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A theoretical study of primary kinetic isotope effects (KIES) is presented for proton transfer (PT) reactions
in a polar environment in the nonadiabatic, i.e., tunneling, regime. This treatment differs from traditional
descriptions for PT most notably in the identification of a solvent coordinate as the reaction coordinate. The

theory explicitly addresses KIE features that are extremely sensitive to the proton—gootam acceptor
mode dynamics. Besides KIE behaviors that am consistent withnontunnelingPT, individual KIE

aspects in some cases, such as magnitude, temperature dependence, variation with reaction asymmetry, and

Swain—Schaad behavior can yield results consistent wihtunnelingPT. However, a combination of KIE
aspects-with particular emphasis on KIE variation with reaction asymmetry or temperatane clearly
identify tunneling in PT systems. In addition, PT via excited proton vibrational states is shown to significantly

contribute to the reaction rate and KIEs, especially for extremely asymmetric reactions, where it can

dominate.

1. Introduction temperature dependence, (iii) variation with reaction asymmetry,

Proton transfer (PT) is of obvious importance in chemistry and (iv) the Swain-Schaad relationship connecting ratios of

i 1 = 3.3
and biology* Of particular interest is the growing attention to |sotope eﬁect%, e.0. kilkr (kD/I_(T_) o . .
the occurrence of tunneling in PT reactiénd, signaled This formalism uses a nontraditional view for PT in solution
primarily by the observation of large primary kinetic isotope @nd other polar environmerit§:' In this perspective, the

effects (KIEs). In these reactions, it is apparent that the proton '€action coordinate is rearrangement of the environment sur-
donorproton acceptor mode, often called a “promoting” or rounding the H-bond complex and does not include proton

“gating” mode27 has a significant impact. When this PT occurs motion: after a suitable rearrangement, proton tunneling then

in a hydrogen-bonded (H-bonded) A+B complex, e.g. occurs, through arelectrqnically adiabatic barrier. In the
resulting rate constant, this rearrangement cost largely deter-

AH--B= A ---HB™* (1.1) mines the activation free energy, while the tunneling features
enter as a prefactér.This contrasts with the “traditional”

the relevant coordinate would be the H-bond coordinate, e.g. view"'31% where the reaction coordinate explicitly includes
the A++B separatiorf.Such coupling between H-bond dynamics ~classical proton motion. In the traditional view, a tunneling
and tunneling rates has, for example, been implicated in a varietycorrection is added to the rate expression to account for the
of enzymatic reaction%;*¢ and KIEs have been used to transmission probability through the reaction bartiet? The
characterize the H-bond dynamicg:® In addition to large KIEs ~ one-dimensional picture for this correction is often referred to
ku/ko > 10, anomalous SwairSchaad ratios and non-Arrhenius  as “Bell” tunneling!® while the multidimensional tunneling
temperature dependencies are proposed to be signatures of Ricture is denoted as “corner-cutting®:’

tunneling process. Further, the standard picture normally makes no reference to
This paper extends previous work on nonadiabatic, i.e., the solvent. To the degree that the solvent is included, it is
tunneling, PT reactions by this group explicitly examine KIE imagined to alter the rate via a differential equilibrium solvation

trends, with emphasis on effects due to the H-bond mode of the TS and the reactaht3>-1” However, the equilibrium
dynamics and excited proton vibrational state transitions. The solvation assumptieawhich requires that the solvent motion
“nonadiabatic” terminology refers to the perspective that tun- is fast compared to the relevant motion of the reacting solutes
neling can be regarded as a (nuclear) nonadiabatic transitionin the TS regior-is not at all plausible in the case of high
between diabatic proton vibrational levels localized in the frequency quantum proton motion; indeed, the opposite situation
reactant and product weft€ With this formalism, we analyze  is more appropriate: the solvent is generally slow compared to
four KIE trends for tunneling PT reactions to assist in clarifica- the proton motiort:6.12.18-20

tion and analysis of KIE behavior: (i) KIE magnitude, (ii) The outline of the remainder of the paper is the following.
. S rouldb oo 03 After a review of the general picture and formalism of nonadi-
* To whom correspondence should be sent. Telephone: B85, i i i i ;
FAX: (303) 492-5894. E-mail: hynes@spot.colorado.edu. ab.a.tlc PT in S.eCtlon 2.' section 3 presents the KIE behav.lor
T University of Colorado. arising from this formalism. Concluding remarks are offered in
* Ecole Normale Sujpeeure. section 4.
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Figure 2. Variation of proton potentials at the reaction transition state
configuration with decreasing AB separation, going from part a to part
c. Both the ground and first excited protadiabaticvibrational levels
are indicated.

For the picture in Figure 1, the rate constant for nonadiabati

I R PT between reactant and product proton ground vibrational states
AG with the H-bond separation (hereaf@®y fixed is>:18.20
Y }AS;RXN
Solvent Coordinate - _c? 7T AG
Figure 1. Free energy curves vs proton position at (a) the reactant R, k= A ESRTEXF{_ RT. (2.1)

(b) transition state 1, and (c) product state P solvent configurations. In
each case, the ground diabatic proton vibrational energy levels are
indicated for both the reactant and product proton wells. (d) Free energy
curves vs the solvent coordinate for both diabatic proton levels displayed
in parts a-c. (AGgyy + Es)2

AG' = e (2.2)

where the free energy barrie&/G* is

2. Proton Nonadiabatic Tunneling Theory

Here we briefly review the key aspects of the tunneling rate and AGrxy is the reaction asymmetry in Figure 1d, afélis
constant formulation of ref 5. We begin with a review of the the solvent reorganization (free) energy. The tunneling prob-
basic PT tunneling regime picture and the role of the H-bond ability is governed by the square of the proton couplidg
mode, followed by the rate constant formulation including this (described in more detail below), and thus the PT rate constant
mode, but restrict PT to involving only the ground proton in eq 2.1 involves the combination of thermal activation to the
vibrational state. The rate constant including excited proton TS in the solvent coordinate and the tunneling transmission

vibrational levels is then discussed. probability at that TS?

2a. General Perspective. 2a.1. Preliminary Fixed H-Bond 2a.2. H-Bond Mode and Proton Coupling Figure 1 depicts
Picture. In the underlying picture of PT reaction&!21820 what we term the proton nonadiabatic regime, in which the
employed within, the reaction is driven by configurational quantized diabatic proton vibrational levels lay below the barrier
changes in the surrounding polar environmeatfeature of in the electronically adiabatic proton potential at the environ-

much modern work on PT reactioh$121821 and the reaction =~ ment’s TS configuration (Figure 1b). Figure 2 displays proton
activation free energy is largely determined by the reorganization potentials andadiabatic proton vibrational levels for the

of this environment. The physical picture is displayed in Figure environment's TS configuration for three different proton
1, with a fixed H-bond separation, a constraint later relaxed. donorproton acceptor (H-bond) distances, three differ@nt
The system free energy as a function of the proton coordinate values?® Starting with largeQ, Figure 2a has the proton ground
involving the electronicallyadiabatic proton potentiat-is and first excitedadiabaticvibrational levels below the proton
displayed with the reactant and produéabatic proton vibra- barrier. AsQ is decreased, the proton barrier decreases. In Figure
tional states indicated, for three values of the solvent coordinate2b, the proton levels still lie below the barrier. In both cases,
characterizing different environmental configurations: reactant the diabatic levels (e.g., Figure 1b) are split by twice the
stateR (Figure 1a), transition state (TS) f (Figure 1b), and couplingC, which determines the tunneling probability between
product staté® (Figure 1c). TheR andP proton diabatic levels  the diabatic levels. This coupling increases as the H-bond
in Figure 1a-c are found by solving the nuclear S¢tioger coordinateQ decreases, as the proton potential barrier for
equation for the proton in each of the reactant and product wells, tunneling is lower and narrower. This is a key and strong
respectively. Adiabaticproton levels are found by solving the  dependence.

Schralinger equation for the entire proton potential.) The  We pause to observe that for small eno@trigure 2c, the
evolving diabatic ground proton vibrational states define free adiabatic levels lie above the proton barrier, and while the proton
energies as a function of the environment rearrangement, showrmotion is still quantum, the reaction is no longer tunnefihg.

in Figure 1d. The reaction free energy barrier is due to the Figure 2 emphasizes that attention must be paid to whether the
solvent, and at the TS solvent configuration, the proton potential H-bond vibration remains at large values where PT is a
is a symmetric double well, Figure 1b. At this thermally nonadiabatic transition (tunneling, Figure 2, parts a and b), or
activated TS position, the proton reactant diabatic vibrational whether the H-bond vibration allows the system to reach a small
state is in resonance with the corresponding ground protonenough separation such that the proton vibration adiabatically
product state, and the proton can thus tunnel. This view is in follows the environment's slower rearrangement (nontunneling,
stark contrast with the traditional picture for PT where the Figure 2c)? Here we restrict ourselves to PT systems that are
reaction coordinate and barrier are associated with the protonentirely nonadiabatié? (KIEs for adiabatic nontunneling PT
coordinate, and tunneling is a correctitn?’ reactions have been presented elsewf3rEinally, we refer
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to proton transfer throughout, but the theory applies to H atom then proceed to higher temperatur€swhere the mode is

and hydride transfer as wéll.
As noted above, the splittin@ increases as the H-bond

progressively excited, ultimately becoming classical. For sim-
plicity, we take a harmonic H-bond vibratidsio(Q) = Ug,eq+

separation decreases, e.g. going from Figure 2a to Figure 2b,(Y2)mowe*Q — Qeq? With an effective massy, and vibrational
due to the increased tunneling probability for a smaller proton frequencywq.3” For the moment, we retain the restriction to

barrier. TheQ dependence of is exponential, which can be
understood via a semiclassical formitlas!

hywgwp T
T ex;{— ﬁ(\ﬁ — ZPE)

CQ ~ (2.3)

in which C depends on the TS proton potential properties: the

curvatures in the wellspr and wp, and at the top of the bar-
rier w*, as well as the barrier height® in the proton coordi-
nate. The differenc&* — ZPE, where ZPE is the zero-point
energy of the proton, ZPE: hwr/2, is the vertical distance
from the ground proton vibrational level to the top of that

barrier. The frequencies in eq 2.3 contain the sole mass

dependenceq [ 1/m. The Q dependence in eq 2.3 pre-
dominantly resides in the change in proton barrier heights

Q. Model calculations for OH-O system&-27 and quantum
chemistry calculations of NHN system% show that the
change inV* vs Q in the tunneling regime is predominantly
linear32 This behavior then leads via eq 2.3 to a predominantly
linear exponential form

CL(Q) = CeqL exp[_aL(Q - Qeq)]: CeqL = CL(Qeq) (24)

whereQgqis the equilibrium H-bond separation in the reactant
state ando, is the exponent characterizing the exponential
dependence (= H, D, and T).

