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Multiple Proton Transfer / Kinetic Isotope Effects

In this paper, a description of multiple kinetic isotope effects (MKIE) of degenerate
double, triple and quadruple proton transfer reactions in terms of formal kinetics is
developped. Both single and multiple barrier processes are considered, corresponding to
so-called “concerted” and “stepwise” reaction pathways. Each step is characterized by
a rate constant and the transfer of a given H isotopes or ensemble of H isotopes. The
MKIE are expanded in terms of kinetic H/D isotope effectsP contributed by single
sites in which a proton is transferred in the rate limiting steps. By combination with
a modified Bell tunneling model the formalism developed can be used in order to take
into account tunneling effects of both concerted and stepwise multiple proton transfers at
low temperatures.

1. Introduction
Proton transfer constitutes a very complex process, consisting not only of the
transfer of a proton but also of diffusion,transport of electrical charges, reori-
entation and reorganisation of the solvent molecules, hydrogen bond breaking
and forming processes. One way to obtain information about these elementary
steps is the measurement and interpretation of kinetic H/D isotope effects. The
first theories of these effects were developed by Bigeleisen [1] by a combi-
nation of transition state theory and the theory of isotopic fractionation, and
by Bell [2], who included tunneling phenomena at low temperatures. Later
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theories were developed by Kusnetzov and Ulstrup [3], which has been ap-
plied recently by Klinmanet al. to describe H-abstraction from carbon in
enzymes [4]. In contrast to Marcus theory of electron transfer [5], there is,
however, no accepted general theory of proton transfer up to date. For recent
reviews see the papers of Steiner and of Veneret al. [6].

Most previous experimental and theoretical studies refer to single proton
or hydrogen transfer reactions. However, in real systems, very often more than
one proton is transferred. Therefore,in our laboratory, we have been involved
for many years in the study of double proton transfer reactions, and in the eluci-
dation of multiple kinetic isotope effects MKIE, here the HH/HD/DD isotope
effects. These effects have been studied for several intra- [7] and intermolecu-
lar [8, 9] double proton transfer systems by NMR in the liquid and solid state.
Solid state reactions are especially useful as they provide models in which most
liquid state complications such as diffusion, molecular reorientation, hydrogen
bond breaking and bond formation processes are suppressed. The data obtained
have been used as input for testing dynamic MKIE theories [10].

Model systems where more than two protons transferred are, however,
very rare. Horsewillet al. have reported an intramolecular quadruple proton
tunneling process between the OH-groups of solid calixarene [11]. Sev-
eral years ago, Elguero et al. have reported a series of pyrazole derivatives
in the solid state which can form a surprising variety of cyclic hydrogen
bonded dimers, trimers, tetramers, and chains in which often multiple pro-
ton transfers take place as detected by solid state NMR [12]. Especially
interesting was the following series of pyrazole molecules [13]: in the crys-
talline state 3,5-diphenyl-4-bromopyrazole (DPBrP) forms cyclic dimers,
3,5-dimethylpyrazole (DMP) cyclic trimers, [12a] and 3,5-diphenylpyrazole
(DPP) cyclic tetramers which exhibit degenerate double, triple and quadru-
ple proton transfers.Ab initio calculations performed on pyrazole clusters
reproduced these findings [14] and indicated a switch from concerted dou-
ble and triple proton transfers to a stepwise mechanism for the quadruple
transfer process, exhibiting two consecutive concerted double proton trans-
fers. Up to date, only in the case of the cyclic trimer of DMP the full
MKIE of the degenerate triple proton transfer [15] could be measured by
dynamic high-resolution solid state15N NMR spectroscopy. To our know-
ledge, this study is up to date the only one reporting MKIE of a reac-
tion with more than two protons transferred. The temperature – dependent
kinetic HHH/HHD/HDD/DDD-isotope effects could be indeed rational-
ized in terms of a concerted triple proton transfer which takes place at
low temperatures by tunneling. Moreover, by comparison with some ad-
ditional pyrazole molecules which also form cyclic trimers in the solid
a reduction of the barrier was observed when the size of the 3(5) sub-
stituents was reduced, an effect which could be explained in terms of
a hydrogen compression mechanism assisting the triple proton transfer at
higher temperatures [16]. Thus, it is clear that the knowledge of the full
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MKIE is desirable. However, the difficulty to measure these effects increases
with the number of protons transferred and only partial MKIE can be meas-
ured.

In order to motivate research in this at first sight very difficult research
field we, therefore, explore in this paper the kinetic isotope effects of de-
generate multiple H transfer reactions for various reaction mechanisms, using
the simplest methods of formal kinetics. We assume that the transfer pro-
cesses can be described in terms of rate constants, and that in each reaction
step either a single hydrogen isotope or an ensemble of hydrogen isotopes
is transferred, where an ensemble can be formally described in terms of
a single particle transfer. The multiple isotope effects are related to the iso-
tope effectsPi contributed by a given proton to the overall isotope effect. In
a later step, these single particle isotope effects can be coupled with tunneling
models referring to single barrier reaction steps, where one or more protons are
transferred.

We will treat in a systematic way the cases of degenerate single up to
quadruple proton transfer as indicatedin Figs. 1 to 5 of the subsequent sec-
tion. The first case of single barrier processes is depicted Fig. 1. When more
than one proton is transferred this case has been also called “concerted” or
“synchronous” transfer, but these terms may be misleading as they refer to
the individual motions of the protons, whereas Fig. 1 refers only to the poten-
tial energy surface which does not contain an intermediate along the reaction
pathway. Fig. 1 indicates the nomenclature we will use: each hydrogen bond
site containing a mobile proton can adopt two states 0 or 1. Thus, each tau-
tomeric state of an-H transfer reaction can becharacterized by a binary
number withn digits. In Fig. 1 the corresponding hexadecimal number is in-
cluded in round brackets. The index of the proton transferred in a given step
is indicated in square brackets. In Figs. 2 and 3 are depicted the double and
triple barrier or “stepwise” double and triple proton transfer cases. A four-
protons transfer can either involve two or four barriers, with either one or three
intermediates (Figs. 4 and 5). Note that there can be cases with a transition
from a stepwise to a concerted transfer, caused by hydrogen bond compres-
sion [8b]. Such a case will be summarized here as a single barrier or concerted
process.

