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Kinetic isotope effects (KIES) for proton transfer (PT) in a polar environment in the nonadiabatic, i.e., tunneling,
regime was presented in the preceding paper (Kiefer, P. M.; HynesJJPRys. Chem. 2004 108 0000).

The present paper extends this work by comparing the electronically adiabatic (EAd) view of tunneling PT
reactions of that paper with electronically diabatic (EDi) tunneling PT descriptions. Compared to the EAd PT
description, the electronically diabatic character inherent in EDi PT produces smaller rate constants, larger
KIE magnitudes with a smaller variation with reaction asymmetry, and a smaller activation energy difference
Eap — Ean. Specifically, the EDi PT picture is characterized by a “nonadiabatic coupling” element that is
smaller and less sensitive to both H-bond motion and proton vibrational excitation than those for EAd PT.

1. Introduction for PT (and H atom and hydride transfer) reactions, including

) _tunneling reaction&? an electronically diabatic pictute!! is
In the preceding papér(hereafter called paper 1), a theoreti- o+ annropriatds (So-called proton-coupled electron transfer

cal analysis for primary kinetic isotope effects (KIEs) was s 5 quite different reaction class, involving transfer of an
presented for proton transfer (PT) reactions in a polar environ- gjeciron over larger distances, where different considerations
ment, for the nonadiabatic “tunneling” PT regime derived from apply)16-18 However, as noted above, the EDi PT picture has

the basic formalism developed in ref 2. In this description, in recently been applied to enzymatic and other systéifsand
which a solvent coordinate is the reaction coordinate, there is e gifferences in predictions of the electronically adiabatic and
significant coupling between the proton donor-proton acceptor giapatic PT tunneling rates deserve clarification. One might
mode (H-bond mode, cf. eq l;% of papel),laiso called @ gynect that the rate constants in the two perspectives only differ
promoting” or “gating” mode}™ and the contribution of "5 constant (e.g., the square electronic coupling), but it will
excited proton vibrational states to the total PT rate constants o shown that this is not the case. In particular, variation of the

and KIEs is included. rate constants with, for example, temperature or reaction
In recent years there has been increased attention to tunnelingasymmetry leads to distinctly different behavior.

PT reactiong-** Coupling between H-bond dynamics and | the present paper, we provide a numerical comparison and

tunneling rates has, for example, been implicated in a variety discussion of the EDi PT perspective and the electronically

of enzymatié>8and nonenzymaticeactions, where KIEs have  adiabatic (EAd) PT picture described in papérfbcusing on

been used to characterize the H-bond dynamics. These experithe unimolecular situation of PT within a hydrogen-bonded (H-
mental results have often been analyzed using a picture forponded) complex of an acid and base, e.g

proton tunneling1! which is related to that of refs 1 and 2;

the reaction coordinate is also an environmental rearrangement, AH--B — A ---HB* (1.1)

but there is the very important difference that weak electronic

resonance coupling is assumed between the reactant and produgpecifically, the magnitude of rate constants, KIEs, and effective
equilibrium electronic configurations. We denote this alternate gctivation energies described in papér for EAd PT are
perspective as “electronically diabatic” (EDi) PT, such that the compared with those of the EDi PT picture. Section 2 presents
rate is proportional to the square of (a presumably small) the EDi PT formalism, including temperature and reaction
electronic coupling. This strongly contrasts with the PT picture asymmetry dependence. Section 3 compares and contrasts the

Of I’efS 1 and 2, Where the e|ectt_‘0niC Stru?ture adiabatica”y KIE for both perspec“ves Conc|ud|ng remarks are Offered |n
changes from reactant to product; i.e., there is a large electronicsection 4.

coupling, typical of bond-breaking and -making reactions. In
the EAd picture, the electronic distribution changes continu- 2. Electronically Diabatic ProtonTunneling Formalism
ously, whereas in EDi, the change is abrupt.

Arguments and evidence have been presented elselfiére
that the electronic adiabatic description is the one appropriate

In this section, the general rate constant formalism is
presented for proton tunneling reactions, in which the electronic
structure diabatically changes from reactant to product. Here
PE—— p A - 209 499.6926 we briefly review a limiting version of EDi PT1! and then
Fax: ‘(’3"(‘)’35’?9‘32%5;2?"‘5_%2‘?5 Shy%“es @isgggoﬁrggof’e”ded.( )4 ‘extend it to deal with contributions from excited proton states

T University of Colorado. and H-bond dynamics. In particular, an expression for the slope

*Ecole Normale Supeeure. in an Arrhenius plot is derived from this formalism, for later
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use in the KIE temperature analysis of section 3c. The present
derivation parallels the EAd PT formalism presented in paper [y ZSn =
RMp

2
mQa) o
llels t _ pre : . St [T dXV x
11 and thus it facilitates a direct quantitative comparison e

27RT

between the two perspectives for PT.
2a. General Formalism.The rate expression for EDi PT is

expl-Mgw (X = Xeg 2R TG 2epF (2.5)

given by the electron-transfer rate constant expression with aere it is assumed that no H-bond mode reorganization occurs;

Franck-Condon factor for proton reorganizatié#! The rate
constant expression, including excitation in both thgh
reactant andpth product proton vibrational modes, is a sum
over all proton rearrangements

V2

e

_ T =
k= ? ﬁ' nanan exp(—AGnR’nP/RT)Shnp (21)

i.e., the H-bond frequency and equilibrium separation do not
significantly differ between reactant and prodefct.

The electronic resonance coupligdepends exponentially
on the H-bond separation

Ve = Vo expl—20,(X — Xo]

wherea, is the inverse length scale of falloff &, and is on
the order 09231 A-1, (Here we ignore any proton coordinate

(2.6)

where Ve is the electronic resonance-coupling between donor dependence of the electronic couplig? The X dependence
and acceptor} is the reorganization energy of the environment in proton wave function overlap eq 2.4 can be expanded in the

(an electronically diabatic reorganization enéPyyThe reaction
barrierAC%ﬁWr1P for each path is given by

AGE - (A + AGryy + ho(np — NY))?