The mass dependence in eq 2.4 is contained withiand
CeqL In particular,ay is expected to be of the foria. O \/ﬁ

PT between ground proton vibrational levels in the reactant and
product.

For low temperaturefiwg > RT, the Q vibrational mode
resides primarily in its ground state, and the PT rate expression
is®

2
C00

h

T ex
ERT

k = (2.5)

RT(4Ey)

which is similar to eq 2.1 except that the proton coupl®gs
replaced by its quantum average over the groQndbrational
state

p[_ (AGgyy + E9°

Coo” = I0|C(Q)|0F =

Ceql? exp[aLAQ + M] (2.6)

th

Here AQ = Qpeq — Qreq is the difference in product and
reactant equilibriun@ positions, ancEq = (Y2)mowg?AQ? is
the associated reorganization energy. is a quantum energy
term associated with the tunneling probability’s variation with
the Q vibration

Ey = R0y 72m, (2.7)
Even with AQ = 0 (Eq = 0), C is increased from its fixed

value C(Qeq) by expEu/hwg): there is a finite probability of
smaller H-bond separations even at Idwdue to zero point

because the exponent in eq 2.3 is inversely proportional to themotion of Q. It is to be emphasized that this increase is larger

barrier frequencyw*. Evaluation ofC for proton potentials
derived from quantum chemistry and model calculafibfis’?34
confirms this (e.g.0p ~ 2 ay, and ar ~ /3 o), with
typical value8 ay ~ 25—35 AL We will exploit this mass
correlation throughout in analyzing KIES.

In evaluating rate constant expressions given below, we will
use a proton coupling derived from a proton TS potential with
a significant barrie* = 25 kcal/mol, so that the PT system
remains in the tunneling regime, and with well and barrier
frequencies consistent with an<@D systemmwh = 3200 cn'?
and wf' = 2700 cntl. D and T isotope frequencies are
appropriately mass-scaled, and from eq €31 = 3.57 x 1074
kcal/mol, Ceqp = 3.74 x 1076 kcal/mol, andCeqr = 1.27 x
1077 kcal/mol. Finally, oy is chosen to be 28 A, and
ap = 39.6 A1 and oy = 48.5 A1 are appropriately mass-
scaled.

2b. Proton Nonadiabatic “Tunneling” Formalism with
Proton Donor—Acceptor Vibration. The importance of proton

for heavier particles for whiclk,, is larger €, O m_ since

o 0 4/m). Here, the raticEy /hwg can be thought of as the
square of the length scale of ti@& (tunneling probability)—
H-bond mode coupling ? times the average square quantum
fluctuation of Q°

EaL

th

0 °0Q — Qe u = (2.8)

2 fh
- 2myog
The ratioE, /hwg thus describeB, as a quantum energy scale
for the localization of theQ wave function. IfEq /hwg <1,
the couplingC is essentially that for fixed) = Qeq AS Eal/
hwg increasesC increases, corresponding to increased quantum
accessibility of smalle) values.

For higher temperatures, the population @fvibrational
excited states is increased, with thté eigenstate with eigenen-
ergy En = hwo(n + 1/2) probability given byP, = exp(—
prhwg)[1 — exp(—phwg)]. Now, there are a set of solvent free

donor-proton acceptor modes in nonadiabatic PT has beenenergy curves for both the reactant and product for each

emphasized in previous woPkWe limit our discussion to a
single mode-the H-bond modebut other modes that regulate

Q-vibrational state. Figure 3 displays this for the ground and
first excited Q-vibrational state free energy curves for the

the barrier through which the proton must tunnel, e.g., H-bond reactant § = 0, 1) and productrg = 0, 1), with each set of

bending mode&3°36can be dealt with in a similar manner. In

levels separated by one quantum of endigy,. PT thus can

this section, we summarize key aspects of the PT nonadiabaticoccur via a number of possible paths, starting from a thermal

formalism, referring the reader to ref 5 for a more detailed

population of reactar®-vibrational states. The arrows in Figure

presentation, where a series of analytic forms for the rate 3 correspond to two such paths: starting from either the ground
constant were derived, each form corresponding to a specific or excitedQ-vibrational state in the reactant and ending in the

regime. We first briefly present an extreme, purely quantum
picture for theQ vibration in its ground vibrational state, and

product groundQ-vibrational state. (For the system in Figure
3, there are two additional paths ending in the exo@gatoduct
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Figure 3. Proton diabatic free energy curves vs the solvent coordinate
for individual reactantrf) and productf) H-bond vibrational states.
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m, if AGgrxn is inverted as well, e.g., the second argument of
the activation energy witm > n for an endothermic reaction,
AGgrxn > 0, will be identicalto that for an exothermic reaction
of equal magnitude reaction asymmettyGrxn < 0, with m
andn switched. The significance of this, when combined with
a similar symmetryCppy 2 in eq 2.11, is the following.
The combination of the activation barrier in eq 2.12 &g?
describes the andm dependence for each contribution in eq
2.10. The symmetry of the combination implies that the
contribution of excited H-bond vibrational states will sym-
metrically increase with increasing reaction asymmetry (increas-
ing |AGrxn|). This behavior is central to the reaction asymmetry
dependence of rate constants and KIEs, to be discussed in
section 3a.

vibrational state.) Each path has a reaction activation free energy Equation 2.10 gives the nonadiabatic PT rate constant

barrier AG?
AGgyy + AE,,+ Eg)?
+ _ ( RXN nm
AG, .= 4E, (2.9)
where AE,m = hwg(m — n), and the transition probability at

each TS (crossing point) involves the matrix elementGdor

the nth reactant andanth productQ vibrational states:Cnm =
m|C(Q)|mL] For this dynamicalQ perspective, the PT rate is
the sum of all possible state-to-state transition contributions
starting with a thermal distribution of reactant states

C 2
kL:ZZP“ ex;{—

For harmonicQ, Cnm is expressible in terms of Laguerre
polynomials 152

= |MC(Q)|mF =

2
Com
2(n—m)
C 2~ AQ (Eq —Eq)lhag i _ E
eq © € hw hw x
Q Q

2
m n—mj B
Al (—)
n|m hwq

2(m—n)
’\/ \/ hw )

L(TQ)]; n<m(2.11)

We briefly discuss, for future use, the activation energy for each
transition in eq 2.10. The combination of the excitation
probability P, of thenth reactant state and the free energy barrier
for each transitiom\G'_. . gives

JT AGLm

ERT

(2.10)

. m=<n

— C e (ILAQe(EaL Eq)/hw

nl
m

AG! (Mhog + AG} )
P, ex;{— RT ] t exp{— — RrRT
B p{ AGE .
=exd — RT = {[hwg(m - n)%+

2hw (M — N)AGgyy +

2hog(m+ n)ES}/4RTES} (2.12)

One should note that the second exponent in eq 2.120i.eq
+ AGLm - AG¢OJ, is symmetric upon interchange ofand

expression for any temperature. For low temperattites >
RT, theQ mode predominantly resides in its ground vibrational
state, and eq 2.10 reduces to eq 2.5. Ads increased,
contributions from excited) vibrational states become more
significant. For the intermediate regirheq ~ RT, many paths
must be considered in eq 2.10, and for high temperafites
< RT, the Q mode is classical and a continuum of levels is
involved.

In these latter regimediwg ~ RT andhwq < RT, the PT
rate expression eq 2.10 can be simplified A = 0 to®

0 o F{ AG‘E]
“=h A ErEORTTN RT) @19

where the reaction barrier is given by

(AGgyn + Es+ Ey)’
AEs T Ey)

Eou (1,)Bhg coth(E/)Bhag)

where E, is an isotope-dependent parameterga with 8 =
1/RT the ratio By /Eq is the thermal average of the oscillator
potential energy to the thermal val&&/2. The square proton
coupling factor in eq 2.13 is the thermal average overGhe
vibrational state’s

AG| = (2.14)

E(IL -

(2.15)

[C= cLZ(QeO) ex

JPhwg)| (2.16)

2 E(XL
haqg
As one expectsy (via Eq, €q 2.7) contributes significantly
to the average in eq 2.16. In particular, the sensitivity of the
coupling ofC to Q dynamics is displayed in the ratt, hwg
so that[C?(Jincreases as this ratio increases (cf. eq 2.8). As an
example, a system witB,q = 1 kcal/mol,hwg = 200 cn1?,
andT = 300 K, gives a value of 7.8 for the argument in the
exponent in eq 2.16, resulting in ar2500-fold rate enhance-
ment from the fixedQ = QeqVvalue. Heavier particles will benefit
even more from thermal activation @ motion becausé&,, /
hawqis larger E, O my); for the above example with D instead
of H, the rate enhancement from tQefixed is ~(2500%-fold.
Thus, the exponential in eq 2. tecreasethe KIE from a fixed
Q value by~2500-fold. The actual KIE magnitude is reflected
by the isotopic ratio of eq 2.16. Using tli& values given at
the end of section 2&eq 1/ Ceq, > = 9100, the isotopic ratio
of eq 2.16 is this fixed value reduced by-2500-fold [C2[/
[C2[§ = 3.6. Physically, the reduction in KIE is due to the
heavier particle “waiting” for a larger compression in the H-bond
coordinate to compensate for a weaker tunneling probability.