In the following, we will treat the various cases in subsequent sections
which are finally discussed and conclusions of how experiments could be car-
ried out proposed.

2. Theoretical section

In this section we will provide a treatment of degenerate multiple proton trans-
fer reactions using formal kinetics in order to derive values of the multiple
kinetic isotope effects. Generally, thedifferential equations which govern a re-
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Fig. 1. Schematic one-dimensional energy profile of degenerate single-barrier hydron
(H, D, T) transfer in coupled networks ofn = 1 to 4 cyclic hydrogen bonds. Each hydron
can occupy two positions labeled as 0 and 1. Each tautomeric state can then be labeled
by n digits. In brackets is indicated the corresponding hexadecimal number. The hydron
transfer can be an over-barrier process or a tunneling process as indicated by the double
arrows in the energy profile. The over-barrier process leads to kinetic isotope effectsP be-
cause of the loss of zero-point energy at the top of the barrier for each proton transferred
as indicated schematically. The tunneling process leads to kinetic isotope effects because
of different tunneling masses for the hydrogen isotopes.

action network are given by

dci

dt
= −

∑
j �=i

(− kijci + k jic j

)
, (1)

whereci represents the concentration of statei andkij the first order rate con-
stant of the interconversion betweeni and j. For the intermediate states the
steady state condition holds,i.e.

dci

dt
= 0 . (2)
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The interconversion between the reactant stater and the product statep is
then given by

dcr

dt
= −krpcr + kprcp . (3)

By combination of Eqs. (1) to (3) it is possible to obtain expressions of the
observed rate constantkrp as a function of the rate constantskij of the individ-
ual steps. As an example, we treat the simple reaction network of Scheme 1,

Scheme 1

with r = A and p= D, and the intermediate states B and D. For this case it is
straightforward to show that

kAD = kABkBD

kBA + kBD

+ kACkCD

kCA + kCD

. (4)

An individual reaction stepij can give rise to the single proton kinetic iso-
tope effect

Pij = kH
ij

/
kD

ij . (5)

The ratio of the kinetic isotope effects of the forward and the backward
reaction

φij = P−1
ij

P−1
ji

= kD
ij k

H
ji

kH
ij k

D
ji

= K D
ij

K H
ij

(6)

corresponds to the equilibrium constant of the reaction

i(D)+ j(H)� i(H)+ j(D) (7)

and is called the H/D fractionation factor between statesi and j. We will
include isotopic fractionation of individual reaction steps, but not isotopic frac-
tionation between the reactant and product states as we are interested here in
degenerate reactions.

One can distinguish two types of kinetic H/D isotope effects,i.e. “primary”
effects referring to mobile protons “in flight” and secondary effects referring to
bound protons. The above equations are valid for both types of isotope effects.
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However, in order to keep the notation simple we will use the symbolPij for
primary andSij for secondary isotope effects. Note that we will consider the
latter only in the case of double proton transfer reactions, in the higher order
reactions we will set these quantities to unity.

2.1 Degenerate one-step single and multiple proton transfer

In this section we treat the case of degenerate one-step single to quadruple
proton transfer reactions illustrated in Fig. 1. In this case all protons of the
system are in flight,i.e. all sites contribute only primary kinetic isotope ef-
fects. However, the isotopic rate constants can depend on the site in which
H is replaced by D, and on which other sites contain already D. Here, we
assume that all protons are chemically equivalenti.e. that all proton sites con-
tribute the same kinetic isotope effect. We can then write for a double proton
transfer

kHH = P1k
DH = P1k

HD, kHD = kHD = P2k
DD, kHH = P1P2k

DD . (8)

The subscripti inPi refers now to the number of H atoms replaced by D in
the reaction with the larger number of D. For the triple and quadruple proton
transfer cases it follows that

kHHD = kHDH = kDHH = P1kHHH ,

kHDD = kDHD = kDDH = P1P2kHHH ,

kDDD = P1P2P3kHHH ,

(9)

and

kHHHD = kHHDH = kHDHH = kDHHH = P1kHHHH ,

kHHDD = kHDHD = kDHHD = kDHDH = kDDHH = P1P2kHHHH ,

kHDDD = kDHDD = kDDHD = kDDDH = P1P2P3kHHHH ,

kDDDD = P1P2P3P4kHHHH .

(10)

A further simplification is achieved if the so called rule of the geometric
means is valid,i.e. if all isotope effects are identical,i.e.

Pi = Pj = P . (11)

This rule is often fulfilled for over-barrier reactions,i.e. at high tempera-
tures, whereas at low temperatures tunneling leads to a break-down of this rule
in the sense that the replacement of subsequent H by D leads to a smaller iso-
tope effects [15].

The extension to systems with a larger number of protons transferred is
straightforward.
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Fig. 2. Degenerate two-barrier double hydron transfer involving an intermediate and cor-
responding schematic energy reaction profile. In each reaction step only a single hydron
is transferred as indicated by square brackets. The formation of the intermediate is called
here “dissociation” and the backward reaction “neutralization”, characterized by the rate
constantskd and kn. The zero-point energy of the transferred proton is decreased at the
configuration corresponding to the top of the barrier. If the zero-point energy of the other
proton is affected also a secondary kinetic isotope effectS arises. Zero-point energy
changes between the reactant and the intermediate states give rise to isotopic fractiona-
tion characterized by the fractionation factorφd corresponding to the ratio of the isotopic
equilibrium constants for the dissociation.

