energy A. Outset are depictions of the normal, activationless, and
inverted regions, illustrated by the reactant (blue) and product (red) free energy parabolas as
functions of a collective solvent coordinate. In the normal region, the free energy barrier
decreases, and the rate constant correspondingly increases, as the driving force increases. The
activationless region occurs when —AG° = 4 and the barrier is zero. In the inverted region, the
free energy barrier increases, and the rate constant correspondingly decreases, as the driving
force increases.

We have developed a general theory for PCET3##! that may be viewed as an extension of
Marcus theory for ET. In this theory, the transferring proton, as well as the active electrons, is
treated quantum mechanically, and the PCET reaction is described in terms of nonadiabatic
transitions between mixed electron-proton vibronic states, correspond to proton vibrational states

for each electronic state (Figure 2). The rate constant is calculated as the Boltzmann-weighted sum
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of the rate constants associated with transitions between all pairs of these electron-proton vibronic
states, where each term depends exponentially on the corresponding free energy barrier and is
proportional to the square of the overlap integral associated with the reactant and product proton
vibrational wavefunctions. A previous study from our group*’ suggested that inverted region
behavior is unlikely to be observed for PCET reactions because of the availability of excited proton
vibrational states associated with the product (Figure 2). As the driving force increases, the free
energy barrier for the currently dominant product proton vibrational state increases, but the next
excited proton vibrational state becomes nearly activationless and therefore becomes dominant.
The accessibility of these excited proton vibrational states causes the rate constant to plateau at
higher driving forces, and the inverted region behavior is not observed at experimentally relevant
driving forces. However, this previous study was performed using harmonic proton potentials,
which are not realistic representations of the bonds between the hydrogen and its donor or acceptor,

especially for hydrogen-bonded systems.



Faraday Discussions Page 6 of 25

locally excited

hv

charge transfer
ground state state

Figure 2. Illustration of a reaction scheme for photoinduced PCET. Photoexcitation from the
ground state (black) to a locally excited state (blue) is followed by PCET to a charge transfer
state (red), which would subsequently decay to the ground state. The manifolds of stacked
parabolas are representative of electron-proton vibronic states, which are essentially proton
vibrational states for each electronic state, as functions of a collective solvent coordinate. The
calculations presented herein are based on the assumption that vibrational cooling in the locally
excited state is faster than PCET, and therefore the PCET reaction occurs from the ground
vibronic state (lowest, darkest blue parabola). Moreover, PCET from this locally excited state to
the charge transfer state involves transitions that span the normal (higher, lighter red parabolas)
and inverted (lower, darker red parabolas) regions that are depicted in Figure 1. This type of
PCET process could exhibit inverted region behavior. An alternative situation could occur in
which the PCET reaction from the charge transfer state back down to the ground state is more
exoergic. In this case, PCET from the ground vibronic state of the charge transfer state (lowest,
darkest red parabola) to a manifold of proton vibrational states associated with the ground state
(black stacked parabolas not shown here for simplicity) could exhibit inverted region behavior.

Herein we investigate the dependence of the PCET rate constant on the driving force using
more realistic proton potentials that are similar to those calculated with density functional theory

(DFT) for experimentally studied PCET systems.*-#7 In particular, we perform a comprehensive

comparison between the results for a model using Morse potentials and the results for a model
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using more realistic asymmetric double well potentials similar to those generated with DFT for
real chemical systems. Our analysis illustrates that inverted region behavior is observed under
certain conditions that depend on the shape of the proton potential energy curves. We also
investigate the hydrogen/deuterium kinetic isotope effects (KIEs) for these model systems and
explain why the KIEs become unity, or even slightly less than unity, at large driving forces. These

results are also placed in the context of available experimental studies on photoinduced PCET.