Kinetic Isotope Effects J. Phys. Chem. A, Vol. 108, No. 52, 20041797

(a) situation. Figure 4b is the symmetric proton potential for the
ground state-to-ground state—{0) transition and the corre-
sponding first excited-state transition{1). Note that the +1
transition will have a higher transition probability (largé)
because the excited proton level is closer to the proton barrier
top. The increase in tunneling probability for the 1L transition
1-0 comes, however, at a cost of 1 quantum of proton vibration
excitation, which is added to the activation energy (analogous
to that in eq 2.12, see also Figure 3). Parts a and c of Figure 4
show the proton potentials with-1D and G-1 transitions,
H+ respectively. Both will have a reduced tunneling probability
> compared with the 80 transition due to a smaller barrier to
(b) tunnel through® Starting on the ground proton vibrational
reactant free energy curve, thermal excitation of the reactant
proton vibrational mode leads to the-Q transition, assisting
endothermic reactions, while extra solvent activation passed the
0—0 transition to the &1 transition assists exothermic reactions.
The interplay between cost of thermal excitation and gain from

/\ 1-1 increased tunneling probability and their isotope dependence
will play a significant role in KIEs. This will be described further
0-0 in section 3 with examples.
H+ Excited proton vibrational states are included in the PT rate

> as a sum over all state-to-state PT rétgs.n, from a proton
reactant stater to a product statep
C -
(c) =TT Pk (2.17)
nR Np

where each state-to-state rate is weighted by the reactant state
thermal occupatioRn, (Pny, = eXp(—pBEn)/Y ns €XPLEny), and

0-1 En, = hwr(nk + Y2)). Kne—np IS given by eq 2.10
2 AG;
Cr1m (nR_> nP) JT nmng—ng
Koo = D D Pa exg————
H+ ‘A h ERT RT
> (2.18)
Figure 4. Proton potentials for the solvent coordinate TS for four

proton vibrational transitionsng — ng): (a) 1-0, (b) 0-0 and -1, except that the reaction free energy barde®*, m:n.—n, and

and (c) 0-1. The lines indicate diabatic proton vibrational levels. couplingCnr(nr — Np) are now transition-specific. The reaction

asymmetry for each transition depends on the reactant and

Also apparent in eq 2.16 is the increase®@iwith temperature product states, and thus it alters the reaction barier

due to the increased probability of small€r separations,

overned by the ratibwo/RT. Clearly, H-bond dynamics plays
J v J y Y Py _ (AGgyy + AE,, + ndfiwp — Nehag + E?

a critical role in the magnitude of rate constants and KIEs. AGH _
E.. also appears in the reaction barrier in eq 2B4;appears n,MNg—Np 4E
as an energetic contribution to that barrier due to thermal (2.19)

activation of the H-bond mode. The isotopic dependege
O m_ will play a key role in isotope and temperature effects, a wherewg andwp are the proton frequencies in the reactant and
theme discussed further within. First, however, we need to product states.
describe the inclusion of excited proton vibrational leviéls. The proton coupling square@h.2(nr — np) is identical to
2c. Excited Proton Product and Reactant Vibrational that in eq 2.11
States.So far, PT has been assumed to occur from the reactant
ground proton diabatic vibrational state to the corresponding 20 _
state in the product. However, for very exothermic or endo- Com (Nr = M) = |m|C"R'”R(Q)|mD]2 (2.20)
thermic reactions|AGgrxn| = Es + Eq + AwL), excited proton
vibrational states will become important. The proton can be except thatCeq(nr — np) is transition-dependenCeq(nr —
transferred into an excited proton product vibrational state for np) increases as the quantum numbgrandne increase because
an exothermic case and from a thermally excited reactant protonthe width and height of the proton coordinate barrier is smaller
vibration for an endothermic case. This is analogous to the as the proton level sits higher in either well. Using proton
Figure 3 H-bond mode picture, except that now each free energypotential parameters presented at the end of section 2a results
curve will correspond to a diabatic proton vibrational level. in a significantly higher proton coupling, &10-fold increase
Figure 4 presents the TS proton potentials where four such going from the 68-0 (nr = 0 to np = 0) transition to either the
transitions are involved. Each TS or intersection of the proton 0—1 or 1-0 transition?® A good approximation fo€eq. for all
diabatic free energy curves corresponds to a specific resonancehe transitions involved is a variant of eq £.3
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Ay wrwp
Ceq(Nr™ M) ~¥ ——5—— x

em{—giﬂv*—G@nmR+1me+nmwdﬂ (2.21)

Hence, the proton couplinQ dependenc€,,(Q) in eq 2.20
is written

CnR,nP(Q) = CeqL(nR e nP) eXp[—(xL(Q - Qeq)] (222)

In principle, oL in eq 2.22 is also transition-dependent, but (b)
calculations indicate that the dependence is not signifitiant,
and we thus regardy as being isotope-dependent, but not 200
transition-dependent. For example, the thermal averadge? of &Q
for the moderate to high-temperature regime in eq 2.16 is =
accordingly v

E(l
E%Jﬁ%ﬂ%*mw*mymwwm@ T S e
-1 -5 0 5 1
(2.23) AGpyy (keal/mol)

Equations 2.17 and 2.18 formally give the general nonadia- Figure 5. (a) Log rate constant vs reaction asymmetry for H ?ﬂd D
batic PT rate constant for all regimes. For low temperatures, (20ld lines) using egs 2.17 and 2.1B£ 300 K; iwg = 1500 cn1*,

: . . o A V¥ = 20 kcal/mol,Es = 8 kcal/mol,AQ = 0, mg = 20 amu,hwy =
the nonadiabatic PT rate only involves a few excitations in either 3200 cmL, A = 2700 cm™, andas, = 28 AL D parameters are

the proton or H-bond mode. For moderate to high temperatures, ;oo priately mass scaled). Dotted lines indicate the logarithm of the

more excitations are probable, and here the nonadiabatic PTrate constant exclusively for the-@ transition for both H and D. (b)

rate is given by eq 2.17 with a modified version of eq 2.13 for KIE for the rates given in part a. Bold lines reflect the total rate

Kng—np constants and KIEs, while dotted lines reflect only those including the
0—0 transition.

2 +
(2.24) demonstrate the sensitivity fawo/RT and the importance of
excited proton and H-bond vibrational states even in this limit,

m:”R'"P 0 T F{ AG”R!“P
= = exg —
k“R i h (Es+ E,)RT RT
we consider a system witiwg/RT larger than 1:T = 200 K;

where the reaction barrier is altered from the@value in eq hwg = 500 cnT?, iwg/RT ~ 3.6. We also use the parameters

2.14 given at the end of section 2a.2, except tifat= 20 kcal/mol,
A " E4EV with Es = 6 kcal/mol,AQ = 0, andmg = 20 amu.
AGH _( Grxn T Nefwp — nghog + Es+ By ) (2.25) The rates for PT and DT using eq 2.17 with eq 2.18 are

MRl AEs+Ey) plotted vs AGrxn in Figure 5a. Also shown are the rates
_ _ excluding any excitation by H or D in the reactant or product,
The above PT rate constant expressions will now be used toi.e., only including the 680 proton transition. Excited proton

analyze KIE trends. states are clearly significant for more asymmetric ca@eSgx|
> hw,) where the total rate differs from the-@ rate. Since
3. Nonadiabatic Proton Transfer Kinetic Isotope Effects Awp ~ 9 kcal/mol > hwp ~ 6.4 kcal/mol, the asymmetry at

In this section, we present the KIE behaviors that follow from which the rate is not dominated by the-0 transition is smaller
the nonadiabatic PT formalism of Sec. 2, focusing on the four for D than for H.
KIE observables (iv) listed in the Introduction. We first We now turn to the KIEs of Figure 5a, displayed in Figure
discuss the KIE magnitude and its variation with reaction 5b. Both KIE trends are maximal faxGgrxn = O and drop off
asymmetry, which serves to demonstrate the importance of with increasing asymmetry. First note that the magnitude of the
excited proton and H-bond vibrational states, and then we KIEs in Figure 5b is large~2 orders of magnitude), which is
examine the temperature dependence. The Swihaad consistent with PT reactions in a fairly rigid H-bond complex,
behavior concludes the KIE behavior discussion. where tunneling is expected. Since no proton excitation is