NRp a4 (22)

and Py, is the equilibrium thermal occupation probability of
each reactant proton vibrational ste$g. is the square of the
overlap of the reactant,, and producjyn, proton wave functions

S 9 = (Gl TF (2.3)

which is explicitly dependent on the displacemefiof the

reactant and product wave functions, i.e., the tunneling distance.

For two displaced harmonic oscillators of equal frequeacy

i.e., the frequency of the proton or deuteron vibrational mode,

the overlap factor is analytically known

ranZ NR—Np

2h X

( msz)k 2
o

-l 5 2.4
© kZD kl(np — K)!(ng — N + K)! =4

S (X) = nR!nP!(

The expression in eq 2.4 is fog = np, and is symmetric upon
interchange ofngr and np (i.e., for np = ng, Nk and np are
interchanged in eq 2.4).

In the above, the proton doneacceptor AB separation, i.e.,
the H-bond distance, which we denote Qy (as in paper ¥,
is held fixed.X is linearly related to the AB separati@) asX
plus the classical AH and H-B equilibrium separations of
the electronically diabatic reactant and product potentigls:
= X + raneq T I'Heq IN the EDi treatment, alassicalaverage
over H-bond motion is typically performed! Here we use a
harmonic mode for the H-bond vibrational mode with a
frequencywg, massmg, and equilibrium AB separatio@eq
An average overlQ motion is equivalent to averaging over
thermal fluctuations of the tunneling distan¢ewith frequency
wq, Mmassmg, and equilibrium distanc&eq = Qeq — rAHeq —

I'igeq>* Anharmonic modes can be used for both the proton and

H-bond coordinate%put do not significantly alter the physical
picture or quantitative behavior for EDi PT. Since o8y,

form

(aX?2) ( Xz)i
= e7 a Ci — 2 . 7
S"R”P §| NgNp 2 ( )

with coefficientscingne,2> SO that the average in eq 2.5 is
2 2\i
ranQ 00 aLX 2
2 2 —(a, X?/2)
V.S, 0,05 Veo ZCianp p— S~ dX — e X
exp[—2a (X — Xo9] exp[~Muwo (X — X.9?/2RT] (2.8)
In the integral in eq 2.8

A
(2.9)

where we have introduced two quantities
(2.10)
(2.11)

a =mao/h
b= mywo/RT

the exponentials can be combined to give a more readily
evaluated expression

| = (i)' [ D oabxedieath) adust el th)
! 2 21

S dY (Y + B)Ye 2 (2 12)

whereY = X — bXe/(a. + b) andB = (bXeq — 20e)/(a. + b).
The definite integral in eq 2.12 has an analytical solution
(detailed in ref 26), which we denote as

21

Waip @V

f:o dy (Y + B)zi (:',—((elLer)/z)\/Z =y

such thatl; is simply

L= () /D abxdiee ) geadoc X )@ )
T2 3 +0° €

(2.14)

and Ve depend onX, we consider the classical average over Combination of egs 2.8 and 2.14 gives the final form of the

the H-bond motion of their product

average



Kinetic Isotope Effects J. Phys. Chem. A, Vol. 108, No. 52, 20041811

weZSh 0= We seek an expression for the effective activation en&gy
RP In the first step to derive this, the temperature dependence of
2 b *(a|_b><eq2)/(2(aL+b))e(ZOLe(OLeJFXe@L))/(aL+b)f (2.15) the natural logarithm of eq 2.19 is expanded arogng [,
eo V a +b NRMp \ = (i.e., 8 = fo + Ap), keeping only linear terms iAgS, (cf. eqs
B.9—B.11 in paper 3), giving for isotope L
where we have defined the extra contribution due to excited

proton vibrational states Ink =1Inkgo—
a) aLZmeQZXqu 2rr‘ba)Q2ae(ae T Xet) .
foone = G — 216) A , T ;T AGoo*
NRNp | ingNp/" i 2 2(aL —+ bo) (aL —+ bo)
0 - ~+
The rate eq 2.1 is then In nznz f“R“P expl-Af(ngho + AAG"R’“P)] (2.22)
R Np
2
B Veo f40) wherek oo is the ground-state to ground-state rate Tor T,
k. = K —( + B)ART x Note that the first two terms in the coefficient for thg term
& are due to thd dependence di. (b, in eq 2.22 is evaluated at
o (AubXed)/(2@ b)) 2oeact Xe )/ (@ th) o T="T,)
P f oexp=AGY R (2.17 Next, the logarithm of the summation in eq 2.22 is expanded
% ”anp e, EXP nn/RT) (217) in a Taylor series up to first order inj
Note that the evaluation of integrals and sums has been localizedn zz f0 exp[~AB(NHhw + AAG! DI =
in fone Which serves as a weight for eanh to np transition. a5 a
It proves useful to extract th@r and np dependence of In[p, (T )] — AﬁmAGﬁR’npq (2.23)

AGf,RYnP, (cf. eq A.5 of paper )

(AGguy + 4 + (No— nR)hw)2 - (AGguy + /1)2 . where the extra effective activation energy due to excited proton

AGE = states is
"R 4 4
(Ne — NRAD(2(AGryy + 4) + (N — N)A®) AAG] [ = > fralnehio + AAG; ] /zz fon
. NR Np NrR Np (2 24)
A RS =
=AGgot AAGnR,np (2.18) The isotope-dependent rate constant can then be written as
such that the electronically diabatic PT rate is aLZme er 2
~ Q
k. (T) = kioo(To)AL(To) exp —AS —2q +
kL Veoz~ b 2(aL + bo)
TR PLA T el 2
h W 200, + .
V (B + bJART . Moq 200G ZXG@L) +AGE,+ DAGE 1| (2.25)
o (ADXA(2la D) 20dast Ko @ D)g-ABIRT (5 1) (a_+by) ‘ R

