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Abstract: The vibronic couplings for the phenoxyl/phenol and the benzyl/toluene self-exchange reactions
are calculated with a semiclassical approach, in which all electrons and the transferring hydrogen nucleus
are treated quantum mechanically. In this formulation, the vibronic coupling is the Hamiltonian matrix element
between the reactant and product mixed electronic—proton vibrational wavefunctions. The magnitude of
the vibronic coupling and its dependence on the proton donor—acceptor distance can significantly impact
the rates and kinetic isotope effects, as well as the temperature dependences, of proton-coupled electron
transfer reactions. Both of these self-exchange reactions are vibronically nonadiabatic with respect to a
solvent environment at room temperature, but the proton tunneling is electronically nonadiabatic for the
phenoxyl/phenol reaction and electronically adiabatic for the benzyl/toluene reaction. For the phenoxyl/
phenol system, the electrons are unable to rearrange fast enough to follow the proton motion on the
electronically adiabatic ground state, and the excited electronic state is involved in the reaction. For the
benzyl/toluene system, the electrons can respond virtually instantaneously to the proton motion, and the
proton moves on the electronically adiabatic ground state. For both systems, the vibronic coupling decreases
exponentially with the proton donor—acceptor distance for the range of distances studied. When the
transferring hydrogen is replaced with deuterium, the magnitude of the vibronic coupling decreases and
the exponential decay with distance becomes faster. Previous studies designated the phenoxyl/phenol
reaction as proton-coupled electron transfer and the benzyl/toluene reaction as hydrogen atom transfer. In
addition to providing insights into the fundamental physical differences between these two types of reactions,
the present analysis provides a new diagnostic for differentiating between the conventionally defined
hydrogen atom transfer and proton-coupled electron transfer reactions.

I. Introduction a proton are transferred in a single step is proton-coupled
electron transfer (PCET). Traditionally, reactions in which the
electron and proton transfer between the same donor and
acceptor are denoted hydrogen atom transfer (HAT), and the
term PCET is often reserved for reactions in which the electron
and proton transfer between different donors and accetdfs.

(1) Babcock, G. T.; Barry, B. A Debus, R. J.: Hoganson, C. W. Atamian, 1 1S distinction, however, is not rigorous because the electron

The coupling of electron and proton transfer reactions plays
a vital role in a wide range of chemical and biological processes,
including photosynthesis,® respiration’® and enzyme reac-
tions?~12 A general term for reactions in which an electron and

g/ls.;6 l!\sllclntosh, L.; Sithole, I.; Yocum, C. FBiochemistryL989 28, 9557~ and proton behave quantum mechanically. Nevertheless, un-
(2) Okamura, M. Y.: Feher, GAnnu. Re. Biochem 1992 61, 861-896. derstanding the fundamental differences between these two types

(8) Tommos, C.; Tang, X.-S.; Warncke, K.; Hoganson, C. W.; Styring, S.; of reactions is important for the study of many chemical and
McCracken, J.; Diner, B. A.; Babcock, G. 7. Am. Chem. Sod995 . .
117, 10325-10335. biological processes.

(4) Hoganson, C. W.; Babcock, G. Bciencel997 277, 1953-1956. Recently, Mayer, Borden, and co-workers used density
(5) Hoganson, C. W.; Lydakis-Simantiris, N.; Tang, X.-S.; Tommos, C.; . . . k
Warncke, K.; Babcock’ G. T Diner’ B. A; Mccracken’ J.; Styring’ S. funCtlona| theOI’y to |nVeSt|gate the Self'exchange reactions Of

©) EP:%?Q’%“MRGF?S’A‘*? é?ééggﬁnlsé' E. M. Styring, S.; Babcock, G. T. the phenoxyl radical with phenol and the benzyl radical with
Akermark, B.; Korall, P.J. Am. Chem. S0d997, 119, 8285-8292.  toluene!* These authors identified the former as a PCET reaction
(7) Babcock, G. T.; Wikstrom, MNature 1992 356 301--309. and the latter as an HAT reaction. This identification was based

(8) Malmstrom, B. GAcc. Chem. Red.993 26, 332-338. X . X X
(9) Siegbahn, P. E. M.; Eriksson, L.; Himo, F.; Pavlov, JPhys. Chem. B on an analysis of the singly occupied molecular orbital (SOMO)
1998 102 10622-10629.

