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This paper presents a comprehensive theoretical study of model systems directed at predicting the effects of
solute and solvent properties on the rates, mechanisms, and kinetic isotope effects for proton-coupled electron
transfer (PCET) reactions. These studies are based on a multistate continuum theory in which the solute is
described with a multistate valence bond model, the solvent is represented as a dielectric continuum, and the
active electrons and transferring protons are treated quantum mechanically. This theoretical formulation is
capable of describing a range of mechanisms, including single electron transfer and sequential or concerted
EPT mechanisms in which both an electron and a proton are transferred. The probability of the EPT mechanism
is predicted to increase as (1) the electron defamceptor distance is decreased, (2) the proton doenor
acceptor distance is decreased, (3) the proton transfer reaction becomes more exothermic, (4) the electron
transfer reaction becomes more endothermic (in the normal Marcus region), (5) the temperature decreases,
(6) the solvent polarity decreases, and (7) the size of the electron donor and acceptor increases. The rates are
predicted to increase with respect to these properties in a similar manner, with the exception that the rates
will increase as the temperature increases and as the electron transfer reaction becomes more exothermic in
the normal Marcus region. The kinetic isotope effects are predicted to increase as the probability of the EPT
mechanism increases and as the localization and the distance between the reactant and product proton vibrational
wave functions increase. Unusually strong kinetic isotope effects may be observed due to strong coupling
between the transferring electron and proton. These theoretical studies elucidate the fundamental principles

of PCET reactions and provide predictions that can be tested experimentally.

I. Introduction have performed detailed kinetics studies of ground state PCET
) reactions in oxoruthenium polypyridyl complex&sin some
Proton-coupled electron transfer (PCET) reactions play a cases, they measured large kinetic isotope effects (i.e., the ratio
critical role in a variety of biological and chemical processes. uf the rate for hydrogen to the rate for deuterium)&0. Thorp
The conversion of energy during photosynthesisd respira-  anqd co-workers have studied the effects of substitutions for
tion? relies on PCET. In particular, the coupling between yeactions involving oxoruthenium and also measured large
the proton motion and electron transfer plays a key role in yinetic isotope effects of-1213 Mayer and co-workers have
the proton pumping mechanism of photosynthetic reaction stdied PCET in self-exchange reactions between bi-imidazoline
Centersl, as well as in the conduction of electrons in CytOChrome iron Comp|exe§-_4 They obtained mechanistic evidence for
C.3 PCET is also important in numerous reactions in prOteinS concerted PCET and measured a kinetic isotope effectDf
such as ribonucleotide reductase enzyraed iron sulfur  These experimental results provide useful information about
proteins> Furthermore, PCET reactions occur in electrochemical pcgT in specific systems. Due to the limited number of systems
processe’ and in solid state materia¥sThus, PCET reactions  studied, however, these experimental results do not provide a
are prevalent in a wide range of systems. general understanding of the fundamental principles of PCET.
A number of model compounds have been investigated In this paper, we apply a recently developed theoretical
experimentally to elucidate the fundamental principles of PCET formulation of PCET18 to a series of model systems to
reactions. Nocera and co-workers have performed experimentsdetermine the effects of solute and solvent properties on the
in which they photoinduce electron transfer within an electron rates, mechanisms, and kinetic isotope effects for PCET
donor-acceptor pair connected by a proton transfer intefale.  reactions. This systematic study elucidates some of the funda-
They have studied a variety of complexes, including a system mental principles of PCET. In addition, this investigation aids
in which an electron transfers from a Ru(ll) polypyridine to in the interpretation of the available experimental results on
a dinitrobenzene through an amidinitiwarboxylate proton model systems. Most importantly, this study provides predictions
transfer interface. For this system, they found that the rate of that can be tested experimentally.
electron transfer changed by nearly 2 orders of magnitude when The theoretical formulation in this paper is based on a
the proton transfer interface was switched (i.e., carboxylate multistate continuum theory, in which the solute is described
amidinium instead of amidiniumcarboxylate)! In addition to with a multistate valence bond model, the solvent is represented
these studies of photoinduced PCET, Meyer and co-workers as a dielectric continuum, and the transferring protons are treated
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qguantum mechanicalf?~18 (As discussed in ref 17, this The solvent is represented as a dielectric continuum charac-
theoretical formulation is distinct from the previous formulation terized by the electronic and inertial dielectric constantand

of PCET by Cukier and co-workefg9 In our formulation, the €o, respectively. The BornOppenheimer approach is adopted
mixed electronic/proton vibrational free energy surfaces are for the separation of solvent and solute electronic time scales.
obtained as functions of two scalar solvent coordinates corre- In this approximatior?? the solvent electrons are assumed to
sponding to proton and electron transfer. These free energybe infinitely fast on the time scale of the solute electrons. In
surfaces provide information about the mechanism of PCET. this paper, electronic polarization refers to the solvent response
For example, in some cases only the electron transfers, whileassumed to be instantaneous, and inertial polarization refers to
in other cases both the electron and the proton transfer eitherthe non-instantaneous solvent response (e.g., nuclear reorienta-
sequentially or concertedly. Recently, Soudackov and Hammes-tion and translation).

Schiffer derived a rate expression for PCET in the limit of In this theory, the mixed electronic/proton vibrational free
nonadiabatic electron transfer within the framework of this energy surfaces are obtained as functions of two scalar solvent
theoretical formulatiod’! Rate expressions in the limit of coordinates, andz corresponding to the proton and electron
adiabatic electron transfer are also availdB#.The kinetic transfer reactions, respectively. Each scalar solvent coordinate
isotope effects can be calculated by replacing the transferringrepresents the difference in interaction energy of the two VB
hydrogen with deuterium. This theory may be viewed as a states involved in the charge transfer reaction with the inertial
multidimensional extension of standard Marcus theory for single polarization fieldgin(r) of the solvent. Thus

electron transfer.

The basic model system in this paper consists of an electron Z,=VYi,= f[,olb 16(1) — Pra1a(N]din(r) dr
donor and acceptor connected by a symmetric proton transfer ’ ’
interface represented by a protonated water dimer. We vary the =Yy, = f [028,25(1) = P1g1a(M)]Pin(r) dr 2

following physical parameters in this model system: the electron
donor-acceptor distance, the proton doraicceptor distance, ~ wherep;(r) is the total charge density of VB staterhese scalar
the energy differences between the electronic states, the couplingsolvent coordinates are analogous to the standard solvent
between the electronic states, the solute size, and the solventoordinate used for the description of single charge transfer
polarity. The free energy surfaces, rates, and kinetic isotope reaction*25As discussed in ref 15, the off-diagonal densities
effects are calculated for each model system. The analysis ofare neglected in this formulation.
these results leads to predictions of qualitative trends that can The VB Hamiltonian matrix corresponding to the free energy
be tested experimentally. is

An outline of this paper is as follows. Section Il summarizes
our theoretical formulation for PCET and describes the model 8 gp
system in this study. Section Ill presents the results, including _
a complete analysis of the dependence of the free energy|_|(rp’zp’z'Q ArpZpZ! + Holrp) + 00
surfaces, mechanisms, rates, and kinetic isotope effects on the 00
solute and solvent properties. Section IV summarizes the general

conclusions and predictions from this investigation of PCET 114 first term is the transformed self-energy of the solvent

00

00

20 | ®
02%+7%

reactions. inertial polarization and is expressed as
1
Il. Theory and Model S(rp,Zp,Ze) = E {ly: + tlla,i(rp)][t{(rp)il]ij x
i,j=1b,2a

A. Theory for PCET. Reference 15 presents the detailed 1
derivation of a multistate continuum theéty! for PCET St (Y — =t (r 4
reactions in solution. In this section, we briefly summarize this [yi 1a,J( p)]} 5 1a,1a( p) 4)
theory. The PCET system is represented by a four-state valence

bond (VB) mode?? with electronic VB states defined as where the summation runs over valence bond staiesdl 2,
the truncated reorganization energy matthas dimensions
-_+ el A 2 x 2 corresponding to these two states, amgz) =
(31) D, DpH Ap~ Ae (VipYss). (The la state is eliminated through a coordinate
(1b) D, — D, «e+ +ee HA T — A transformation, and thebXtate is eliminated due to the linear
€ P P € dependency among the solvent coordinates.) The inertial
(2a) D,— +DpH e AL AL reorganization energy matrix elemetjéq) are defined as
(20) Dg— D, e o HA, = A, (1) t(r) = — [ (NIK(ep) — K(e)]wy(r) dr (5)

Here the symbols Dand A represent a general electron donor whereK(e) is the dielectric Green functiéh for the medium
and acceptor, Pand A, represent a general proton donor and With diélectric constant and

acceptor, and H represents the transferring proton. The VB states _

are labeled as followsa denotes that the proton is bonded to V1a1a(") = P1a1a(r)

its donor whileb denotes that the proton is bonded to its vi(r) = pi(r) = p1asa(r) i=1b,2a,0r2b (6)

acceptor, and 1 denotes that the electron is localized on its donor " " &

while 2 denotes that the electron is localized on its acceptor. The second terrhio(r,) has matrix elements

Thus,a andb indicate the proton transfer (PT) state, and 1 and

2 indicate the electron transfer (ET) state. The active electrons

- _1
and transferring proton are treated quantum mechanically. (Holy () = (o) (ry)