The decomposition of the activation free energy reaction barrier where the ground-state to ground-state tatg for T = To is
in eq 2.18 into the ground state-to-ground state@Pthe same )

notation used in papef)ifree energy barrierthe first term— Veo T b,

and the addition due to excited statdéhe second termallows K oo(To) ~ A A/IRT a_+b x

for a facile identification of the rate enhancement due to excited ° 2 °

proton state reactions. Specificalfy, in eq 2.19 describes this ’{ 1 [RTgabXeq  20RT(0t + X))

- +AG]

rate enhancement RT,\ 2@@_+b,) a_+b, 0,0

AM=22 fon

R M Equation 2.25 is now in the desired Arrhenius form with the
- S . e

=, €XP=A(N o + AAG, )] (2.20) activation energy identified as

(2.26)

o
NRNp

2 2 2 2

(Here the assumption that/RT>1 is used to simplifyPy, ~ E, = AL MoWq Xeq + Mo% 2010t + Xo ) N
exp(—pnrho)). 2(a, + by’ (a_+ by’

2b. Temperature DependenceTo obtain the temperature ~ % ~ %
dependence of the rate expression eq 2.19, we wish to transform AGgo+ mXAGnR,npm (2.27)
the rate constant into an Arrhenius fokw= A exp(—SEa), via . . . . o . . )
a procedure analogous to that in Appendix B of papeihe which will be discussed in detail in section 3c in comparison
motivation here is application to experimental rate constant dataWith its EAd PT counterpart.
measured in a limited range centered around a vallie= T,

(8 = Bo: cf. eq 3.12 of paperY, where the rate constant can 3. Comparison between Electronically Adiabatic and
be written as Diabatic Proton Transfer

_ The rate constants and KIEs of the EAd and EDi PT
k= k(T,) exp[~(8 — Bo)Eal (2.21) perspectives will now be compared numerically, using param-
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eters for each perspective derived from the same PT system.
For this purpose, we employ the model system for the-acid
base PT used in our adiabatic PT studte®:?’a model H-bond
system immersed in a dielectric continuum solvent, with a static
dielectric constant, = 80. In particular, the electronic structure

of the H-bonded complex is a mixture of electronically diabatic,
valence bond (VB) states with diabatic dipole moment{sind

up for the reactant and product complexes. The vacuum nuclear
(Morse) potentials for the AH and HB VB states hduep =

2900 cnm! and a classical proton minimuip = 0.97 A. A 20-15-10 5 0 5 10 15 20
large electronic resonance coupling, which mixes these reactant AE (kcal/mol)

and product VB states, is exponential in the H-bond dis- o
tancé%11.2023(cf, eq 2.6) Figure 1. Ground- to ground- proton vibrational state free energy
curves vs the solvent reaction coordinate for a continuum dielectric
solvent model&, = 80,Ms = 0.7,ur = 0, up = 6 D) for a symmetric
Ve = Vo €Xp[-0(Q — Q)] = PT reaction AGgxy = 0, for both the EAd (solid line) and EDi (dashed
i _ line) PT perspectives. The reactant (R) and product (P) wells are
Veo €XP[~0e(X Xeq)] (3.1) indicated, as well as the transition state () or curve crossing region.
The H-bond mode is held fixed in this exampleQit= Qeq= 2.95 A.

-114 4

G (kcal/mol)
i

-118

with V,, = —19.2 kcal/moQeq = 2.95 A, Xeq= 1.0 A) andoe
= 1.5 A1 chosen for the present systéfrf92327We stress

that this large electronic coupling value is appropriate for PT, =
as discussed in the Introduction, such that the reaction is in fact g
electronically adiabatié&? Finally, the H-bond equilibrium ?g
separation and frequency are chosen to ensure that PT is purely %

tunneling Qeq = 2.95 A, hiwg = 300 cnTl, mg = 15 amu).

To further explore the differences between the two PT
perspectives, two systems with differing reaction asymmetry
and solvent reorganization energy will be used (systehGixn
=0, Es = 19 kcal/mol, andl = 22.4 kcal/mol; system i\Grxn

= —5 kcal/mol,Es = 9.7 kcal/mol, andi = 12.3 kcal/mol)}?8 ~ 80k

Here 1 is the electronically diabatic reorganization energy g :

introduced at eq 2.2, whil&s is a reorganization energy >8 :

appropriate to the electronically adiabatic perspective in paper 5-100-

1.1 In each case, the relevant reorganization energy is that of O :

the orientational polarization due to the change in dipole moment

between reactantr and producip. The EAd reorganization

energyEs is defined, in a dielectric continuum solvent model, -1204

agd Es ~ (Y)Kur — up)(Ac?)? where K contains the 1 14 18 22

dependence on solvent polarity via the static and optical q A)

dielectric constantsK = 2Ms(1/e» — 1leo). Ms is a _factor Figure 2. Electronically adiabatic (solid line) and diabatic (dotted lines)
dependent on the structure of the H-bond complex? is the proton potentials at the transition state in the solvent coordinate: (a)

