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A free energy relationship (FER) between the activation free en&@jyand the reaction asymmettyGgryy

was derived in the preceding paper for acid ionization proton transfer (PT) reactions in a polar environment,
in which the proton is treated quantum mechanically, but does not tunnel. In the present paper, the inclusion
of the proton donotracceptor vibratiofrthe vibration of the hydrogen (H) bond—and its impact on the

FER are analyzed. The structure of the resulting FER, which includes quantization of both the proton and the
H-bond coordinates, is found to be identical to that for the fixed deaoceptor case, but with a
re-interpretation for certain components, which reflects a significant coupling that exists between the H-bond
vibration and the solvent reaction coordinate. This coupling derives from the increased mixing of the reactant
and product valence bond electronic structures as the transition state is reached. Analytical expressions for
the FER ingredients including these features are obtained. The present description of PT in an H-bond is
compared with that of a bond energy-bond order characterization, which is sometimes employed in
characterizing condensed phase PT systems. A comparison of the derived FER for PT is also made with the
empirical Marcus FER and with other FERs in the literature.

1. Introduction W= oy |WPyH ¢ &0 (1.2)

Rate-equilibrium free energy relations (FER) connecting the
reaction activation free energ¢G* with the thermodynamic
reaction asymmetrAGgrxn play a key role in both compre-
hending and characterizing proton transfer (PT) reactions in
solution=® and enzyme&” In the preceding papérhereafter
labeled I, a FER was derived from an underlying picture of PT
reactions which differs considerably from “standard” views.

For example, the acid ionization, or acidase PT reaction
within a hydrogen (H) bonded complex

involving neutral (N) and ionic (I) structures, along the lines of
the Mulliken picture of PT reactioni$-12 Strong electronic
coupling between these VB states produces the ground elec-
tronically adiabatic surface on which the reaction occurs.

The principal result of+derived for the regime of quantum
adiabatic (nonclassical but nontunneling) PT described at length
there and for a fixed proton doneacceptor separation, i.e.,
fixed H-bond coordinateis the nonlinear FER connecting the
reaction barrier with the reaction asymmetry (eq 5.46 of 1)

,(AGgy)?

AH-B=A"---HB" (1.2) . .
AG = AG + o, AGgyy T 0 5

(1.3)

is described as driven by configurational changes in the

surrounding polar environment; the reaction activation free with molecular expressions given for its ingredierxtfisfJ is
energy is largely determined by the reorganization of this the “intrinsic” reaction barrierAG;, = AG*(AGgrxy = 0), i.e.,
environment (such that the reaction coordinate is a solvent the activation free energy for the reference thermodynamically
coordinate), together with certain zero point energy (ZPE) symmetric reactiong, is the derivative of the reaction barrier
changes associated with the quantized proton motion. BY with respect toAGrxy, i.€., the Bransted coefficent, evaluated
contrast, traditional approaches would instead focus on the gt AGgy = 0; and finally, o, is the Bransted coefficent slope
height of any potential barrier in the coordinate of the transfer- eyaluated anGgyy = 0. The intrinsic free energy barrier is
ring proton. In the adiabatic PT picture described in |, the fast composed of a contribution due to a certain solvent reorganiza-
vibration of the proton adiabatically follows the slower rear- g AG}, ,and the difference in the ZPE,—Z of the proton

rangement of the environment, and one considers the instantapetween the reactant and transition state for the symmetric
neous proton potential for different arrangements of the ,asction (eq 5.38 of I)

environment. The underlying electronic description of the system

; ; At £ _ SR
is a two Valence Bond (VB) state basis AG, = AG,,+ Z, — Z§ (1.4)
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different solvent coordinate valugsE = 0 (¥) and AE = —40 kcal/
Figure 1. Contour plot of the PT system free energy versus the solvent mol (R) (solid lines). Also shown for later reference &g, cuts (dotted
coordinate, AE, and the H-bond coordinate separatid@, for a lines) for the same solvent valua€E = 0 andAE = —40 kcal/mol.
symmetric reaction. Contour spacings are set at 1 kcal/mol. Gmin is the free energy of the system at the minimum of the proton

potential, the classical equilibrium position of the proton. The difference
_ )  betweenG and Gmin is the ZPE of the proton (ckq 2.14 of I).
tions from both electronic resonance structures representative

of the reactant and product states. The slope of the Branstedyrises solely from a finite reaction free energy. We will return

coefficient is (eq 5.44 of I) to both of these issues at the paper’s conclusion.
The outline of the remainder of this paper is the following.
[ 1 1 n 1 (1.5) Section 2 deals with the free energy surface’s overall charac-
© (AEP — AER)? K kg ' teristics and the quantization of tizvibration. A comparison

of the present perspective’s results with that of a bond energy-

where kg and k* are the force constants for the free energy bond order descriptidf1” is also given there. The activation
variation in the solvent reaction coordina&, defined in I, at free energy-reaction free energy relationship is analyzed in
the reactant and transition state, @& — AER|s the separation section 3, including a comparison of the derived FER with the
of the product and reactant states in that coordinate. empirical Marcus FER,as well as with other FERS[ 131820

In the present paper, we extend this perspective and analyticalConcluding remarks are offered in section 4.
theory to include the H-bond vibration, i.e., that involving the
separation of the proton donor and acceptor A and B in eq 1.1.
As will be seen, a structure féxG* identical to that given above
results, with a re-interpretation of certain components to apply  2a. Features of the PT Free Energy SurfaceAlthough we
to the variable H-bond coordinate case. will ultimately quantize the H-bon@ motion, it proves useful