2. Nonadiabatic PCET Theory

A general theoretical framework has been developed to describe PCET reactions in
solution and proteins.?*4! In this PCET theory, the transferring proton, as well as the active
electrons, are treated quantum mechanically. In the vibronically nonadiabatic regime, the PCET
reaction is described in terms of nonadiabatic transitions between reactant and product electron-
proton vibronic states. In practice, the proton vibrational states are computed for the reactant and
the product diabatic electronic states, and each vibronic state is expressed as the product of one of
the diabatic electronic states and an associated proton vibrational state. In this framework, the
vibronically nonadiabatic PCET rate constant was derived as a Boltzmann-weighted sum over the
rate constants associated with nonadiabatic quantum transitions between all pairs of reactant and
product electron-proton vibronic states.

This vibronically nonadiabatic PCET rate constant is expressed as a function of the distance

R between the proton donor and acceptor as follows:3

1 | = 2 AG!
k(R)=— PV, (R -——£ 1. 3
(R =t e 2l ) exp{ kBT} 3)

Here, 1 and v correspond to the reactant and product vibronic states, respectively, P, is the

Boltzmann population of reactant state x, V,,(R) is the vibronic coupling between reactant and
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product states u and v, 4 is the total reorganization energy for the reaction, and AGZV is the free

energy barrier associated with the transition between reactant state 1« and product state v. The free
energy barrier for reactant/product vibronic state pair («,v) is

(G2, +2)

AG' =
# 4

; (4)

where AG,, is the reaction free energy associated with vibronic state pair (4,v). In the

electronically nonadiabatic limit, the vibronic coupling V,, is expressed as the product of the
electronic coupling V¥ and the overlap integral S,, between the proton vibrational wavefunctions

associated with reactant/product vibronic state pair (u,v):
el
Vi (R)=V"S,,(R) . ()

Note that the electronic coupling is assumed to be independent of the proton donor-acceptor
distance; however, the overlap integral depends strongly on this distance.?’

The PCET rate constant is thermally averaged over the proton donor-acceptor distance to
obtain the total rate constant, kpcgr. This thermal averaging is accomplished by weighting each
rate constant k(R) by the probability distribution P(R) for sampling the proton donor-acceptor

distance R and integrating over this distance:3% 4344
Kpcpr = j-dR k(R)P(R) . (0)
0

In the present study, the proton donor-acceptor motion is assumed to be harmonic with an

equilibrium proton donor-acceptor distance R and an effective force constant k.. Thus, P(R) is a

normalized Gaussian distribution function with the following form:
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P(R)=—

(7
.[—oo eXp

kg (R=R) /2k,T |dR '

exp[—keff (R-R) /ZkBT}
[ ]

3. Model systems for PCET: Morse and asymmetric double well potentials

Two models for the diabatic reactant and product proton potential energy curves were used
to probe the conditions for observing the inverted region for PCET. The first model describes the
reactant and product proton potential energy curves as Morse potentials, which are nearly
harmonic at the equilibrium bond length but also describe bond dissociation. The Morse potentials
can be expressed as functions of the proton coordinate r along the proton donor-acceptor axis as
follows:

61]‘2

|: *ﬁl(”r 2
U@()=D,|1-e , )

)

{ ﬂz(’ 2
U,(r)y=D,|1-e

where D, is the bond dissociation energy and f; and S, are parameters related to the frequency of
the X—H bond for the proton donor and acceptor, respectively. Here oR is the distance between the
minima of the two Morse potentials and is related to the proton donor-acceptor distance R by a
constant defined as the sum of the two X—H equilibrium bond lengths. For this study, Morse
parameters consistent with typical X—H bond frequencies of 3300 cm™! and 3000 cm™! for the
proton donor and acceptor, respectively, were chosen. In particular, for the reactant proton
potential, D, = 100 kcal/mol and B, = 1.14 A-!, and for the product proton potential, D, = 100

kcal/mol and 5, = 1.04 A-!. These Morse potentials are depicted in Figure 3A.
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Figure 3. (A) Morse potentials for the model reactant (blue) and product (red) proton potential
energy curves associated with the diabatic electronic states. (B) Asymmetric double well
potentials for the model reactant (blue) and product (red) proton potential energy curves
associated with the diabatic electronic states.