difference, between the reactant and product, in the contributionsQ = Qeq = 2.95 A; (b)Qeq = 2.85 A. Dashed lines indicate localized
of the product valence bond state to the electronic structure. In proton vibrational levels in the reactant and product. See the text for
these terms, the EDI is then defined as the zero electronic Potential parameter details.
coupling limit'® of Es whereAces® = 1; 1 ~ (Y2)K(ur — up)?. perspectives. For example, Figure 1 presents the free energy
A thus exceedEs due to a larger change in electronic structure curves vs solvent coordinate for the proton ground state-to-
between reactant and product inherent in an electronically ground state (80) transition for both perspectives using the
diabatic approacH? same model system. The solvent coordinseis the energetic
This last statement about electronic structure is in fact a quite offset between the electronically diabatic states, which is
important and fundamental distinction between the two perspec-modulated by the surrounding solvéftThe reactant and
tives, and we devote some extended discussion to it here.Thusproduct well curvature and separation in this figure are larger
in an electronically diabatic description for the example in eq for EDi PT compared with that for EAd PT, since the magnitude
1.1, the charge distribution in the reactant state corresponds, abf both of these is greater for a larger difference in reactant-
each value of the proton and H-bond coordinaiesdQ to a product charge distributions. The transition state (TS) in the
limiting AH ---B neutral pair structure, with no admixture from solvent coordinate for each perspective is at the respective
the product charge distribution, which would correspond to the crossing between reactant and product wells, and at this TS the
limiting A—---HB™ charge distribution. By contrast, in the proton is able to tunnel, due to the resonance between the
electronically adiabatic perspective, the actual reactant chargereactant and product proton vibrational levels. This basic feature
distribution has some admixture of the limiting product charge is shared by the two perspectives, but Figure 2, which displays
distribution, and the actual product charge distribution has somefor each perspective the proton potentials at the fixed TS solvent
admixture of the limiting reactant charge distribution. Thus, the coordinate value, shows that the ease of tunneling will differ
electronically adiabatic reactant and product charge distributionsconsiderably. The electronically diabatic proton wells have a
are closer to each other than are those in the diabatic picture,larger curvature and are farther apart than their adiabatic
i.e., the limiting structures referred to above. This key feature counterparts, both of which are direct consequences of the larger
has a pervasive influence for the difference in the EAd and EDi electronic structure difference between reactant and prdddctt.
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Consequently, proton vibrational wave functions in the diabatic TABLE 1. Rate Characteristics Comparisons for EAd and
potentials will clearly be more localized than in the adiabatic EDi Perspectives

wells. Hence, tunneling is more facile for EAd PT compared Ky ko Ean Eap — Ean
with EDi PT. This key aspect forms the basis of many aspects (s (s KIE (kcal/mol) (kcal/mol)
of our physical interpretation of the various results described gaq pT (i) 1.98Er04 2.54E-03 7.8 9.4 7.3
in the remainder of this section. EAd PT (ii) 3.56E+07 6.47E-06 5.5 5.5 7.2
In the numerical comparison of the two perspectives to follow, EDiPT (i) 0.215 1.55E-04 1386 111 3.7
we will examine the EDi PT rates with the same large electronic EDI PT (i) 57 0.485 1193 6.7 3.7

coupling. This might appear inconsistent, i.e., in applying the d
EDi PT perspective with such coupling. However, this is the
only way that the two formulations can be compared and
corresponds, in our view, to the actual typical situation for
literature applications of EDi PT theory. While one might think
that the influence of the EDi assumption is limited to the product wells and at the proton barrier top afe= wp = 2800

appearance of a constant prefact@g? in the rate, it will be et o = 2200 cnt, with the proton barriek* = 27 kcal/
seen below that this is not the case, a feature that can already ' '

L . ) . mol atQ = Qeq
Ztte)ci/r;tmlpated from Figures 1 and 2 and our discussion of them The EDi PT rate constant including transfer between reactant

3a. EAd and EDi Rates and KIE Magnitude. We begin and product excited proton states is (cf. eq 2.19)

the comparison with a brief presentation of each rate constant V. 2
expression and any additional parameters that enter each. FokL Epi _&o0~ /}%I' /L—l—b >
' a
~ ¥
exp — AG00
RT

EAd PT, we use the rate constant from pagdiol the moderate R
to highT_ range(hwo/RT ~ 1 andhwo/RT < 1), whe_re explicit [{ abequ 2000, + XeqaL)
expressions for th& dependence have been derived, (cf. eqs exp—
3.13 and 3.14 of paper}L 2(a. +D) g +b
I 2(Q 0) With the formalism for each perspective in hand, the
K gag = eth e oL / il x numerical results for egs 3.2 and 3.6 can be compared. Table 1
’ (Es+ E,)RT displays the rate constants, the Kkg/kp, and the effective

E AGH activation energie§a for each perspective for both systems
eX[{Z % coth (¢1,)Bha )) exp ——=2 (3.2) (i) and (ii). The Ea. values were obtained numerically from
th Q RT the slope of a Ik vs 1RTplot (T = 275—-325 K). Most evident

) o ) from Table 1 are the drastic differences in rate constant and
The reaction free energy barrier in eq 3.2 is that for the ground K|E magnitudes, with larger rates for EAd PT and a larger KIE

erived from mixing two displaced Morse potentials with the
electronic coupling:ay = 29 A~ andop = 41 A%, values
which are taken to be independent of transition (as determined
from numerical resultslCeq. is determined via eq 2.21 in paper
1! where the proton coordinate frequencies in the reactant and

(3.6)

state-to-ground-state transition (cf. eq 2.25 in papgr 1 for EDi PT. In addition,Eay andEap are similar for EAd and
) EDi PT, but the differencé&ap — Ean is ~2-fold larger for
AGH = (AGgyy + Es T Ey) (33) EAd PT. We first focus on the distinct differences in rate
L0,0 A(Eq + EaL) ) constant and KIE magnitudes, with a discussion of the reaction

asymmetry dependence in section 3b, while a discussion of the

and the factor, contains the contributions to the rate from temperature dependence and isotopic difference in effective

excited proton vibrational state transitions (cf. eq 3.3 in paper &ctivation energies is reserved for section 3c. .
1%). E,_is a quantum energy term associated with the tunneling | The rate expressions eqgs 3.2 and 3.6 are qualitatively similar,

probability’s variation with theD vibrational coordinate (cf. eq 1N @ 9eneral way, with a solvent activation free energy, certain
2.7 of paper 1) prefactor terms, including the excited proton vibrational state

factors, and what we term “nonadiabatic coupling” elements
now to be made precise. We focus on these last factors for
~ . comparison since the first two will turn out to be relatively
En = Eu (1)BRog coth ((1,)phag) (3.4) similar in magnitude. For quantitative comparison, portions of
egs 3.2 and 3.6 are thus extracted to emphasize the thermal