2.2 Degenerate double barrier double proton transfer

The case of two-step degenerate double proton transfer illustrated in Fig. 2 has
been treated previously in several papers [7a, 7b, 17]. We recall this case here
because it will help us to simplify the treatment of the quadruple proton transfer
case. Formally, the reaction network of Fig. 2 can be condensed into the gen-
eral reaction network of Scheme 1 treated above. We will call the formation
of the intermediates “dissociation” and the backward process “neutralization”
according to the nomenclature used in protic solvents. We label now the rate
constants with a two-hydronsuperscript where the first indicates the transferred
and the second the non-transferredhydron. Thus, we rewrite Eq. (4) in the
form

kHH
AD = kHH

AB kHH
BD

kHH
BA + kHH

BD

+ kHH
AC kHH

CD

kHH
CA + kHH

CD

, kHD
AD = kHD

AB kDH
BD

kHD
BA + kDH

BD

+ kDH
AC kHD

CD

kDH
CA + kHD

CD

, (12)

kDH
AD = kDH

AB kHD
BD

kDH
BA + kHD

BD

+ kHD
AC kDH

CD

kHD
CA + kDH

CD

, kDD
AD = kDD

AB kDD
BD

kDD
BA + kDD

BD

+ kDD
AC kDD

CD

kDD
CA + kDD

CD

.
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Taking into account primary and secondary isotope effects it follows that

kHH
AD = kHH

AB kHH
BD

kHH
BA + kHH

BD

+ kHH
AC kHH

CD

kHH
CA + kHH

CD

, (13)

kHD
AD = P−1

AB S−1
BDkHH

AB kHH
BD

P−1
BA kHH

BA + S−1
BDkHH

BD

+ S−1
AC P−1

CDkHH
AC kHH

CD

S−1
CAkHH

CA + P−1
CDkHH

CD

,

kDH
AD = P−1

AB S−1
BDkHH

AB kHH
BD

P−1
BA kHH

BA + S−1
BDkHD

BD

+ P−1
CD S−1

ACkHH
AC kHH

CD

S−1
ABkHD

CA + P−1
CDkHH

CD

,

kDD
AD = P−1

AB S−1
AB P−1

BD S−1
BDkHH

AB kHH
BD

P−1
BA S−1

BAkHH
BA + P−1

BD S−1
BDkHH

BD

+ P−1
AC S−1

ACkHH
AC P−1

CD S−1
CDkHH

CD

P−1
CA S−1

CAkHH
CA + P−1

CD S−1
CDkHH

CD

.

In view of the degeneracy of A and D, and of B and C, it follows that

kHH
d = kHH

AB = kHH
AC = kHH

DB = kHH
DC, kHH

n = kHH
BA = kHH

CA = kHH
BD = kHH

CD , (14)

kHH
AD = kHH

DA = kHH , (15)

PAB = PAC = PDB = PDC = Pd, PBA = PCA = PBD = Pb, φd = Pn/Pd

(16)

where we have used the subscript “d” for the dissociation and “n” for the back-
ward neutralization process.φd is the fractionation factor of the dissociation.
This factor can be small if in the intermediate a stronger H-bonds are formed
as compared to the initial state. We finally obtain

kHH = kHH
d , (17)

kHD = kDH = kHH
d P−1

d

[
φdS−1

n + S−1
d

φdS−1
n + P−1

d

]
kDD = kHH

d P−1
d S−1

d .

2.3 Degenerate triple barrier triple proton transfer

The details of the stepwise triple proton transfer are illustrated in Fig. 3. The
stepwise process between the initial state 000 and the final state 111 can
take place along different pathways via at least two metastable intermedi-
ates. For example, if hydrons 1, 2 and 3 are transferred one after the other
the reaction pathway is 000→ 100→ 110→ 111. As we consider a degener-
ate reaction the reaction energy profile must be symmetric, leaving only two
cases: in the first case the central reaction step is rate limiting and in the sec-
ond case the first and the third steps as indicated schematically at the top
of Fig. 3.
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Fig. 3. Degenerate triple-barrier triple hydron transfer involving two zwitterionic interme-
diates. A complete transfer consists of a dissociation step, one or more cation or anion
“propagation” steps, characterized by the forward and backward rate constantskf = kb,
and a neutralization step. The isotope dependent rate constantskf = kb depend on whether
a cation or an anion is propagated. Cation and anion propagation are included in the
square brackets indicating the hydron number transferred as plus- or minus sign in the
square brackets. The rate limiting step may correspond to the propagation (a) or the disso-
ciation (b). In each step only a single hydron looses zero-point energy at the configuration
at the top of the barrier. Isotopic fractionation.

2.3.1 Dissociation and neutralization as rate limiting steps

For the reaction profile of Fig. 3a where the dissociation and the neutralization
are the rate limiting steps,i.e. kn � k f we obtain

kLLL = k [1][2][3] (18)

=
(
k [1]

d + k [2]
d + k [3]

d

)(
k [1]

n + k [2]
n + k [3]

n

)
(
k [1]

n + k [2]
n + k [3]

n

)+ (
k [1]

n + k [2]
n + k [3]

n

) = 1

2

[
k [1]

d + k [2]
d + k [3]

d

]
.