The second model for PCET describes the reactant and product proton potential energy
curves as asymmetric double well potentials. Such double well potentials have been commonly
observed for PCET systems previously studied by this group using DFT.*> 447 In particular, an
asymmetric double well proton potential, or a proton potential with a significant shoulder, is
expected to be found when the proton transfer occurs between a donor and acceptor interacting via
a relatively strong hydrogen bond.

The asymmetric double well potentials used for this second model system were obtained

from the reactant and product Morse potentials used in the first model system. The procedure for

obtaining these asymmetric double well potentials at each value of R is as follows:

10
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1. The product Morse potential, U,(7), is shifted in energy by an asymmetry factor £A relative
to the minimum of U,(r). For the reactant, U,(r) is raised by A, and for the product it is
lowered by A.

2. A 2 x 2 matrix, given in Eq. (9), is constructed with the shifted Morse potentials as the

diagonal elements and a coupling, V'*T, as the off-diagonal element:

{Ulﬁf) . } (10)
VP UL(r)2A

3. The matrices described in Eq. (9) are diagonalized, and the lowest eigenvalue for each
matrix defines the reactant and product asymmetric double well potentials. For the regions
of |r| > 1.0 Bohr, switching functions were used to transition smoothly from the lowest
eigenvalue to the corresponding higher-energy diabatic potentials to circumvent
unphysical avoided crossing points in these regions.

For this study, the energetic shift A was chosen to be 10 kcal/mol, and the coupling V*T was chosen
to be 30 kcal/mol. The reactant and product asymmetric double well potentials are depicted in
Figure 3B.

For each proton potential, the proton or deuteron vibrational wavefunctions and their
energy levels were obtained by solving the one-dimensional Schrédinger equation analytically*®
for the Morse potentials or numerically*® for the asymmetric double well potentials. The proton
vibrational wavefunctions for the model systems described above are depicted in Figure 4. This
figure illustrates that the proton vibrational wavefunctions for the reactant and product Morse
potentials are much more localized than those for the asymmetric double well potentials. This
characteristic difference will have consequences in terms of the overlap integrals, S,,, in the rate
constant calculations. Furthermore, the proton vibrational states above the barrier for the

asymmetric double well potentials exhibit significantly smaller energy level splittings than those

11
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for the Morse potentials, influencing the reaction free energies in the rate constant calculations.

These issues will be discussed further below.
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Figure 4. Model reactant (blue, solid) and product (red, solid) proton potentials and the
associated proton vibrational energy levels (horizontal lines) and wavefunctions (dashed curves)
for the (A) Morse and (B) asymmetric double well potentials. Only the ground proton vibrational
state for the reactant is shown along with a series of excited product proton vibrational states (v =
0-7). Note that the smaller energy scale in B indicates a much denser manifold of proton

vibrational states (i.e., smaller splittings between the energy levels) for the asymmetric double
well potentials than for the Morse potentials.

4. Relationship between driving force and PCET rate constant for model systems

The plausibility of observing the Marcus inverted region for PCET was investigated by
calculating kpcgr over a range of driving forces (—AG) from zero to values significantly larger in
magnitude than A for both model systems. The qualitative behavior is not altered by the specific
values of the parameters entering the rate constant expression, and we chose values that are similar
to those calculated for PCET systems previously studied in our group. The force constant
associated with the harmonic proton donor-acceptor motion was chosen to be k.¢;;=0.051 au, which
is comparable to previously computed values for intramolecular, hydrogen-bonded PCET
systems.® The reorganization energy was chosen to be A = 25 kcal/mol, which is consistent with

many calculated and experimental values for outer-sphere ET and PCET.>° Lastly, the electronic