2ti(iDO)(rp)(§ij (7)
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whereh;, is the gas phase solute Hamiltonian and The proton vibrational states can be calculated for each of
the two new basis states by solving the one-dimensional
ti(jw)(rp) = —fpjj(F)K(em)pii(r) dr (8) Schralinger equation

is the electronic reorganization energy matrix element that [T, + H, (1,2, 2)16,(1 iZ,2) = €2(2,2)9, ( Z,2)  (15)
accounts for the interaction of the solute with the electronic

polarization of the solvent (within the BofrOppenheimer  \hereT, is the kinetic energy of the proton arhy(rp,z,z)
approximatiof®). The third term in eq 3 represents the interac- (3 =l or 1l) is the diagonal element of the 8 2 matrix in

tion of the solute with the inertial polarization of the solvent. eq 13, (As discussed in ref 17, the change in free energy
Due to the coordinate transformation eliminating tkeeslate, Hax(rp,zp.ze) along the proton coordinatg, is similar to the

the transformed self-energy is the sum of the actual self-energychange in potential energy alongif the r, dependence of the

of the solvent inertial polarization and the interaction of the ,,(r) is weak.) The resulting ET diabatic states are denoted
density of VB state & with the inertial polarization of the ‘P|(re;rp,2p)¢l¢(rp;2p,2e) and Ipll(re;rplzp)(P:,l(rp;Zpyze) with corre-

solvent. Since this interaction is included in the transformed : : Il .
< . . . ding f & (2o, d Z). Th |
self-energy, it is not included in the third term of eq 3. Zg?vcelenngarsz;r%?zrtgltig(;pnzg)ls?s € (%) © coupling

Typically, PCET reactions involve electronically adiabatic
PT since the proton donor and acceptor are strongly coupled
due to hydrogen bonding. For electronically adiabatic PT V/w(zp) - E)&LIV(rp,Zp)WUQ (16)
reactions, the number of VB states can be reduced by eliminating
the excited electronic states corresponding to the PT reactionsWhere the subscript of the angular brackets indicates integration
This is achieved by transforming the electronic VB basis set in OVerry.
eq 1 to another equivalent basis set in which the basis functions Many chemically and biologically relevant PCET reactions
are the eigenvectors of the two>2 2 blocks of the matrix in involve electronically nonadiabatic ET since the electron donor
eq 3 corresponding to the VB statea/Ib and 2/2b, respec- and acceptor are well-separated due to the presence of the proton
tively. For electronically adiabatic PT the higher excited transfer interface. Reference 17 presents a derivation of a rate
electronic states for each block can be neglected, and the systergxpression for PCET in the regime of electronically nonadiabatic

can be described on the basis of the two remaining wave ET. In this limit, the Golden Rule may be used to calculate
functions the rate of a transition from the two-dimensional free energy

surfaces corresponding to the reactants (1) to those corresponding
Wi(r ol pZy) = Cra(rpZ)¥1a(re) + Con(rpZ) ¥ in(re)  (9) to the products (ll). This derivation is based on two well-
defined approximations: (1) the two-dimensional ET diabatic

W (r el pZe) = CoalrpZ)P2a(le) + Copl(lpZp)¥an(re) (10) free energy surfaceé‘l(zp,ze) and €' (z,,z) are assumed to be
exact paraboloids with identical frequencies, and (2) the coupling

with corresponding energies V.u(zp) between these surfaces is assumed to be constant for
each pair of states for the relevant energies. As shown in this
1 o : :
E.(rp,Zp) _ E{ (Ho)la,la(rp) + (Ho)lb,lb(rp) +2,— psjsgteerrint:ese approximations are valid for a wide range of PCET
The resulting rate expression in the limit of nonadiabatic ET
\/[Zp + (Ho)1p lb(rp) — (H())laLla(|fp)]2 +4(Hy)1a 1b(rp)2} (and in the absence of intramolecular solute modes) is
(12) . 5
2.7'[ | 2 l —12 (AQNV + /1#1/)
=1 k=—YSP, SV (4n exp————
E1(1p2) = 3 (Mt + (Hman(r) + 2, - i 272 Vil ke P
17
ot Fnlt) — (F a1 + 4 sl ) an
12) The equilibrium free energy difference is defined as
Here, re denotes the electronic coordinates, apée) is the o ilyzily il ol i
wave function associated with VB stateln this notation, | AGW - Ev(zp Z) — eﬂ(z", Ze) (18)
and Il correspond to ET states 1 and 2, respectively. The matrix
corresponding to the free energy in this new basis set is and the reorganization energy is defined as
E(rpz) V(rp2) ) (O O) A= @A) — (242 (19)
Hr,, =9r.,z, | + p p + uv ,uzp’ze G‘MZp,Ze
(o22) = SArp%,2) (V(rp,zp) Eirpz)) "0 z

(13) where ¢}',2) and )",.") are the equilibrium solvent coordi-
nates for statesuland Ilv, respectively. Figure 1 depicts these

where the coupling between the two electronic stagsand quantities for a pair of paraboloidg land Ilv. The coupling
W, is V,, is defined in eq 16 and is evaluated at the solvent coordinate
Z, corresponding to the intersection point along the straight-
V(rp,Zp) = C1aMprZ) Con( pZ0) (No)1a2a(1p) + line reaction path connecting the minima of the two surfaces.
Clb(rp!zp)czb(rpizp)(ho)lb,Zb(rp) + The quantityPL is the Boltzmann distribution function for the
Call p2)Cal1 2 (M) 1a () + reactant statg. . _
12\ %) C2\T ) M) 12 26T In this paper, the ET diabatic free energy surfaces and the

Ca("5Z0) C2a(F 1Zp) (No) 16,20(F p) (14) couplings were obtained with the alternative method described
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UHs0" 4 yGoul Yo" VET VEPT

= RV e e 20
VET VEPT Ua,sa 2+ UZa,Za + AE12 Ua,ft’) :
VEPT VET upse: U 4+ Ugoy + AEy,

in refs 15 and 17. In the limit of electronically adiabatic PT, 2 x 2 matrix U"s%:'(r,) is the EVB matrix for a protonated

this alternative approach is exactly equivalent to the approachwater dimer given by Schmitt and Voth in ref 2'8?0“'(“3) is
previously described. In this alternative approach, a sét,gf the Coulomb interaction between the water dimer and the
proton vibrational states is calculated for each of the four VB electron transfer donor and acceptor sites and can be expressed
states. The mixed electronic/proton vibrational states are in terms of a sum over the PT sites (i.e., the 5 atoms of the
expanded in terms of M, basis states, each composed of a protonated water dimer) and the ET sites (i.e., the ET donor
product of an electronic VB state and an associated protonand acceptor) as

vibrational state. The ET diabatic states are obtained by

diagonalizing the M, x 4Nyip, matrix obtained from eq 3 after ET sitesPT sitesqim q‘n
setting );j to zero ifi andj represent different ET states. We Ugou'(rp) = z Z (21)
verified that these two approaches are equivalent for the model m ™ Run

systems in this paper.

B. Model PCET System.The model PCET system in this  Here,q,, andq, represent the charges on the ET sitand the
paper consists of electron donor and acceptor sites connectedT siten, respectively, for VB statg andRyn is the distance
by a protonated water dimer, as depicted in Figure 2. The petween these two sites. The parameid;, is the energy
distance between the electron donor and acceptor is denotediifference between the ET states 1 and 2 (and is assumed to be
Roa, the distance between the proton donor and acceptor isthe same for PT statesandb and to be independent of).
denotedRoo, and the coordinate of the proton relative to the The couplingVET between ET states 1 and 2 is given by
center of the G-O bond is denoted,. For these studies, the
positions of the non-transferring hydrogen atoms are determined VET = VET exp(—BRya/2) (22)
from a minimized protonated dimer to ensure a symmetric

proton transfer interface. For ET state 1 (or 2), the electron donor \ynare\VET and $ are approximated from previous calculations
site has a charge of1 (or 0), while the electron acceptor site ¢ electronic coupling for a water ch&fand are set to 188.2
has a charge of O (or1). The PT stateaandb are represented  ca/mol and 1.4 A%, respectively. These values are assumed
with the empirical valence bond model of Schmitt and V&th. 1, e the same for PT statasandb and are not varied in our
The two types of input required for our theoretical formulation ¢ ,dies. The couplinyEPT is one of the parameters varied in
are the gas phase matrix elements and the reorganization energy ;. st,dies. The couplinggE™ and VEPT are assumed to be
matrix elements. The remainder of this subsection will describe independent of,.
the calculations of these input quantities and will enumerate  he regrganization energy matrix elements are calculated with
the parameters varied in our studies. , a simple electrostatic ellipsoidal model developed by Kirkwood
In our model, the gas phase matrix elemefiigij(are given 5 \westheimé? and used recently by Cukiérfor similar
by the matrix in eq 20, where the dependence of the diagonal gy siems. In this model, the point charges representing the solute
matrix elements om, is omitted for notational simplicity. The charge distribution for each VB state are placed on the main
axis of an ellipsoidal cavity embedded in a dielectric continuum
A"\"’ solvent characterized by the inertiab) and electronic )

Free Energy
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Figure 2. (a) PCET model used for the calculation of gas phase solute

Figure 1. Schematic illustration of a pair of parabaloids dnd Ilv EVB Hamiltonian matrix elements. (b) Seven-site ellipsoidal model
as functions of the solvent coordinatgsand z.. The reorganization used for the calculation of solvent reorganization enerdigs.is the
energy 4,y and the equilibrium free energy differenckG;, are electron donoracceptor distanceRoo is the proton donoeracceptor

indicated. distance, and, is the proton coordinate.
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dielectric constants. For this simple model, the electrostatic  (a) (b)
equations for the polarization potentials can be solved analyti-
cally, allowing the straightforward calculation of the solvation
energies and reorganization energy matrix elements. In our
model, the solute consists of seven sites on the main axis of
the ellipsoidal cavity, as depicted in Figurle. Zwo of the sites
represent the electron donor and acceptor, one of the sites
represents the transferring proton, and the other four sites
represent the two water molecules in the protonated water dimer.
Each of these water molecules is described by two sites, where
one site corresponds to the oxygen atom and the other site
corresponds to the two hydrogen atoms. The charge of this latter
site is the sum of the two hydrogen atoms, and the position of
this site ensures the correct dipole moment for the water
molecule.