With the single primary isotope effectsPd = kH
d /kD

d we obtain

kHHH = 3

2
kH

d , (19)

kHHD = 1

2
kH

d

[
2+ P−1

d

]
, (20)
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kHDD = 1

2
kH

d

[
1+2P−1

d

]
, (21)

kDDD = 3

2
P−1

d kH
d . (22)

2.3.2 Proton propagation as rate limiting steps

For the reaction profile of Fig. 3b where the propagation transfer step is rate
limiting we obtain

k = K [1]
d

(
k [2+]

f + k [3−]
f

)+ K [2]
d

(
k [1−]

f + k [3+]
f

)+ K [3]
d

(
k [1+]

f + k [2−]
f

)
. (23)

Here, we have introduced a plus or minus superscript in order to indicate
a cation or an anion transfer. We define now a “commitment” factor

α = ki−
f /ki+

f (24)

as the ratio between the rate constants of corresponding anion and cation trans-
fers. We assume thatα is the same for the isotopic reactions,i.e. that Pf is
the same for the cation and the anion propagation. Thus, we can now drop the
plus superscript,i.e. ki

f refers now only to the cation transfer rate constants. It
follows that

k = K [1]
d

(
k [2]

f +αk [3]
f

)+ K [2]
d

(
αk [1]

f + k [3]
f

)+ K [3]
d

(
k [1]

f +αk [2]
f

)
. (25)

In order to obtain the isotopic rate constants we write

k [i]
f = kH

f for i = H and k [i]
f = P−1

f kH
f for i = D (26)

K [i]
d = K H

d for i = H and K [i]
d = φdK H

d for i = D .

We find that

kHHH = 3kH
f K H

d (1+α) , (27)

kHHD = kH
f K H

d (1+α)
[
1+ P−1

f +φd

]
, (28)

kHDD = kH
f K H

d (1+α)
[
P−1

f +φd +φdP−1
f

]
, (29)

kDDD = 3kH
f K H

d (1+α)φdP−1
f . (30)

2.4 Degenerate two-step quadruple proton transfer

In this section we treat the case of a degenerate two-step quadruple proton
transfer reaction according to Fig. 4. In each step two hydrons are transferred.
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Fig. 4. Degenerate two-barrier quadruple hydron transfer involving a single zwitterionic
intermediate. Two hydrons loose zero-point energy in the configuration corresponding to
the top of the barrier. Isotopic fractionationφd can occur for the dissociation.

The reaction diagram corresponds to the network of Scheme 1. As in each step
two hydrons are transferred we label the rate constants correspondingly. Be-
cause of the symmetry of the system it follows that

kHH
AB = kHH

AC = kHH
DB = kHH

DC = kHH
d , kHH

BA = kHH
CA = kHH

BD = kHH
CD = kHH

n , (31)

kHD
d = P−1

d1 kHH
d , kHD

n = P−1
n1 kHH

d ,

kDD
d = P−1

d1 P−1
d2 kHH

d , kHD
n = P−1

n1 P−1
n2 kHH

d

φd = Pn1/Pd1 = Pn2/Pd2 = Pn/Pd .

From Eq. (4) it follows that

kHHHH = kHH
BD kHH

AB

kHH
BA + kHH

BD

+ kHH
CD kHH

AC

kHH
CA + kHH

CD

= kHH
d (32)

kHDHH = kHD
AB kHH

BD

kHD
BA + kHH

BD

+ kHH
AC kHD

CD

kHH
CA + kHD

CD

= kHH
d P−1

d1

1+φd

1+ P−1
d1 φd

(33)
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kDDHH = kHH
BD kDD

AB

kDD
BA + kHH

BD

+ kDD
CD kHH

AC

kHH
CA + kDD

CD

= kHH
d P−1

d1 P−1
d2

1+φ2
d

1+φ2
dP−1

d1 P−1
d2

= kHHDD

(34)

kHDHD = kHD
BD kHD

AB

kHD
BA + kHD

BD

+ kHD
CD kHD

AC

kHD
CA + kHD

CD

= kHH
d P−1

d1 (35)

kHDDD = kDD
BDkHD

AB

kHD
BA + kDD

BD

+ kHD
CD kDD

AC

kDD
CA + kHD

CD

= kHH
d P−1

d1 P−1
d2

1+φd

1+φdP−1
d2

(36)

kDDDD = kDD
BD kDD

AB

kDD
BA + kDD

BD

+ kDD
CD kDD

AC

kDD
CA + kDD

CD

= kHH
d P−1

d1 P−1
d2 . (37)

2.5 Degenerate four barrier quadruple proton transfer

In this section we treat the case of a degenerate four-step quadruple proton
transfer reaction with a single proton transfer in each step as indicated in Fig. 2.
We need to take into account 16 tautomeric states which we label as 0000
to 1111 as indicated in Fig. 5. We exclude however the states 0101 and 1010
which exhibit two cations and two anions as unphysical.

The treatment of this reaction scheme in terms of Eq. (1) is very tedious.
The problem is the large number of rate constants of all individual reaction
steps. Therefore, we will focus here only on partial solutions representing two
limiting cases,i.e. dissociation – recombination and propagation as rate limit-
ing steps, in a similar way as in the case of the triple proton transfer.

2.5.1 Dissociation and neutralization as rate limiting steps

The first case is illustrated in Fig. 6 in more detail. It strongly resembles
the corresponding triple proton transfer case. All the inner states 2 to D are
rapidly interconverting and their ensemble can then be treated as a single
intermediate state I. This state is reached by the dissociation of one of the
four protons, and annihilated by neutralization. By analogy to Eq. (18) we
obtain

kLLLL = 1

2

[
k [1]

d + k [2]
d + k [3]

d + k [4]
d

]
. (38)

We obtain

kHHHH = 2kH
d , (39)

kHHHD = 1

2
kH

d

[
3+ P−1

d

]
, (40)

kHHDD = kHDHD = kH
d

[
1+ P−1

d

]
, (41)
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Fig. 5. Degenerate quadruple barrier quadruple hydron transfer. A complete transfer con-
sists of a dissociation step, two or more propagation steps or more steps and a neutral-
ization step. The double-cation-double-anion intermediates 0101 and 1010 are not further
considered as they are considered as very high in energy.

kHDDD = 1

2
kH

d

[
1+3P−1

d

]
, (42)

kDDDD = 2kH
d P−1

d . (43)

2.5.2 Proton propagation as rate limiting step

In the second case we assume that the propagation steps are rate limiting. How-
ever, even in this case it is not easy to find simple expressions for the kinetic
isotope effects. As we deal here only withsingle proton transfers the interme-
diate states C, 9, 6, and 3 in Fig. 5 cannot interconvert directly and the complex
reaction network factorizes into four subsystems as illustrated in Fig. 7. The
total rate constant corresponds then tothe sum of the rate constants of each
subsystems. We introduce according to Fig. 7 the forwardk [i±]

f and backward
k [i±]

b rate constants of the propagation steps transfer of hydroni, where we have
added a plus or minus sign in order to indicate a cation or anion transfer. By ap-
plication of Eq. (4) to the first subsystem involving C as intermediate it follows
that

k0F = k0CkCF

kC0+ kCF

. (44)
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Fig. 6. Dissociation as rate limiting step in the degenerate quadruple barrier quadruple hy-
dron transfer. The 12 zwitterionic intermediates interconvert rapidly and can be considered
one single intermediate I which can be reached by dissociation of each of the four hy-
drons.