The importance of this H-bond vibration for an adiabatic PT to first discuss the PT free energy surface as an explicit function
reaction is best shown by focusing on its influence on the proton of Q, to appreciate the essential aspects ofdtsdlependence
barrier at the transition state (TS) configuration of the environ- and in particular, aspects related to the couplin@adnd the
ment (illustrated in Figure 2 of I): the barrier in the proton solvent coordinate. Figure 1 is a contour plot of eton-
coordinate will increase as the donacceptor separation guantized(ground vibrational state) free energy surfdg@,
hereafteiQ—is increased because a higher energetic price must AE) for a thermodynamically symmetric reaction, generated with
be paid on the way to breaking the original bond before the the formalism and parameters presented in | for PT, eq 1.1,
energetic gain from the new bond formation is realized. The between an oxygen donor and acceptor. (For clarity and
PT reaction must thus be considered not only in the presencediscussion, Figure 3 in | is reproduced here as FigurAE)is
of a proton potential whose asymmetry is fluctuating due to the collective solvent coordinate extensively described in.| (cf
the environmentas extensively described in—but whose eq 2.9). The surface exhibits both a reactant (R) and a product
height is also fluctuating due to the H-bond coordinate motion. (P) well, stable minima each with equilibrium doracceptor
There is little previous detailed analysis of the H-bond coor- separation§) ~ 2.7 A. The floors of the valleys in the solvent
dinate’s influence in the proton adiabatic regime considered here.coordinate are more narrowly separateatecreases leading
Aspects of this have been analyzed by Staib et3&f,and to the surface’s saddle point. This saddle point, locatetiEat
signatures of its influence are visible in the surfaces presented= 0 andQ ~ 2.5 A, a value ofQ compressed compared to that
in ref 15, though not analyzed. In any event, its influence on for R and P, would define a TS surface in the perspective that
FERs has not been considered previously. The present papeR is classical. Figure 1 also shows the important feature that
relies considerably on I, and we repeat a few of the most the H-bond vibration frequency varies with the reaction
important equations from | for the reader’s convenience. As in coordinateAE, increasing as the saddle point region is ap-
I, we note that the particular proton adiabatic description we proached from either the R or P side.
employ (ground vibrational state of the proton) is appropriate  These aspects indicating a strong coupling between the
for relatively low barrier reactions. Further, we again restrict H-bond coordinate features of the surface and the solvent
our consideration to what we termed “intrinsically symmetric coordinate are further highlighted via Figure 2 (solid lines),
reactions” (cf section 3 of 1), where any reaction asymmetry which shows two cross-sections of the Figure 1 surface, i.e.,

2. General Perspectives for PT Reaction with H-bond
Vibration Included
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Q=234 V(AE + Uy, — U)* + 482
0.8
is averaged over the ground state of the proton vibraﬁﬁ
The Q dependence in eq 2.2 is contained in the electronic
coupling—described in section 3 of I, and which exponentially
increases a@ decreases«f = —35 exp1.5@Q — 2.55 A))
0.4 kcal/mol)—as well as in the difference between the energies of
the vacuum R and P diabatic statés — U,, which decreases

with decreasing. Both trends tend to make the R and P states
027 less and less like the pure VB statesCass decreased, due to
/__/J a stronger coupling between states with a smaller gap, and the

separation of their locations IAE diminishes, as we now

0.6

<>

0= T T T T T T o )
60 -40 20 0 20 40 60 describe in more detail.
1 b The detailed discussion of the above qualitative point can be
by effected in terms of[¢’] because eq 2.1 shows that the
0.8 variation in the R and P minima in the solvent coordinate arises
from its Q dependence. Figure 3a dispIaEﬁDversusAE for
various fixedQ values. It is useful for reference to note that at
0.6 AE = 0, the protor-quantum averaged over its motiois
“u <Ci2> always equally shared between donor and acceptorﬁﬁﬁbd:
0.4 I 0.5 is independent o, a feature characteristic of the saddle

point region. To understand the variation ®EP — AER with
Q, we need to focus on the behavior @fin the R and P
0.2 “wings” of Figure 3a as a function @. For largeQ values the
electronic coupling is negligible compared to the ga@fAE; +
Un — Uil in eq 2.2, so that the R and P states are nearly the
0T T \ T J ! ! pure VB states at ead@ value in this range:{d’J~ 0 for the
60 40 20 0 20 40 60 2
AE (kcal/mol) react_ant andd O~ 1 for_the product, and both the R and P
locationsAERPand the distance between thexk” — AER are
Figure 3. (a) Proton ground state vibrationally averaged ionic electronic independent of. As Q decreasegs increases and the gafE.
structure compositiormlzlj vs the solvent coordinatdE at three + Uy — Uy| decreases, so that the mixing of the VB electronic

different values of the donetacceptor separatio@, 2.5, 2.7, and 2.9 ; . ;
A. (b) Ground-state vibrational (proton and H-bond vibrational mode) S1at€S for R and P states increases; thus the electronically

averagee?rvs. AE (solid line), ande(Gmin, Qmins AE) (dotted line) vs adiabatic R state has somewhat more ionic charalﬁjfekjj,> 0,

AE . and the P state has somewhat I@,%D< 1. Consequently, the

R and P states become more electronically similar, and the
the H-bond vibrational potential for the TS and reactai,= distance between them in the solvent coordinfsfedecreases,
0 and —40 kcal/mol, respectively. For the former, the curve thus accounting for the first feature, we noted in Figuié 1.
has an equilibrium separatid@@ ~ 2.5 A and a frequency 550 We next focus on the difference in H-bond frequency between
cm™1, whereas the latter curve has a larger equilibrium separa-R (P) and TS. As shown in Figure 2, the increase in this
tion, Q ~ 2.7 A, with a much lower frequency, 290 ctn frequency going from R to TS for the full free ener@yis

Although these features are of course consistent with the generamimicked by that fotGni, the free energy when the proton is
expectation that H-bonds are stronger at smaller bond leAyths, at its classical position for a give@ andAE. G minus Gpin is
a deeper analysis is useful. thus the quantum zero point energy for the proton. The
We first focus on the variation witl of the equilibrium  frequency difference can then be understood by focusing on
positions of the R and P solvent configurations apparent in that forGmin at R and TS. To this end, we rewri@ui, ignoring
Figure 1, which we label aAER andAEP. At very largeQ, the Q independent terms (céq 5.3 in I)
separation of the minima is relatively constant. &s is
decreased, the relative distance betwA&R (AEF) andAE = G (Q.AE) ~ Vo(Q) + WtV
0 decreases. This behavior arises from the changing electronic~min\>< ~ Y 2
character of the reactants and products, and has its ultimate 1 2 >
source in a significant electronic coupling, which mixes the R 2 \/(VN —Vi+AE)"+ 457 (2.3)
and P diabatic states to give the electronically adiabatic state.
The critical positionsAE; for G(Q, AE) are given by (cfeq whereVy andV, are evaluated & = Omin. The first termVo,
5.29 of I) which is independent oAAE, is a primarily repulsive donor
-acceptor potential, and dominates the repulsive branG.gf
_ Y i _ in Figure 2, whereas the last two terms containing the electronic
AE= —Kluy — ) (2 <] (AE‘)[) AGy  (21) diabatic proton potentials for the ionic stateand neutral state
Vi (cf. eq 3.1 of 1) describe the attractive branch@fn. As
whereK is a solvent force constant alds, is the free energy ~ AE goes toward zero, the electronic couplin@sdependence
difference between the reactant and product electronic diabaticcontributes more (negatively) to the attractive branch; accord-
states, whose dipole moments aggandy,, respectively. Here, ingly, the frequency ofGni, increases as the attractive branch
the ionic character, i.e., (céq 2.11 of I) steepens going from R to T3,
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In summary, the H-bondsolvent coordinate coupling arises -112
from the increased mixing of the electronic character between
the reactant ionic and the product neutral state decreases.