The factorsou. and Ceq are related to the proton (not the  average of the nonadiabatic coupling elements over H-bond
electronic) couplingC, (Q) governing the tunneling probability  motion

(cf. eq 2.4 in paper Y, which is exponential in the H-bond

Eq = R0 2my;

separatiorQ: K. eoi O WeZSJoD:
CL(Q) = Cog X0, (Q ~ QuJl; v2 [ D exp[_ abXy | 200+ X)] _
[T, 2= C,4(Qqg) eXPIZE,, coth Bhwy/2)hwg] (3.5) “Aa +b 2(a_+b) a +b
KL,EDi (37)

where we have also written out the thermal average of the square

of the coupling, to which the rate constant is proportio@aj K eag O [T = CeqL2 exp(&E, coth (elz)ﬂhwo)/th) =

is the value of the proton coupling for the-0 proton transition, K eaq (3-8)
evaluated at the equilibrium valGgq for the H-bond coordinate, '

while ay is the spatial decay rate of the proton coupling with e first establish that these coupling factiiseaq andKy gapi
respect ta@Q, and contains an important isotope mass dependencecontain a large portion of the differences in the two perspectives
o O \/ﬁ(EaL 00 m; cf. section 2b in paper'l These factors  for the rate constant and KIE magnitudes. First, the ratio of
are determined using a model for the proton potetttihiat is Kn,ead and Ky epi, is 54628, which is similar in magnitude to
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144 o
N\@ 10+
=
e 6
24
T T T T T T T
d 500 (b)
%
e
10004
500+
T T T T T T T
-12 -8 4 0 4 8 12
AGRxn (kcal/mol)

Figure 3. Kinetic isotope effecku/kp vs the reaction asymmettyGrxn

for system i for EAd PT(a) and EDi PT (b). Both the-0 proton
transition KIE (dotted lines) and total rate KIE (solid lines) are
displayed.

the ratio of the rate constaky for the two perspectivegy ead
ku.epi = 92093 for system i. Furthermore, the H vs D ratio for
KL epi in eq 3.7,Ky enifKp,epi = 1659, is quantitatively similar
to e.g. KlEpi = 1386 for system (i). Finally, the H vs D ratio
for KL eag in g 3.8,Ky eadKp,ead = 5.6, is also quantitatively
similar to the corresponding KIE, Kiaq = 7.8 for system i,
which is much smaller than Kig,;. Clearly, the respective
nonadiabatic coupling factoksin egs 3.7 and 3.8 quantitatively
capture most of the drastic rate constant and KIE disparities
between the two perspectives.

The disparity in the rate constakyg pointed out above in

which the EAd rate far exceeds the EDi rate arises despite the

presence of a large electronic coupling element in the EDi eq
3.7 (which, with all other things being equal, would give a large
prefactor for the EDi rate compared to the EAd rate). Further-
more, this factor cancels out in K¢g, and so cannot be

responsible for the very large discrepancy in the KIEs for the

two perspectives. The primary reason for the large differences

in the two perspectives lies in the proton contribution to the
coupling prefactors; foK, gpj, this contribution is a Franek
Condon overlap of proton wave functions localized in reactant
and product electronically diabatic potentials, which contrasts
with K|_eaq which derives from a proton resonance vibrational
splitting on an electronically adiabatic surface. As we have
already anticipated in the introduction of this Section in
connection with Figure 2, the overlap of proton wave functions
localized in the R and P proton wells will be larger for the
electronically adiabatic surface than for the diabatic one, and

tunneling will be easier in the adiabatic perspective. Because

of this same feature, the greater difficulty in tunneling for the

diabatic perspective, with its larger separation between the R
and P wells, makes the rate constant more sensitive to isotopic

substitution of D for H, resulting in a larger KIE.

3b. Kinetic Isotope Variation with Reaction Asymmetry.
To further expand on the difference in KIE magnitude between
the two perspectives, we now consider the KIE variation with
reaction asymmetry. Figure 3 displays the KIE X&grxn
behavior for system i in both perspectives. Also shown is the
KIE behavior including only the ground proton levet-0
transition contributions to the rates. As discussed in paper 1,
the 0-0 KIE behavior for EAd PT falls off with increased
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reaction asymmetry due to the increased probability of excita-
tions in the H-bond mode with increasing reaction asymréetry
this is in stark contrast to the KIE behavior with EDi PT, where
the 0-0 KIE is constant. For the total EAd rate, an additional
falloff occurs due to the increased contributions from excited
proton vibrational states with increasing reaction asymmetry (the
oL factor in eq 3.2); Figure 3 shows that the KIE falloff for
EAd PT is larger and of a somewhat different shape than for
EDi PT.