12
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coupling was chosen to be V¢! = 1 kcal/mol. The electronic coupling is simply a constant scaling
factor in the expression for kpcer and does not impact the relationship between the rate constant
and the driving force or the KIE. In all calculations, the number of electron-proton vibronic states
included was fully converged, which required a significant number of product states (i.e., up to 16
for the Morse potentials and 28 for the asymmetric double well potentials) for the highly exoergic
reactions. The relationships between the driving force and kpcgt, as well as the KIE, for both types

of model potentials are shown in Figure 5.
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Figure 5. Driving force dependence of the rate constant kpcgr and the KIE for Morse (A, B) and
asymmetric double well (C, D) proton potentials. In A and C, the dashed gray curves depict the
rate constant calculated with only the transition from the ground reactant to the ground product
vibronic state (i.e., the (0,0) vibronic state pair), whereas the solid black curves depict the rate
constant including contributions from the excited proton vibrational states.. The solid gray
vertical line in A and C corresponds to 4 = 25 kcal/mol. In B and D, the horizontal gray lines at
KIE = 1 represent the situation in which the rate constants of PCET with hydrogen and
deuterium are equal.
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As shown previously for harmonic potentials,** the inverted region for PCET is not
observed for the model system using Morse potentials (Figure 5A). Neglecting the excited proton
vibrational state contributions to the rate constant (i.e., including only the (0,0) vibronic state pair)
yields a clear attenuation in the total rate constant at driving forces greater than A (Figure 5A,
dashed gray line). In contrast, the results including the contributions from the excited proton
vibrational states exhibit no apparent decrease in the rate constant up to —AG° = 80 kcal/mol. In
other words, the rate constant kpcgr approaches a plateau for the larger driving forces. We found
that the computed kpcgr appears to start decreasing at ca. —AG° = 90—-100 kcal/mol, but these rate
constants may not be fully converged with respect to bound product proton vibrational states given
the dissociation energy of 100 kcal/mol for the product Morse potential. Figure 5 only shows the
data for which the results are fully converged.

The KIEs calculated for the model with Morse potentials demonstrate a strong driving force
dependence (Figure 5B). At lower driving forces, corresponding to a virtually isoergic reaction,
the KIE was computed to be nearly 30. As the driving force for the PCET reaction increases, this
calculated KIE decreases nearly monotonically to unity. As will be demonstrated below, the highly
delocalized nature of the proton vibrational wavefunctions predominantly contributing to the rate
constant at higher driving forces attenuates the difference in overlap integrals between hydrogen
and deuterium. Conversely, at lower driving forces, the ground-to-ground state transition is
dominant, as illustrated by the overlap between the solid black and dashed gray lines for lower
driving forces in Figure 5A. The ground state proton vibrational wavefunctions are much more
localized (Figure 4A), and therefore the associated overlap integrals are extremely sensitive to the

change in the mass of the transferring nucleus.

14
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In contrast to the results with Morse potentials, as well as the previous results with
harmonic potentials,*” the inverted region can be clearly observed for the model using asymmetric
double well proton potentials (Figure 5C). Shortly after —AG® exceeds 4, the value of the rate
constant begins to decrease. The contributions from the excited proton vibrational states lead to
asymmetry and shifting of the maximum of the inverted parabola describing the driving force
dependence of the rate constant, as observed previously for ET reactions coupled to a vibrational
quantum mode.?”- 28

The KIEs for the model with asymmetric double well potentials (Figure 5SD) are around 2
at low driving forces. These KIEs are significantly smaller than those obtained from the model
with Morse potentials at low driving forces (Figure 5B). As the driving force increases, the KIE
decreases predominantly monotonically to unity and even slightly below unity until it starts to
increase very rapidly for the most exoergic driving forces studied. The unexpected observation of
inverse KIEs (i.e., KIEs smaller than unity), which have also been observed experimentally,'> and
the increase in the KIE at higher driving forces?® are due to a complex balance among the various
contributions to the rate constants for hydrogen and deuterium. The inverse KIE most likely arises
from greater vibrational wavefunction overlap integrals for deuterium than for hydrogen for the
vibronic state pairs with dominant contributions to the corresponding rate constants. These issues

will be analyzed in detail in the next section.