This mixing’s impact is most important near the TS, where it
is quite sensitive to the H-bond separation. The result is a higher
H-bond vibrational frequency near the TS compared with the
reactant and product states. TQe-AE coupling and increase

in Q vibrational frequency near the TS combine to explain
another behavior exhibited in Figure 1, namely, the increase in
the solvent barrier aQ increases: the difference in electronic
structure (6’1 between the reactant and transition states in-
creases and the free energetic cost for solvent rearrangement is
correspondingly larger. We will return to this issue in section -2 T T T T T T

3c. 60 -40 20 0 20 40 60

2b. Quantization of the H-Bond Vibration. The H-bond ) AE_ (kcal/mol). o
requencies are suffieny high partularly & =0, such - LS. Fes rg ares i e i pon - oo
that the H-bondQ l\glbratlon ShQUId be quantlged. Here, we ground, first excited, and second excited energy states, versus the solvent
fO||OW Sta_lb et aI_. and q_uantl_zdg for each flxr_ed solvent coordinateAE for a symmetric PT reaction.
configuration AE in an adiabatic BorrOppenheimer (BO)
description. In principle, this assumes an H-bond vibration time h Il rat tant is iust iate th |
scale short compared to the important characteristic time scales € overal rale constant Is Just ah appropriate thermal average
associated with the solvent coordinate, a condition really only of the individual rate constants
fairly necessary near the reaction TS, where solvent dynamical o
effects which would cause transitions between the diffeg@nt k = ——exp(—AG//RT) (2.6)
vibrational states in the passage through the transition state are 2r
excluded! away from the TS, such transitions will in fact be
common, and indeed are requitédn order to have an
equilibrium distribution of theQ vibrational states so that one
can discuss a well-defined overall PT rate constant in terms of
a thermally weighted contribution of the PT rate constants in
each of theQ vibrational states, as defined beldfv.

The Hamiltonian defining the H-bond vibrational motion is

G; (kcal/mol)

Hereaw's is the solvent frequeneythe frequency oAE motion

in the ith reactant wett-and theith state free energy barrier
height isAGi* = Gi(AEi*) - Gi(AEiR) for which the free energy
for each reactant H-bond vibrational state is defined at the
minimum in the reactant regiohER. The solvent reactant well
frequency does not differ significantly in different populated
states, so that the thermal rate constant can be written as

Hgq = Kq + G(Q,AE) (2.4) w wg © .
ker= ) PKi=— ") P, exp(—AG;/RT) (2.7)
where RQ is the Q mode’s kinetic energy operator. Thg 1= 2 &
coordinate Schidinger equation is solved in the BO approxima-
tion to generate the system free energy levBJAE) and
H-bond vibrational wave function®;(Q; AE)

in which the thermal probability for being in each reactant
H-bond vibrational state isP; = exp(—Gi/(AEiR)/RD/zi
exp—Gi(AED)/RT).
. . . We anticipated above that the average rate constant will be
Hol P(QAB)D= G(AB)®(QAB)D (2.5) dominated by the ground H-bond-vibrational state rate constant,
i and that the effective barrier height and reaction thermicity will
Gi(AE) represents the system free energy, at fixed solvent pe similar to that in this ground state. We examine this issue
coordinate AE, with the quantized proton in its ground py piotting the free energy relation in a manner similar to that
vibrational state and the H-bond—B vibration in its ith for fixed Q (see Figure 6 of 1). In particular, the effective
vibrational state. _ activation free energywhich includes the thermally weighted
Figure 4 displays the resulting calculat€@l(AE), as @ contributions of the ground and excited H-bond vibrational

function of the solvent coordinate, for the ground, first, and gtates-is obtained via the natural logarithm of the sum in eq
second excited states for the H-bond vibration. The reaction 5 7

barrier height is larger for excitations of the latter. In a simplified

harmonic description, this is due to the higher H-bond frequency AGzﬁ = ‘RT'”(Z P, exp(—AG™/RT)) (2.8)

at the TSAE = 0 compared to that in the R well, so that the .

effective barrier height approximately doubles for= 1

compared toi = 0; the anharmonicity apparent in th@ The expression for the effective reaction asymmetry is similar;

potentials in Figure 2 reduces this somewhat. it is proportional to the natural logarithm of the ratio of the
Thermal activation of the H-bond vibration would then result partition functions for the product and reactant

in a higher effective barrier than for the ground-state curve, and b R

except for the special case where the H-bond vibrational AGgrxn = —RTIn(z exp(—AG /RD/Z exp(—AG;/RT))

frequency is small compared with the thermal eneRjy the ! ! (2.9)

effective reaction barrier will typically be well represented by

the solvent barrier on the ground H-bond vibrational curve, a Figure 5 displays the calculate¥G¥e vs. AGrxy profile atT

feature to be confirmed presently. = 300 K, as well as the comparison valueAG* vs. AGrxn
Within the assumption that thermal equilibrium is maintained for PT exclusively in the ground H-bond vibrational st&te.

over the distribution of reactant region H-bond vibrational states, Both display nonlinear FER relationships qualitatitively similar
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8 exp[—(Q—q—r)/b] +exp[—(q—ry)/b] =1 (2.10)

with r, = 0.93 A andb = 0.39 A for OHO systems and, =
0.99 A andb = 0.40 A for NH--:N systemg$.17 Ordinarily,
this relation is writte#17:25in terms of the proton and H-bond
coordinates themselves, i.e., in a completely classical perspec-
tive, and within the “standard” perspective, it would describe
the contributions o) andq to the classical reaction path. The
barrier for this classical path is the energetic cost of breaking
and forming a bond with the proton. At the classical transition
state in theg and Q coordinates for a symmetric reaction, the
bond order is 0.5 for each bond, so that the proton is equally
attracted to the donor and acceptor, compressing the gonor
0 T T T T T J T acceptor distance. One might think that there would be no
8 6 4 2 0 2 4 6 8 remnant of such a pathway in the present fully quantum
AG gy (kcal/mol) approach, but we now show that this is not the case.
Figure 5. PT activation- reaction free energy relationshie vs. To examine the situation in the present perspective, where
AGrxy, including thermally excited H-bond vibrational state}(The those vibrations are quantized, we instead will consider a
free energy behavior for the ground H-bond vibrational state is also generalization of eq 2.10, in which the quantum nuclear averages

shown(o). The line is eq 1.3, withG}, = 3.17 kcal/mol o, = 0.5, and for Q andq are inserted in eq 2.10
oy, = 0.032 mol/kcal.