(10) Blow, D. M. Acc. Chem. Red.976 9, 145. (14) Mayer, J. M.; Hrovat, D. A.; Thomas, J. L.; Borden, W.JT Am. Chem.
(11) Ramaswamy, S.; Eklund, H.; Plapp, B.Biochemistry1994 33, 5230— S0c.2002 124, 11142-11147.
5237. (15) Hammes-Schiffer, SChem. Phys. Chen2002 3, 33—42.
(12) Ren, X. L.; Tu, C. K.; Laipis, P. J.; Silverman, D. Riochemistryl995 (16) Hammes-Schiffer, SAcc. Chem. Re®001, 34, 273-281.
34, 8492-8498. (17) Cukier, R. 1.J. Phys. Chem. B002 106, 1746-1757.
(13) Knapp, M. J.; Rickert, K. W.; Klinman, J. B. Am. Chem. So2002 (18) Binstead, R. A.; McGuire, M. E.; Dovletoglou, A.; Seok, W. K.; Roecker,
124, 3865-3874. L. E.; Meyer, T. J.J. Am. Chem. S0d.992 114, 173-186.
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at the transition state geometry. For the phenoxyl/phenol system,the two types of reactions. Our analysis utilizes the semiclassical
the SOMO is dominated by 2p orbitals on the donor and analytical expression for the vibronic coupling derived by
acceptor oxygen atoms that are perpendicular to the protonGeorgievskii and Stuchebrukhé¥as well as analytical expres-
donor-acceptor (&-H---0) axis, while the proton participates  sions in the limits of electronically adiabatic and nonadiabatic
in a hydrogen bond involving orbitals. Since the electron and  proton tunneling. Even when the overall reaction is vibronically
proton are transferred between different sets of orbitals, the nonadiabatic, the proton tunneling can be in the electronically
authors describe this reaction as PCET. For the benzyl/tolueneadiabatic or electronically nonadiabatic limits or in the inter-
system, the SOMO is dominated by atomic orbitals oriented mediate regime. Here the proton tunneling is defined to be
along the donoracceptor (&-H---C) axis, and the authors electronically adiabatic when the electronic transition time is
describe this reaction as HAT. This analysis serves as a usefulmuch shorter than the proton tunneling time, so the electrons
way to distinguish between these two types of reactions. For are able to respond virtually instantaneously to the proton
convenience, we will use these definitions of HAT and PCET motion, and the reaction proceeds on the electronically adiabatic
and will use the term “general PCET” to encompass all reactions ground state. The proton tunneling is defined to be electronically
involving electron and proton transfer in a single step. Note nonadiabatic when the electronic transition time is much longer
that the distinction between sequential and concerted transferthan the proton tunneling time, so the electrons are unable to
within this single step is not well defined because the electron rearrange fast enough to follow the proton motion, and the
and proton behave quantum mechanically. excited electronic state is involved in the reaction. Our analysis
In this paper, we present a different analysis of the phenoxyl/ indicates that the phenoxyl/phenol reaction, which was previ-
phenol and benzyl/toluene systems and gain additional insightOUS|y identified to be PCET, is electronically nonadiabatic, while
into the fundamental differences between these two types of the benzyl/toluene reaction, which was previously identified to
reactions. Since hydrogen tunneling is often important in these be HAT, is electronically adiabatic. These links between PCET
types of reactions, we treat the transferring hydrogen nucleusand electronic nonadiabaticity and between HAT and electronic
quantum mechanically and calculate the vibronic coupling adiabaticity provide insights into the fundamental physical
between the mixed electroriproton vibrational wavefunctions ~ differences between these two types of reactions.
corresponding to the reactant and the product states. Even when The paper is organized as follows. Section Il presents the
the splitting between the ground and excited electronic statestheoretical framework and the computational methodology.

is much larger than the thermal enerdgT, these types of

Section Il presents the results and an extensive analysis.

reactions are often vibronically nonadiabatic with respect to the Conclusions are summarized in section IV.
solvent and protein environment because the vibronic coupling | Theory and Methods

is much less thahkgT. In this case, the rate of the reaction is
proportional to the square of the vibronic coupliig?? As a

A. Analytical Expressions for Vibronic Couplings. Previ-

result, the magnitude of the vibronic coupling and its dependence ©usly we developed a theoretical formulation for general PCET

on the proton doneracceptor distance can significantly impact

reactions and derived vibronically nonadiabatic rate expres-

the rates, kinetic isotope effects, and temperature dependence§ionst®2%3 In this formulation, the PCET reaction occurs

of general PCET reactiort$2* The impact of the vibronic

between two diabatic electronic states, denoted | and I,

coupling on the rates and kinetic isotope effects has beenrepresenting the localized electron transfer states. The transfer-

illustrated for PCET reactions in iron bi-imidazoline com-
plexes?> oxoruthenium polypyridyl complexé, ruthenium
polypyridyl—tyrosine system&,and the enzyme lipoxygena&e.
Recently, the impact of the vibronic coupling on the temperature

dependence of the kinetic isotope effect has been elucidatedwavefunctions denoteg) and ¢},

for the PCET reaction catalyzed by the enzyme lipoxygefase.
Thus, the calculation of the vibronic coupling is critical for a
complete understanding of general PCET reactions.

In addition to calculating the vibronic coupling for these two
systems, we identify a new diagnostic for differentiating between

(19) Soudackov, A.; Hammes-Schiffer, $. Chem. Phys200Q 113 2385-
2396

(20) Soudackov, A.; Hatcher, E.; Hammes-Schiffer JSChem. Phys2005
122, 014505.

(21) Cukier, R. I1.J. Phys. Chem1996 100, 15428-15443.

(22) Cukier, R. I.; Nocera, D. GAnnu. Re. Phys. Chem1998 49, 337-369.

(23) Hammes-Schiffer, S.; lordanova, Biochim. Biophys. ActaBioenergetics
2004 1655 29-36.

(24) Hatcher, E.; Soudackov, A.; Hammes-Schiffer) Shys. Chem. B005
109, 18565-18574.

(25) lordanova, N.; Decornez, H.; Hammes-Schiffer].3Am. Chem. So2001,
123 3723-3733.

(26) lordanova, N.; Hammes-Schiffer, .Am. Chem. So2002 124, 4848-
4856

(27) Carra, C.; lordanova, N.; Hammes-Schiffer,JSAm. Chem. So2003
125 10429-10436.

(28) Hatcher, E.; Soudackov, A. V.; Hammes-Schiffer JSAm. Chem. Soc.
2004 126, 5763-5775.