The aim of our studies is to investigate the dependence of zp (z,gfzé) (2},‘32};)
the rates, mechanisms, and kinetic isotope effects on the physical Solvent Coordinate
properties of the solute and solvent. The parameters varied in
our studies are as follows: (©)

1. Roo is varied from 2.4 to 3.0 A, therefore spanning the sof
region where the proton potential energy curve is a single well I
to the region where the proton potential energy curve is a double
well with a high barrier.

2. Roa is varied from 10 to 20 A. FoRpa = 10 A, the
electron transfer is in the adiabatic regime, butRgg > 12 A,
the electron transfer is in the nonadiabatic regime.

3. The energy differencAE;, between the ET states 1 and
2 is varied from exothermic<20 kcal/mol) to endothermic
(+20 kcal/mol). F

4. The energy differencAE, between the PT statesand | TR R RV TP RN A A A TP SRV P A
b is varied from exothermic<5 kcal/mol) to endothermic5 v r (?x-)oj nY ne
kcal/mol). (Although not shown in eq 20, this parameter is added P

. - . Figure 3. (a) Schematic illustration of two-dimensional ET diabatic
to the diagonal gas phase matrix elements corresponding to VBmixed electronic/proton vibrational free energy surfaces as functions

states b and D.) For s[mpIICIIy, AEg, = 0 for all tables and of the solvent coordinates andz. Only two surfaces are shown for
figures presented in this paper. each ET diabatic state, and the lower and higher energy surfaces are
5. The couplingVEPT is varied between O\MET and 10/5T. shown with solid and dashed contour lines, respectively. The free energy
For simplicity, VEPT= VET for all tables and figures in this paper. surfaces are labeled according to the dominalnt YB state, and the minima
6. The size of the ellipsoidal cavity is varied to investigate ©f the lowest surfaces are labele} %) and @, %). (b) Slices of the
the effects of solute size. For simplicity, in all tables and figures free energy surfaces along the straight-line reaction path connecting

o L I the solvent coordinates(Z) and ¢ 7') indicated in (a). (c) The
pregented |.n this paper, the eII|p5§0|daI cavity in Figure 2b has reactant (I) and products(ﬁjl)i?))roton gﬁ)tigntial energy curves as functions
a minor axis of 4.0 A and a radius of 3.0 A for the Spheres of_at the solvent configurations corresponding to the points A, B, C,
representing the electron donor and acceptor. (The major axisand D indicated on the lowest reactant ET diabatic surface in (b). The
was scaled according pa.) lowest reactant proton vibrational state and the lowest two product

7. The inertial and electronic dielectric constants are varied proton vibrational states are shown for each potential energy curve.
to represent watere¢ = 78.4 ande., = 1.77) and methylene

chloride €, = 8.93 ande., = 2.02) at 25°C 31

Ze

Free Energy (kcal/mol)

S Sk
(zp7ze

20

=

Free Energy (kcal/mol)

properties of the system and verify these predictions with our
model system studies. In particular, we investigate the impact
of altering the proton doneracceptor distance, the electron
donor-acceptor distance, the energy difference between the gas
This section presents a comprehensive analysis of our modelphase ET states, and the solvent polarity.
system studies of PCET reactions. The first subsection describes As previously discussed, for this model the free energy
the fundamental characteristics of the free energy surfaces andsurfaces depend on two solvent variablgsndz., correspond-
the dependence of these characteristics on the physical propertieg1g to proton and electron transfer, respectively. Figure 3
of the system. This subsection provides the groundwork for the illustrates the fundamental physical principles underlying these
next three subsections, which focus on the mechanisms, ratessurfaces. The two-dimensional ET diabatic surfae;ﬁ(zp,ze)
and kinetic isotope effects, respectively. (J=1orll), defined in eq 15 are shown in the contour plots of
A. Free Energy Surfacesln the first part of this subsection,  Figure 3a and are labeled according to the dominant VB state.
we discuss the fundamental principles of the free energy surfacesNote that the energy scale along theaxis is expanded by a
for PCET reactions. The general characteristics of the two- factor of~4, so the disparity between the lengths of thand
dimensional free energy surfaces and the associated protorz. axes should be approximately 4 times greater. This disparity
potential energy curves and proton vibrational wave functions is due to the difference in reorganization energies for ET and
are presented. The limits of electronically and vibrationally PT. As previously mentioned, the reactants (I) and the products
adiabatic and nonadiabatic behavior are discussed. In the secondl) correspond to ET states 1 and 2, respectively; the reactants
part of this subsection, we predict the dependence of the are mixtures of thedand b VB states, while the products are
characteristics of the free energy surfaces on the physicalmixtures of the 2 and 2 VB states. The PCET reaction can

Ill. Results and Discussion
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be viewed as a transition from the surfaces corresponding tothe proton vibrational states for the product (l). For the solvent
the reactants (l) to the surfaces corresponding to the productscoordinates associated with B, the lowest reactant stadeig1
(I1). Figure 3a shows that the minima of the ET diabatic surfaces degenerate with the lowest product statb)(2vhile for the
within the set of reactants (or products) vary due to different solvent coordinates associated with C, the lowest reactant state
weightings of thea andb PT states. is degenerate with the second product statg. (2

In this paper, for purposes of analysis, we depict slices of PCET reactions span a wide range of electronically adiabatic
the two-dimensional ET diabatic surfaces along a straight-line and nonadiabatic behaviors. We found that our model systems
reaction path connecting the lowest minima for the reactants jnyolve only electronically adiabatic PT reactions (i_[g;%of
() and the products (Il). For example, the slices in Figure 3b s much larger than the thermal enerigyT), allowing us to
were obtained from the straight-line reaction path connecting reduce the four-state VB model to the two-state model described
points ¢,7) and @, ,2) labeled in Figure 3a. For the remain-  in section Il. The ET and EPT reactions are electronically
der of the paper, we will show only the lowest energy reactant adiabatic if the coupliny,., > keT, and they are electronically
ET diabatic surface since for most of the systems studied, the nonadiabatic if the couplin,, < ksT. As shown in eq 16,
Boltzmann population of the lowest reactant state is nearly unity the effective couplingv,, depends on the coupling&T™ and
(i.e., Py = 1in eq 17) at 25°C. The free energy surfaces in  VEPTbetween the VB states as well as the overlap of the reactant
Figure 3 are labeled according to the dominant VB state. For and product proton vibrational wave functions. Since the ET
the model systems in this paper, the lowest reactant ET diabaticmechanism corresponds to the transition from a reactasiate
surface is dominated by the /B state. A transition from this  to a product 2 state, the reactant and product vibrational wave
lareactant surface to a product ET diabatic surface dominatedfunctions are both localized in ttzwell of the proton potential
by the 21 VB state represents the ET mechanism (i.e., only the energy curve and may have significant overlap. In contrast, the
electron is transferred), and a transition from thésréactant EPT mechanism corresponds to a transition from a reactant 1
surface to a product ET diabatic surface dominated by the 2 state to a producti®state, so the reactant and product vibrational
VB state represents the EPT mechanism (i.e., both the electronwave functions are localized in different wells and have very
and the proton are transferred). small overlap. This difference in overlap for ET and EPT is

To gain more physical insight, we also investigate the proton illustrated in Figure 3c, where the overlap between the reactant
potential energy curveld;y(rp,zp,z) (J = | or II), defined in eq la proton vibrational wave function and the produet@oton
13. Figure 3c depicts the reactant (I) and product (I1) proton vibrational wave function is nearly unity, while the overlap
potential energy curves as functionsrgfat the four different ~ tween the reactantalproton vibrational wave function and
solvent coordinates corresponding to points A, B, C, and D on the product B proton vibrational wave function is nearly zero.
the reactant ET diabatic surface in Figure 3b. The proton As a result of the small overlap of the reactaatahd product
vibrational wave functions localized in the well (near the 2b vibrational wave functions, the EPT mechanism is typically
proton donor) are associated with ET diabatic surfaces domi- electronically nonadiabatic even when the ET mechanism is
nated by PT stata, and the proton vibrational wave functions electronically adiabatic (i.e., even for small electron denor
localized in theb well (near the proton acceptor) are associated acceptor distances). Thus, for reactions dominated by the EPT
with ET diabatic surfaces dominated by PT stat&he proton mechanism, the nonadiabatic rate expression in eq 17 is
vibrational wave functions delocalized above the proton transfer applicable even in the limit of electronically adiabatic ET. For
barrier are mixtures of PT statesand b. (No delocalized reactions dominated by the electronically adiabatic ET mech-
vibrational wave functions are shown in Figure 3c.) For the anism, the standard rate expressions for adiabatic ET may be
symmetric model systems in this paper, ¢heell is lower than implemented” For reactions involving both electronically
theb well in the proton potential energy curves for the reactant nonadiabatic EPT and electronically adiabatic ET, a different
(), and the reverse is true for the product (). This relation rate expression must be derived. This paper will focus on the
arises from the electrerproton Coulomb interaction, which  limit in which both ET and EPT are electronically nonadiabatic.
lowers the energy when the electron and the proton are both on  |n addition toelectronicallyadiabatic or nonadiabatic charge
their donors or both on their acceptors. transfer reactions, the PT reaction mayti#ationally adiabatic