3a. Kinetic Isotope Effect Magnitude and Variation with included in the 6-0 KIE, the KIE falloff here is due solely to
Reaction Asymmetry. Traditional treatments of KIEs, including  differential isotopic excitation in the H-bond mode. Such a
those invoking tunneling along a minimum energy path, predict H-bond mode excitation gives ar3-fold decrease in KIE over
that the KIE is maximal for a symmetric reactidxGrxn = the given reaction asymmetry range. ExcitatiorQris more
042 We now present the nonadiabatic PT KIE vs reaction beneficial to the heavier D becaug® (which governs the
asymmetry behavior, and show that a similar behavior results. tunneling probability) is more sensitive @for largerm, i.e.,
During the course of our discussion, the magnitude of tunneling Eao > Ean (€€ eq 2.11), and thus this falloff in KIE with
PT KIEs will also be presented. increasing reaction asymmetry is due to a preferential increase

3a.1. Low Temperatures and High H-Bond Frequencies.  in rate for D compared with H (see discussion of eq 2.12).
The reaction free dependence for the extreme low-temperature The next point of interest in Figure 5b is the significant impact
regimehwqg > RTeq 2.5 is isotope-independent (see note in on the KIE (another-2-fold decrease) from the contribution
section 2 aboutEs isotope independence), and as such, no of H and D excitation for asymmetric reactions, visible from
variation in KIE with reaction asymmetry is expected. To the KIE difference between the total rate and that for th® 0
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"“""'{\'7"*';-:~~.. kp total Figure 7. ku/ko for total rate constants in Figure 6 (solid line). The
74 0-0 dotted line is the same PT system as the solid line, excephihat=
) B __ 275 cntt rather than 300 cri.
SR RN
e 4 | 0- 1= o, modes, excitations which become more facile with increased
= 1-0 =77 R reaction asymmetry. Proton excitation increases the tunneling
11 0-2-y ™ probability, via the proton couplin@ eq 2.21, and because the
get 20 N N deuteron mode is easier to excite thanfd)y > hwp, this
15 10 -5 0 5 10 15 benefits D more than H. Similarly, H-bond excitation also
AGR xp (keal/mol) benefits D more than H because the D tunneling probability is

more sensitive to changes @ see theE, /hwq ratio in eqs

Figure 6. Log k vs reaction asymmetryl (= 300 K) for H (a) and D N 2.11 and 2.16 WittEyy < Euo.

(b) including excited proton/deuteron vibrational states (solid lines

Broken lines indicate individual contributions from 0 to 6;D, 10, 3a.3. Free Energy Relationship AnalysisThe KIE variation

0—2, and 2-0 transitions. Rate constants were calculated with egs 2.17 with AGrxn behavior just described for the moderate to high

and 2.24 T = 300 K; hwq = 300 cnt?, V¥ = 25 kcal/mol,Es = 8 regime will now be analyzed quantitatively. First, it will prove

keal/mol, mg = 20 amu hwy = 3200 cm?, hwy* = 2700 cm'?, and useful to present an isotope-dependent free energy relation for

o = 28 A™%. D parameters are appropriately mass scaled). eq 2.17 with 2.24: the KIE v&\Gryy behavior will then be
deduced.

transition. Here the excited proton or deuteron vibrational states,
with their increased coupling (tunneling probability), are more _
easily accessible for asymmetric reactions, and these excited
levels are more thermally accessible for D than for H because AG o AGu. 2
hwy > hwp. Excitation in both the proton or deuteron and Ink = Ink® — oL BBRrxN _ F ol ABRXN
H-bond modes also becomes more significant for higheow 2RT
discussed.

3a.2. Moderate and High TemperaturesTo illustrate the ~ wherek{ is the symmetric reactiohGgrxn = O rate constant
KIE behavior for higher temperatures and softer H-bond and Go. and &'o. are, respectively, the familiar Brgnsted
complexes{wo/RT ~ 1 andhwo/RT < 1), we consider a PT  coefficient14 and its derivative evaluated for the symmetric
system with the parameters presented in section 2a, except thateaction
T = 300 K, hwg = 300 cnT?, Es = 8 kcal/mol, andv* = 25
kcal/mol. Here we use eq 2.17 with eq 2.24. aln k;_ ~ ¥In k.

Parts a and b of Figure 6 display l&gvs AGrxy for H and oL = _RTW ; g = —RT———| (3.2)

i . o o RXN G

D transfer, respectively, with the individual contributions of o RXN
significant transitionsng — np indicated. The increasing
significance of the 81 and 0-2 transitions is apparent with ~ (The overbar notation is introduced to distinguish the Brgnsted
increasing exothermicity, and that of the-Q and 2-0 transi- coefficient from the inverse coupling length.) We begin the
tions with increasing endothermicity. These transitions become analysis by anticipating that the—@ rate koo will have a
significant for smaller reaction asymmetry for D than for H significant contribution neaAGrxny = 0, and thus the rate
becauséiwy > Awp.*3 expression in eq 2.17 can be written in termkf times the

The KIE for Figure 6 is displayed in Figure 7. The behavior sum of the coefficients for each transition
is maximal atAGrxn = 0 and falls off with increasing reaction
asymmetry, for the same reason discussed in section 3a.1. The k. =Koop: poL= zz Fon (3.3)
KIE magnitude is, however, much smaller than that in Figure R P P
5, due to the increased H-bond mode flexibility and the higher
temperature. In fact, the KIE magnitude for fairly asymmetric where the transition coefficients are
reactions would be consistent withontunneling PT. To

The PT rate’s variation with reaction asymmetry, n&&grxn
0, can be generally described by

(3.1)

QI

emphasize this important point, the KIE with a slightly lower AAGT

H-bond vibrational frequendywq = 275 cnrtis also included F.. =P e ;{ﬂ(hanR + hw"n")] F{ L

in Figure 7. The KIE magnitude decreases by a factor of 3, RP R Ao’ RT
emphasizing the sensitivity of the KIE to the dor@rcceptor (3.4
frequency. Again, this KIE behavior cannot be distinguished

from that for nontunneling PT. Here AAGn n, Is the difference between the general reac-

In summary, the maximal KIE behavior for tunneling PT is tion barrier AGn n, €4 2.25 and thatAG,_OO, for the 0-0
due to increased excitation in both the proton and H-bond case
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+ + +
AAG) . = AG . — AG,,

= [(nhwp — Nhawg)(2(AGgryy + Es + NEaL) +
Niwp — Nghwg)] /4(Es+ Ew) (3.5)

The second expression in eq 3.3 defines the sum as a rat

constant enhancement facpprdue to excited proton transitions
from k|_00.

The parameters in eq 3.1 are derived in this perspective with

the following results in Appendix A. The zero order contribution
In k’ to eq 3.1 involves théqqo 0—0 rate evaluated for the
symmetric reaction plus the rate enhancemegptfor AGgrxn
= 0 due to other transitions

Nkl = 1INkl + 1IN p, (3.6)
For thehwg = 300 cnT? case in Figure 7, the rate is dominated
by the 0-0 AGgrxn = O rate, 99.8% for H and 88.9% for D.
The dominance by the-€0 rate is less with increasing mass
because the excitation probability for heavier L is easier. The
Bransted coefficienti,. and its derivatived'o. in eq 3.1 are
described by those for the-@ case plus a correction due to
the contribution of excited proton vibrational transitions:

¥
Es+E, EAAGnR,nPD
a, =" —— + (3.7)
o 2 (Es+ E,) IAGryny F
o maAAGﬁR’nP 2 AAG} T
26+ Ey) ACpxyn | T —0AGrxy (5

The averages in eqs 3.7 and 3.8 are over the probability

distributionFp n.lo defined by eq 3.4 evaluated AGrxn = 0
(see eq A.15).

For a,., the first term in eq 3-#the 0-0 contribution—is
slightly less thar/, with a larger deviation for D becau&gp
> Eqn. The excited-state contribution of the second term in eq
3.7 is small<0.1% for H and 1% for D, but because it is
positive, it numerically cancels the deviation froifa in the
first term, resulting in an isotope-independént ~ %,.%° In
the context of TS structure, which is commonly associated with
the Bregnsted coefficieri, ,1131421the a,. = 1/, value is here

associated with the symmetric nature of the TS structure, i.e.,

the H (or D) diabatic levels in the reactant and product proton
wells are degenerate. However, for asymmetry in the H-bond
coordinate, e.gAQ = 0, one will havet, = 1/,.4°

For @01, the 0-0 contribution in eq 3.8 (first term) is

e

Kiefer and Hynes

C is more sensitive to the H-bond mode dynamics for D than
for H, Eqp > Eqn. The resultis a decrease in KIE as the reaction
asymmetry is increased for the reasons discussed above. The
magnitude of the curvature in the KIE plot is determined by
ooy — @'op, i.€., the isotopic difference of both terms in eq
3.8, and for the case in Figure 7, each term’s isotopic difference
contributes equally. The-21% isotopic disparity between the
size of the second term in eq 3.8 for H and D makes its isotopic
difference significant.

3b. Temperature Behavior. The general temperature de-
pendence of the PT rate eq 2.17 is certainly not Arrhenius, and
thus it leads to nonlinear Arrhenius plots for both the rate and
KIE (cf. ref 5e). However, within a limited temperature range,
which is often the experimental situation, the rate and KIE can
exhibit linear behavior in an Arrhenius plot, despite the tunneling
character of the reaction. TAedependencies of rates and KIEs
are now discussed for several regimes, and in the case of a
limited temperature range, expressions for effective activation
energies are obtained.

3b.1. Low Temperature.Forextremelyow T, Aw. andhwqg
> RT, i.e., where there is only the-® proton transition and
no excitation inQ, the rate eq 2.5 applies and clearly appears
to be Arrhenius, with an isotope-independent activation energy
EaL = AG* eq 2.2%8 The sole isotope dependence there arises
from the tunneling prefactd€?y,, the consequence of which is
a T-independent KIE:

ky/kp = CE‘OZ/CSOZ

For negligible H-bond mode reorganizatian® ~ 0 (Eq ~ 0),
eq 3.10 reduces to (cf. eq 2.6)

Sl A(Qed/Cop Qe (3.11)
th oH eo) oD ec) .