We can expand on these observations by examining the KIE
expression for EDi PT, H vs D, derived from the isotopic ratio
of eq 3.6

Kigoi P [3 T Db bxeq2{ ay ap
S exg — - +
Koeoi Po’Y @+ Db 2 \ag+b ay+b
a.t aHXeq a.t aDxeq
e( a,+b a a,+b (3.9)

in which the isotope-dependent quantities have been indicated.
The ratio pu/pp of rate enhancements explicitly carries the
dependence on excited states, while the exponential terms are
due to the classical thermal averaging of the H-bond mode over
the H-bond separation and electronic coupling. The KIE reaction
asymmetry dependence here arises solely from the enhancement
ratio pu/pp, and it is only when excited proton vibrational levels
are added that the KIE falls off with increased reaction
asymmetry, whereas for the EAd PT of papéreicitation of
the H-bond vibrations contribute as well; this is the reason for
the strong qualitative difference of the-0 contribution to the
KIE in Figure 3. As noted earlier, the EDi perspective treatments
describe the H-bond classicafly!! (although this is an issue
logically distinct from the assumption of weak electronic
coupling), while the EAd perspective has explicitly treated the
H-bond mode quantum mechanically, with the consequence that
the rate constant eq 3.2 (cf. eqs 2.10 and 2.11 in paper 1
explicitly contains an isotope-dependent quantum localization
term E, into the state-to-state free energy relationship (FER)
connecting the reaction free energy barrier and the reaction
asymmetry. This contrasts with the state -to-state FER for EDi
PT which is isotopendependent(cf. eq 2.2). The lack of
guantum H-bond treatment by EDi PT gives a decreased KIE
variation with reaction asymmetry, only a factor-e? in Figure
3, compared to the factor of4 effect for EAd PT22

3c. Effective Activation Energies.We next examine the
isotope-dependent temperature dependence of the rate constants
focusing on the effective activation energi&s, for both
perspectives. We first deal with the general features for both
isotopes, for which Table 1 shows tHady is smaller by about
1-1.5 kcal/mol for the EAd description, depending on the
system. We then focus on the differences between isotopes, and
in particular, on the~2-fold difference in Table 1 foEap —
Ean between the two perspectives (which is the same for the
two systems).

3c.1. Individual Effective Activation Energies and their
Components.The effective activation energy for the EAd rate
eq 3.2 is (cf. eq 3.14 in papei)l

+ *
EaLead = Eagead T AGoo T [AAG, [J (3.10)

where the first term is the activation energy contribution arising
from the thermal average of the square proton couplRj]
over the H-bond vibration (cf. eq 2.16 of papé},Ireflecting
the T dependence of th@® vibration
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- _ TABLE 2: Effective Activation Energy Components for
Eacend E“L[Co'[hz(ﬁ"hwdz) 1l (3.11) System i (Energies in kcal/mol)

The second term is the—@ activation free energy barrier Ea.  Eao Eav AGl, [MAG) I p
+ . . . .
AGLO_,O, qnd the thlrd_ term is the activation energy free EAdPTH 99 438 NA 531 0.22 104
contribution from excited proton states, arising from the gagpTD 174 876 NA 587 283 207
temperature dependence @f(T). EDIiPTH 116 552 0.39 5.60 0.06 1.01
The effective activation energy for EDi PT has a somewhat EDiPTD 154 867 043  5.60 0.66 1.21

analogous decomposition (cf. eq 2.27
g P ( q ) TABLE 3: Effective Activation Energy Components for

System ii (Energies in kcal/mol)
EaL Eno Eav AGtO,O AAGH IJ oL

Nrp

EaLeni = Eageni T Eav T Aég,o"" mAGiR,nPQ (3.12)

in which Eagepi is due to the impact of the thermal excitation gad pTH 59 438 NA 1.06 0.48 1.15
of Q on the overlap of proton reactant and product wave EAdPTD 13,5 8.76 NA 1.59 3.18 3.15
functions, whileEay, which has no direct analogue in the EAd  EDiPTH 71 552 039 1.08 0.12 1.03
picture, arises from th® dependence of the electronic coupling EDIPTD 111 867 043  1.08 0.86 144

refactor in eq 3.2: - . o
P q from i to ii reflects a decrease in reorganization energy (both

2 2y 2 2 Esand/) and an increase in reaction asymmetry. The fact that
W wo 20 (0, + S
EAQ‘EDizLQXEZq; = Mgog 20 2XeqaL) for each systemAGj,, is similar in magnitude for both
2(a_ +by) (a + by perspectives (differences of 0.5 kcal/mol or less) reflects the
(3.13) comparable magnitudes of reorganization energy for EDi and

£ . L
The third term in eq 3.12 is the solvent free energy barrier EAA PT, such thaiG,,, is not a source of any significant

contribution AG;O from the 0-0 transition, while the fourth dlf:‘erenCE (;)etwgtatn th?hEA%j‘.?d EI|:)| dgtsci(r|pt|(f)ns. d
term gives the corresponding contribution involving excited ‘ rtleac_t_ escrltp;]lon,th eath '_'?mni exc_|t_a 'Oakfgienemrgy ue
proton states, arising from the temperature dependerjad Bf 0 transitions other than the=d transition nene 1S
(see the developments around eq 2.24). relatively small for the H isotope, predominantly due to the
Tables 2 and 3 display the calculatég, s from egs 3.10 dominant though not always exclusive contribution of thed0
and 3.12 for the symmetric (i) and asymmetric (ii) systems, transition; i.e.,o. is near 1The contribution for _th(_e D isotope.
respectively. Included in each table are the individual contribu- 'S Nowever nonnegligible in the EAd description, while it
tions from each component; the ordering is as in egs 3.10 and'€Mains small in the EDi characterization. This will be important
3.12, except that there is no analogue for EAd PT of electronic N Se€ction 3c.2. Finally, as discussed in section@tiandp.)
coupling termEay. Notice that theEa, values in Tables 2 and will increase with increasing reaction asymmetry, an effect