Due to the coupling between the solvent and the solute, the or nonadiabatic. This issue arises if the proton vibrational states
proton potential energy curves depend strongly on the solventbecome degenerate within the set of reactant or product states
coordinates. Figure 3c includes only the lowest energy reactantfor relevant energies. For small proton doracceptor distances
proton vibrational state (labeled according to the dominant VB (i.e., Roo = 2.4 A), this issue does not arise since the proton
state &) and the two lowest product proton vibrational states potential is a single well. For larger proton dor@cceptor
(labeled according to the dominant VB statésahd Z). The distances, however, this issue becomes important due to the
energy of each proton vibrational state shown in Figure 3c double well character of the proton potential. Panels a and b of
corresponds to the energy of the ET diabatic surfaces in FigureFigure 4 depict the free energy slices for two model systems
3b at the specified solvent coordinates. Panels b and c of Figurewith Roo = 2.8 and 3.0 A, respectively. These figures indicate
3 both indicate that, as the solvent coordinates change from Athat for both models, the dominant VB states for two product
to D, the energy of the reactant ET diabatic state increases, whileET diabatic surfaces are interchanged for solvent coordinates
the energies of the product ET diabatic states decrease. Thesbetween the intersection of the reactant and product ET diabatic
figures also illustrate that the lowest reactant state is lower in free energy surfaces and the minima of the relevant ET diabatic
energy than the two lowest product states for the solvent product surfaces. Figure 4c shows the product proton potential
coordinates associated with A, while the lowest reactant stateenergy curves for the model system wilpo = 3.0 A for
is higher in energy than the two lowest product states for the solvent coordinates before, at, and after the avoided crossing
solvent coordinates associated with D. Furthermore, panels bof the product states. These proton potential energy curves
and c of Figure 3 show that for each intersection point of the illustrate that at the avoided crossing, the second and third
reactant and product ET diabatic surfaces, the lowest protonproduct proton vibrational states are nearly degenerate. Prior
vibrational state for the reactant () is degenerate with one of to the crossing, the third product state is localized inaheell
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(a) sequential reactions resulting in EPT and ET: in the first
30 reaction, EPT occurs at the intersection between the reactant
and the second product states, followed by vibrationally adia-
batic PT when the relevant product state changes frbrto2
2a; in the second reaction, ET occurs at the intersection between
the reactant and the third product states, followed by vibra-
2a tionally adiabatic PT when the relevant product state changes
5D from 2a to 2b. In contrast, Figure 4b represents both concerted
EPT (transition from & to 2b) and ET (transition from & to
2a) reactions, followed by a vibrationally nonadiabatic crossing
of the second and third product ET diabatic free energy surfaces.
For the model system in Figure 4b, the fourth and fifth product
Solvent Coordinate states also exhibit a vibrationally nonadiabatic crossing, while
the sixth and seventh product states are vibrationally adiabatic.
The increase of the vibrational adiabaticity for higher states is
due to the larger tunnel splittings (i.e., larger couplings) for states
closer to the top of the proton transfer barrier. The rate
expression in eq 17 may be applied to systems that are either
vibrationally adiabatic or vibrationally nonadiabatic as long as
2a the surfaces are still approximate paraboloids and the product
states are correctly followed after the transition, according to
the vibrationally adiabatic or nonadiabatic limits. On the other
hand, the rate expression must be extended for situations
la B C between the vibrationally adiabatic and nonadiabatic limits.

The fundamental principles of PCET free energy surfaces
Solvent Coordinate discussed so far provide the foundation for our systematic
investigation of the dependence of the free energy surfaces on
the physical properties of the solute and the solvent. Our results
B C are summarized in Figures 5 and 6. Figure 5a depicts the free
energy slices for a typical set of parameters, and paneiob
Figure 5 illustrate the effects of specific physical properties.
The ET diabatic free energy surfaces are labeled according to
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0 2zi 2;“ ij the dominant VB states (and are not labeled in the absence of

vV %[ a clearly dominant VB state). In order to elucidate the effects

g Y ey of these physical properties, Figure 6 depicts proton potential

05 00 05 '/ 05 00 05 '7 05 00 05 energy curves at the minimum of the lowest product ET diabatic

rp(R) surface for a series dRoo andRpa values.

Figure 4. Slices of the ET diabatic free energy surfaces along the  INcreasingRoo increases the proton transfer barrier and thus
straight-line reaction path for a model system with Rah = 13 A leads to a larger number of localized vibrational states. This
andRoo = 2.8 A (predominantly vibrationally adiabatic) and ®)a phenomenon is confirmed by comparing panels a and b of Figure

=14 A andRoo = 3.0 A (vibrationally nonadiabatic). For both model 5 which illustrate that increasingoo from 2.7 to 3.0 A leads
systemsAEs, = 0, and the solvent is water. The lowest reactant and 14 g Jarger number of ET diabatic states dominated by either

the second and third product ET diabatic surfaces are labeled accordin .
to the dominant VB state. (c) The product proton potential energy curvesgPT statea or PT stateb (as opposed to a mixture of boaand

at the solvent coordinates corresponding to A, B, and C indicated on P)- FOr Roo = 2.4 A, the proton potential energy curve Is a

the free energy surfaces in (b). The three lowest product proton Single well, so none of the states are localized near the proton

vibrational states are shown for each potential energy curve, and donor or acceptor. Figure 6 shows that for larBes distances,

the second and third ones are labeled according to the dominant VB the proton potential energy curves are double well potentials,

Statg- Note that att) the Vikl)rationa"{) “O”adiazatic Crossm?’ 2 pair of and the number of localized states increases with increasing

roduct proton vibrational states becomes degenerate, leading to . [ .

(F:)hange ir; the dominant VB state for the corregponding ET diagbaticaRoo' In addition, as shpwn in Figure 4, Valu.eSleo leading

free energy surfaces. tq dquble well pot.en.uals allow degeneracies .of Fhe prpt_on
vibrational states within each double well potential (i.e., within

and the second product state is localized inttheell, and after ~ the set of reactant or product ET diabatic states). The resulting
the crossing, the localization of these states is interchanged. Thefurve crossings within the set of reactant or product ET diabatic
tunnel splittings for the proton potential energy curves cor- States are vibrationally nonadiabatic for larBeo and are
respond to the splittings of the product ET diabatic surfaces at Vibrationally adiabatic for smalleRoo.
the avoided crossings. The tunnel splitting is significantly larger  Increasing Rpa decreases the electreproton Coulomb
for Figure 4a than for Figure 4b due to a substantially lower interaction and thus decreases the asymmetry of the proton
proton transfer barrier foRoo = 2.8 A than forRoo = 3.0 A. potential energy curves. This trend is clearly illustrated by the
Thus, panels a and b of Figure 4 represent vibrationally proton potential energy curves in Figure 6. For very srRal
adiabatic PT and vibrationally nonadiabatic PT, respectively, distances, the asymmetry of the proton potential energy curve
for the second and third product states at°€5 As a result, is so great that no product proton vibrational states are localized
the two models represent qualitatively different mechanisms in theawell. For largeRpa distances, this asymmetry decreases
resulting from motion along the solvent reaction coordinate. and thus allows a product proton vibrational state to be localized
Neglecting the lowest product state, Figure 4a represents twoin the a well. As Rpa increases, tha well becomes lower in
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Figure 5. Slices of the free energy surfaces in water along a straight-line reaction path for a model systemRggh<£.7 A, Roa = 12 A, AE,
= O, (b) Roo = 3.0 A, RDA =12 A, AE12 = O, (C) Roo =27 A, RDA =20 A, AElz = 0, (d) Roo =27 A, RDA =12 A, AE]_Z = —10 kcal/mol.
(e) Same as in (a) but in methylene chloride. (f) Same as in (a) but with deuterium substituted for the transferring hydrogen.