Fig. 7. Cation and anion propagation as rate limiting step in the degenerate quadruple bar-
rier quadruple hydron transfer. The reaction network factorizes in four parts which can be
treated separately as indicated in the text.

With

k0C = k08k8C

k80 + k8C

+ k04k4C

k40+ k4C

≈ k08k8C

k80

+ k04k4C

k40

(45)

= K [1]
d k8C+ K [2]

d k4C = K [1]
d k [2+]

f + K [2]
d k [1−]

f ,
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kC0 = kC8k80

k8C+ k80

+ kC4k40

k4C+ k40

≈ kC8+ kC4 = k [2+]
b + k [1−]

b ,

kCF = kC8+ kC4 = k [3+]
b + k [4−]

b

we obtain

k0F = k0CkCF

kC0+ kCF

=
(
K [1]

d k [2+]
f + K [2]

d k [1−]
f

)(
k [3+]

b + k [4−]
b

)
k [2+]

b + k [1−]
b + k [3+]

b + k [4−]
b

(46)

whereK [i]
d is the equilibrium constant of dissociation of the proton in sitei. The

total rate constant is then given by the sum of the four terms indicated in Fig. 7,
i.e.

k =
[(

K [1]
1 k [2+]

f + K [2]
1 k [1−]

f

)(
k [3+]

b + k [4−]
b

)
(
k [2+]

b + k [1−]
b + k [3+]

b + k [4−]
b

) (47)

+
(
K [4]

1 k [1+]
f + K [1]

1 k [4−]
f

)(
k [2+]

b + k [3−]
b

)
(
k [1+]

b + k [4−]
b + k [2+]

b + k [3−]
b

)
+

(
K [2]

1 k [3+]
f + K [3]

1 k [2−]
f

)(
k [4+]

b + k [1−]
b

)
(
k [3+]

b + k [2−]
b + k [4+]

b + k [1−]
b

)
+

(
K [3]

1 k [4+]
f + K [4]

1 k [3−]
f

)(
k [1+]

b + k [2−]
b

)
(
k [4+]

b + k [3−]
b + k [1+]

b + k [2−]
b

)
]

.

Defining again the “commitment” factorα

ki−
f = αki+

f = αki
f andki−

b = αki+
b = αki

b (48)

as the ratio between the rate constants of corresponding anion and cation trans-
fers, we drop again the plus superscript for cation transfer and write

k =
[(

K [1]
1 k [2]

f +αK [2]
1 k [1]

f

)(
k [3]

b +αk [4]
b

)
(
k [2]

b +αk [1]
b + k [3]

b +αk [4]
b

) +
(
K [4]

1 k [1]
f +αK [1]

1 k [4]
f

)(
k [2]

b +αk [3]
b

)
(
k [1]

b +αk [4]
b + k [2]

b +αk [3]
b

)
(49)

+
(
K [2]

1 k [3]
f +αK [3]

1 k [2]
f

)(
k [4]

b +αk [1]
b

)
(
k [3]

b +αk [2]
b + k [4]

b +αk [1]
b

) +
(
K [3]

1 k [4]
f +αK [4]

1 k [3]
f

)(
k [1]

b +αk [2]
b

)
(
k [4]

b +αk [3]
b + k [1]

b +αk [2]
b

)
]

.

With the kinetic isotope effectsPf andPb and the fractionation factor

φf = P−1
b / P−1

f (50)
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of the propagation step we finally obtain

kHHHH = 2kH
f (1+α)K H

1 , (51)

kHHHD = kHHHH

2

[
1+φd +αP−1

f (1+φf)(
2+α+αφf P

−1
f

) + α(1+φd)+ P−1
f (1+φf)(

1+2α+φf P
−1
f

)
]

,

(52)

kHHDD = kHHHH

[
P−1

f (φf +φd)

2
(
1+φf P

−1
f

)+ φd + P−1
f

4

]
, (53)

kHDHD = kHHHH

[(
P−1

f +αφd

)(
1+αφf P

−1
f

)+ (
φd +αP−1

f

)(
φf P

−1
f +α

)
(1+α)

2
(
1+φf P

−1
f

)
]

,

(54)

kHDDD = kHHHH

2
P−1

f

[
φf P

−1
f (1+φd)+αφd(φf +1)(
2φf P

−1
f +α+αφf P

−1
f

) (55)

+αφf P
−1
f (1+φd)+φd(1+φf)(

1+2αφf P
−1
f +φf P

−1
f

)
]

,

kDDDD = P−1
f φdk

HHHH . (56)

2.6 Summary of kinetic isotope effects

In order to discuss later the kinetic expressions derived we have summarized
them in Tables 1 to 3 for some special cases.

Table 1. Kinetic Isotope Effects of degenerate double proton transfer.

case P1 = P2 = P
P−1 = S−1

d =
P−1

d = S−1
n = P−1

n

kHD

kHH
P−1 P−1

d

[
φdS−1

n + S−1
d

φdS−1
n + P−1

d

]
P−1

kDD

kHH
P−2 P−1

d S−1
d P−2
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Table 2. Kinetic isotope effects of degenerate triple proton transfer.