3 obtained from our analytical treatment are close to those in Visible in the incr_easeHﬁAGﬁRynPDcontribution going fromi to
Table 1, obtained numerically, supporting the validity of the . but not changing the patterns for H and D just described.
analysis. We now analyzZ&s_in more detail, postponing most 3c.2. Effectlye Activation Energy Isotopg Depgnd_encM/e
discussion of the isotopic differences until section 3c.2. now compare in the two perspectives ) isotopic difference
In both perspectives and for each system, a dominant _EAD — Ean governing the temperature_dependence_of th‘_e kinetic
contribution toEa. comes from the effective activation energy 1s0tope effecku/ko. From Table 1, this difference is twice as
Eao. The Eao term for both EAd and EDi PT primarily large, and~3.5 kcal/mol larger, for the EAd treatment than
corresponds to th& dependence of this in egs 3.7 and 3.8.  that for EDi, for each of the model systems. Thi3.5
In particular, the connection of thiés to thermal averaged kcal/mol excess for EAd PT can be further broken down via

nonadiabatic coupling elements (eqs 3.7 and 3.8) defigis  1ables 2and 31 kcal/mol inEagp —~ Eagn, ~0.5 kcal/mol

as a thermal activation energy contribution due to the coupling IN AGpgo — AGyg and ~2 kcal/mol in [AAG [ —
between proton wave function overlap and thermal excitation UXAGT]R,”PE;- As mentioned above, th\Gh,, — AGj,

of the H-bond mode. Furthermorgaq is system-independent contribution, only present for EAd PT, comes from an isotope-
(i.e., the same for i and ii), reflecting th¢ factors’ lack of dependent free energy relationship eq 3.3, via the dependence
dependence on reaction asymmetry and reorganization energyPn Ex [ m, so thatEqp ~ 2Eq. This contribution is, however,
i.e., only dependent on the H-bond mode characteristics. Thesmall becaus&,, is smaller than the reorganization enefgy
electronic coupling contributioBEay adds to theT dependence  in eq 3.3. The more significantly contributing isotopic differ-
of K¢ epi, but the amount is minimal due to the relatively weak ences oﬂlAGﬁR,npm andEaq are now discussed.

Q dependence of the electronic coupling, related to the Sow The next important ingredient ilBap — Ean is the contribu-
variation of the overlap of slowly decaying R and P electronic tion from excited proton state@&AGﬁRvnpm, which is the key
wave functions; accordinglyEay is ignored in our further ingredient in theT dependence o andp.

discussions. FinallyEag for the H isotope is~1 kcal/mol

smaller in the EAd description than in EDi, but there is almost _ _ * 1 1
no difference for the D isotope; this will play a role in our (M = p(To) ex;{ mAG“av”pQ(RT RTO)] (3.14)
section 3c.2 discussion.

The 0-0 reaction free energy barriexG/, , also signifi- (Note thatp, in eq 3.14 generally applies to boh and py,

cantly contributes tdEaL, and here the reorganization energy which will also apply in the following discussion.) We have
and reaction asymmetry are critical components (cf. egs 2.2 andalready seen in section 3b that increases with reaction
3.3). These isotope-independent factors dominate in eachasymmetry because the increased “nonadiabatic coupling”
perspectiveAGy, , is, however, slightly isotope-dependent in  (proton wave function overlap) that accompanies excited proton
EAd PT, due to a small contribution by the isotope-dependent and H-bond vibrational states increases with reaction asymmetry.
E. (see eq 3.4). The factor of 5 decreaseAinoy0 going Increasing the temperature also increases the thermal population
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of proton/deuteron excited states, and this increase is larger for b, = Mgw °IRT, = 1/0Q%] (3.21)
the heavier isotope D; thermal excitation is more facile for D ¢ Q °

compared to H sinchwy > hwp. This increased D excitation  (Note that from the relation betweefandQ, X = Q — I AHeq

effect has more impact for EAd than for EDi, primarily due to — fieee the thermal average square fluctuation ©f is
a smalletiwp value for EAd than for EDIi PT. equivalent to the thermal average square fluctuatioks dX2(]
The differenceEaqp — Eaqhs Is the largest contribution for = [3Q2[)) The expression for the overlap in eq 3.18 is what

Eap — Ean for both perspectives, and because it is determined one would expect for the overlap of two harmonic oscillator
by the H-bond mode properties, we now elaborate on the origin (HO) wave functions, i.e., overlap of two Gaussians, with an
of this difference. As mentioned aboVEaq is predominantly  exponential argument that is the square of separation of the two
due to the temperature dependence of@thermal excitation  HO potentials divided by total average square fluctuations along

effects contained in the nonadiabatic coupling elemsteqs  the respective overlap coordinate. Since there are two wells,
3.7and 3.8. Th& dependence of th€s can be viewed in terms one gets quantum fluctuations from each R and P well

of effective activation energies, i.e.
a = (B¢’ " + By (3.22)

By comparing egs 3.16 and 3.19, one can define an inverse
length parametetgpi. comparable taxgaq. of EAd PT

=KMol Eufrgy)| ©19

where the effective activation energiEsq, s are given by egs
3.11 and 3.13. (Here the contribution of the electronic coupling Ogpi. = (1/2)X€\C((®Q2QI + 20001)) (3.23)
variation withQ to K_gpi has been ignored.) Before proceeding,
it will be useful to write out theEaq, s using eqs 3.7, 3.8, and  For systems i and iigeagy = 29 A" and o gagp = 41 A2,
3.15. Furthermore, to compare oS and their isotope  while eq 3.23 givestepiy = 29.9 AL and agpip = 37.5 AL,
dependence using an equivalent description of the H-bond mode,The numerical similarity, for individual isotopes, of thes
we focus on the classicl limit. In this limit, the adiabatic PT numerically explains why th&ag s are of the same order of
activation energy contributioBag gag, s magnitude in Tables 2 and 3. However, the isotope difference
in as is distinct: OEadD = \/EaEAdH, while oepip = 1.254epin.
ﬁzaEAsz RT,\? oo Hence, the larger isotope difference ais for EAd PT gives
Eaqead = 4W oo RT.20enq "OQY (3:16)  the larger differenc&agp — Eaou. The origin of this isotope
difference inas for EDi PT is now discussed.