energy, so the energy difference between the lowest protona and d of Figure 5, which shows that decreashkigy, from
vibrational states localized in treeandb wells decreases. Asa 0 to —10 kcal/mol shifts the product states down in energy.
result, asRpa increases, the lowest product ET diabatic state This model system is in the normal Marcus region, but when
dominated by 8 becomes closer in energy to the lowest product AE;; is sufficiently negative, the system will be in the inverted
ET diabatic state dominated b¥.Z2This trend is confirmed by =~ Marcus region (where the Marcus inverted region is defined
a comparison of the ET diabatic surfaces in panels a and c ofas — AG;, > 4,,).3233
Figure 5, which show that increasifpa from 12 to 20 A for Finally, altering the polarity of the solvent affects both the
Roo = 2.7 A changes the character of the second product ET reorganization energy matrix elements and the relative solvation
diabatic state from delocalized t@.2Comparison of Figures  energies of the VB states. Our analysis will focus on the changes
4b (Roa = 14 A) and 5b Roa = 12 A) for Roo = 2.8 A shows in the reorganization energy matrix elements, which appear to
that increasindrpa decreases the energy gap between the lowestbe more important than the changes in the relative solvation
2b and 2 product states. This comparison also illustrates that energies for these model systems. In general, decreasing the
the solvent coordinates corresponding to the curve crossingssolvent polarity decreases the reorganization energy matrix
within the set of product ET diabatic states vary wiRka. elements. According to standard Marcus theory for single ET
Decreasing the energy differena&;, between the gas phase reactions, as the reorganization energy decreases, the frequencies
ET states shifts the entire set of product ET diabatic surfacesof the ET diabatic surfaces increase, and the difference between
down in energy byAEi». (They are shifted up in energy KE; the solvent coordinates for the minima of the reactant and
is increased.) This trend is illustrated by a comparison of panels product ET diabatic surfaces decreases. As given in ref 17, an
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Figure 6. Product proton potential energy curves and the associated product proton vibrational wave functions at the solvent configurations
corresponding to the minima of the lowest product ET diabatic free energy surfaces obtained with hydrogen for the Rajueslafated at the

top of each frame and for (&o0 = 2.6 A, (b) Roo = 2.7 A, and (c)Roo = 2.8 A. For all model systemg\E;, = 0, and the solvent is water.
Hydrogen wave functions are shown on the left, and deuterium wave functions are shown on the right.

analogous relation between reorganization energies and frequen©.02 of this cutoff, visual inspection of the wave functions was
cies holds for PCET reactions, with the slight complication of used to determine the mechanism.) The mechanism is labeled
the coupling ternty, ,,. For the model systems in this paper, “N” if the reaction is neither ET nor EPT due to equal
we found that this coupling term does not alter the trend with weightingsp,. and p,, for the dominant product ET diabatic
solvent polarity. Thus, decreasing the solvent polarity increasesstates. (This situation arises if the associated dominant product
the frequency and decreases the difference between the solvernproton vibrational states are above the proton transfer barrier
coordinates of the reactant and product minima. These trendsand thus are delocalized between the proton donor and acceptor.)
are illustrated by a comparison of panels a and e of Figure 5, The mechanism is labeled “B” if the reaction is both ET
which correspond to water (high polarity) and methylene and EPT due to equal weightirig, but unequal weightings
chloride (lower polarity) solvents, respectively. pva and p,, for the dominant product ET diabatic states.
B. Mechanisms.In this subsection, we discuss the impact (This situation arises if the dominant associated product
of the physical properties of the system on the mechanisms of proton vibrational states are below the proton transfer barrier
PCET reactions. The two competing mechanisms, ET and EPT,and thus are localized in theeor b well of the proton potential
are analyzed in terms of the rate expression given in eq 17.energy curve, but the dominant product states are localized
The general characteristics of the free energy surfaces andin different wells.)
associated proton potential energy curves favoring each mech- The rate expression in eq 17 indicates that the rate in-
anism are presented. This analysis leads to predictions of thecreases with increasing coupliny/w and decreases with
dependence of the mechanism on the proton deaoceptor increasing free energy barrlea;G .- In other words,k O
distance, the electron doneacceptor distance, and the exo- V2 exp— AG " ks T), whereAG = (AG;, + Aur)Bh . As
thermicity of the gas phase ET. A detailed description of our previously discussed, for proton donmcceptor distances
model system studies is presented to verify these predictions.leading to a double well proton potential energy curve, lihe
Table 1 provides the mechanisms for the various models, with well is always lower than the well in the product proton
both hydrogen and deuterium as the transferring nuclei in water potential energy curves for symmetric proton transfer interfaces
and methylene chloride solvents. This subsection focuses ondue to the electronproton Coulomb interaction. As a result,
the mechanisms involving hydrogen transfer in agueous solvent.the lowest energy product ET diabatic state is dominated by
At the end of this subsection, we describe the effects of solvent 2 (corresponding to EPT). If the ET diabatic product states
polarity on the mechanism. The effects of deuterium substitution gre assumed to not cross for relevant energiesy the free energy
are discussed in section I11.D. barrier should be lowest for the lowest energy product state.
In this paper, the probabilities of EPT and ET are deter- Thus, typically the free energy barrier contribution to the rate
mined by calculating the percentage contribut®nof each favors EPT for symmetric PT interfaces. On the other hand,
product ET diabatic state to the rate and the contributions the couplingV,, is greatly affected by the overlap of the
Pra @nd pyy of the a and b PT states, respectively, for each proton vibrational wave functions, as shown by eq 16. For a
product ET diabatic state. The probability of EPT is defined  reactant state that is dominated by, the overlap will be
asPEPT = 3°™°P ., and the probability of ET is defined as  greatest for product states that are dominated &ycrre-
PET = 3°°P,p,.. (For simplicity, these definitions approxi-  sponding to ET. As a result, typically the coupling contribution
mate the reactant state as purely VB stag The mechanism  to the rate favors ET.
is labeled “EPT” (or “ET”") if PEPT (or PET) is greater than 0.6. The ET mechanism is possible only if one or more product
(For situations in which the relevant probability is within proton vibrational states are localized in toevell of the product
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TABLE 1: Values for the Rates, Kinetic Isotope Effects, and Mechanisms for a Series of PCET Model Systets

water methylene chloride
Roo Roa AE1, rate KIE mecH* mectP” rate KIE mech” mech”*
2.6 12 —-20 0.15x 101 1.72 EPT N 0.41x 101 1.31 EPT N
—-10 0.87x 107 2.64 EPT EPT 0.76 10° 2.21 EPT EPT
0 0.54x 10* 3.38 EPT EPT 0.7% 10° 3.41 EPT EPT
10 0.34 4.05 EPT EPT 0.25 107 4.38 EPT EPT
20 0.20x 10°° 4.35 EPT EPT 0.2% 104 5.07 EPT EPT
15 —20 0.13x 10° 1.35 N N 0.62x 10° 1.21 N N
—-10 0.52x 10° 1.49 EPT N 0.91x 107 1.48 EPT N
0 0.29x 1¢? 1.60 EPT N 0.7% 10 1.73 EPT EPT
10 0.21x 102 1.71 EPT EPT 0.35 1.96 EPT EPT
20 0.20x 1077 1.82 EPT EPT 0.8k 10°¢ 2.18 EPT EPT
20 —-20 0.40x 10¢ 1.01 N N 0.37x 10° 1.02 N N
—10 0.13x 17 1.06 N N 0.41x 10¢ 1.08 N
0 0.69x 102 1.12 N N 0.32x 10 1.16 N N
10 0.57x 1076 1.18 N N 0.18x 1073 1.24 N N
20 0.76x 1071t 1.23 N N 0.68x 10°° 1.31 N N
2.7 12 —20 0.48x 10° 1.57 N N 0.18x 104 1.27 N N
—-10 0.14x 10° 2.36 EPT N 0.1 10 2.17 EPT N
0 0.61x 10° 3.78 EPT N 0.64x 10° 4.79 EPT N
10 0.31x 101 5.54 EPT N 0.1% 10 10.34 EPT N
20 0.15x 1076 8.42 EPT N 0.14x 10°° 17.58 EPT EPT
15 —20 0.63x 10’ 1.22 B EPT* 0.34x 10° 1.08 ET EPT*
—-10 0.22x 10° 1.41 B EPT* 0.33x 107 1.29 B EPT*
0 0.11x 1C? 1.51 B EPT* 0.21x 10* 1.58 B EPT*
10 0.69x 1073 1.78 B ET 0.73x 101 2.15 B ET
20 0.56x 1078 1.90 B ET 0.13x 10°¢ 2.40 EPT ET
20 —20 0.40x 10¢ 1.06 B ET 0.31x 10° 1.17 B ET
—-10 0.13x 17 1.03 B ET 0.31x 10* 1.23 B ET
0 0.51x 102 1.17 B ET 0.22x 10 1.26 B ET
10 — — B ET — — B ET
20 — - B ET — — B ET
2.8 12 —20 0.13x 10° 1.21 EPT* EPT* 0.99x 100 1.63 ET EPT*
—-10 0.21x 10° 1.40 EPT* EPT* 0.3 108 2.35 ET EPT*
0 0.41x 1% 1.82 EPT* EPT* 0.48x 10¢ 2.91 B EPT*
10 - - EPT* ET 0.33x 10! 3.01 EPT ET
20 - - EPT* ET 0.12x 1077 4.08 EPT ET
15 —20 0.31x 107 1.05 EPT* ET 0.23x 10° 1.11 EPT* ET
—10 0.96x 10* 1.40 ET ET 0.14x 107 1.20 ET ET
0 0.35x 10 1.83 ET ET 0.58¢ 10° 1.51 ET ET
10 - - ET ET - - ET ET
20 - - ET ET - - ET ET
20 —20 0.46x 10¢ 1.04 ET ET 0.22«x 10° 1.06 ET ET
—-10 0.14x 107 1.06 ET ET 0.20x 10* 1.22 ET ET
0 0.51x 1072 1.08 ET ET 0.13x 10 1.51 ET ET
10 0.33x 1078 1.10 ET ET — — ET ET
20 0.26x 1071t 1.13 ET ET - - ET ET

aThe rates are given in units of'sfor systems with H, and the kinetic isotope effect is defined as the ratio of the rate with H to the rate with
D. The mechanisms are given for systems with H and systems with D. The notation for the mechanisms is defined as follows: ET corresponds to
electron transfer, EPT corresponds to electron and proton transfer, B corresponds to both ET and EPT, N corresponds to neither ET nor EPT (i.e.,
delocalized vibrational wave functions), and EPT* corresponds to ET followed by PT. The paraRagtar&lRpa are the donoracceptor distances
for proton and electron transfer, respectively, and are given in A. The paranigiers the energy difference between ET states 1 and 2 (where
negative values correspond to exothermic reactions) and is given in kcal/mol. The solvent is either water or methylene chloride. Absent entries
indicate numerical difficulties due to the locations of avoided crossings. The temperaturéGs 25

proton potential energy curve. The shape of the proton potentialwell proton potential energy curve and the possibility of the
energy curve is influenced mainly B§o0, which determines localization of a product proton vibrational wave function in
the proton transfer barrier, anpa, which determines the  thea well.