KIE P1 = P2 = P3 = P – φd < 1, P−1
f � 1

kHHD

kHHH
P−1

1

3

[
2+ P−1

d

] 1

3
[1+φd]

kHDD

kHHH
P−2

1

3

[
1+2P−1

d

] φd

3

kDDD

kHHH
P−3 P−1

d P−1
f φd

2.7 A modified bell tunneling model for multiple H transfer reactions

In the above treatment we did not yet describe the temperature depen-
dence of the rate constants. For thispurpose, we describe in this section
a modified Bell tunnel model, although we are aware that more rigorous
quantum-mechanical treatments are possible. The modified Bell treatment has
the advantage of the simplest possible model. The experimentalist can then
check whether his data provide enough information to go beyond this simple
model.

The Bell tunneling model [2] is a very crude one-dimensional model
which does not take into account the variation of the barrier for proton
transfer with changes of the hydrogen bond geometries caused by vibra-
tional excitation, as has been discussed by Gerritzen and Limbach [8a]. Ac-
cording to Fig. 8 we define the coordinatesq1 = 1

2
(r1 − r2) and q2 = r1 + r2,

wherer1 and r2 correspond to the two heavy atom-H bond lengths. In the
case of linear hydrogen bondsq1 represents the distance of H from the H-
bond center andq2 the distance between the two heavy atoms. As depicted
schematically in Fig. 8a, the barrier of the double well describing the pro-
ton motion decreases whenq2 is decreased, and eventually a single well
configuration can be reached. Quantization of the AH vibrational states is
indicated by the horizontal lines in each well. Only few states are avail-
able, here only the vibrational ground states are indicated. Within the Bell
model it is assumed, that coherent tunneling is destroyed by inter- and in-
tramolecular interactions which can give rise to tunnel splittings. The two-
dimensional model can then be reduced to a one-dimensional Bell model by
settingEd = constant as indicated in Fig. 8b and by assuming a continuous dis-
tribution of configurations with different values ofq2. Such as situation can
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be practically reached by excitation of low-frequency H-bond vibrations or
phonons. The situation of Fig. 8b can be practically be replaced by an in-
verted parabola as a barrier, with a continuous distribution of vibrational levels
on both sides of the barrier, which leads to the one-dimensional modified
Bell model indicated in Fig. 9. This model will now be explained in more
detail.
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Fig. 8. Reduction of a two-dimensional double-well potential problem to a one-dimensional
Bell model. Adapted from Ref. [8a]. For further description see text.

According to Bell, the probablility ofa particle passing through or crossing
a barrier is given by [2]

G(W ) = 1

1+ D(W )
, (57)

whereW represents the energy of the particle andD(W ) the transmission co-
efficient, given according to Wenzels–Kramers–Brioullin approximation [18]
by

D = exp


−2

h

a∫
−a

pidx


 = exp


−2

h

a′∫
−a′

√
2m (V(x)− W)dx


 . (58)

pi represents the momentum andm the mass of the particle moving in
x-direction, andV(x) the potential energy experienced by the particle.a′ rep-
resents the position of the particle when it enters or leaves the barrier region.
ClassicallyG(W ) = 0 for W < Ed and G(W ) = 1 for W > Ed, but quantum
mechanicallyG(W ) > 0 for W � Ed andG(W ) < 1 for W � Ed. We note here
that D is related to the energy splitting of a symmetric double oscillator by [18]

∆E = hν

π
D1/2 . (59)

Assuming that the barrier region can be approximated by an inverted bar-
rier, i.e.

V(x) = Ed

(
1− x2

a2

)
, W = Ed

(
1− a′2

a2

)
. (60)

Here, 2a represents the barrier width (Å),Ed the barrier energy.
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One can easily show that

D (W) = exp

(
− Ed − W

hωt

)
, ωt = 2πνt = 1

πa

√
Ed

2m
, (61)

whereνt represents a “tunnel frequency”.
The fraction of particles in the energy interval dW is given by the Boltz-

mann law

dN

N
= exp(−W/kT ) dW

∞∫
0

exp(−W/kT ) dW
= 1

kT
exp(−W/kT ) dW . (62)

The classical integrated reaction probability is then given by

(
∆N

N

)
class

= 1

kT

∞∫
Ed

exp(−W/kT ) dW = exp(−Ed/kT ) , (63)

the quantum mechanical integrated reaction probability by

(
∆N

N

)
QM

= 1

kT

∞∫
0

G(W ) exp(−W/kT ) dW , (64)

and the ratio both quantities by

Qt =
(

∆N
N

)
QM(

∆N
N

)
class

=
1

kT

∫ ∞
0 G(W ) exp(−W/kT ) dW

exp(−Ed/kT )
(65)

=
∞∫

0

G (W)

kT
exp((Ed − W) /kT ) dW .

Using an Arrhenius type law for the classical temperature dependence it
follows that

k = kclassQt = A exp(−Ed/kT )

∞∫
0

G(W )

kT
exp((Ed − W) /kT ) dW . (66)

Replacing the Boltzmann constant by the gas constant, and introducing
a superscript as label for the isotope L= H, D it follows that

kL = AL exp
(−EL

d/RT
) ∞∫

0

GL(W )

RT
exp

((
EL

d − W
)
/RT

)
dW , L = H, D .

(67)
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Fig. 9. Modified Bell tunneling model for H and D transfer according to Ref. [8]. For fur-
ther description see text.

This equation is visualized in Fig. 9. A Boltzman distribution of particles,
where the populations are symbolized by arrows of different length hits the bar-
rier from the left side. The arrows on the right side represent the particles who
came through the barrier by tunneling. As the tunneling mass of H is smaller
than of D, at a given temperature, the energy for the maximum number of H
tunneling through the barrier is smaller than for D.