5. Analysis of vibronic state contributions to the rate constant
To further elucidate why the inverted region is or is not observed for these model systems,
the contributions of individual reactant/product vibronic state pairs (u,v) to the total rate constant

at significantly exoergic driving forces were analyzed. Thermal averaging over the proton donor-
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acceptor distance often avails larger proton vibrational wavefunction overlaps at smaller values of
R, leading to a dominant proton donor-acceptor distances (i.e., the distance R corresponding to the
maximum of the integrand in Eq. (5)) that are shorter than the equilibrium proton donor-acceptor
distance.® For both types of model potentials studied herein, however, the dominant proton donor-
acceptor distance was determined to be very close to the equilibrium distance. This dominance of
the equilibrium proton donor-acceptor distance is a consequence of significant contributions from
highly delocalized wavefunctions to the total rate constant, thereby avoiding the necessity of
sampling the smaller, less energetically favorable proton donor-acceptor distances. Thus, we
analyzed the contributions from the individual reactant/product vibronic state pairs at the
equilibrium proton donor-acceptor distance with 6R = 1.20 Bohr.

We analyzed these contributions at a driving force of 60 kcal/mol. At this driving force,
Figures 5A and 5C indicate that the asymmetric double well model system is exhibiting inverted
region behavior (i.e., the rate constant is decreasing as the driving force increases), whereas the
Morse system is not exhibiting this behavior (i.e., the rate constant is slightly increasing as the
driving force increases). The relative contributions of the individual reactant/product vibronic state
pairs to the rate constant are determined by a balance between the square of the overlap integral,

SZ

v » and the exponential of the free energy barrier, AG;V. These and other associated quantities,

as well as the percentage contribution to the total rate constant, are given in Tables 1 and 2 for the

relevant vibronic state pairs (u,v).

16
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Table 1. Main contributions to the rate constant at AG® = —60 kcal/mol for Morse potentials with

OR =1.20 Bohr.@

Faraday Discussions

() AGE, AG, exp{_AG%T} Sz, % Contrib.
(0,0) -60.00 12.25 1.05x 107° 7.27x 1077 0.00
(0,1) ~51.00 6.76 1.11x 105 237x10°5 0.00
(0,2) —42 .44 3.04 590x 1073 3.69x 10# 0.00
(0,3) —34.33 0.87 2.30x 107! 3.51x 103 0.86
(0,4) —26.67 0.03 9.54x 107! 2.18x 102 22.26
(0,5) —19.45 0.31 5.94x 107! 8.91x 102 56.71
(0,6) —12.68 1.52 7.71x 1072 2.31x 107! 19.09
(0,7) -6.35 3.48 2.83x 103 3.49x 107! 1.06

“Free energies in kcal/mol.

Table 2. Main contributions to the rate constant at AG° = —60 kcal/mol for asymmetric double
well potentials with R = 1.20 Bohr.“

(i) AGE, AG!, eXp{—AG% T} Sz, % Contrib.
(0,0) -60.00 12.25 1.05x 107 1.93x 1073 0.00
(0,1) -54.18 8.52 5.73x 107 5.90x 107! 4.14
(0,2) -52.96 7.82 1.85x10°¢ 3.72x 107! 8.44
(0,3) -49.05 5.78 5.78x 1075 340x 102 24.00
(0,4) -45.18 4.07 1.03x 1073 1.53x 1073 19.33
(0,5) -40.56 2.42 1.68 x 102 1.08 x 1073 2.22
(0,6) -35.47 1.10 1.57x 107! 1.82x 105  34.99
(0,7) -29.95 0.25 6.61 x 107! 7.96 x 1077 6.44
(0,8) -24.05 0.01 9.85x 107! 2.19x 1078 0.26

“Free energies in kcal/mol.

Table 1 demonstrates that the dominant contribution to the rate constant for the model with

Morse potentials is from vibronic state pair (0,5), which constitutes ~57% of the total rate constant.