electron-proton Coulomb interaction and thus the asymmetry.  For systems with product proton vibrational wave functions
For very smallRoo values, the proton transfer barrier is so low localized in thea well, the mechanism is determined by
or nonexistent that the proton potential energy curve is a single competition between the coupling and the free energy barrier.
well, and the product vibrational states are either localized near The lowest energy product ET diabatic state dominatedtby 2
the proton acceptor due to the electrgoroton Coulomb (corresponding to EPT) is favored by the lower free energy
interaction (leading to EPT) or delocalized (leading to neither barrier, while the higher energy product ET diabatic states
ET nor EPT). AsRoo increases, the proton transfer barrier dominated by & (corresponding to ET) are favored by the larger
increases, leading to the possibility of the localization of a coupling. For very endothermic reactions, the lower free energy
product proton vibrational wave function in teevell. Similarly, barrier for EPT overrides the larger coupling for ET, leading to
for very small Rpa values, the electrenproton Coulomb the EPT mechanism. Conversely, for very exothermic reactions,
interaction is so strong that the proton potential energy curve the larger coupling for ET overrides the lower free energy barrier
is a single well localized near the proton acceptor, leading to for EPT, leading to the ET mechanism. Furthermore, when the
EPT. AsRpa increases, the electreiproton Coulomb interac- overlap between vibrational wave functions localized in opposite
tion (and hence the asymmetry) decreases, leading to a doublavells of the proton potential energy is extremely small (i.e.,
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for very largeRoo), the larger coupling for ET overrides the involving the equilibrium free energy differences and the
lower free energy barrier for EPT, so the mechanism is ET. reorganization energies.)

These trends are validated by our model system studies. The mechanisms of the model systems Wik = 2.8 A

Although not included in Table 1, the mechanism Ryo = depend on the electron doresicceptor distanc&ya and the

2.4 A is predominantly N (i.e., neither ET nor EPT) or EPT. exothermicity of the ET reactioAE;,. As shown in Figure 6c,
When the proton doneracceptor distance is so short, the proton for Roo = 2.8 A andRpa = 12 A the lowest two proton
potential energy curve is a single well (i.e., no barrier to proton Vibrational states are localized in thevell, and the third state
transfer). For largeRpa values, the proton vibrational wave is localized primarily in thea well. The larger coupling of the
functions are delocalized between theandb PT states, and  third state overrides the lower free energy barriers of the first
the weighting.a andp,p are nearly equal for all product states, two states, leading to ET at the intersection of the reactant and
leading to neither ET nor EPT. For small electron donor product ET diabatic surfaces. For these model systems, however,
acceptor distances (i.eRpa=12 A), the single well becomes an avoided crossing between the second and third product proton
so asymmetric due to the electreproton Coulomb interaction vibrational states occurs in the region between the intersection
that the EPT mechanism dominates (WRFFT = 0.6). In this of the reactant and product ET diabatic surfaces and the minima

case, EPT corresponds to the single well proton potential energy©f the product ET diabatic surfaces. Specifically, the second
curve shifting from the proton donor to the proton acceptor side. @nd third product states are localized in theand a wells,
Table 1 indicates that foRoo = 2.6 A, the mechanism is respectively, at the intersection of the reactant and product

. L . ET diabatic surfaces but are localized in thend b wells,
EPT or N for all values oRpa. This observation is explained - - . .
: A . respectively, at the minima of these product ET diabatic surfaces.
by the proton potential energy curves in Figure 6a, which

illustrate that the proton transfer barrier is nearly nonexistent Thus, the dominant reaction is ET followed by vibrationally

. - i ic PT, Iting i I EPT hanism.
for Roo= 2.6 A. ForRpa = 12 A, the lowest proton vibrational adiabatic resulting in an overa mechanism

state is localized in thb well (corresponding to EPT), and no Fgr Roo = 28 A andRoa = 15 A the mechanism IS
states are localized in tha well. For Rox = 20 A, the particularly sensitive to the exothermicity of the ET reaction.

asymmetry of the double well potential is decreased due to gﬁ;g;ggéﬂ:;%gigﬁ ft%retzziirrlrcﬁga:sﬁs:ais it:?olgg;liizgsifte
smaller electrorrproton Coulomb interactions, leading to a ’

S L . : the a well, and the third lowest state is localized in thevell
significant delocalization of the lowest proton vibrational state : _ . :
. again. ForAE;; = —20 kcal/mol, the mechanism is the
(corresponding to N).

) ) sequential EPT mechanism (i.e., ET followed by vibrationally
As shown in Table 1, foRoo = 2.7 A the higher proton  ggiapatic PT). For the other valuesiiE s, the avoided crossing
transfer barrier allows all four mechanisms: EPT, ET, N, and petween the second and third product proton vibrational states
B. This variety of possible mechanisms can be understood by js shifted to the reactant side of the intersection of the reactant
analyzing the proton potential energy curves in Figure 6b. For ang product ET diabatic surfaces, so it no longer impacts the
all Rpa values, the lowest proton vibrational state is localized mechanism. In this case, the straightforward ET mechanism
in the b well and corresponds to EPT. A% increases, the  gominates.
asymmetry decreases, allowing the second product proton The mechanism foRoo = 2.8 A andRoa = 20 A is less

vibrational state to become somewhat localized inaheell. sensitive to the exothermicity. For these model systems, the
In particular, forRpa = 12 A, the second proton vibrational  |oyest state is localized in tHewell, and the next lowest state
state as well as all higher states are delocalized. For the very;q |gcalized in thea well. The avoided crossing between the
exothermic reaction, the delocalized proton vibrational states gecond and third product proton vibrational states is shifted to
dominate (i.e., the larger coupling of the third state overrides e far side of the minima of the product ET diabatic surfaces,
the lower free energy barriers of the first two states), so the g it does not impact the mechanism. In this case, the state
reaction is neither ET nor EPT. For the less exothermic or |ocalized in thea well is close enough in energy to the state
endothermic reactions, the lowest proton vibrational state |ocalized in theb well that the larger coupling determines the
localized in theb well dominates (i.e., the lower free energy dominant product state for all values AE;; studied, and the
barrier of the lowest state overrides the Iarger Coupling of the mechanism is a|WayS ET. All these results elucidate the

higher states), so the reaction is EPT. Rgx = 15 A andRpa dependence of the mechanismsRpp andAE; for these model
= 20 A, the second proton vibrational state is somewhat systems withRoo = 2.8 A.

localized in thea well, and all higher states are delocalized.  Ajthough not shown in Table 1, foRoo = 3.0 A, the
Since both of the two_low_est proton vibrational states contribute mechanism is always ET for the rangeRefy andAE; studied.
to the rate, the reaction is both ET and EPT. In this case, the proton potential energy curve is always a double
For Roo = 2.8 A, the even higher proton transfer barrier well potential with at least one product proton vibrational wave
allows the product proton vibrational states to become nearly function localized in thea well. Furthermore, the high proton
degenerate, leading to the possibility of a sequential reaction, transfer barrier leads to an extremely small overlap between
as shown in Figure 4a. At this proton dor@cceptor distance,  the proton vibrational wave functions localized in thendb
the reactions are primarily vibrationally adiabatic and thus result wells and thus to very small coupling for EPT compared to
in sequential reactions of two types: (1) reactions involving ET. As a result, the product states with the larger couplings
first EPT and then PT (overall ET) and (2) reactions involving dominate, leading to the ET mechanism. (A subsequent PT
first ET and then PT (overall EPT). Typically, the first type of reaction is unlikely due to vibrational nonadiabaticity, as shown
sequential reaction is much less favorable than the second typen Figure 4b.) Also not shown in Table 1 is the observation
due to the significantly smaller coupling for EPT than for ET. that the contribution of the EPT mechanism increases as the
In Table 1, ET followed by PT is denoted EPT*. (To avoid couplingVEPTincreases and aSEap (the energy difference of
numerical difficulties for these types of sequential reactions, the PT states) decreases.
the free energy barriers were obtained from the intersections of ~ As shown in Table 1, the mechanisms are qualitatively similar
the free energy surfaces rather than from the expressionsin methylene chloride and in water. A quantitative analysis of
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PEPT for the different solvents, however, indicates that the to complex changes in all three quantities in the rate expression.
probability of the EPT mechanism is greater in methylene Despite these complexities, we found that for these model
chloride than in water due to the lower solvent polarity of systems, the dominant effect Bbo on the rates is due to the
methylene chloride. Decreasing the solvent polarity decreasesimpact on the proton vibrational overlap, which in turn
the reorganization energy for each product ET diabatic state influences the coupling. This observation is confirmed by Table
(with respect to the lowest reactant ET diabatic state). Moreover, 1, which indicates that increasii®o decreases the rate.

decreasing the solvent polarity decreases the differences in the Ry, also affects all three quantities in the rate expression.
reorganization energies for pairs of product ET diabatic states. The impact ofRpa on V. is mainly due to the effect okE™:

For the model systems in this paper, decreasing both the overallincreasingRpa decrease¥ET and thus decreasds,. SinceRpa
reorganization energies and the differences in the reorganizationalso affects the electrerproton Coulomb interaction and the
energies increases the differences in the free energy barriersiensities of the four VB states, however, it leads to complex
for pairs of product ET diabatic states. This increase in the changes in all three quantities in the rate expression. Neverthe-
difference in the free energy barriers favors the lower product less, we found that for these model systems the dominant effect
states, hence leading to a higher probability of EPT (which of R on the rates is due to the impact on the coupNfg.
corresponds to the lowest product state). Thus, decreasing theThis observation is confirmed by Table 1, which shows that
solvent polarity increases the probability of the EPT mechanism. increasingRpa decreases the rate.