(29) Hatcher, E.; Soudackov, A. V.; Hammes-SchifferJSAm. Chem. Soc.
in press.
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ring electron is localized on the donor for diabatic state | and
on the acceptor for diabatic state Il. The proton vibrational
wavefunctions are calculated for each diabatic electronic state,
leading to a set of reactant and product proton vibrational
U respectively. For sim-

plicity, here we consider the tunneling between only the ground
state reactant and product mixed electrerpeoton vibrational
states. In this case, the rate of reaction is proportional to the
square of the vibronic coupling, which is defined to be the
Hamiltonian matrix element between the reactant and product
mixed electronie-proton vibrational wavefunctions. The overall
reaction is vibronically nonadiabatic with respect to the solvent
or protein environment when this vibronic coupling is much
less thanksT. As mentioned above, even for vibronically
nonadiabatic PCET reactions, the proton tunneling can be
electronically nonadiabatic, electronically adiabatic, or in the
intermediate regime. Our previously derived rate expressions
for general PCET reactions are valid in all of these regit1éSs.

In this paper, the electronically nonadiabatic and adiabatic
limits for general PCET reactions refer to the relative time scales
of the electrons and the transferring proton. The electrons

(30) Georgievskii, Y.; Stuchebrukhov, A. A. Chem. Phy200Q 113 10438~
10450.

(31) Soudackov, A.; Hammes-Schiffer, $. Chem. Phys1999 111, 4672
4687.
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respond instantaneously to the proton motion in the electroni- and the time required to change the electronic state (i.e., the
cally adiabatic limit but not in the electronically nonadiabatic electronic transition time) is

limit. In the electronically nonadiabatic limit, the vibronic
coupling\/‘Sj’ can be expressed as the product of the electronic
coupling and the FranekCondon overlap of the reactant and
product proton vibrational wavefunctions:

~ e (7)

The adiabaticity parameter is simply the ratio of these two
ViR = VETG0 1ol 0 (1) times:

In the electronically adiabatic limit, the proton dynamics occur 7,

on the electronically adiabatic ground state potential energy p== (8)
surface, and the vibronic coupling?? can be calculated by
standard semiclassical methdds3 For a symmetric system,
the vibronic coupling\/fjaﬁ) is half the splitting between the

symmetric and antisymmetric proton vibrational states for the

When the proton tunneling time is much longer than the elec-
tronic transition time, the electronic states have enough time to
. ! mix completely and the proton transfer occurs on the electroni-
electronic ground state potential energy surface. _ cally adiabatic ground state surface (i.e., the reaction is electron-
Many general PCET reactions are in between the electroni- joo 1y adiabatic). When the proton tunneling time is much less
cally nonadiabatic .and adlaba_ltlc I'm'ts' Georgl.evsku and than the electronic transition time, the reaction is electronically
Stuchebrgkhoﬁf’ denved a semiclassical expression for the ,n44iahatic because the electronic states no longer have enough
general vibronic couplingy(5z: time to mix completely during the proton tunneling process.
VEO) — /@) B. Computational Methodology. We calculated the input
DA — KVDA ) guantities for the vibronic coupling expressions with conven-
tional electronic structure methods. We emphasize that our goal
is not to provide quantitatively accurate results for these specific
pip—p systems, but rather to enable a qualitative comparison of the
K= v27rpe— 3) fundamental nature of these two types of systems. As a result,
I(p+1) we utilize moderate levels of electronic structure theory that
provide physically reasonable results. The quantitative accuracy
of the results can be improved by using a larger basis set and
including dynamical electron correlation. Unless otherwise
[VET? specified, we used the Gaussian03 pacKdige these electronic
P=RAFIL, (4) structure calculations.

We obtained the transition state geometries, which were
whereu is the tunneling velocity of the proton at the crossing OPtimized with density functional theory (DFT) using the
point of the two proton potential energy curves ang| is the B3LYP functionaf>*6and the 6-31G* basis sétfrom ref 14.
difference between the slopes of the proton potential energy The qualitative dependence of the vibronic coupling on the
curves at the crossing point. The tunneling velogitgan be donor-acceptor distance was determined by translating the rigid
expressed in terms of the eneidyat which the potential energy ~ donor and acceptor molecules along the deraarceptor axis

where the factok is defined as

In eq 3, I'(x) is the gamma function ang is the proton
adiabaticity parameter, defined as

curves cross, the tunneling enerfy and the massn of the for the transition state geometry. For each derexceptor
proton: distance, all nuclei were fixed except for the transferring
hydrogen, which was treated quantum mechanically. In this
2(V, — E) paper, t_he reactan_t an_d product states refer_ to the mixed
WIEA T (5) electronie-proton vibrational quantum states in which the

electron and proton are localized on the donor in the reactant
In the electronically adiabatic limitp > 1, « = 1, and the state and on the acceptor in the product state for fixed geometry
of all other nuclei. In general, the Frane€ondon overlap factor
from the other nuclei could contribute to the vibronic coupling,
but this contribution is not directly relevant to the analysis
presented in this paper.

We obtained the electronically adiabatic ground and excited
state potential energy curves along the hydrogen coordinate by
calculating the state-averaged CASSCF(3,6) energy for the
" hydrogen positioned at discrete grid points along the axis

connecting the donor and acceptor atoms. The active space was

vibronic coupling simplifies to\/(,g‘g). In the electronically
nonadiabatic limit,p < 1, x = (22p)*% and the vibronic
coupling reduces "' as given in eq 1.