where the last line is written to emphasize the dependence on The isotope dependence @faq. [ J/m_for EAd PT arises
aead. = ay, the coupling between proton wave function overlap from the coupling between the proton wavefunction overlap
and Q (cf. eq 3.5), and the thermal classical average square derived from electronically adiabatic proton potentials, and the
fluctuation of Q H-bond coordinate), i.e., theQ dependence of in eq 3.52
For EDi PT, this couplingnepi. is derived from an overlap
5 o dependence o, derived from electronically diabatic proton
QT = 2 (3.17) potentials, and as such depends on the average square fluctuation
Mo®q of the H-bond and proton modes along the tunneling coordinate,
cf. eq 3.23. The isotope dependencewgs;_ is contained solely
in (02 = 1/\/m. If [3Q%Y < [dc?y, the isotope depen-
dence of eq 3.23 will bewepi, O /m, identical to that of the
adiabatic PT counterpastzaq.. In the opposite limitd QA >
(A2, which corresponds to an extremely classiQaimode,
OepiL IS isotope-independent resulting in an extremely small
Kieoi 0 o= differenceEaqp — Eaqn. FOr systems i and ii, the two averages

Q% and O] are similar in magnitude, and thus the
quzQ ex — () Xeq2
DQL + 2007 Q7 + 200471
4. Concluding Remarks

differenceEaqp — Eaqu for EDi PT is smaller than that for
such that the corresponding activation energy defined from eq

(We have introduced in this subsection only the notatiggy.

= ay_ in order to make clear which quantities are being compared
in the two perspectives.) For the EDi case, with the neglect of
the small electronic coupling contribution in the exponeniof

in eq 3.7, we have

(3.18) EAd PT in the classica) mode descriptiod?

3.15 is Here we have compared the proton transfer (PT) rate
constants and KIEs for electronically adiabatic (EAd) and
. ®Q2Q| xqu glectronically diabatic (EDi) per§pectives. The drastic Qiﬁerence
Epgeni = (12)RT, > o (3.19) in the treatment of the electronic character of the PT in the two
(OQT + 21dg°T) perspectives produces significant differences in rate constants
and KIEs, with smaller rate constant magnitudes and larger KIEs
This last expression is an explicit form &ho,epi in eq 3.13. with a smaller variation with reaction asymmetry, and a smaller
The average square fluctuations away from equilibridarly activation energy differencEBap — Ean than does the EAd PT

and[dQ?J in egs 3.18 and 3.19 arise due to the connection of treatment. The basic origin of these features is that the
a_ eq 2.10 to the quantum average square fluctuation of the “nonadiabatic coupling” element which is associated with the

proton coordinate tunneling probability via the overlap of proton wave functions
for EDi PT is smaller and less sensitive to both H-bond motion
a_ = mw, /h =",00q°] (3.20)  and proton excitation than those for EAd PT, and the contribu-

tion from excited L states is larger for EAd PT than for EDi
andb to the thermal classical average square fluctuatio® of  PT.
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We reiterate that the EDi PT perspective requires weak
r hot apply for example in an excited electronic state in the neighborhood of

electronic coupling between the proton donor and accepto

states. In the model calculations presented within, the electronic

resonance coupling is—19 kcal/mol, which is the appropriate
magnitude for PT within an H-bonded complex. An EDi PT
perspective can only be physically valid with an electronic
coupling much less than 1 kcal/mit” but for normal proton,

H atom, and hydride transfers, the electronic coupling is
expected to be far larger than such small vafiggs17.18.34
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form, the moderate to high regime fwo/RT ~ 1 andhwo/RT < 1) has limit, and thus, the only limit with which one can compdgg.s. See ref

a reaction barrier vs reaction asymmetry dependence that is isotope-22 for a possible extension of EDi PT to include a nonclassical H-bond
dependent, eq 3.3. For example, for theQOrate given by eq 3.2, the ~ mode.

isotope-dependent eq 3.3 defines the maximum in a KIE vs reaction  (33) The ratio[3Q?4/3¢?1 describes the relative fluctuations of the
asymmetry plot that is shifted away frofGrxn = 0 0f, i.e., the reaction  ¢jassical H-bond and quantum proton modes, becoming smaller as the

asymmetryAGI that minimizes the differencAG} — AGY, which is H-bond mode frequency decreases, heg < RT and the classica
the shift AGRyy = —Es(y — 1)y, wherey = (Bhw/2) cothBhw/2), which description becomes more appropriate. For example, consider a smaller
is always greater than 1 such that the maximum h&&ay < 0. The H-bond frequencjiwg = 100 e instead ofiwg = 300 c* (for which

addition of theAGrxn behavior from excited-state transition rates for the  the quantum treatment by EAd PT is more appropriate) for i and ii. This

total rate constant shifts the maximum n@eBrxy = O. 3-fold decrease ihwq results in a 9-fold increase BQ?[Y and makes the
(32) In general, the thermal average of the square proton coupling over iSotope dependence in eq 3.23 and the dj“lfer@‘éﬁ) — Eaon m}’fh less

H-bond motion & [ 20= Ceq 2 exp(ax 20Q2D), where bQ?is not than for the 300 cm* case: aepiy = 8.6 At andagpp = 9.1 AL

exclusively classical. From eq 3.15, the expressiorEQji ead iS EaqL = (34) (a) Warshel, AAcc. Chem. Re002 35, 385. (b) Warshel, A.;

— 20 29IdQAII(1/RT)|1=,, Such that the resulting form is given by eq 3.11.  Parson, W. WQ. Re. Biophys2001, 34, 563. (c) Villa, J.; Warshel, AJ.

The EDi PT formalism has been cast solely in the classical H-bond mode Phys. Chem. 2001105, 7887.