[=,}
i

AGY (kcal/mol)
'S
|

3%}
1

exp[—(@Q — gl ry)/b] + exp[—([g—r )bl =1 (2.11)

Figure 6 displays the curve, calculated for the present system,
of the quantum average® — gOvs [GC] where the quantum
averages are taken over the ground states of both the H-bond
Q and protong vibrations; each point, i.e., each pair [@ —
gCandgvalues, represents those values evaluated for a specific
value of the solvent coordinat&E. A PT reaction proceeds
with [Q — gqO0> [g0(top left of Figure 6) to the TS with® —
g0~ g0 and then on to products whef® — gl< [0 The
points in Figure 6 are then fit to the BEBO-based eq 2.11. The
result (solid line) is similar to that obtained experimentally, with
to = 0.97 A andb = 0.40 A, and indeed the general
correspondence between points and eq 2.11 is rather striking.

1 T T T .

1.4 16 Fro_m the present perspective, the constructed BEBO .plot
<q> (A) describes the quantum average of the nuclear ylbratlons

throughout the course of the reaction. The compressid®in

Figure 6. Comparison with a BEBO perspective. Calculated quantum is a result of the electronic structure shift between the neutral
averagesQ) — gls [gCffor the O--O systems discussed in section 2. and ionic states at the TS. A distinct difference between eq 2.11
Each point represents a specific valueAdE. The line is the fit to eq and the data occurs in the TS region, where the points portray
2.11: 1o = 0.97 A andb = 0.40 A. a more flat trend compared to the curved BEBO behavior. The
difference arises from the delocalized quantum character of the
proton wave function. To illustrate this point, Figure 7 displays
the proton ground vibrational wave function for the TS for three
possibilities. It is convenient to discuss first the most familiar
guantum limit, tunneling (Figure 7a). In nonadiabatic tunneling,

<Q>-<q> (A)

to the behavior displayed in Figure 6 of I. The close agreement
between the ground H-bond vibrational state result and that
including all H-bond vibrational states shows that the PT rate
is dominated by reaction in the ground state, and we will restrict
all of our further analysis to this state. Finally, the line in Figure 4,0 proton potential at the transition state in the solvent
5 shows that for the ground vibrational state, the FER eq 1.3, ¢qqrginate is a symmetric double well potential, with the proton
prowde_s an e>_<ce||ent description. We will discuss this SUCCeSS ground vibrational state below the proton barrier. The proton
further in section 3. thus must tunnel to get from the reactant proton well to the
2c. Comparison with Bond Energy-Bond Order Perspec-  product proton well. The shift in localization of the proton from
tive. Itis important to note that the coupling between the proton the R to the P via tunneling, with a double lobe character of
potential asymmetry, determined by the solvent coordindte the wave function at the TS, would lead to an abrupt corner-
and the H-bond distance discussed in section 2a is consistentutting behavici®27in a [@ — gOvs [G0plot. As the reaction
with experimental neutron diffractidhand NMR’ measure-  becomes adiabatic, with the ground vibrational state of the
ments for the geometries of hydrogen bond systems with proton now above the barrier of the double well potential at
different equilibrium symmetries, as opposed to our focus on the TS, the proton wave function still contains a dual lobe
geometric evolutiorduring a PT reaction. In connection with  character caused by a double well potential (Figure 7b).
these experiments, this correlation has been characterized in aonsequently, the corner-cutting aspect is still present but is
different way, via the bond-energy bond order (BEBO) perspec- softened. This contrasts with the extreme adiabatic case where
tive,2® in which the sum of the order of the proton-donor and the proton potential at the TS is a single well (Figure 7c). The
proton-acceptor bonds is set equal to unity, resulting in the proton wave function is single lobed, amjiwould thus shift
relation more slowly at the TS, resulting in a more curved plot.
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Figure 7. Proton wave functions for TS proton potential for (a)
nonadiabatic PT (i.e., tunneling), (b) adiabatic PT, with dual lobe
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through those points is just the FER eq 1.3, calculated as
indicated in the Figure 5 caption. The validity of eq 1.3 having
been established, the remaining task is to analyze and provide
analytical expressions for its ingredients&G*,, o,, and oy,
taken up in the next subsections.

3a. Analysis of AG* Components. The ground-state free
energy resulting from eq 3.1 can be decomposed in a fashion
similiar to that described in | for the fixe@ case (section 5 of
1)

G(AE) = G,,;,(AE) + ZPHAE) (3.2)

Here, Gmin(AE) is the full system free energ®q(q,Q;AE)
evaluated at the protagin and H-bond coordinat®n» values
that simultaneously minimiz&, at a givenAE value

3G,(0.QAE) o IG,(0.QAE)
a Q-

The ZPE is that of the protoplusthat of the H-bond vibration,
i.e., the quantized ground-state vibrational energy in both
coordinates with respect to the minimum,g#, and Qmin, at
any givenAE.

Figure 8 shows the ground-state free energy curve for the
symmetric (a) and an exothermic reaction (b); an endothermic
reaction is obviously described by the reverse of Figure 8b. As
per eq 3.3, the free energy is decomposed @@, (lower
curves in Figure 8a and 8b) and ZPE (Figure 8c). As in the
fixed Q case Gmin varies with the reaction asymmetry, i.e., finite
AGgxn, Whereas ZPE remains independent of asymmetry. The
positions of the critical points in Figure 8 are again described
by eq 2.1, except thdfn,zljs now to be interpreted as quantum-
averaged over the ground-state wave function describing both
the H-bond and proton zero-point vibrations (cf. Figure 3b (solid
line)).

0

(3.3)

character, and (c) deep adiabatic PT, with single lobe character. Dotted From this point forward, the analytic analysis Gi(AE)

lines indicate the proton ground vibrational energy level.

3. Activation-Reaction Free Energy Relation Analysis

including the quantized H-bond vibrational motion parallels
preciselythat given in section 5 of | for the fixe® case, and
thus, the results are exactly those recounted in the Introduction
of the present paper (eqs %3.5). Accordingly, we limit our

The dominance of the ground H-bond vibrational state giscussion to the altered meaning of the quantities appearing in
contribution in the rate expression eq 2.7 allows us to focus on ipqge equations, and in particular to how the propertieB,af

only this level, and to derive AG" — AGgrxy relation in a
manner completely analogous to that given for the figechse

in I. Our orienting discussion in section 2 was presented via
two successive BO approximations, quantizing first the proton
coordinateg—which provided the free energ®(QAE) dis-
cussed at length intand then quantizin®. To proceed in a
fashion which is most efficient and convenient in exploiting
the previous results of I, we will now instead quantize these
two coordinatessimultaneouslyin a BO approximation with
respect to the slow solvent coordinate by solving the two-
dimensional Schiminger equation, parametric ok

Iqq,Q'@q,QD= [R(QIQ) + G(qu:AE)] |§0q,QD= G(AE)KDq,QI—_;]
G(AE) = [@,0lK(@.Q) + G(a.Q:AE) g o0  (3.1)

where it is understood th&(AE) is the system free energy, as
a function of the solvent coordinate, for the quantized proton
and H-bond vibrations in their ground vibrational states. Here
K(0,Q) is the full quantum kinetic energy operator which
includesq—Q coupling?®

and ZPE and ultimatel§ are affected by the H-bond vibration’s
inclusion.