The adiabaticity of a general PCET reaction can be viewed
in terms of the relative times of the proton tunneling and the
electronic transition. Within the semiclassical framework, the
time spent by the tunneling proton in the crossing region (i.e.
the proton tunneling time) is

VET chosen to ensure that the character of the orbitals in the active
%™ AR (6) space was conserved along the hydrogen coordinate and the
t
(34) Frisch, M. J.; et alGaussian 03revision C.03; Gaussian, Inc.: Pittsburgh,
(32) Vorotyntsev, M. A.; Dogonadze, R. R.; Kuznetsov, A.Dbkl. Akad. Nauk PA, 2003.
SSSRI973 209 1135. (35) Lee, C.; Yang, W.; Parr, P. ®hys. Re. B 1988 37, 785-789.
(33) Fain, B.Theory of Rate Processes in Condensed MeSfinger: New (36) Becke, A. D.J. Chem. Phys1993 98, 5648-5652.
York, 1980. (37) Hariharan, P. C.; Pople, J. Aheor. Chim. Actal973 28, 213-222.
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electronic ground state was qualitatively similar to the ROHF

—~
QO
-

ground state. As discussed below, we also calculated three- 50
dimensional potential energy surfaces for the hydrogen at the _
ROHF level. The 6-31G basis $&was used for all ROHF and 2 4o
CASSCEF calculations to enable the efficient calculation of the § 30+
three-dimensional potential energy surfaces. We determined that =
the ground and excited state potential energy surfaces are & 20r
qualitatively similar for the 6-31G and 6-31G* basis sets. Ij':j 10k
The quantities in the expressions for the vibronic couplings Ly LR
given in section IIA were determined from the CASSCF 0B a0 6 05 04 06
potential energy curves. The electronic couphi is half the H coordinate [A]
splitting between the two electronically adiabatic CASSCF (b)
potential energy curves at the midpoint between the donor and 140
acceptor atoms. A two-state valence bond model was used to — 120

fit the state-averaged CASSCF potential energy curves for the
purpose of obtaining the two localized electronically diabatic

potential energy curves for the phenoxyl/phenol system. A four-
state valence bond model was used for the benzyl/toluene

m
-
® O
o O

Energy [kcal/mol
D
=)

system. The details of both of these valence bond models are 40

given in the Supporting Information. The quantitigsF| and 20

Ve in eq§ 4 and' 5, rgspectively, were determined from these 06 0402 0 0504 06
electronically diabatic potential energy curves. The one- H coordinate [A]

dimensional hydrogen vibrational wavefunctions were calculated Figure 1. State-averaged CASSCF ground and excited state electronically
for the diabatic and adiabatic potential energy curves using the adiabatic potential energy curves along the transferring hydrogen coordinate
Fourier grid Hamiltonian methd@4°with 128 grid points. The  for (%)_ thf Phef“0|>|<y|/p'1len0| SySttel:;] af:d (b)fthf? beEZ)éVtomene SYStem-J?e
: ; coordinates of all nuclei except the transferring hydrogen correspond to
Fra”Ck_,CO”‘,’O“ overlap in ,eq 1is the overlgp b.etween t'he the transition state geometry. The proton deraeceptor distances are 2.40
proton vibrational wavefunctions for the two diabatic potential angd 2.72 A, respectively, for the phenoxyl/phenol and the benzyl/ toluene
energy curves. The electronically adiabatic vibronic coupling system. The CASSCF results are depicted as open circles that are blue for

V(SE) is half the splitting between the ground and excited the ground state an_d red for_ the excited state. The black_ dashed lines
represent the diabatic potential energy curves corresponding to the two

hydrogen Vibration?' states for the e|eCtr0”iCja”y adi_abatic localized diabatic electron transfer states | and I1. The mixing of these two
ground state potential energy curve. The tunneling enErigy diabatic states with the electronic coupl§T leads to the CASSCF ground

eq 5 is the hydrogen vibrational ground state energy for the and excited state electronically adiabatic curves depicted with solid colored
: . . : lines following the colored open circles. For the phenoxyl/phenol system,
electronically diabatic potential energy curve. the solid colored lines and the black dashed lines are nearly indistinguishable

To study the impact of the three-dimensional character of because the adiabatic and diabatic potential energy curves are virtually
the hydrogen vibrational wavefunction, we also calculated three- identical except in the transition state region.
dimensional potential energy surfaces for the hydrogen at the
ROHF level. For the electronically nonadiabatic system, we
obtained the electronically diabatic potential energy curves by

calculating the ROHF energy for a three-dimensional grid with . . . . ;
g 9y 9 reactions. Second, the present analysis provides the vibronic

32 grid points per dimension spanning half of the proton denor linas. which are reauired for calculating rat nd kineti
acceptor axis, fitting the data points to an analytical functional couplings, ch are required for calculating rates a etic

form (i.e., a fourth-order polynomial), and using the analytical isotope effects.
functional form to generate the potential energy surface for a Ill. Results

grid with 64 points per dimension. For the electronically
adiabatic system, we obtained the electronically adiabatic ground
state potential energy surface by calculating the ROHF energy
for a three-dimensional grid with 32 points per dimension. The
three-dimensional hydrogen vibrational wavefunctions were
calculated for the ROHF potential energy surfaces using the
Fourier grid Hamiltonian metho#?:*°* We used the GAMESS

electronic structure progréffor the three-dimensional calcula- symmetry, and the G-H-+C bond is orthogonal to the planes

tions. of the benzene rings. The proton donaicceptor distance is

This analysis has two main practical advantages over the 2.72 A, and the system does not form a strong hydrogen bond
orbital-based analysis in ref 14. First, the present analysis mayalong the G-+H---C axis because of the lack of lone pairs of

electrons on benzyl and toluene.
Figure 1 depicts the potential energy curves along the