The pairs (0,4) and (0,6) also each constitute ~20% of the total rate. Note that the value of AG;V

is quite small for all three of these vibronic state pairs, and pair (0,4) is virtually activationless,

with a free energy barrier of only 0.03 kcal/mol. The monotonic increase in the overlap integrals

17
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as the product proton vibrational state index v increases results in the (0,5) pair contributing more

than the (0,4) pair to the total rate constant. The dominant (0,5) pair is associated with a reaction

free energy of AG,, = —19.45 kcal/mol, which is smaller in magnitude than 4. Thus, although the

driving force, —~AG° = —AG,, (i.e., the reaction free energy for the (0,0) vibronic state pair), is

much larger than 4, the reaction free energy for the dominant reactant/product vibronic state pair
is in the normal region. Therefore, we observe that kpcgr is still increasing for the Morse potential
model system at AG® = —60 kcal/mol. This trend continues as the driving force increases, with
greater contributions from even higher excited product proton vibrational states because the
overlap integrals continue to increase.

Table 2 indicates that more reactant/product vibronic state pairs contribute significantly to
the total rate constant at this driving force for the model with asymmetric double well potentials.
The largest contribution to the total rate constant for this model is from the (0,6) pair, which
constitutes ~35% of the total rate constant. This pair is followed by pairs (0,3) and (0,4), which
constitute ~24% and ~19%, respectively, of the total rate constant. Smaller contributions are

associated with the (0,1), (0,2), (0,5), and (0,7) pairs as well. For each of these pairs, however, the

value of AG,, is greater in magnitude than 4. In other words, despite the participation of excited

product proton vibrational states, those vibrational states that contribute significantly possess the
key characteristic of the inverted region. Thus, at AG® =—60 kcal/mol, the asymmetric double well
model system exhibits inverted region behavior.

The vibronic state pair in the asymmetric double well model system corresponding to an
activationless transition is the (0,8) pair, which is associated with a free energy barrier of only 0.01

kcal/mol. This pair contributes negligibly to the rate constant, however, because the square of the

proton vibrational wavefunction overlap integral, S’

v » 18 prohibitively small with a value of ~10-

18
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8, All of the vibronic state pairs that contribute considerably to the total rate constant have values

of Sjv at least three orders of magnitude greater than that of the activationless (0,8) pair.

Specifically, the dominant pairs, (0,6), (0,3), and (0,4), have values of § ﬁv in the range of 102 —

10-, rather than 108, For the model system with asymmetric double well potentials, the highly
excited product proton vibrational states (i.e., those correpsonding to v > 7) become inaccessible
because of the small overlap integrals (Figure 6), which arise from phase cancellation between the
ground reactant state proton vibrational wavefunction and the highly oscillatory excited state
product proton vibrational wavefunctions. Thus, this model system exhibits inverted region
behavior with the maximum of the inverted parabola shifted to a value slightly greater than A due
to contributions from excited proton vibrational states.

The overlap integrals of the ground reactant proton vibrational state with various product
proton vibrational states are depicted in Figure 6 for both model systems and for both hydrogen
and deuterium. For the Morse potential model system (Figure 6A), the overlap integrals Sy, steadily
grow as v increases from zero to seven and subsequently decrease non-monotonically to small but
not negligible values. This same trend is observed for deuterium in the Morse potential model
(Figure 6B), although it is spread over a larger range of product vibrational quantum numbers v
with the maximum shifted to a larger value of v. Qualitatively different behavior of the overlap
integral S, is observed for the asymmetric double well model (Figures 6C and 6D). For this model,
the proton vibrational wavefunction overlap integrals increase very rapidly with v, peaking at v =
1 for hydrogen and v = 2 for deuterium. As v further increases, S, decreases rapidly, becoming
very small much more quickly than for the Morse potential model. Thus, the overlap integral
becomes negligible for the asymmetric double well potential model at a quantum number v for

which the overlap is significant for the Morse potential model. As discussed further below, this
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Figure 6. Absolute overlap integrals between the ground reactant proton vibrational
wavefunction and the product proton vibrational wavefunctions v at 0R = 1.20 Bohr for the
Morse potentials (A, B) and asymmetric double well potentials (C, D) for hydrogen (A, C) and
deuterium (B, D) transfer.

difference is the main basis for the observation of the inverted region for the asymmetric double
well potential model but not for the Morse potential model. Furthermore, the smaller overlap
integrals for the lower product proton vibrational states in the Morse potential model provide
anexplanation for the much greater KIEs for the Morse potential model systems at lower driving
forces, where these lower proton vibrational states dominate. In general, smaller overlap integrals
for the dominant vibronic state pairs lead to larger KIEs.3 4!