From Eq. (67) one obtains the following expression for the kinetic isotope
effect

P = kH

kD
= AH QHexp(−EH

d /RT )

AD QDexp(−ED
d /RT )

(68)

as a function of temperature. This equation has been introduced by R. P.
Bell [2].

As Limbachet al. have proposed in different papers, Eq. (67) needs to be
modified in a minor way for application in multiple proton transfer reactions [7,
8, 15]. The most important change is to replace the lower integration limit in
Eq. (66) by a minimum energyEm for tunneling to occur as indicated in Fig. 9,
i.e.

kL = AL exp
(−EL

d/RT
) ∞∫

Em

GL(W )

RT
exp

((
EL

d − W
)
/RT

)
dW , L = H, D .

(69)

This modification is necessary for example, when the reaction pathway in-
volves an intermediate as illustrated in the previous sections. Tunneling can
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then take place only at an energy which corresponds to the energy of the in-
termediate. Then, one can identifyEm with the energyE i of this intermediate.
However, Em may also represent an energyE r necessary for a heavy atom
rearrangement preceding the tunneling process. In this interpretation, it repre-
sents also the “work term” in Marcus theory of electron transfer [5].

The use of Eq. (69) for multiple proton transfer reactions is now straight-
forward as shown in the following. It depends on the following parameters:

(i) Em = E r + E i represents the minimum energy for tunneling to occur as de-
scribed above and is assumed to be isotope independent. For a concerted
multiple H transfer stepE i is zero.

(ii) EH
d and ED

d are the barrier heights for the reaction step of interest where
a single H is replaced by D.Em is not included which means thatEm + EH

d

represents the total barrier height for the H transfer. In principle,ED
d can

be expanded in terms of zero-point energy losses between the reactant and
the transition state. However, we find it more convenient to leaveED

d as
adaptable parameter. However, it is possible to use the RGM in the sense
that

ED
d = EH

d +∆ε, EHD
d = EHH

d +∆ε, EDD
d = EHH

d +2∆ε , (70)

. . . EDDDD
d = EHHHH

d +4∆ε

for a concerted transfer of several H in a given step, leaving the increase of
the barrier height by replacement of a single H by D as parameter.

(iii) 2aH is the barrier width of the H transfer in Å at the energyEm. 2aD can be
calculated using Eq. (60).

(iv) In good approximation, also a single frequency or pre-exponential factor
A in s−1 is used for all isotopic reactions,i.e. a possible mass dependence
is neglected within the margin of error.A may include a term arising from
an entropy change between the initial configuration and the configuration
where tunneling can occur.

(vi) The tunneling masses are given bymeff = ∑
mL +∆m, where the first term

corresponds to the sum of the masses of all particles transferred in the step
considered and where∆m takes into account the possibility of small heavy
atom displacements during the tunnel process. For example, in a concerted
quadruple transfermHHDD

eff = 6+∆m.

3. Discussion
We have derived expressions for the multiple kinetic H/D isotope effects of
multiple degenerate proton transfer reactions involving single and multiple bar-
riers along the reaction pathways. These expressions relate the isotope effects
of the individual steps to the overall isotope effects which can be measured ex-
perimentally. The expressions useful for the experimental chemist which may
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arrive at conclusions about a given reaction mechanism of a multiple H-transfer
reaction even if not all multiple isotope effects can be measured, and for plan-
ning appropriate experiments. The expressions are also useful if one wants to
estimate overall rate constants from computational results. Note that we did not
derive any expression for the kinetic isotope effectsP of the individual steps
which may be affected both by losses of zero-point energies in the transition
states and by incoherent tunneling. The HH has been discussed in several pre-
vious papers [7, 8, 17], and the HHH case in one paper [15]. However, we did
not explicitly treat the possibility of isotopic fractionation between the reactant
and intermediate states, included here. A treatment of the HHHH case has not
been presented before and constitutes the main novel result of this paper. In the
following, we will first discuss the HH and HHH cases as this will facilitate the
discussion of the HHHH case.

For the graphical representation of the results in Figs. 10–13 we used the
following Arrhenius equation for the reaction of the protons,i.e.

kHH = kHHH = kHHHH = 1013 exp(−27.6 kJ mol−1/RT ) , (71)

for the kinetic isotope effects

P = Pd = Pf = exp(−7 kJ mol−1/RT ) , (72)

and for the fractionation factors

φd = φf = exp(−0.92 kJ mol−1/RT ) (73)

unless the latter values were set to 1.

3.1 HH transfer

The kinetic isotope effects are illustrated in Fig. 10 and summarized in Table 1.
Let us firstly assume that the secondary isotope effects are equal to the pri-
mary ones. This case means that both protons are in flight in the rate limit-
ing step which means that now the double barrier case reduces to the single
barrier case. Then, we obtain the rule of the geometric mean (RGM) with
kHH/kHD = kHD/kDD = P, and the overall isotope effect iskHH/kDD = P2. This
result represents in fact a derivation of the RGM for the single barrier case. In
the Arrhenius plot of Fig. 10a we have assumed this rule. However, this rule
is valid only in the absence of tunneling and if both proton sites are equiva-
lent. In the presence of tunnelingkHH/kHD > kHD/kDD as has been verified
previously [7, 8].

In Fig. 10b we plot the two-barrier or stepwise transfer Arrhenius diagram,
assuming that the secondary isotope effects of dissociation and neutralization
are small,i.e. equal to 1. In addition, we assumeabsence of isotopic fraction-
ation, i.e. φd = 1. In this case,kDD/kHH is equal to the kinetic isotope effects
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Fig. 10. Arrhenius diagrams of a degenerate double hydron transfer. Arrhenius laws are as-
sumed for the HH transfer using the arbitrary parameters indicated in Eqs. (71) to (73).
(a) Single barrier case. (b) Double barrier case with the H/D fractionation factor of dis-
sociationφd = 1. (c) as (b) but with an arbitrary value ofφd = exp(−0.92 kJ mol−1/RT ).