3b. Brgnsted Coefficient and its Derivative.As in |, the
expression for the Bronsted coefficientltimately derives from
the change of the quantum-averaged ionic charaﬁtéﬂ
between the TS and R compared to the full change between P
and R (cfeq 4.4. of 1)

[620] — [@2(7

o= dAGTIAGyy = ———
PN 2 - e®

(3.4)

Here, the quantum average is taken over the ground vibrational
stateq, Q wave function. The validity of eq 3.4 is shown in
Figure 9, where the line is the numerical derivative of the FER
for the ground H-bond vibrational state in Figure 5, and the
points are eq 3.4 evaluated for the ground H-bond state of the
systems used in Figure 5. This validity reemphasizes the physical
correlation made in | thatt is related to the similarity in
electronic structure between R and TS. As in |, the quantum-
averaged electronic structure for the TS of a symmetric reaction

The points calculated via eq 3.1 reproduce those alreadyis halfway between R and B, = 0.5, andao. increases starting

displayed in Figure 5 for the ground state. Further, the line

with a < 0.5 for exothermic reactions going toward endothermic
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= Figure 9. Brgnsted coefficient versus reaction asymmetry. Displayed
i} are the numerical interpolation from the H-bond ground vibrational
\6-124‘ state FER in Figure 5 (line) and the calculated analytical expression
eq 3.4 ().
“.. AEP
284 AER  ApF DT _ _
— L T — predominantly due to the larger solvent rearrangement distance
(©) (AEP — AER) involved when the H-bond vibration is included,
4 as discussed in section 2a.
3c. Intrinsic Barrier AG%. The two ingredients of the
< intrinsic barrier eq 1.4, repeated here for convenience
E
P +_ + + R
%3 AG, = AG, ,+Z,— Z, (3.6)
(
ﬁ are a ZPE change and a contributiAan’O arising fromGpin,
2 which are now discussed in turn.
3c.1. ZPE ContributionThe ZPE contribution to the intrinsic
T T T T T free energy barrieAGﬁ is the difference in ZPE between the
60 -40 20 0 20 40 60 TS and R: AZPE = Z¥ — ZR . Its numerical impact oAZPE

AE (keal/mol) on AG; is quite significant: AG, = 3.16 kcal/mol= AG;, ,
Figure 8. Ground-state free energy curves (solid lines) with both the +AZPE =5.26 kcal/mol-2.1 kcal/mol. This reduction ariging
proton and H-bond vibrations quantized: (a) symmetric reaction and fom the overall decrease of the total ZPE (proton plus H-bond

(b) exothermic reaction. Dashed lines show the free energy c@wes . - . .
excluding the zero point energy (ZPE). (c) ZPE for the proton plus coordinate) on going from R to TS is mitigated by the feature

H-bond vibration VSAE. The dashed curves in (a) and (b) plus the that the H-bond frequency is higherapproximately double
ZPE in (c) give the full free energ, solid curves in (a) and (b). at the TS than for R, as discussed in section 2b, with a positive
AER, AEP, and AE* denote the reactant, product, and transition state H-bond contribution toAZPE ~ 0.4 kcal/mol.
solvent configurations, respectively. It is perhaps a bit surprising that the numerical valuABPE
with bothg andQ quantized {-2.1 kcal/mol) hardly differs from
that (—2.0 kcal/mol) calculated in |, where only the proton
reactions where. > 0.5. In particular, the structure of eq 3.4 motion is quantized. This results from a near compensation of
is consistent with the Hammond postuf&tepplied to the  the H-bond's effect discussed above, involving a higher ZPE
electronic structure, indicating that the TS electronic structure fqr Q in the TS compared to R, with a certain increase of the

becomes more similar to that in the reactant (product) state aszpg in R. The latter arises from the feature that in the present

the reaction becomes more exothermic (endothermic). case, the R H-bond coordinate@~ 2.7 A, compared to the
The derivative of the Bransted coefficient for the symmetric fixed Q = 2.55 A value in 1. At the large® value, the R region
reactiona,, in eq 1.5, repeated here for convenience is characterized by less ionic character. @gure 3b), with a
smaller red shift of the AH proton vibrational frequency, and
P O 1 thus, there is a larger proton ZPE contribution compared to the
Sl 3 2 (3.5) = o
K (AE? — AER) Q = 2.55 A situation.

3c.2 AG¥ . It remains to describAan’O, the barrier height

is determined by several ingredients. The first is the sum of the of Gmin for the symmetric reaction (Figure 8a, dotted line) (recall
inverses ofk*, the magnitude of the force constant®fat the that Gin iS G(gmin, Qmin, AE)). We first deal with its magnitude,
TS AE, andkR, the force constant foB in the stable reactant  and then pass to an analytic description. The numerical value
well AER. The remaining factor im, is the inverse square of s AG:n,o = 5.26 kcal/mol, compared to the corresponding
AAE = AEP — AER the distance in the solvent coordinate result 3.76 kcal/mol for fixed) = 2.55 A. As will be seen in
between the product and reactant minim&irFrom Figure 9, more detail below, the larger value when the H-bond vibration
oy, = 0.03 mol/kcal, which is one-half of the value with the is included has its ultimate source in the fact that the distance
H-bond mode fixed ¢, = 0.06 mol/kcal). This reduction is in the solvent coordinate from the reactant minimum to the TS
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AE =0, is larger 0— (—42 kcal/mol)= 42 kcal/mol compared 0.5
with 0 — (—35 kcal/mol)= 35 kcal/mol for fixedQ = 2.55 A,

and thus more solvent reorganization is required. This larger
distance arises from the fact that for the reactanialue here,
Q= 2.7 A (atAE = —42 kcal/mol) the ionic character is smaller
c,2 = 0.07 (Figure 3b) than in the fixe@ = 2.55 A case, where
the corresponding value (&tE = —35kcal/mol) is 0.15 (cf
Figure 5b of I). At the largeQ value, the resonance coupling
mixing the two VB states is smaller and less ionic character is
produced. (As will be seen, the above discussion must be
qualified by a consideration of the ionic character\& = 0,

but nonetheless it contains the key points.)