(3.10)

Ky/ko = exp[—

whereEq,p ~ 2E.4 via mass scaling was used to simplify the
exponential’s argument. The KIE magnitude in this extreme
guantum regime fo still depends o, despite no excitation

in Q; this arises from th& zero point motion (see discussion
of eq 2.8). Consequently, even at very low T, H-bond mode
motion decreases the KIE from its fixe&g value.

For slightly higher temperatures, excitations in both the
H-bond mode and the proton vibration need to be included, as
described in section 3a.1 (see Figure 5). To explore this, we
consider the same system as in Figure 5, but vEnyhile
keeping the reaction asymmetry fixelGrxn = 0. Figure 8a
displays Inky and Inkp, using eq 2.17 with eq 2.18, vsRT (T
= 180-250 K). In this limited region, both H and D exhibit

decreased by the excited proton state contribution (second term)Arrhenius behavior, as expected from the lower temperature

This decrease is, however, small compared to th® @'q_
contributions but is isotope-sensitive 1% for H and 22% for

D, so that the 80 contribution is dominant; that the second
termin eq 3.8 is larger for D is due to the increased significance

limit eq 2.5, except that the slopes are not identi@i(=
1.78 kcal/mol andEap = 2.29 kcal/mol), and they are slightly
larger than that predicted by eq 2.5, whé&gyp = 1.5 kcal/
mol. The natural logarithm of the KIE dependence from Figure

of its excited states compared with that for H. This has an impact 8a is displayed as Figure 8b. The actual behavior of this

for the isotope dependence of the FER, as discussed below.
The KIE behavior with reaction asymmetry is thus determined
by the isotopic difference in FERs in eq 3.1, e.g. for HDvs

v 'OD)AGRXNZ

Inkyky) = Ingpe) — Lo %0

(3.9)

where the position of the maximum in a KIE vs reaction
asymmetry plot (H vs D) occurs for a symmetric reactddBrxn

= 0, a direct result of the isotope independence of e¢*3.7.
The isotopic difference of eq 3.8 givegn — @'op > 0 because

Arrhenius plot is nonlinear, but the solid line clearly indicates
that the behavior could easily be mistaken for linear, within
experimental error. Thapparentactivation energy for the KIE

in Figure 8b is the difference in the slopEsy — Eay = 0.51
kcal/mol in Figure 8a. The KIE temperature dependence is due
to the differential H/D probability of H-bond and proton
vibrational excitation with temperature. From Figure 8, we see
for the first time that excitation of both the H-bond and proton
vibrations will increase the activation energy from that solely
due to the reaction free barriekG*, i.e., that in eq 2.5.
Furthermore, the increase in activation energy is larger for D
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Figure 8. (a) Inky (O) and Inko (O) vs 1RT (T = 180-250 K) for Figure 9. (a) Inky (O) and Inkp (O) ;ran_sfer rate constants VvsRI¥
the PT system in Figure 5 withGrxx = 0. (b) In(k/ko) (O) for rate (T = 300-350 K) for the PT system in Figure 6 withGrxy = 0. (b)
constants in part a. Lines are linear fits to points. Slopes of lines give Kr/ko (O) for rate constants in part a. Lines are linear fits to points.

the activation energies: (&k = 1.78 kcal/mol andEap = 2.29 kcal/ Slopes of lines give the activation energies: Ea) = 5.66 kcal/mol
mol and (b)Eapn = 0.51 kcal/mol. andExp = 10.63 kcal/mol and (bEapn = 4.97 kcal/mol.

Figure 9 displays the apparent Arrhenius rate and KIE behavior

than for H,Eap > Ean. This is now discussed in more detail in ' eIy > 1Al -
in this limited T range. The apparent activation energies for H

the context of higher temperatures and lower H-bond frequen- . . ; .
cies, where quantitative analysis is more straightforward. and D differ considerably, witEap almost twiceEan: Ean =
3b.2. Moderate to High Temperatures.For higher temper- ~ ©:66 kcal/mol andEap = 10.63 kcal/mol; this results in a
atures fwo/RT ~ 1 andhwo/RT < 1), the T dependence of significant effectlvg actlvatlpn energy for the KEeap — Ean
individual transition rates in eq 2.24 has two dominant contribu- — 4-97 kcal/mol, displayed in Figure 9b. These slopes are now
tions. The first is contained within the exponential containing duantitatively analyzed to determine contributions from H-bond

the reaction free energy barrier, which gives Arrhenius behavior "d Proton vibration excitations. .
if the components of the reaction barrier, i.e. Esee eq 2.15) We begin this analysis using the form for the rate expression

andEs*” have only a minofr dependence. The impact of such given in eq 3.3 including excited proton vibrational states via
a T dependence is suppressed if the reorganization energy isi€ factor o, where the 80 rate koo is evaluated at the
significant Es > E, ). The second contribution to th& midrange temperaturé, ko = kioo(To) (€.9.,To = 325 K in

dependence comes from the thermally averaged square protors 19Ure 9)

coupling eq 2.23, and in principle is not Arrhenius. In addition 2
to theseT dependencies for the individual transition rate K, = CeqL 4 y
constants, the thermal sum over excited proton transitions for ot A (Es+ E )RT,

S oL o

the full rate in eq 2.17 is clearly also not Arrhenius. Altogether, :
these contributions give rise to a nonlindadependence in an - = th (1/ o — AGop 3.13
Arrhenius plot, as expected for tunneling P#13.1448\onethe- € thCO ( 2)'80th) € RT, (3.13)

less, we now show that thit dependence is effectively linear
in an Arrhenius plot for a limited but nonnegligible temperature An Arrhenius form of eq 3.12 for the rate constant and its KIE
range. Even for data over a broad temperature range whereis derived in Appendix B, where (cf. eqs B4B.15)
nonlinear behavior is observed, our analysis should be useful
to analyze different subregions in the nonlinear plot where the A = Kk, o, (T,) eXpB.EaL);
behavior is effectively linear. That is, we obtain rate and KIE _ * *
expressions for a giv){eﬁo and the local slope in an Arrhenius Ea = Eglcoth? (Bfiwg/2) — 1] + AG[o, + [AAG, . 1
plot at To. (3.14)

In this analysis, the PT rate in proximity to a specific

. £ .
temperaturéT, is written in an Arrhenius form Herep. is evaluated al, such that (To) = pLkor. AG g4 is

the 0-0 reaction free energy barrier eq 2.25, amd&GﬁRynpm
k. =k (T,) exp[—(B8 — B,) EaLl (3.12) is the activation free energy barrier contribution from excited
proton states

where the Arrhenius intercept is just the extrapolation from the .
rate atT = T, to infinite temperature A. = k_(To) exp[BoEaLl, z Z Forp(lwgng + AAG )
andEa_ is determined by the slope in an Arrhenius plot. + MR e

For analysis purposes, we take the same system as described mAGnR,an - (3.15)
in section 3a.2, and vary the temperattfes 300—350 K), Zz Forp
while keeping the reaction asymmetry consta¥@&rxny = O. nR np
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where the symmetric reaction transition coefficient (cf. eq 3.4)
iS For,p= Fruno(T = To). For the behavior in Figure 9, eq 3.14
gives reasonable estimates 6y and Eap, Ean = 6.1 kcal/
mol andEap = 11.2 kcal/mol, which differ by less than 10%

from the obtained numerical values. The decomposition of theseanalyze ku/kp)o andEap —

Kiefer and Hynes

would haveAy > Ap, instead ofAy < Ap. Clearly, the interplay
between the magnitude ok{/kp), and the differencé&ap —

E,,, determine whethehy > Ap or Ay > Ap. Thus, an alternate
yet equivalent isotope analysis of Arrhenius plots would be to
Ean rather thamy/Ap andEap —

apparent activation energies in eq 3.14 will prove to be useful Expy. The advantage of this alternative analysis is the direct
in determining which contributions are more important and how connection between the KIE magnitude and Arrhenius slope

these contributions change with Awg, reaction asymmetry,
and solvent reorganization enerfy, as now discussed.

The first term in eq 3.14 is the activation energy contribution
from the thermally averaged square couplifi§({see eq 2.23),

with H-mode characteristics. Specifically, larger KIE magnitudes
result from longer (large acitbase separations) and more rigid
H-bond (largéiwo/RT) complexes, and small Arrhenius slopes
arise with less probability of H-bond and proton mode excitation

and as such is extremely sensitive to parameters affecting the(i.e., lowT and especially highétw/RTratios), as can be seen

H-bond mode-tunneling coupling, namélyhwq, andEy, . For

from eq 3.14.

the present system, this term dominates the activation energy To expand on this and summarize the KIE temperature

for both H (60%) and D (66%). Furthermore, sirngg [ m_

dependence, we note that Klinman et lave argued that the

is mass sensitive, the predominant contribution to the activation ratio A4/Ap is an indication of the extent of tunneling at a

energy difference determining thgs for the KIE will be
dominated by this first term. The coefficient [c&ffiwa/2)
— 1] in this term is extremely sensitive 1@ andhwq, increasing
drastically asT, is increased okhwq decreases, and the ratio
hwo/RT, determines the relative contribution for this first term.

specific temperature. In particular, these authors define three
important regions a system goes through as the temperature is
decreased: (l) starting at highAu/Ap ~ 1, (II) Au/Ap < 1 for
intermediate temperatures, and (W)/Ap > 1 for low T. (Note

that we have ignored the transition region between regimes I

The second term in eq 3.14, the activation free energy barrier and Il whereAy/Ap ~ 1.) In regime I, the proton is supposed

AGfOVO, is for the present system also significant for both H
(39%) and D (25%). Of course, the magnitude of this term

not to tunnel, and the PT rate and KIBbehavior is Arrhenius.
In both regimes Il and Ill, the proton is supposed to tunnel,

changes with reaction asymmetry, decreasing as the reactiorwith more tunneling present in regime fl.

goes from endo- to exothermic (cf. eq 2.19).