(39) Webb, S. P.; Hammes-Schiffer,5.Chem. Phy200Q 113 5214-5227. i i
(40) Marston C. C.. Balint.Kurti, G. GJ. Chem. Physlo89 91 3571, transferring hydrogen coordinate for the phenoxyl/phenol and

(41) Schmidt, M. W.; Baldridge, K. K.; Boatz, J. A.; Elbert, S. T.; Gordon, M. the benzyl/toluene systems. The CASSCF electronically adia-
S.;Jensen, J. H.; Koseki, S.; Matsunaga, N.; Nguyen, K. A.; Su, S.; Windus, : ; ;
T.'L. Duplis, M.: Montgomery. J. AJ. Comput. Cherr993 14, 1347 batic gr_ound _and _excned state curves are depicted. The
1363. electronically diabatic curves corresponding to the two electron

be more reliable because the molecular orbitals corresponding
to the electronically adiabatic ground state at the transition state
geometry may not be meaningful for electronically nonadiabatic

As discussed previously, the transition state geometries of
the phenoxyl/phenol and the benzyl/toluene systems are quali-
tatively different. The phenoxyl/phenol transition state Bas
symmetry, and the &H---O bond is approximately planar with
the phenol rings. The proton doreacceptor distance is 2.40 A,
and the system forms a strong hydrogen bond along the
O--+H---O axis. The benzyl/toluene transition state Hag

(38) Hehre, W. J.; Ditchfield, R.; Pople, J. &. Chem. Physl972 56, 2257
2261
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Figure 2. The two highest-energy occupied electronic molecular orbitals for (a) the phenoxyl/phenol system and (b) the benzyl/toluene system. Ttie electroni
wavefunctions for diabatic states | and Il are calculated at the minima of the ground state electronically adiabatic potential energy curveBighosvn in
1, and the electronic wavefunctions for the transition states (TS) are calculated at the maxima of these potential energy curves. For botle gystemds, th
state electronic wavefunction is predominantly single configurational, and the lower molecular orbital is doubly occupied, while the upgar orbiésiu
is singly occupied. These figures were generated with MacMofPlot.
transfer states, denoted | and Il, are also depicted. These diabatisystem proceeds from diabatic state | to diabatic state Il. The
states correspond to fixed electronic wavefunctions associatedchange in the electronic wavefunction involves the shifting of
with the hydrogen bonded to the donor atom (I) or to the electronic density of the doubly occupied molecular orbital from
acceptor atom (Il). By construction, the mixing of these two the conjugatedr orbital on the donor ring to the conjugatad
diabatic states with the appropriate couplM§' leads to the  orbital on the acceptor ring, as well as the shifting of electronic
CASSCF electronically adllallaatlc ground and excited .state density of the singly occupied molecular orbital from the
CUrVeS.. Note that the Spllttlng between the eIeCtrOruca”y acceptor Oxygen or Carbon to the donor Oxygen or Carbon_
ad'abit'g grlound ?ndtﬁxcged stlz;lttels IS morettharlhan (;rdet;]of The electronic wavefunctions for the two systems are
magnitude farger for the benzyltoluéne systém than for the qualitatively different at the transition state. For both systems,
phenoxyl/phenol system. As a result, the diabatic curves are . . . :
L . . the ground state electronic wavefunction remains predominantly
very similar to the adiabatic curves for the phenoxyl/phenol . . . "
N . - 4 single configurational at the transition state. In the phenoxyl/
system but are significantly different from the adiabatic curves . .
phenol system, the two highest-energy occupied molecular

for the benzyl/toluene system. . . .
The two highest-energy occupied electronic molecular orbitals orbitals are dominated by 2p orbitals on the donor and acceptor

are depicted in Figure 2 for the phenoxyl/phenol and the benzyl/ ©XY9€n atoms that are perpendicular to the hydrogen denor
toluene systems. The diabatic states | and Il are represented byCCEPIOr axis. In the ground state, the doubly occupied molecular
the electronic wavefunctions corresponding to the minima of Orbital corresponds tor-bonding, and the singly occupied
the potential energy curves. For both systems, the ground statdnolecular orbital corresponds toantibonding. In the benzyl/
electronic wavefunction is predominantly single configurational toluene system, the two highest-energy occupied molecular
in the regions near the minima. For diabatic state I, the highest Orbitals are dominated by orbitals on the donor and acceptor
doubly occupied molecular orbital is localized mainly on the carbon atoms and are oriented along the hydrogen donor
conjugatedr system of the donor ring, and the singly occupied acceptor axis. In the ground state, the highest doubly occupied
molecular orbital is localized mainly on the acceptor oxygen molecular orbital corresponds te-bonding, and the singly

or carbon. The opposite configuration is observed for diabatic occupied molecular orbital correspondsstantibonding. Previ-
state 1l. For both systems, the electron transfer process isously Mayer, Borden, and co-workétsised these differences
represented by the change in the electronic wavefunction as than the singly occupied molecular orbitals of the transition state

J. AM. CHEM. SOC. = VOL. 128, NO. 51, 2006 16659



ARTICLES Skone et al.