C. Rates.In this subsection, we discuss the dependence of In addition, the polarity of the solvent impacts boAG;,
the rates of PCET reactions on the physical properties of the and4,, in the rate expression. Decreasing the solvent polarity
solute and solvent. We focus on the limit of nonadiabatic ET, decreasesl,,, leading to a lower barrier along the solvent
for which the rate expression in eq 17 is valid. First, we provide coordinates and thus increasing the rate. Decreasing the solvent
a framework for our analysis by describing the dependence of polarity also alters the relative solvation energies of the four
each quantity in the rate expression on the various physical VB states, leading to complex changesNG?,. We found that
properties of the system. Subsequently, we predict the impactthe main impact of the solvent polarity is through the re-
of each physical property of the system on the overall rate and organization energy. This observation is validated by Table 1,
verify each prediction with an analysis of our model system which indicates that decreasing the solvent polarity increases
studies. In this subsection we discuss only the rates for PCETthe rate. Although not shown in Table 1, increasing the size of
systems involving hydrogen (rather than deuterium) transfer. the electron donor and acceptor also increases the rate for the

The nonadiabatic rate expression in eq 17 depends on threesame physical reasons as decreasing the solvent polarity.
quantities. The first quantity is the equilibrium free energy = Table 1 also shows that the rate decreasesHs increases
difference AG;, between pairs of ET diabatic free energy (in the normal Marcus region). This observation is consistent
surfaces. This quantity is directly affected by the parameter with the direct relation betweeAE;, and AG®, previously
AE1,, representing the energy difference between the gas phaseliscussed. In the inverted Marcus region, the rate will decrease
ET states 1 and 2. AAE;, increasesAG;, also increases for  as AE;, decreases. Although not shown in Table 1, we also
all pairs of states. In additiom\G;, is impacted byRoo and found that the rate decreases as the coupli’ decreases
Roa through the electronproton Coulomb interaction and the and asAE,, increases. Note that for some of these model
solute solvation energy. (The solvation energy dependuen systems (i.e., those with very larges; ), the rates are so slow
andRpa since these parameters determine the charge densitieghat they would not be observable on a physically reasonable
of the four VB states.AG;, is also affected byRoo through time scale. These nonphysical model systems are included only
interactions within the protonated water dimer. FinalyGy, to illustrate the trends.
is influenced by the solvent polarity, which affects the solvation  D. Kinetic Isotope Effects. In this subsection, we discuss
energy for the solute. The second quantity in the rate expressionthe impact of the physical properties of a PCET system on the
is the reorganization energdy,, between pairs of ET diabatic  kinetic isotope effect (i.e., the ratio of the rate with hydrogen
free energy surfaces. This quantity is influencedRey and to the rate with deuterium). The effects of deuterium substitution
Roa (since these parameters determine the charge densities ofre determined by changing the mass of the transferring nucleus
the four VB states), as well as by the solvent polarity. The third for the calculation of the vibrational wave functions. In the first
quantity in the rate expression is the coupling between pairs  part of this subsection, we analyze the impact of deuterium
of ET diabatic free energy surfaces. As indicated by eqs 14 substitution on the mechanisms and rates in terms of the

and 16, this quantity is determined by the couplings and quantities in the nonadiabatic rate expression given in eq 17.
VEPT and by the proton vibrational wave functions. SirRg After this general discussion, we verify these fundamental
determinesd/ET (through eq 22)Rpa significantly impactsv,,. predictions with our model system studies. In the latter part of

Moreover, bothRoo and Rpa affect the coupling since they  this subsection, we investigate the dependence of the magnitude
influence the coefficients in eq 14 and the proton vibrational of the kinetic isotope effect on the physical properties of the
wave functions. The remainder of this subsection will analyze system within the framework of our model system studies. This
the rates in Table 1 within this framework. Note that minor subsection concludes with an explanation of the unusually large
deviations from the trends result from numerical difficulties near kinetic isotope effects that are observed for some of the model
avoided crossings. systems.