Just as was the case in AG;O is the most difficult
ingredient to characterize accurately in an analytical fashion. 0 . . ;
By following exactly the analogous procedures in section 5a.3 -40 30 20 .10 0
of I, it can be analytically approximated by AE (kcal/mol)

( AE" — AER)B 522 Figure 10. clz(qmin,Qmin;AE) versus solver_lt (_:oordinate going_ from
m m. | (3.7) AE= —AE, = —42 kcal/mol toAE = 0 (solid line). For comparison,
' c|2 is plotted forgmin, fixed (small dash)Qmin fixed (dotted line), and
both Qnmin andgmin, fixed (large dash). See text for discussion.

A 1
F _ m__
AG 6

m,o_z

8 IAE?|AER
in which the first contribution involves the reorganization energy

_1 P _ Ry2 -solvent coupling. It is worth stressing that the H-bond
A= ka(AEm ABy) (38) coordinate’s influence described above is quite different from
what could be termed an H-bond reorganization energy,
wherekn is the force constant in the react&®i» well (eq 5.8 analogous to outer sphere vibrational coordinate contributions
of I). The second, anharmonic correction in eq 3.7 will be in electron transfer theorp,in the model system treated, the
discussed below. equilibrium separations and frequencies of the H-bond in the
A key aspect oftm, just as was discussed in section 5a.3 of reactant and product are taken to be the same, and no such
I, is that the solvent reorganization it reflects occurs in the contribution can arisét
presence of théxedionic character present AER,. The value 3d. Free Energy Relationship.We have already seen in
of An/4 is 6.98 kcal/mol, which is noticeably larger than the  rigyre 5 that the FER eq 1.3 is an excellent description for the
fixed Q = 2.55 A value in I, 4.4 kcal/mol. This increase is  ground H-bond vibrational state PT reaction (which itself
completely dominated by the differing distanced=(=0) accounts for almost all of the free energy behavior). We now
—AERy = (AEPm — AERy)/2, completely consistent with our  examine how the analytic representations discussed in sections
d!scussmn above. But/4 = 6._98 kcal/mo¢l is significantly 3b and 3c for the intrinsic barrieAGE, eq 1.4, and the
higher ¢-33%) than the numerical valueG, , = 5.26 kcall  Bronsted coefficient derivativel, eq 1.5, fare numerically in
mol, and this difference reflects important anharmonic correc- describing the FER, always within the context of eq32.8The

tions, evident in Figure 8a, where the double parabolic CharaCtersymmetric reaction Bronsted coefficient value is always=
of Gmin is seen to be approximate. This anharmonicity arises, g 5 for the systems considered here).

as in |, from the feature that in the presence of strong electronic
coupling, the ionic character increases from that at the reactant, .
value atAER;, to a higher value a\E = 0; Figure 3b shows
this is a substantial increase (dotted line). Becaugekat= 0, 2
¢ has increasedess solvent reorganization is involved, and +_ + , (AGgyn)

l _ . AG =AG, + a AGgy t 0, ——— (3.9
S0 AG}, , will be less thani/4. The most important source of o ToTTRAN e 2
this ¢ increase is revealed by Figure 10, which compares o . o
Z(OminsQmin) from Figure 3b withc? holding eitherdmin, Qmin, whose numemial ingredients were already determined in Figure
Or Gmin andQmin fixed going from R to TS. In particular, Figure 5 via a fit; AG, = 3.16 kcal/mol, andx, = 0.032 mol/kcal.
10 shows that the increasing is mainly associated with the ~ First (solid line), we employ the analytical results eqs 3.6 and
H-bond coordinate, rather than with the proton coordinate, a 3.7, and eq 3.5 for bothG, anda, respectively:AG, = 3.76
behavior consistent with the electronic coupling’s exponential kcal/mol anda;, = 0.03 mol/kcal. Second (dotted line), we
increase as (her@uin decreases fro@min = 2.7 A to Qmin = instead use the numerical fit value fAiG;, and the analytical
2.5 A, value fora!, namelyAG; = 3.16 kcal/mol andx, = 0.03 mol/

The derivation of the analytic anharmonic correction given kcal. In the first case, the completely analytic treatment correctly
in eq 3.7, which is only the leading order correction, is detailed gives the shape of the FER curve, but is uniformly high, an
in Appendix A. Its value= —1.12 kcal/mol, reduceAG*mvoto error due almost exclusively to the analytical overestimate of
a predicted 5.86 kcal/mol, which is an overestimate of only the intrinsic barrier by about 20%. As discussed in section 3c,
~11%, rather than the 33% overestimate provided solely by this is due to the error in the analytic approximation eq 3.7 for
Aml4. the intrinsic barrier componerzlsthF which could be reduced

We examine this in two steps in Figure 11a in comparing
th eq 1.3, repeated here

m,o’
In summary, eq 3.7 provides a reasonably accurate expressioras the expense of much more complex calculations. In the
for the intrinsic barrier componemlG;0 in eq 3.6 forAG*,, second case, this shortcoming is repaired by simply using the

which incorporates a variety of effects described above related numerical fit value forAGz, and it is seen that the agreement
to the strong electronic coupling in the system and the H-bond with the full FER curve is excellent.
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= AG" = AGqyy — AGHIN(NY)/IN(2) (3.11)

which was derived for gas-phase PT from the BEBO perspective
by Marcug and further analyzed by Agmon and Levi#feand
AGH mo» %o analytic/ ¢ recently employed for excited-state PT in solutfdderen® is

o the bond order at the TS

[}
i

n'=1/[1+ expAGgyy IN2IAG)]  (3.12)

Figure 11b shows that the numerical fit (dotted line, \AAth

= 3.02 kcal/mol) of eq 3.11 is in quite good agreement with
the full FER. The numerical agreement is not as good as with
the Marcus eq 3.10 because eq 3.11 contains a more sensitive
second order dependencg = 2 In 2/8AG§) = 1.4/(SAG§)
compared tooy, = 1/(8AG§) in eq 3.10. However, both are
comparable with the empirical valwg = O.8/(8AG§) numeri-
cally found from the full FER. Despite the numerical overes-
timation (20% by the Marcus FER and 75% by the BEBO FER),
and the quite differential conceptual basis @f in these
descriptions compared to our eq 3.5, both FERs present
reasonable fits because the curvature of the full FER is not
pronounced, only becoming visible for the extreme values of
reaction asymmetry. It is however worth stressing in this
connection that, in contrast to the present development, the
underlying contributions to the intrinsic barrier are not given
in either the Marcus or the Agmerievine BEBO relations.