Table 1. Electronic Coupling VET, Adiabaticity Parameter p, Table 3. Vibronic Couplings in cm~! for the Benzyl/Toluene
P_I'efaCtOl’ k, Proton Tunneling Time Tp, and Electronic Transition System Calculated with the Semiclassical Method (‘/DSX)) and for
Time 7e for the Phenoxyl/Phenol and Benzyl/Toluene Systems the Adiabatic (V%) and Nonadiabatic (V%) Limitsa
system* VET em ™) P K % (f9) 7 (fs) hydrogen deuterium
phenol 700 0.0130 0.268 0.098 7.60 R (A Ve Vo ) Ve Vo Vi)
toluene 14300 3.45 0.976 1.28 0.370 w ) oA o o o o oA
2.60 167 (116) 163 58.7 42.5 (26.0) 41.8 4.07
aThe proton donoracceptor distances are 2.40 and 2.72 A, respectively, 2.65  87.8(57.0) 858 254 149(8.43) 145 123
for the phenoxyl/phenol and benzyl/toluene systems. 270  38.5(24.8) 375 108 4.06(2.38) 399 037
2.72 21.6 (16.1) 21.1 5.58 1.70 (1.25) 1.67 0.14
2.75 15.0 (9.89) 14.6 3.96 097(0.61) 095 0.08
Table 2. Vibronic Couplings in cm~? for the Phenoxyl/Phenol 2.80 7.36 (3.64) 716 236 0.35(0.14) 0.34 0.04
System, Calculated with the Semiclassical Method (V$9) and for
the Adiabatic (V2Y) and Nonadiabatic (V) Limits? 2The values in parentheses are the vibronic couplings calculated with
- the transferring hydrogen nucleus represented by a three-dimensional
hydrogen deuterium vibrational wavefunction. For all other values of the vibronic coupling given,
N Vad Vo V) Vad Vo Vo) the transferring hydrogen nucleus is represented by a one-dimensional
0 oA oA oA oA oA oA vibrational wavefunction. The vibronic couplings are given for both
225 198 782 729 472  20.6 18.7 hydrogen and deuterium transfer.

230 104 358 334(153) 171 661  6.08(2.59)

235 467 145 13.7(7.23) 5.04 177  1.65(0.90) : ; :
240 173 465 447(286) 111 034 033(0.25 nonadiabatic couplings for the phenoxyl/phenol system and are

245 6.10 149 145(111) 023 007 006(0.06) in excellent agreement with the adiabatic couplings for the
2.50 196 042 041(0.36) 004 0.01 001(0.01) benzyl/toluene system. These results confirm that the proton
a . - . __transfer is electronically nonadiabatic for the phenoxyl/phenol
The values in parentheses are the vibronic couplings calculated with . . . .
the transferring hydrogen nucleus represented by a three-dimensional™®@ction and electronically adiabatic for the benzyl/toluene
vibrational wavefunction. For all other values of the vibronic coupling given, reaction. Tables 2 and 3 also provide the vibronic couplings
e ansieig ydregen fuleus i eeserted by 2 onemenenaior he derterated phenoxylihenol and benzyifoluene systems,
hydrogen and deuterium transfer. respectively. For a given proton doreacceptor distance, the
vibronic couplings are significantly smaller for deuterium than
wavefunctions to designate the phenoxyl/phenol and benzyl/ for hydrogen because of the greater localization of the deuterium
tolune systems as PCET and HAT, respectively. wavefunction, leading to smaller overlaps between the reactant
Table 1 presents the electronic coupIWig', the adiabaticity and product proton vibrational wavefunctions.
parametep, the prefactok, the proton tunneling timep, and Figure 3 illustrates the physical principles underlying the
the electronic transition time. for the two reactions. For both  ejectronically nonadiabatic and adiabatic limits. For the elec-
systems, the electronic coupling is significantly greater than the yronjcally nonadiabatic phenoxyl/phenol reaction, the vibronic
thermal energyksT at room temperature. As will be shown ¢4 pjing is the product of the electronic coupling between the
below, however, the overall vibronic coupling is significantly  gianatic states | and 11 and the overlap of the reactant and
less tharksT, leading to an overall vibronically nonadiabatic ¢t proton vibrational wavefunctions corresponding to these

reaction with respect to a solvent (_anvwonmgnt at room M- Giabatic states. For the electronically adiabatic benzyl/toluene
perature for both systems. The remainder of this analysis focusesreaction, the vibronic coupling is half the energy splitting

on the electronic adiabaticity and nonadiabaticity of the proton between the states corresponding to the symmetric and anti-

tunneling process. symmetric proton vibrational wavefunctions for the electroni-
The fundamental nature of the proton tunneling is different y : :
cally adiabatic ground state.

for the two systems. For the phenoxyl/phenol system, the ) . . .
adiabaticity parametey is very smallx ~ (27p)Y2, andre ~ The dllstance dgpendence of the wbroryg coupling plays a
80r,. In this case, the electronic transition time is significantly &Y role in determining the rates and kinetic isotope effects, as
greater than the proton tunneling time. As a result, the electronsWell as the temperature dependences, of general PCET reactions.
are not able to rearrange fast enough for the proton to move on ' he dependence of the vibronic couplings on the proton denor
the electronically adiabatic ground state surface, and the protonacceptor distance is depicted in Figure 4 for the two systems.
transfer reaction is electronically nonadiabatic. For the benzyl/ In the electronically nonadiabatic limit, this distance dependence
toluene system, the adiabaticity paramegds larger,x ~ 1, is dominated by the overlap between the reactant and product
andt, ~ 4t In this case, the electronic transition time is less Proton vibrational wavefunctions. As shown in ref 44, in the
than the proton tunneling time. Thus, the electrons can respondregion close to the equilibrium valug, the overlap can be
instantaneously to the proton motion, and the proton moves onapproximated to be of the for®R) 0 §R) exp[-a(R — R)].
the electronically adiabatic ground state surface. This analysisIn the electronically adiabatic limit, the semiclassical tunneling
indicates that the proton tunneling is electronically nonadiabatic matrix element for proton transfer can also be approximated to
for the phenoxyl/phenol system but electronically adiabatic for depend exponentially on the proton donacceptor dis-
the benzyl/toluene system. tance*?43Thus, our recent theoretical treatment of general PCET
The vibronic couplings calculated with the adiabatic, nona- reactions assumes an exponential dependence of the vibronic
diabatic, and semiclassical methods are provided in Tables 2coupling on the proton donefacceptor distance:2444
and 3 for the phenoxyl/phenol and benzyl/toluene systems,
respectively. In all cases, the adiabatic vibronic couplings are (42) Borgis, D.; Hynes, J. TChem. Phys1993 170, 315-346.
larger than the nonadiabatic vibronic couplings. The semiclas- (43) Kiefer, P. M.; Hynes, J. TSolid State lonic2004 168 219.