The last term in eq 3.14 fdga, is the least important for the
present systems 1% for H and 9% for D. Its lack of importance
correlates with the significance of the-0 transition in the
overall rate, described here by ~ 1, py = 1.004 andop =
1.25. p. will obviously change as the reaction becomes more

Within the present perspective, these three experimental
possibilities indicate characteristics of the H-bond mode. Regime
| occurs for smallelQ separations where the proton does not
tunnel, but remains quantum, rather than classical, in chafdcter.
Regimes Il and Ill refer to large® separations where the proton
tunnels, while the distinction between regimes Il and lll lies

asymmetric, as discussed in section 3a, as well as with increasingdrimarily in the thermal population of the H-bond mode (i.e.,

T
With the above individual Arrhenius parameter results eq

3.14, we can now focus on those for the KIE, for the chosen value is likely to put a system in regime (lI; i.e.,

primarily inhwo/RT). As indicated above, a sméillvo/RT value
is likely to place a system in regime I, while a larjeo/RT
regime Il

system. The KIE Arrhenius slope is determined by the isotopic likely occurs for long and rigid H-bond complexes and 1ow

difference ofEaLs

Eap — Ean = Egylcoth? (Bhoy/2) — 1] +
[AG, — AGY ] + [AAG, , [} — AAG, , [] (3.16)

while regime Il likely occurs for shorter and softer H-bond
complexes at higheF. Of course, the possibility of a mixture

of properties can give rise to either regime. For example, a short
but rigid H-bond complex might be in either regime, depending
on the magnitude ofk(/kp), and the differencéap — Ean,

via eq 3.18. If ku/kp)o is small,Eap — Ean does not have to

The first term contributes the most, 72% as predicted above, be as large if Ki/kp), was larger, to geAn/Ap > 1.

the final difference is next in significance at 20%, and only 8%
is observed for the middle difference. The minimal significance
of the difference in 6-0 reaction barriers reflects the disparity

3c. Swain—-Schaad RelationshipsThis final category of KIE
behavior describes the relative KIEs between the three isotopes
H, D, and T. For nontunneling PT perspectives, both the

Es > Eq. The increased contribution of the excited proton state standard and nontraditional approacke¥;30the reactant and

contribution is due to the differential contribution of the-@
transition to the total ratesy < pp.

The Arrhenius intercepf_ in eq 3.14 is the extrapolation
from the rate al = T, k.(To) = koLpL to infinite temperature,
and thus the ratio of intercepts (H vs D) is the extrapolation of
the KIE (H vs D) atT, to infinite temperature

AlAp = (kilkp)o €XP[—Bo(Eap — Ean)]l  (3.17)

where
(k/Kp)o = (Koppr/KopPp)
The significant isotopic difference of Arrhenius intercepts, i.e.,

Ay = Ap, is a signature for a tunneling procégsor the system
in Figure 9a, the Arrhenius prefactors hag < Ap, which is

(3.18)

TS proton ZPEs associated with nontunneling KIEs give rise
to specific relations between KIEs, SwaiSchaad relation-
ships!t13.14For purposes of discussion, we select the following
Swain—-Schaad relationship

In(k, /k;) = 3.3In(Ky/k;)

Deviation from this relationship is regarded as a clear indication
of tunneling?” Traditionally, the relationship has been experi-
mentally assessed by varying system parameters and plotting
In(ku/kt) vs Inkp/kr) and determining whether this produces a
line which goes through the origin and has a slopg 310111314
However, eq 3.19 has also been assessed by plotting the ratio
In(kq/kr)/In(ko/kr) Vs a system parameter, such as temperature.

If the ratio deviates significantly from 3.3, the PT system is
said to be tunneling. In this section, we will examine whether

(3.19)

the case where eq 3.17 is less than 1. If, however, the systema nonadiabatic tunneling PT system can exhibit the behavior in

hadEap — Ean ~1 (not~5 kcal/mol as in Figure 9), then one

eq 3.19 as well as have a KIE magnitude that is normally
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Figure 10. (a)ku/ko vs T egs 2.17 and 2.18 withiwg = 435 cnt?, V* $ 27
= 9.25 kcal/mol,Es = 8 kcal/mol, AQ = 0, mg = 20 amu,hwy = k=t
3200 cm?, Awy® = 2700 cn?, andoy = 32.3 AL D and T parameters 1
are appropriately mass scaled. (b) Sweafithaad ratio Iig/kr)/In- 10 5 0 5 10
(ko/kt) vs T for system in part a. 125 (b)
consistent with adiabatic nontunneling PT, iledko <6 atT 100
= 300 K_1,13,14,30 . ' . . Q 754
3c.1. Low Temperature. We begin this analysis with the @E
low T limit fhwqg > 1, where the KIE can be written as (cf. s~ 30
egs 2.6 and 3.10) 25
_ 2 2
kL1/kL2 - C0L1 (Qeo)/COLZ (Qeo) x 0_10 _'5 (') g 10
E.1— E AG kcal/mol
exp| (o, — o ,)AQ + 2542 R )
th § 5 (c)
Bus
/Mo 2V, — — = "
= _exp_ ¢( m_l_ m_Z) X i 4 4
m, Aoy, =
Ean(my — myp) X35
exp[(v My~ VM)oAQ + T hwg T .l
(3_20) 115 116 lf7 1f8 1f9 2

I/RT (mol/kcal)

The last line was obtained with eq 2.3 and the mass scaling  Figure 12. (a) Swair-Schaad ratio Iky/kr)/In(ko/kr) vs reaction

0 /m and w. O 4/1/m_. With eq 3.20, one can ask the asymmetry for same PT system as in Figurel 7 300 K), except
following question: With what system can one find eq 3.19 fwo= 375 cn1™. (b) ku/ko for system in part a. (c) lig/kr)/In(ko/kr)

and a minimal KIE magnitude, and still remain in this regime ¥S IRT (T = 250-350 K) for symmetric reaction in part a.

Phwg > 1? Figure 10 displays the KIE (H vs D) and Swain except neaAGgrxn = 0, where it is unity. The source of this
Schaad ratio for a PT system witkGgxny = 0, AQ = 0, V¥ = KIE inversion is the same as described in section 3a in
9.25 kcal/mol,ay = 32.3 A (ap and ar mass scaled) and  connection with KIE vs reaction asymmetry: heavier particles
hwg = 435 cnm. Remarkably, the KIE magnitude and Swain preferentially benefit from excitation of both the H-bond and L
Schaad ratio are what one might associate withtunneling mode, especially for more asymmetric reactions. In this
PT. However, this occurs a&ixtremelylow temperatures (50 particular case, these excitations make Triton transfer more facile
100 K), where even fonontunnelingPT, the KIE is expected  than D transfer. The SwaifSchaad ratio in this case would be
to be much larger. Only at these temperatures is it possible toridiculous to compute, because it is negative. This system,
numerically obtain the characteristic KIE ratios and a minimal however, illustrates a possible KIE regime: a low-frequency

KIE, while simultaneously keepingfiwg > 14° We now H-bond mode that produces a small H vs D KIE could also
consider higher and more experimentally reasonable tempera-produce an inverse D vs T Kl > kp.
tures. We now consider systems where a positive Sw&ohaad

3c.2. Moderate to High Temperatures.For this tunneling ratio can be obtained in the moderate to highimit. Figure
regime, we return to Figure 6. For the magnitude of the H vs D 12a displays that ratio for the same system in Figure 11 except
KIE, there is already certainly consistent with nontunneling, but the H-mode frequency has been increasefikig = 375 cnit
is the Swain-Schaad relationship satisfied? Figure 11 displays (T = 300 K). The Swair-Schaad ratio is at the expected value
the deuterium vs tritium KIE for the Figure 6 case, and one eq 3.19, but the H vs D KIE (displayed in Figure 12b) is clearly
notices immediately that the KIE is predominantly inverse, large enough to indicate tunneling PT. Furthermore, The
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variation of the SwairSchaad ratio for this system, displayed remains a key component, with both its frequency and equi-
in Figure 12c, shows a distinct deviation from eq 3.19 for part librium separation to be determined. The solvent reorganization
of the temperature range, and thus also allows confirmation of energyEs defines the last undetermined parameter. Two of the
tunneling PT2° This example clearly illustrates the advantage three parameters that would be “fit” to experimental data,
of varying systems parameters suci@d reaction asymmetry  andEs, are also critical to the effective activation eneigy .

to identify tunneling with specific KIE aspects. These uncertainties require that care be taken when interpreting
the H-bond characteristics and solvent reorganization energy.
4. Concluding Remarks In particular, the unknown H-bond separation and frequency

may not be uniquely defined; for example, a decrease in KIE
may be due to either a decreased H-bond separation or a
decreased H-bond frequency. These difficulties would be
reduced by insisting that the fit parameters apply to several rate
constant and KIE features simultaneously.

The developments and calculations in this paper have
employed several simplifications, specifically, the neglect of
' any temperature dependence of the environmental polarity
(which can give, e.g., a temperature-dependent reorganization),
as well as of other H-bond properties often present in real
systems, anharmonicity and “intrinsic” asymmetry. While the
general picture for KIE behaviors presented is not significantly
altered by ignoring these effects, they may need to be taken
into account in a detailed analysis of individual systems.