As previously discussedRoo affects all three quantities in Table 1 provides the kinetic isotope effects and the mecha-
the rate expression. The impactRfo onV,, is mainly due to nisms observed with deuterium. As expected, we found that
the effect on the overlap of the proton vibrational wave the zero point energy and the splittings between the vibrational
functions: increasingRoo decreases this overlap and thus states are smaller for deuterium than for hydrogen. As a result,
decrease¥,,. Note thatRoo also affects the densities of the more vibrational states may be localized in thandb wells
four VB states and the relative energies of the four gas phasefor deuterium, leading to a qualitatively different set of
VB states (through the electrefproton Coulomb interaction  vibrational states. These differences are confirmed by comparing
and the interactions within the protonated water dimer), leading panels a and f of Figure 5, which illustrate that substitution of
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deuterium for the transferring hydrogen allows the second statea result, the second product vibrational state is more likely to
to be localized in thé well and decreases the splittings between dominate for systems with deuterium, leading to more cases of
the vibrational states. These phenomena are also illustrated inthe N mechanism (i.e., neither ET nor EPT).
Figure 6. In some cases, these changes cause the mechanism For Ry = 2.7 A, substitution with deuterium leads to
and rate to be substantially different when deuterium is qualitatively different vibrational wave functions, as shown in
substituted for hydrogen. Figure 6b. ForRpa = 12 A and AE;, > —10 kcal/mol, the
The changes in mechanism upon substitution with deuterium hydrogen system is EPT, and the deuterium system is N. In the
may be analyzed in terms of the competition between the hydrogen system, the dominant product vibrational state is the
coupling and the free energy barrier. As previously discussed, lowest state, which is localized in thewell, whereas in the
for these model systems, the lowest energy product vibrational deuterium system, the dominant product vibrational state is the
state is localized in thb well, leading to EPT. The possibility  third state, which is fairly delocalized. F&»» = 15 and 20 A,
of a higher product vibrational state localized in thevell is the hydrogen system is both ET and EPT (denoted B), and the
greater for deuterium than for hydrogen due to the smaller zero deuterium system is either ET followed by PT (denoted EPT*)
point energy for deuterium. Moreover, the higher states localized or ET. In the hydrogen system, the dominant product vibrational
in thea well (or delocalized if the proton transfer barrier is too states are the lowest two states, which are each localized in
low to allow localization in thea well) have lower free energy  one of the wells, while in the deuterium system, the dominant
barriers for deuterium due to the smaller splittings between product vibrational state at the intersection is the second state,
vibrational states. In addition, the coupling for EPT is much which is localized in thea well. The EPT* mechanism is
smaller for systems with deuterium than for systems with observed for the deuterium system if an avoided crossing occurs
hydrogen, while the coupling for ET is similar for the two types in the relevant region. These differences result from the smaller
of systems. As a result, for systems with deuterium, the larger coupling for EPT and the smaller splittings between the
coupling for ET is more likely to override the lower free energy vibrational states for deuterium.
barriers for EPT, leading to a higher contribution of the ET  The effect of deuterium substitution fdkoo = 2.8 A is
mechanism for systems with deuterium. As will be discussed influenced by the avoided crossings of the product vibrational
below, we observed this phenomenon for our model systems.states. For both hydrogen and deuterium, the ET mechanism
The impact of deuterium substitution on the rate may be dominates at the intersection of the reactant and product ET
analyzed in terms of the three quantities in the nonadiabatic diabatic surfaces. This phenomenon is due to the localization
rate expression given in eq 17. The reorganization enefgies  of a product vibrational state in tleewell and the substantially
are affected since the solvent coordinates of the minima of the larger coupling for this state than for the lower states localized
ET diabatic free energy surfaces are altered. We found thein the b well. For some model systems, however, an avoided
impact of this effect on the rates to be relatively insignificant. crossing between two product vibrational states is located
The equilibrium free energy differencesG;, are affected by between the intersection of the relevant reactant and product
deuterium substitution due to the smaller splittings between the ET diabatic surfaces and the minima of the relevant product
vibrational states for deuterium. The values&®;, for the ET diabatic surfaces. These model systems exhibit the EPT*
lowest product vibrational states localized in #thandb wells mechanism, where ET is followed by vibrationally adiabatic
are not altered significantly since the zero point energy is PT. Thus, the differences between the mechanisms (ET or EPT*)
approximately the same in the reactant and product ET diabaticfor hydrogen and deuterium are due mainly to the location of
states. On the other hand, for all other product vibrational states,the avoided crossing between the product vibrational states. Note
AG, will be lower for deuterium than for hydrogen due to the that for endothermic systems wiRoa = 12 A in methylene
smaller splittings between the vibrational states of deuterium. chloride, the mechanism is EPT for hydrogen and ET for
This difference in equilibrium free energies could lead to an deuterium. This difference is due to the smaller coupling for
inverse kinetic isotope effect, although this was not observed EPT and the smaller splittings between the vibrational states
for our model systems. The couplingé, are affected by for deuterium.
deuterium substitution since these couplings are averaged over The magnitudes of the kinetic isotope effects in Table 1
different vibrational wave functions. In general, the overlap of exhibit several interesting trends. First, for fixed values of
vibrational wave functions in different wells (i.e., one localized R,, and Rpa, the kinetic isotope effect becomes larger as the
in the a well and one localized in the We”) is smaller for reaction becomes more endothermic (|em2 increases)_
deuterium than for hydrogen, leading to smaller couplings for Second, for fixed values dRoo and AE;», the kinetic isotope
EPT with deuterium than with hydrogen. In some cases, this effect becomes larger @, decreases. (Although not shown
difference in couplings leads to very large kinetic isotope effects, in Table 1, this trend is also validated by studies of model
as observed in our model systems. systems wittRpa = 10 A.) Third, for fixed values oRoo and
These fundamental principles concerning kinetic isotope Rpa, the kinetic isotope effect becomes larger as the solvent
effects for PCET reactions are validated by the results given in polarity decreases fokE;, > 0. All three of these trends may
Table 1. FoRpa = 2.6 A, three model systems exhibit a change be explained by the same fundamental principle: the kinetic
from EPT for hydrogen to neither ET nor EPT (denoted N) for isotope effect increases as the contribution of the EPT mech-
deuterium. As shown in Figure 6a, in this case the deuterium anism increases. (If the mechanism is pure ET, the kinetic
wave functions are qualitatively similar to the hydrogen isotope effectis nearly unity.) ASE;, increases (in the normal
vibrational wave functions. The ground state is localized in the Marcus region) the contribution of EPT increases since the lower
b well, and the next lowest state is delocalized. The mechanismfree energy barrier of the lowest state localized in bheell
is determined by competition between the coupling (which overrides the larger coupling of the higher states localized in
favors N) and the free energy barrier (which favors EPT). For theawell. As Roa decreases, the contribution of EPT increases
systems with deuterium, the coupling for EPT is significantly since the electronproton Coulomb interaction increases, so the
smaller, and the energy of the second product vibrational stateasymmetry of the proton potential energy curve increases. The
is slightly lower in energy than for systems with hydrogen. As increased asymmetry will raise the energy of the product
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vibrational state localized in the well and may even prevent  as a dielectric continuum, and the active electrons and transfer-
any product vibrational states from being localized inatveell. ring protons are treated quantum mechanically. In this theoretical
As the solvent polarity decreases, the contribution of EPT formulation, the reactant and product ET diabatic free energy
increases since the difference in free energy barriers for the surfaces are obtained as functions of two solvent coordinates
various product ET diabatic states increases, leading to a greatecorresponding to proton and electron transfer. PCET reactions
contribution of the lower product vibrational states localized in are viewed as transitions between the reactant and product ET
theb well. This influence of the solvent polarity on the kinetic diabatic free energy surfaces. The rates and kinetic isotope
isotope effect is less significant for exothermic reactions in effects for PCET are calculated with a recently derived rate
which the larger coupling of the ET states almost completely expression for nonadiabatic PCET. (Even in the limit of
overrides the lower free energy barrier of the EPT states. electronically adiabatic ET, the EPT mechanism is typically
Although not shown in Table 1, increasing the size of the electronically nonadiabatic due to the small overlap of the
electron donor and acceptor also increases the kinetic isotopereactant and product proton vibrational wave functions.) The
effect for the same physical reasons as decreasing the solventietailed mechanisms (i.e., whether the reactions are ET or EPT,
polarity. In addition, we observed that increasing the coupling and if EPT, whether they are concerted or sequential) are
VEPT and decreasing\Eqp, increases the kinetic isotope effect determined by analyzing the character of the dominant product
due to increased contribution of the EPT mechanism. ET diabatic free energy surfaces.

The dependence of the kinetic isotope effectsRgg is not The mechanism for PCET reactions depends strongly on the
straightforward since it involves two opposing factors. Increasing proton donot-acceptor distance. We found that there are four
Roo decreases the kinetic isotope effect due to the decrease(ﬁistinct regimes of proton doneiacceptor distances. The first
contribution of the EPT mechanism, but it also increases the regime corresponds to proton dora@cceptor distances that are
kinetic isotope effect due to a larger ratio of the hydrogen-to- o small that all proton vibrational wave functions are delocal-
deuterium couplings. As a result, the kinetic isotope effects are jzeq petween the proton donor and acceptor such that the EPT
largest for intermediate proton doreacceptor distances. The  mechanism is not well-defined. The second regime corresponds
decrease in the contribution of the EPT mechanisnRas to proton donoracceptor distances that are large enough to
increases is due to the smaller overlap of the reactant and produchaye at least one product proton vibrational wave function
vibrational wave functions involved in EPT. The increase in |gcalized near the proton acceptor but small enough to prevent
the ratio of the hydrogen-to-deuterium couplings Bso any product proton vibrational wave functions from being
increases can also be explained in terms of the overlap of thejgcalized near the proton donor. In this case, the EPT mechanism
reactant and product vibrational wave functions. When the EPT ii| dominate and will always be concerted. The third regime
mechanism dominates, the coupling is averaged over the productgrresponds to intermediate proton doracceptor distances
of two vibrational wave functions localized in different wells  \yith 5 high enough proton transfer barrier to allow at least one
of the proton potential energy curve. The overlap of these two ,roqyct proton vibrational wave function to be localized near
vibrational wave functions is significantly smaller for deuterium 4,4 proton donor. In this case, the EPT mechanism will compete
than for hydrogen. Moreover, the ratio of the overlap of the \yith the ET mechanism and may be concerted or sequential.
reactant and product vibrational wave functions for hydrogen Typically for sequential EPT reactions, the ET step precedes
to that for deuterium increases as the distance between thgno p1 step. The fourth regime corresponds to large proton
centers of the reactant and product wave functions increasesdonOFacceptor distances with such a high proton transfer

Hence, the ratio of the hydrogen-to-deuterium couplings in- parrier that the EPT mechanism is no longer possible due to
creases aRoo increases. Similarly, decreasifpa increases small coupling (i.e., the ET mechanism is dominant).

the localization of and the distance between the reactant and . . .
product proton vibrational wave functions. _Ot_Jr results predict that the probability of the EPT_ mechar_usm
will increase as (1) the electron doraacceptor distance is

In some cases, the kinetic isotope effects are quite large . .
(i.e., >5) for our model systems. One explanation for the large decreased, (2) the proton dor@cceptor distance is decreased
[ y ’ P 9 (until the distance is so short that the proton is delocalized),

kinetic isotope effects is that the probability of EPT is larger : .
) : . (3) the PT reaction becomes more exothermic (or less endo-
for hydrogen than for deuterium. Although this factor contributes : - )
thermic), (4) the ET reaction becomes more endothermic (or

to the large kinetic isotope effects, we found that the most less exothermic) in the normal Marcus regime, (5) the temper-

important factor is the coupling term in the rate expression. One .
significant difference between EPT reactions and single PT a_ture decreases, (6) the solvent polarity .decreases, and (7) the
size of the electron donor and acceptor increases.

reactions is that typically the vibrational wave functions for EPT } .
reactions are more localized near the proton donor or acceptor All these factors impact the competition between the cou-
and thus have much smaller overlaps between reactant andlings (which typically favor ET) and the free energy barriers
product wave functions. The highly localized nature of the (which typlc_:ally faVO_r EPT). Decreasing the electresfonor
vibrational wave functions in EPT reactions is due to the acceptor distance increases the electproton Coulomb
asymmetry of the proton potential energy curve induced by the Interaction, which decreases the equmb_num free energy dif-
electron-proton Coulomb interaction. This asymmetry can be ference (and_hence the free energy barrler)_ for EP'_I' relative to
viewed as producing a very high and wide effective barrier to ET. Decreasing the proton doreacceptor distance increases

proton transfer, leading to large kinetic isotope effects. the overlap (and hence the coupling) between reactant and
) product proton vibrational wave functions involved in EPT.
IV. Concluding Remarks Increasing the exothermicity of the PT reaction decreases the

In this paper, we presented a comprehensive theoretical studyequilibrium free energy difference (and hence the relative free
of model systems aimed at predicting the effects of solute and energy barrier) for EPT relative to ET. Increasing the endo-
solvent properties on the rates, mechanisms, and kinetic isotopehermicity of the ET reaction (or decreasing the temperature)
effects for PCET reactions. These studies are based on an the normal Marcus region decreases the rate of both ET and
multistate continuum theory, in which the solute is described EPT but increases the probability of EPT since the lower free
with a multistate valence bond model, the solvent is representedenergy barrier for EPT overrides the larger coupling for ET.
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