. . . . . . (44) Hatcher, E.; Soudackov, A.; Hammes-SchifferC8em. Phys2005 319,
sical vibronic couplings are in excellent agreement with the 93-100.
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form exp[—aR] for hydrogen (solid) and deuterium (dashed) transfer. The
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Figure 3. (a) Diabatic potential energy curves corresponding to the two
localized diabatic electron transfer states | and Il and the corresponding
proton vibrational wavefunctiong( (blue) andg{” (red) for the phe-
noxyl/phenol system. Since this reaction is electronically nonadiabatic, the
vibronic coupling is the product of the electronic coupliWg’ and the
overlap of the reactant and product proton vibrational wavefunctions

Q¢ (b) Electronically adiabatic ground state potential energy cuve 1 pie 4 values of «, the Dependence of the Vibronic Coupling
and the corresponding proton vibrational wavefunctions for the benzyl/ 4 the Proton Donor—Acceptor Distance R, for the Phenoxyl/
toluene system. Since this reaction is electronically adiabatic, the vibronic phenol and Benzyl/Toluene Systems?

coupling is equal to half of the energy splittidgbetween the symmetric

(cyan) and antisymmetric (magenta) proton vibrational states for the system a (1D)  (3D)
electronic ground state potential energy surface. For illustrative purposes, phenol (H) 20 19
the excited vibrational state is shifted up in energy by 0.8 kcal/mol. phenol (D) 28 28
0 _ toluene (H) 15 17
Voa = VO exp[-a(R— R)] ©) toluene (D) 24 26

where V(S)A is the value of the vibronic coupling at the 2 The distance dependence of the vibronic coupling is fit to the functional

A . = . . . form exp[-aR]. Thea values are given for both the one-dimensional (1D)
equilibrium distancer. The results shown in Figure 4 validate  and three-dimensional (3D) treatment of hydrogen (H) and deuterium (D).

the exponential dependence of the vibronic couplings on the The values ofx are given in AZ,
proton donof-acceptor distance for both systems in the range calculated the overlap between the corresponding three-

of distances studied. dimensional hydrogen vibrational wavefunctions. In the elec-
The values ofo for both hydrogen and deuterium transfer tronically adiabatic limit, we calculated the three-dimensional
for both systems are given in Table 4. The valuesxohre potential energy surface for the electronic ground state at the

slightly larger for the phenoxyl/phenol system than for the ROHF level and calculated the energy splitting between the
benzyl/toluene system because of differences in the frequencieshree-dimensional ground and excited state hydrogen vibrational
and energy barriers. For the phenoxyl/phenol system, which is wavefunctions. The results are given in Tables 2 and 3 for both
electronically nonadiabatic, the valuefis dominated by the ~ hydrogen and deuterium for the two systems. The three-
dependence of the overla@g)mﬂ')ﬂon the proton doner dimensional treatment of the transferring hydrogen decreases
acceptor distance. The valuesooére larger for deuterium than  the vibronic coupling by as much as a factor of 2 and slightly
for hydrogen because the overlap between the reactant andlecreases the kinetic isotope effect on the magnitude of the
product deuterium wavefunctions falls off faster with distance vibronic coupling. As shown in Table 4, the three-dimensional
than the corresponding overlap for the hydrogen wavefunctions treatment of the transferring hydrogen does not significantly
due to the larger mass of deuterium. alter the value ofr, which reflects the exponential dependence
The vibronic couplings are reduced when the transferring of the vibronic coupling on the proton doneacceptor distance.
hydrogen nucleus is represented by a three-dimensional rather An alternative method for calculating the vibronic couplings
than a one-dimensional vibrational wavefunction. The extensions with a three-dimensional treatment of the transferring hydrogen
of the electronically nonadiabatic and adiabatic limits to three nucleus is the nucleaelectronic orbital nonorthogonal con-
dimensions are straightforward. In the electronically nonadia- figuration interaction (NEO-NOCI) methdd This method treats
batic limit, we calculated the three-dimensional potential energy the electrons and transferring proton on equal footing with
surface for the two diabatic states at the ROHF level and molecular orbital techniqgues and provides mixed nuctear
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electronic wavefunctions. Future work will explore the potential computationally practical. For these types of systems, the
of the NEO-NOCI method for calculating vibronic couplings. vibronic coupling could be calculated for the electronically

The magnitude and distance dependence of the vibronic adiabatic and electronically nonadiabatic limits, and the resulting
coupling strongly impact the magnitudes and temperature values could be used in conjunction with eq 11 to estimate the
dependences of the rates and kinetic isotope effects (KIEs). Asmagnitude and temperature dependence of the KIE. If the KIE
derived previousRBP-2°using a series of well-defined, physically is different in the two limits, a comparison to the experimental
reasonable approximations, the rate of a general PCET reactiordata could be used to determine the mechanism.