In addition, the proton vibrational states in the asymmetric double well potentials are much

more energetically dense (i.e., the energy level splittings are smaller) than are those in the Morse
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potentials (Figure 4). The reason for the smaller energy level splittings in the asymmetric double
well potentials is that the excited proton vibrational states are above the barrier and thus correspond
to a softer potential than is associated with the Morse potentials. As a result, the reaction free
energy associated with a given (0,v) pair is more negative for the asymmetric double well potential
model than for the Morse potential model, leading to inverted region behavior for the former and
not for the latter.

The difference in the accessibility of highly excited product proton vibrational states for
the asymmetric double well potentials compared to the Morse potentials explains why the inverted
region behavior is observed for the former but not for the latter. Specifically, the overlap integrals
associated with the relevant excited product proton vibrational states increase for the Morse
potentials but become virtually zero for the asymmetric double well potentials. As a result, a
progressively more excited product proton vibrational state becomes dominant as the driving force
increases for the Morse potentials, preventing inverted region behavior. Because these excited
product proton vibrational states are inaccessible for the asymmetric double well potentials due to
the vanishing overlap integrals, the lower excited proton vibrational states continue to dominate as
the driving force increases for the asymmetric double well potentials, leading to inverted region

behavior.

6. Conclusions
The analysis presented herein indicates that inverted region behavior can be observed for
photoinduced PCET reactions under certain conditions. The first condition is that the overlap
integrals corresponding to the ground reactant and the product proton vibrational states decrease

rapidly for higher excited product proton vibrational states. As a result, the highly excited proton
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vibrational states do not contribute to the rate constant, and the mid-level excited proton vibrational
states remain dominant. The second condition is that the energy splittings between these mid-level
excited proton vibrational states are small enough to ensure that the associated reaction free
energies of the dominant states are negative with magnitudes greater than the reorganization
energy. These conditions are typically not satisfied by harmonic and Morse potentials, and
therefore inverted region behavior is not expected to be observed for these types of potentials. In
contrast, these conditions were found to be satisfied by the more realistic asymmetric double well
potentials studied herein because the mid-level excited proton vibrational states are more
delocalized with smaller energy level splittings. Moreover, these excited proton vibrational
wavefunctions are highly oscillatory, leading to destructive interference effects in the overlap with
the ground reactant proton vibrational wavefunction. Thus, inverted region behavior is predicted
to be observed for systems with these types of proton potentials, which are expected to be found
in relatively strongly hydrogen-bonded systems. In addition, the KIE is expected to approach unity
and could even become inverse as the driving force increases because the oscillatory nature of the
highly excited vibrational wavefunctions produces overlap integrals that do not distinguish
significantly between hydrogen and deuterium.

These calculations provide guidance in designing systems that could exhibit inverted
region behavior. An underlying assumption of the PCET rate constant used herein is that the
reactant is equilibrated in terms of the proton vibrational state populations and the solvent
configuration. Thus, vibrational cooling and solvent relaxation are assumed to be faster than the
lifetime of the reactant state. Examples of the types of experimentally attainable processes that
could potentially exhibit inverted region behavior are photoexcitation to a locally excited state that

undergoes exoergic PCET to a charge transfer state, or alternatively photoexcitation to a locally
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excited state, which relaxes to a charge transfer state that then undergoes exoergic PCET back
down to the ground state. A wide range of other experimental scenarios are also possible.
Observation of inverted region behavior is more likely for proton transfer across a hydrogen-
bonded interface corresponding to asymmetric double well proton potential energy curves and also
requires tuning of the reorganization energy and the optoelectronic properties of the photochemical
system. These design principles may be helpful in the development of more effective and efficient

energy conversion devices.
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