An experimental distinction between eq 3.10 and eq 1.3 would
obviously be desirable. On the basis of the discussion above,
0 ! ! ! ! ! ! ! this distinction would depend strongly on the accuracy of the

4 6 4 2 0 2 4 6 8 curvature in FER plots, and unfortunately not enough data of

AG g (keal/mol) sufficient precision currently exists. This possible distinction

Figure 11. (a) Points are the free energy behavior for the ground will be discussed further in future wotkin connection with
H-bond vibrational state taken from Figure 5. Solid line is eq 3.9 with  kinetic isotope effect behavior versus reaction asymmetry for
AGz = 3.76 kcal/mol,o,, = 0.5, anda, = 0.03 mol/kcal. Dotted line PT reactions.
is eq 3.9 withAG; = 3.16 kcal/mol,o, = 0.5, anda;, = 0.03 mol/ 3e. Other PT Free Energy RelationshipsThere are several
kcal. (b) Same points as in (&), and the solid line is the fit to the Marcus Gther FERS in the literature as applied to PT: the 4itdPis
FER (eq 3.10AG, = 3.12 kcal/mol), whereas dotted line is the fitto pa5eq on an underlying electronically diabatic perspective,
the BEBO FER (eq 3.11AG, = 3.02 kcal/mol). whereas the secottl820is expressed in a proton diabatic
description. We now discuss these in turn.

As discussed in the Introduction of |, the Marcus relation eq
3.10 originally arose in connection with weak electronic
coupling electron transfer (ET) reactiotsand in that context,
the intrinsic reaction barrierAGz is given by 1/4 of a
(3.10) reorganization energy, based on an underlying electronically

diabatic picture. This reorganization energy is defifitby the
free energy difference associated with a FranClondon
excitation from the equilibrium reactant position for the reactant
electronic diabatic state to the product electronic diabatic state,

AGY (keal/mol)
»
1

AGY (kcal/mol)

A similar excellent agreement with the full FER is shown in
Figure 11b (solid line) for the empirical Marcus FER

AGRXN + (AGRXN)2
2 16AG;

AG' = AG! +

which involves a numerical fit foAGﬁ (= 3.12 kcal/mol) in
this equation. Within the context of a quadratic FER, this success

. . - followed by the relaxation, in a solvent coordinate along the
occurs for precisely the same reasons discussed at length in

. . . . . ) product diabatic curve, to the equilibrium product position.
section 5d of I. Ir_‘ partu:qlarAGo IS numerically fit to give t_he ) The modified FER appropriate for the electronically adiabatic
correct symmetric reaction barrier, the Brensted coefficient is = imit—and still framed in terms of a reorganization energy
0.5 for the symmetric reaction, and the influence of the FER ;a1 than an intrinsic reaction barridias been devel-
curvature determined by, eq 3.5, is not pro?ounced in the oped+193 and has been used to describe the free energy
present systems, so that the relatidy= 1/8AG, enforced by pehavior not only for ET, but also for a variety of charge-transfer
the Marcus relation is a good enough numerical estimate when gactions in a polar environment involving bond-making and
compared to the numerically fit valug = 0.8/8562 for the -breaking, including P¥7:1°
full FER. We remind the reader that, as described in appendix
B of I, oy, can be empirically represented by the numerical , (At AGRXN)Z N (ﬂR)Z
relation o, = f/8AG!, wheref is a numerical factor, though AGT~——p = —f+ 0.+ AGu) (3.13)
there isno fundamental relation connecting, and AG}, RN

To reinforce the main point concerning the insensitivity to  Here,/ is an electronically diabatic reorganization energy, now
the FER curvature, we briefly discuss another FER which also including both solvent and nuclear rearrangement contributions,
hasAGz as its only parameter whereagsR andj* are the electronic resonance coupling values
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evaluated at the reactant and transition state, respectively. Thevibration adiabatically follows the slower coordinates, including
last two terms in eq 3.13 are the leading order corrections to that of the solvent, the latter essentially determining the reaction
the barrier height due to a finite electronic coupling at TS and path and making a significant contribution to the activation free
R.41935|n the PT context, eq 3.13 has been employed under energy. Despite the quite different conceptual basis of the
conditions wherel far exceeds botiAGrxy and any relevant  treatment compared to more traditional approaches, we showed
electronic coupling, such that only lineaxG* — AGgxn that the “path” for the reaction characterized by the values of
behavior is found:”1°In this regime, the issue of the Brgnsted the quantum-averaged proton and hydrogen bond coordinates
coefficient variation with reaction asymmetry and the associated at each value of the solvent coordinate very similar to that
Hammond postulate behavior which it quantifies does not arise. resulting from a Bond Energy-Bond Order pathway, related to
More generally, however, eq 3.13 has not been tested to oura mode of analysis currently in use for examining the charac-
knowledge and involves some difficulties and complexities. For teristics of the state of hydrogen bonds within potential proton-
example, eq 3.13 does not predict a Brgnsted coefficient equaltransfer complexes.

to 0.5 for a symmetric reactioi§.Further, the simple subtraction As in |, we could find a quadratic FER (eq 3.9) of the general
of the TS value of the coupling to account for resonance form often applied in characterizing experimental connections
lowering of the TS barrier top applies only for a symmetric petween reaction rates and reaction thermodynamics of proton
reaction. In addition, there are hidden dependencies®@gxy transfers in polar environments. We have derived approximate
in eq 3.13: asAGgrxn changes, the location of the nuclear anajytic expressions for the ingredients of this FER, including
coordinates, including the H-bond coordin&@gefor R and TS the intrinsic reaction barrier (eq 3-6)he activation free energy
will shift, and because the electronic coupling is exponentially for the thermodynamically symmetric reaction, and the quadratic

sensitive toQ variations, there is a strong implichGryxn coefficient, related to the variation of the Bronsted coefficient
plependence in the electr_onlc coupling terms in eq 3.13. All theseiipy respect to the thermodynamic reaction asymmetry (eq 3.5).
issues deserve exploration. For example, the former is governed by the solvent reorganiza-

A final point regarding eq 3.13 as applied to PT is that the tjon, modulated by certain electronic structure changes, and the
proton is not quantized.e., it enters as a classical coordinate, change in the combined ZPE of the proton and the hydrogen
and in that sense corresponds more to the “standard” picture ofpond vibrations to reach the transition state in the solvent
PT described in I. Although a quantum correction to eq 3.13 coordinate. The involvement of the proton ZPE in the intrinsic
exists?’ the underlying adherence to a “standard” picture parrier is just one reflection of the strong difference of the
formulates all quantum corrections based on a reference classicabresem view and the more traditional microscopic conceptions
path? and in such a description, the transition state of a of pT129|n the latter, no such contribution will enter because
symmetric PT reaction contains no proton quantum corre€fon;  the proton coordinate is the reaction coordinate, whereas in the

there is no involvement of any proton motion in the ZPE atthe present approach, it is instead transverse to the reaction
transition state,; this strongly contrasts with the present descrip-¢ogrdinate.

tion, where the proton motion is orthogonal to the reaction
coordinate, a key difference between the present perspectiver

and the. standard plctu.r@. . . of the latter. In connection with the most widely applied FER