can be expressed as
IV. Conclusions

0),2 2
K= Mw' 2kBT(xW T In this paper, we calculated the vibronic couplings for the
- ZPM z A ex MO? O+ 2 )ksT x phenoxyl/phenol and the benzyl/toluene self-exchange reactions.
" ! o . The vibronic couplings significantly impact the rates and kinetic
(AG® + 1+ A¢,,) w0 isotope effects, as well as the temperature dependences, of
exg — 1 eneral PCET reactions. Although the splittings between the
40, + 2 ks T J J P

ground and excited electronic states are significantly larger than
the thermal energysT at room temperature, the vibronic
couplings for both systems were found to be smaller thdn
indicating that the reactions are vibronically nonadiabatic with

] e ' ) respect to a solvent environment. The proton tunneling was
AG" is the driving force A, is the difference between the  4,nq to be electronically nonadiabatic for the phenoxyl/phenol
product and reactant vibronic energy_levels relative to the ground system and electronically adiabatic for the benzyl/toluene
states, andVl and Q are the effective mass and frequency gysiem. For the phenoxyl/phenol system, the electronic transition

associated with the proton donecceptor motion. If we  (ime is significantly greater than the proton tunneling time. Thus,
consider only the nonadiabatic transition between the two ground e electrons are not able to rearrange fast enough to follow

states, the KIE can be approximated as

where the summations are over reactant and product vibronic
statespP, is the Boltzmann probability for the reactant state
A is the solvent/protein reorganization energy = h2aﬁV/2M,

the proton motion on the electronically adiabatic state, and the
proton tunneling involves the excited electronic state. For the

0),2
| H)| 2k T 2 benzyl/toluene system, the electronic transition time is less than
KIE ~ ——expy ——(o — ap) (12) A
|V(|:?)|2 MQ? 1 b the proton tunneling time. As a result, the electrons can respond

instantaneously to the proton motion, and the proton moves on

The temperature dependence of the KIE depends on thethe electronically adiabatic ground state surface.
difference between the distance dependences of the vibronic We also examined the dependence of the vibronic coupling
couplings for hydrogen and deuterium. The magnitude of the on the proton doneracceptor distance and the deuterium kinetic
KIE depends on this difference and on the ratio of the isotope effect on both the magnitude and the distance depen-
equilibrium vibronic couplings for hydrogen and deuterium. dence of the vibronic coupling. The vibronic coupling decreases
Thus, the calculation of the vibronic coupling is essential for €xponentially with the proton donercceptor distance for both
predicting the magnitudes and temperature dependences of th&lectronically adiabatic and electronically nonadiabatic reactions
rates and KIEs. Comparison of the calculated values to in the range of chemically relevant distances. For a given proton
experimentally measured KIEs and their temperature depend-donor-acceptor distance, the vibronic couplings are significantly
ences will be useful for validating this general approach and smaller for deuterium than for hydrogen because of the smaller
benchmarking the level of theory. overlap between the reactant and product proton vibrational
The distinction between electronic adiabaticity and nonadia- Wavefunctions for deuterium. Moreover, the value of the
baticity has important experimental consequences because th&xponential decay parameteiis larger for deuterium than for
vibronic couplings can be substantially different in the electroni- hydrogen because the overlap between the reactant and product
cally adiabatic and nonadiabatic limits. These differences are deuterium wavefunctions falls off faster with distance than the
clearly illustrated in Tables 2 and 3. As indicated by eqs 10 corresponding overlap for the hydrogen wavefunctions. Fur-
and 11, the magnitude and distance dependence of the vibroni¢hermore, the vibronic couplings are reduced but the value of
coupling can significantly impact the magnitudes and temper- @ is not significantly altered when the transferring hydrogen
ature dependences of the rates and the KIEs. Thus, the calculahucleus is represented by a three-dimensional rather than a one-
tion of the vibronic Coup"ng in the correct ||m|t’ or in the inter- dimensional vibrational wavefunction. These trends are direCtly
mediate regime, is critical for the interpretation of experimental relevant to the study of general PCET reactions.
data and the generation of experimentally testable predictions. This type of analysis provides a new perspective on the
Furthermore, the experimentally measured magnitude anddistinction between PCET and HAT reactions. A conventional
temperature dependence of the KIE may be useful in the method for distinguishing PCET from HAT is that the electron
classification of a reaction as electronically adiabatic (i.e., HAT and proton are transferred between different donors and accep-
mechanism) or electronically nonadiabatic (i.e., PCET mecha- tors (or different sets of orbitals) for PCET. Within this
nism). For complex systems, the calculation of the semiclassical framework, our analysis suggests that PCET reactions are
vibronic coupling and the adiabaticity parameter may not be electronically nonadiabatic, whereas HAT reactions are elec-
tronically adiabatic. These two mechanisms can be differentiated

(45) Skone, J. H.. Pak, M. V.. Hammes-Schiffer JSChem. Phys2005 123 by calculating the adiabaticity parameter, which depends on the
(46) Bode, B. M.; Gordon, M. SJ. Mol. Graphics199§ 16, 133. electronic coupling and other quantities that can be determined
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with quantum chemistry methods. Future work will be aimed  Supporting Information Available: Details for the valence

at the classification of systems as PCET or HAT based on factorsbond models used to fit the CASSCF electronically adiabatic

such as geometry and electronic structure. potential energy curves along the proton coordinate for the
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