Concerning the first simplification, solvent polarity is known
to significantly change with temperature, and this change
translates into a decrease in reorganization energy with increas-
X oy - ) ing T,3*47decreasing the effective activation energy. Of course,
em_pha3|s on variation V\."th reaction asymmetry or temperature, , reorganization energy is not determined solely by polarity,
which clegr.ly aIIovv; fgr |der1t|f|cat|qn of j[ur.mellng PT Systems. ¢ often it is best described by environmental rearrangement

An additional criteria exists for identifying a PT system as jncjuding nuclear rearrangement of bonding surrounding the
being in the tunneling regime, namely the existence of an py_pong complexX? For complex environments, like proteins,
‘inverted” regime?® An “inverted” regime has been experi-  gimyiation will provide the best source for evaluation and
mentally observed for some PT systethiut clarification is interpretation of reorganization energies (e.g., see ref 6). As for
required concerning the conditions necessary for its existence,ipq remaining simplifications, weak H-bond complexes have
especially considering the contribution of excited-state reaction properties that deviate from the simple harmonic oscillator
asymmetry_dependencies to th_e total rate, as displayed in Figurgyqdel used here, including anharmonicity and asymmetry
6.4 These issues are the subject of future work. between the reactant and prod&cAnharmonicity inQ will

The sensitivity to excitation of the H-bond and proton gecrease the thermal accessibility of smaQeseparations that
vibrational modes is a key factor that determines the behavior promote tunneling, and thus also lead to decreased effective
of several KIE features. Notably, these modes are more yctivation energie33 The asymmetry irQ, i.e., AQ (cf. AQ
accessible for asymmetric reactions, and because excitation ingq Eo in eq 2.11) also affects the proton coupli@yand

these modes increases the tunneling probafSfliasymmetric  thys will contribute to theQ motion averaging component in
reactions can be dominated by these excitations. The fact thatg,

compared to the proton, the deuteron is more sensitive to the

H-bond dynamics and is easier to excite implies that H-bond ) .
and deuteron excitation increase the D transfer rate more than_ Acknowledgment. This work was supported in part by NSF
is the case for H. The result iska/ko KIE that decreases with ~ Grants CHE-9700419, CHE-0108314, and CHE-0417570 and

the Cristol Fund from the Department of Chemistry and
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A theoretical description of primary kinetic isotope effects
(KIES) has been presented for proton-transfer reactions, of the
acid—base variety within a hydrogen-bonded complex, in the
tunneling regime. This treatment differs from traditional de-
scriptions of tunneling PT in that external environmental
rearrangement is the reaction coordinate. Four individual KIE
aspects-including KIE magnitude, temperature dependence
variation with reaction asymmetry, and adherence to the Swain
Schaad relationshiphave been analyzed for tunneling PT
reactions. It has been shown that a number of the predictions
for these trends are quite similar to those expected from
traditional treatments that dwtinclude tunneling. In general,
the clear identification of tunneling behavior is not straightfor-
ward for PT reactions involving strong coupling to the environ-
ment. Deviation from SwainSchaad behavior is the most likely
indicator of tunneling P7 (cf. section 3c), but generally it is
the combinationof these four KIE behaviors, with special

increased reaction asymmetry as well as with temperature.

A prescription for interpreting slopes in an Arrhenius plot
for tunneling rate constants and KIEs is a key result of this
work, i.e., eq 3.14. Thermal excitations of the proton/deuteron
and H-bond modes explicitly contribute to the effective activa-
tion energy, in addition to the actual reaction free energy barrier, Appendix A. Free Energy Relationship (FER) for
and in some cases, these excitations can dominate the effectivéonadiabatic Proton Transfer

ac\tll\\//atlon ebnfer]:clly. he critical involved In this Appendix, an isotope-dependent FER of the form of
e now briefly comment on the critical parameters involve eq 3.1 is derived for the moderate to high-temperature regime.

in the application of the nonadigbatic PT _formalism, including e begin the analysis with the PT rate expression in this regime,
further aspects to consider besides the simple model presente%}l_ eqs 2.17 and 2.24

here3! These include the proton barriaf at the H bond
equilibrium positionQeq, the solvent reorganization energy,

: [T, .0 AG |
and the H-bond mode frequenay,. We focus on these since _ p RTP T . RTP
other parameters, including the frequencies for the proton well k= ZZ R = exp

7 . . o M 5 h (Es+ EORT RT
wrpand barrierw®, the exponential coupling coefficiengy— « (A1)

and their deuterated counterparts, and the effective mass of the
H-bond coordinateng can be estimated based on the system and rewrite it in terms of the rate constant involving only the
characteristic8?%¢ Since V¥ depends 01Qcq, the H-bond mode 0—0 proton transition and the remaining contribution from
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excited states. For this purpose, the thermal average over thin = —In = n
squared proton coupling in eq 2.23 can be re-expressed in term nzn NRMR| nzn nR’nR|°
of that for the G-0 case (see eq 2.21) e Re
AGgyy aFnR’nP AG‘RXN2 1
) ) m(hwghg + Awpnp) SAG 2 5%
[T, 20 [Ty 2Texp . (A.2) T Frlat 2GR, (z FnR,nplo)
NR,Np NR,Np
and the 6-0 free energy barrieAG¥,, can also be isolated 82FanP 8FnR’nP
within the general activation free energy in eq 2.25, (z Frn |0) z - | - z (A.11)
NRr,Np o NR,Np 8AGRXN2 o NR,Np BAGRXN o
AG; . =AGo,+ AAG] (A.3) , o -
Frere and its derivative are evaluated fAGrxn = O
where a(hwgng +hwpnp) Awgng + AAG)
Fr nlo=8ex I exp———==——
, RMp Ao RT
AGgyny + Es+ E )
+ (AGgryy S ol ¥
AGLO,O - 4(ES + EuL) (A4) aFnRvnp - _ i 8AAGnRvnF’ | .
. 0AGgryn RT 0AGgyy ™™
AAG, . = [(nhwp — Nhwg)(2(AGgyy + Es + By ) + ° F . SAAGE )2
- NkNp _ NrNp
nPth - nRhwR)] /4(ES + EaL) (A5) 8AGRXNZ . - (RT)Z BAGRXN I:nR,nplo (A12)
The rate expression in eq A.1 can now be written as where AAG, is the reaction free energy contribution due to
excited statesz&AGﬁRnP (see eq 3.5) evaluated AGrxn = 0
= F, .= A.6
ke kLOOn;p Nep KLooPL (A.6) AA Gc)* _

{[ndhwp — nghwg][2(Es + Eyy) + nphwp — nghagl} |

in terms of the 6-0 rate constant

3AAGﬁR,nP _ Nwp — Nghag

4(E<+ E_ ), and -
2 t 5o IAGrxy 2(Est+ Ey)
0 Tl A [_ AT I
00 h (Eq+ E,)RT P RT ' With these results, eq A.11 is now
where the coefficient of each transitiéi, . IS In nZn Fnaynp] -
R/ IP
+
w(hwgng + Awpnp) AAGﬁR,nP AGgyy | IAAG AGguy’
Frn, = Pn, €XP : exp|— —gr In z FnR,nJO] - + 5
hw (A8) NR,Np RT BAGRXN F Z(RT)
o T [daacy [T
The second expression in eq A.6 denotes the sum as an " _ RTP
enhancement factgr_ of the rate due to excited proton states.

With the hindsight that the KIE VAGgrxn behavior is maximal

nearAGrxn = 0, we focus our attention of this behavior near \here the average is over the probability distribution defined

AGrxn = 0. We start with the natural logarithm of eq A.6 BY Frenelor €.0.

Ink, =Ink o+ In

NR,Np

From eq A.7, the first term in eq A.9 is

AAGT
z FnR,nP] (A.9) ﬁ nR,npU _ 1 z -
NR,Np BAGRXN = z = | & Nz.Np'0
Ng:Np!0

F IACexy F

+
OAAG]

0AGgyy

(A.13)

X

(A.14)

(A.15)

The coefficients in eq 3.1 are thus found to be eqs-3.8 of

[T, ozD u AG; 0 the text.
In =In . — — ~ (A.10
Koo h A (Es+ERT| RT (A10)

Proton Transfer Kinetic Isotope Effects

which is second order inGgrxy Via eq A.4. The second term In this Appendix, Arrhenius expressions for individual isotope
in eq A.9 is now expanded up to second ordeAiBrxn, Near rate constants as well as the KIE for a limited temperature range
AGrxny = 0 are derived. For this purpose, we consider the rate expression

Appendix B. Arrhenius Behavior for Nonadiabatic
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eq A.1 referenced to the-® rate constant, focusing first on  In(k ) = In(k, ) — ABEa 00 +
putting the -0 PT rate constant (see eq A.7) N
In{ Z z Forep EXP—ABRwRN, + AAGHR,nP)]} (B.9)

[T, o0 AG; e e
Koo = ;0 A/ = exp[— RI-_I?'O (B.1)
(Es + E,)RT To put eq B.9 into an Arrhenius form, a Taylor series expansion

of its last term around\ = 0 is performed
into an Arrhenius form, and we then describe the influence of

excited proton states.
P In Z z Forp €XP [FAB(RwgN, + AAGiR,nP)]} =
NR Np

Here we expand the above rate expression around a given
temperature in the middle of an experimental temperature range