Equation 3.13 was deriveéd® *via a curve-crossing approach  50nq thesethe empirical Marcus equation, we showed that,
def'”‘?d by o electronic VB states and th?'r resonance e tg the typically limited accessible range of thermodynamic
coupling. One can take an alternate curve-crossing approach gaction asymmetries, the numerical differences between our
proton transfet?182%n this approach, the diabatic states in the FEg and the latter are not pronounced (for the latter, the intrinsic
Hamiltonian are insteaprotondiabatic states, defined as proton - i ic regarded simply as a parameter to be fit)7 largely due
eigenstates localized near the donor or acceptor nuclei, and theto the modest numerical impact of the identity of th’e quadratic
eleptropic resonance coupling is re_placed by.the proton coupling, coefficient, whose expressions differ fundamentally in the two
which is defined as half of the. d'ffefenc.e in energy between descriptions. In view of this, the most important result of the
the proton ground and first excited vibrational states at the TS present work-beyond the FER itseffis probably the explicit

Lorf_thed symme:rlc Q?atf“t?”- tAtreorgatrr:lzatmn znelrg)([ IS _the”n analytic expression for the intrinsic barrier in terms of its
efined via proton diabatic states on the ground electronically microscopic ingredients (cegs 3.6 and 3.7).

adiabatic surface. The free energy relationship for the curve- - -
crossing picture in the adiabatic PT limit has been de- _There are several restrictions for our treatment within, even
scribed3184%nd the corrections due to the shift in the position Within the proton adiabatic regime. One is that we have not
of both the reactant and transition state (necessanh@xy mclude_d what we have termed “intrinsic asymmetry”, which
would include for example the feature that even for a thermo-

= 0) are explicitly taken into accouita4tin the curve crossing q icall X ; he H-bond | h and f
model, however, the ZPE contributions to the free energy surfaced@Ynamically symmetric reaction, the H-bond length and fre-

vital to understanding adiabatic PT are only implicitly present, 9Uency may differ for the reactant and the product. This type
and their influence is not at all clearly revealed, in contrast to of restriction will be removed in future Wor_k, _bUI our preI|m|_nary
the description here and in I. results indicate that although the analysis is more complicated,

the essential character of the results remains unaltered, although
new details will appearsuch as a hydrogen bond reorganization
energy component for the intrinsic barrier. A second restriction
Here, we have extended the analysis of the previous paperis that the underlying electronic structure variations associated
() to analyze the nonlinear FER for proton transfer reactions with the PT should be approximately describable in terms of
in solution in the quantum proton adiabatic regime to include two dominant valence bond structures. This kind of description
the important influence of the H-bond coordinate gauging the is unlikely to apply for certain proton transfers, notably for those
separation of the proton-donor and -acceptor species. In additioninvolving carbon acid$? whose analysis is reserved for the
to the proton, the H-bond vibration was quantized in the future. In addition, we have considered only fairly low proton
treatment. In this proton adiabatic regime, the quantum proton barrier reactions, consistent with relatively fast PT reacfion&:13

We compared and contrasted our FER with assorted other
elations in the literature, and pointed out the limitations of some

4. Concluding Remarks
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This is an essential requirement for the proton adiabatic regimewhich includes variation in the electronic coupling due to the
considered herein, where the ZPE of the proton lies above theQnin change withAE. The derivatives with respect thE can
proton barrier when the transition state in the solvent coordinate be written in terms of forces due to nuclear gradients multiplied
is reached. For reactions where this proton barrier is sufficiently by the nuclear coordinate variation with respeciAi

high that this is no longer the case, then nonadiabatic PT, i.e.,

tunneling (cf refs 15, 18, and 20), obviously must be included. dAU _ Vy 9V, OV OOy, V) 00,

In one extreme, such as a large proton barrier arising from large 9AE  9AE OAE 3_q OAE 3G IAE
hydrogen bond coordinate values. (efgure 2 of I), the reaction

can be completely tunneling. But more generally, reaction via aqmm 0Brmin

nonadiabatic PT pathways will be in competition with proton “Frnagag T FagAE (A.6)

adiabatic pathways, now involving excited proton vibrational
levels (as opposed to being in competition with classical, “over 9. 9.
the barrier” proton motion; See ref 19 of I). This general 0B _ 9B Temin _ —F, —mn
situation is the subject of current research. dAE 0Q 0AE PR HAE
Finally, we emphasize that we have been able to show that
a FER of the type often found to well describe experimental
proton transfer reactions follows from a proton adiabatic picture
which differs quite fundamentally from the traditional vie#?
of proton-transfer reactions. In a subsequent p&pare will 3 3 s o
show that the kinetic isotope effect behavior predicted by the 0°C _ 2 CNI PAU (G- o
proton adiabatic picture is just the behavior often experimentally 5 g2 ﬂz l IAE? p CCy  9AE2

(A7)

with the notation in eq A.6 for the protefrproton acceptor
distance (H*B) § = Q — g (Gmin = Qmin — 9min)- The second
derivative ofc? is

observed and thought to unequivocally support the traditional AU s AU
picture. 2 2 0 9 a
36,6,(C cN)(l +onE AE) + a1+ SR -
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p
5 AE) (1-12¢c ] (A.8)

CCy
There are two types of contribution to the derivativesci)f
mixing of electronic diabatic states and nuclear coordinate shifts.

Appendix A: Intrinsic Reaction Barrier for Gpin . -
Neglecting nuclear gradient terms, eqs. A.5 and A.8 become

Because the derivation of eq 3.7 fAanvo closely parallels

that in appendix A in I, we only highlight the important results. acc 23 9% 6Cc
The intrinsic barrier foiGmn can be written as (eq A.2 in I) (—— : - N4(CN2 — C|2) (A.9)
IAE B THAE? B
: 2(AE"
GTM: k?mAEo2 - ffAEO dAE' fAEEO dAE”(% - The harmonic term in eq A.2, with egs. A.4 and A5, is 6.98
) kcal/mol, and the anharmonic term in A.2, using egs. A.3 and
9C/(AE" A.8, is-1.12 kcal/mol, resulting inG}, , = 5.86 kcal/mol. For
IAE" |7AE (A1) comparison, use of the approximations for the ionic character

derivatives eq. A.9, the harmonic term is 7. 76 kcal/mol, and
where AE; = —AER, and AE, = AEPy — AER, for the the anharmonic term is0.4 kcal/mol, givingAG, , = 7.76—
symmetric reaction. Here, we have employed a shorthand 9.4= 7.36 kcal/mol. This indicates that the nuclear shifts reduce
notation forc/(Gmin, Qmin,AE), bearing in mind that botQmin, AG;, , by ~25%.
and gmin depend omMAE. Using an expansion c1f,2 about the '

minimum of R, eq A.1 can be rewritten as References and Notes
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