(LRT, = fo): z z Forp(floogng + AAGiR,nP)
| F A=
B=Bo+B—Bo=PBot AB: 5= (1)phwg=gc,+ Ac n{%nzp OR’P} p
(8.2) > > Fore
NrR Np
with AB/B, and A assumed to be smalkkl. For a small (B.10)

temperature range (36@50 K) this assumption works fairly
well because thép range is~10%, whileA¢ < 1 is valid as
long as theQ mode does not have a very high frequeney,<
600 cntl. In this limit, keeping only linear terms iAg, the
hyperbolic cotangent is

Keeping only the leading orderterm g3, the linear term in
Ap is the weighted average of the additional activation by
excited states

> > Forelfiogng + AAG; )

coth@) = coth,) — () ABhaglcoth?(E,) — 1] (B.3) AAGE 1= MR e (B.11)
R'lP
Equation 2.23 for 60 then becomes zz Forp
NR Np
2 2 EaL . . . . .
[Cy o 7 Ceqroo €XP|2 coth Co)m X Equation B.11 is now in the desired Arrhenius form
exp-ABE, [cot?(5) — 1)) (B4)  Ink_=Ink, + In{ TS FoR,p} -
NrR Np
Equation B.1 be written i Arrhenius-like f *
quation can now be written in an Arrhenius-like forkn ( AB[Enio0 + mAGnR,nP@] (B.12)

= AL exp(—=pEaL):
Koo = Ko, €XP BoEaLoo) €XP (BEaLo0) (B.5) with an Arrhenius activation energy given by
_ ¥ +
where the Arrhenius parameters have the following definitions Eal = EaL[COth2 (S0 = U+ AGpo + mAGnR,nF,@ (B.13)

InA =Ink, +p,E,, and The middle term in eq B.12 is just Ip. (T = To). The KIE at
ELoo = Ey [coth?(c,) — 1] + AGto,o (B.6) the reference temperatuig is

kH — kHopH(To)

koL = kioo(To) is just the 0-0 rate at the midrange temperature ——
To, and Ko KpoPp(To)

AL =Ko eXPB.Ey ) _ Coqrion(To)  [Es+ Eqp .
o Cequ(Qeq) I CquzpD(To) ES + Eu.H
TR A (E+EORT”

EOLL
exp(Zthcoth((llz)ﬁoth) + BoEq[cotiP(c,) — 1])

(B.7)

+ +
al AG HO,0 AG DO,0

E
exp(—z Fog coth (Glz)ﬁoth)) exp[— o

o

(B.14)

The isotopic difference of the activation energies in eq B.13,

. . L . e.g., HvsD, is
We now consider excited proton vibrational states in a manner

similar to that of Appendix A. Equation 3.3 is rewritten as Eap — Ean = Eun [coth2 (6o — 11+ AGEo,o - AGEQWL
+ +
k. = koL €xp (_AﬁEALOO)ZZ Forp X [AAG, [ — [AAG, , '} (B.15)

nR Np
exp [FAB(hwgng + AAGiRvnQ] (B.8) References and Notes
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(34) Kiefer, P. M.; Hynes, J. Tisr. J. Chem2004 44, 171.

(35) Electronic resonance coupling for weakly coupled ET has the same
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with the mass dependence.

(36) The in-plane bending mode is definitely coupled with the H-bond
modeQ. In particular, a strongly bent H-bond system will have a larger
effectiveQeqas well as a strong coupling between the bend mode and excited
proton vibrational state¥.Here we consider a linear H-bond system, where
any bending contributions have been renormalized into the single H-bond
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(19) (a) Ando, K.; Hynes, J. T. Phys. Chem. B997, 101, 10464. (b)
Ando, K.; Hynes, J. TJ. Phys. Chem. A999 103 10398. (c) Staib, A,;

coordinate is treated with a stretch and bend, see ref 6.

(37) We note that anharmonic models have been used in the past but
do not significantly alter the picture and resulting KIE treféls:

(38) As a final note on eq 2.13, its low-temperature limit is not eq 2.5;
i.e., the average in eq 2.16 does not give eq 2.6 for low temperdRres
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hwq. Equation 2.5 and 2.13 are two limits of the general rate expression o = - is expected for an intrinsically asymmetric reaction (i4Q =

for proton tunneling including vibration given in eq 2.182 0, not considered within). Furthermore, the noticeable deviation figm
(39) The H-bond vibrational mode is assumed in this paper to remain = %/, for AQ = 0 is isotope-dependent, and thus the maximum in a KIE vs

significantly unchanged while the reaction coordinate fluctuates from the reaction asymmetry plot will be shifted away fravGgrxn = O.

0—0 TS to either the 61 or 1-0 TS. (46) Of course, in the solution case, the solvent would need to remain
(40) Model calculations using a two VB model for an ©tD proton liquid and classical. More generally, the environment would have to remain

potential similar to that used in ref 21 give proton couplings consistent classical.

with those evaluated via eq 2.21, i.e., to within 20%. The (bR)pr + (47) On the basis of the PT model used in refs 21 and 34, the

nphwp) term in eq 2.21 is an estimate for the decrease in barrier height for reorganization energits for nonadiabatic PT can be described with the

excited states. following microscopic quantitiesEs = (1/2)K(ur — up)%(Acs?)?, whereK

(41) The approximations that, is transition-independent and eq 2.21  contains the dependence on solvent polarity via the static and optical
for the transition dependence GEq_ are based on model calculations by  dielectric constantsK = 2Mg(1/e.. — 1leg). Ms is a factor dependent on
the present authors. Furthermore, these approximations are key provisionghe structure of the H-bond complex. The remaining terms describe the
that allow for the development of the quantitative analysis in section 3, difference in reactant and product electronic structuggsandup are the
specifically those that indicate explicit contributions from excited proton electronically diabatic dipole moments of the H-bond complex for the
states. While slight deviations from these approximations are possible andreactant and product, anke? is the difference, between the reactant and
likely for real systems, the quantitative trends that result from the present product, in the contributions of the product valence bond state to the
analysis are not significantly altered by such deviations. electronic structure. Th€ dependence dEs stems from thd dependence

(42) In the standard picture including tunneling, KIEs are also expected of the static dielectric constait In model calculations for nontunneling
to exhibit a maximum foAGrxn = 03 14 16For a one-dimensional barrier, PT34 we have included th& dependence of the dielectric constanof
the tunneling correction is determined by the imaginary frequency (deter- water and find (i) a~20% reduction of the rate Arrhenius slopes and (ii)
mined by the force constant and mass of the TS mode). The Westheimer only a slight effect £5%) on the KIE Arrhenius slope.

Melander pictur&4for nontunneling PT states that for a symmetric reaction (48) This is particularly true for H atom transfer reactions because they

the TS mode is purely classical proton motion, so that the TS mode includes are weakly coupled to a polar environment, i.e., small reorganization energies
more of the donoracceptor mode as the reaction becomes more a (cf. the H atom transfer reaction in ref 5e).

symmetric. Thus, the TS mode mass increases with reaction asymmetry, (49) Because this system has a low proton bakfer= 9.25 kcal/mol,

and tunneling by H (or D) is less with increasing asymmetry, giving a the proton or deuteron could be excited to a vibrational state above the
maximal KIE for pure H (or D) motion for symmetric reaction and lower proton barrier, and PT would then proceed via a nontunneling process.
KIEs for less H (or D) tunneling at TS. At this low T, however, the rate constant for such a process is many order

(43) Note that the total rate constants for H and D transfer in Figure 6 of magnitudes smaller (for both H and D) than the tunneling rate con-
increase with increased exothermicity. The significant contribution of excited stants.
proton states to the rate constant in the present model calculations precludes (50) In Figure 12c, the SwainSchaad ratio increases from that expected
the possibility of any ‘inverted’ regime for tunneling PT; i.e., the rate by eq 3.19 with increased temperature. Thisehavior is due to the relative
constant continues to increase for increased reaction exothermicity. decrease in KIEKu/kr vs kp/kr) asT is increased. The relative decrease is
Conversely, suppression of these excited-state contributions would give andue to the magnitude of each KIE and the difference in effective activation
inverted region behavior. While experimetitdemonstrate that an ‘inverted’ energiesEa s that determines each KIES dependencé(Eat — Ean)}/
regime is possible for PT, the physical aspects of these systems that allow{In(ku/kr)7,} <{(Ear — Eap)}/{In(ko/kr)7}. If @ PT system was in the

for observation of an ‘inverted’ regime remain to be clarified. nontunneling regime at high temperatures one might expect that lowering
(44) (a) Peters, K. S.; Cashin, A.; Timbers, JPAm. Chem. So200Q the temperature would put the PT system in the tunneling regime, and thus
122 107. (b) Peters, K. S.; Cashin, A. Phys. Chem. R200Q 104, 4833. one would expect a large Swai$chaad ratio at low temperatures that
(c) Peters, K. S.; Kim, GJ. Phys. Chem. 2001 105, 4177 (c) Andrieux, progressively decreases toward the expected value eq 3118 agreased.
C. P.; Gamby, J.; Hapiot, P.; Saveant, J.-MAm. Chem. So2003 125 Figure 12c, however, displays tfi@lependence for a PT system that remains
10119. in the tunneling regime at all the displayed temperatures.
(45) For the present system, the numerical deviation ftbrs ~5%. (51) This formalism has already been applied to an H atom transfer
However, using the full state-to-state rate constant eqs 2.17 with eq 2.18, reaction®® where the coupling to the solvent is weak, and e.g., the
instead of eq 2.17 with eq 2.24, the numerical deviation ftaris <0.1%. temperature dependence and KIE magnitude are quite different from those

This denotes the sensitivity at which eq 2.24 will break down. Note that found in the present work.