Pd = Pn, i.e. of the dissociation and neutralization step. When these isotope ef-
fects are large, which is the case at low temperatures,kHD/kDD is equal to 2.
The statistical factor arises from the fact that in the DD reaction D is trans-
ferred in both steps. Therefore, when theintermediate is reached, return to the
reactant as well as reaction to the product occur with equal probability. By con-
trast, there is no internal return in theHD reaction which exhibits only one rate
limiting step,i.e. the one in which D is transferred.

When isotopic fractionation takes place, for example through a strenght-
ening of the H-bond in the intermediate leading to reduced zero-point ener-
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Fig. 11. Arrhenius diagrams of a degenerate triple hydron transfer. Arrhenius laws are
assumed for the HHH transfer using the arbitrary parameters indicated in Eqs. (71) to
(73). (a) Single barrier case. (b) Triple barrier case with the dissociation as rate lim-
iting step. The rate constants are independent ofφd. (c) Triple barrier case withφd =
exp(−0.92 kJmol−1/RT ) and equal rate constantskf = kb for the cation and anion propa-
gation,i.e. α = 1.

gies [19], the factor will be largerthan 2, leading to an increase ofkHD/kDD as
illustrated in Fig. 10c.

3.2 HHH transfer

The single barrier case and is illustrated in Fig. 11a, where again the rule of
the geometric mean is assumed to be valid. Now, the overall isotope effect is
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larger than in the HH case,i.e. kHHH/kDDD = P3, however the individual isotope
effects are the same ifP is kept constant.

By contrast to the HH case, in the stepwise triple barrier case with the
dissociation and the neutralization as rate limiting steps the overall isotope
effect is only given bykHHH/kDDD = Pd. However, it is very astonishing that
the individual isotope effectskHHH/kHHD = 2/3 andkHHD/kHDD = 1/3 whenPd

is large (Table 2) and the Arrhenius curves of the HHH, HHD and HDD re-
action are grouped closely together as illustrated in Fig. 11b. This result can
be explained as follows. When the central step is rate limiting either a H is
transferred in this step with the probability 1/3 or a D with the probabil-
ity 2/3. The latter D transfer does not contribute substantially to the over-
all rate constant, as the reaction whereH is transferred in the central step
is as fast as a single HHH reaction sequence. Therefore, the HHH/HHD
and the HHD/HDD isotope effects are constant and given only by statistical
factors.

When the propagation is the rate limiting step (Fig. 11c) a similar phe-
nomenon occurs, as in the HDD reaction there are sequences where the re-
maining H is transferred both in the first and the final rate limiting steps,
e.g. the sequence 000→ 100→ 101→ 001→ 011→ 111. Therefore, also in
this case only replacement of the last proton by a deuteron exhibits a non-
statistical kinetic isotope effect. However, the HDD process will experience
isotopic fractionation of the dissociation process. Moreover, the DDD process
is additionally affected by isotopic fractionation.

3.3 HHHH transfer

Finally, let us discuss the HHHH case (Table 3). The single and double bar-
rier cases are illustrated in Fig. 12. Whereas the single barrier case is simply
an extension of the corresponding situations for the HH and the HHH cases,
with an overall isotope effect ofkHHHH/kDDDD = P4, the two-barrier case is very
interesting: essentially it resembles the concerted HH case. We observe three
groups of Arrhenius curve,i.e. the HHHH curve, the group of the HHHD and
the HDHD curves and the groups of the HHDD, HDDD and DDDD curves
which are closely related to the three Arrhenius curves of the two-barrier HH-
transfer. Introduction of isotope fractionation between the reactant and the
intermediate state does not really affect the results in a very significant way.
The overall kinetic isotope effect is given bykHHHH/kDDDD = P2

d , typical for
a concerted double proton transfer in the rate limiting step. We note that al-
ready replacement of the first H by D leads to a substantial isotope effect of
kHHHH/kHHHD = 2Pd.

In Fig. 13a is illustrated the case of dissociation and neutralization as rate
limiting step. We note that a similar phenomenon occurs as in the correspond-
ing case of the HHH reaction: only the DDD reaction really experiences the
kinetic isotope effect of the dissociation process,Pd (Table 3), whereas all other
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Fig. 12. Arrhenius diagrams of a degenerate quadruple hydron transfer. Arrhenius laws are
assumed for the HHH transfer using the arbitrary parameters indicated in Eqs. (71) to (73).
(a) Single barrier case. (b) Double barrier case withφd = 1. (d) Double barrier case with
φd = exp(−0.92 kJ mol−1/RT ).

curves are grouped together. As long as one assumes that cation and anion
propagation (see Fig. 5) exhibit the same kinetic isotope effect,i.e. Pd = Pn,
the resulting overall isotope effects are independent onα, the ratio of the rate
constants of both processes.

By contrast, if the propagation constitutes the rate limiting steps, even if
Pd = Pn the resulting isotope effects depend on the value ofα as illustrated
in Fig. 13b and c, whereα = 1 in the former andα = 0 in the latter. When
α = 1 the Arrhenius curves of the HHHH, HHHD and the HHDD reaction are
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Fig. 13. Arrhenius diagrams of a degenerate quadruple hydron transfer. Arrhenius laws
are assumed for the HHH transfer using the arbitrary parameters indicated in Eqs. (71)
to (73). (a) Single barrier case with dissociation as rate limiting step. (b) Quadruple bar-
rier case with propagation as rate limiting step, equal cation and anion propagationα = 1
(as indicated by the± signs),φd = φf = exp(−0.92 kJ mol−1/RT ). (c) Quadruple barrier
case with propagation as rate limiting step, only cation propagationα = 0 (as indicated by
the+ signs),φd = φf = exp(−0.92 kJ mol−1/RT ).

grouped together, as well as the curves of the HDDD and the DDDD reaction.
Only the two latter experience the isotope effectP−1

f of the propagation reac-
tion. kDDDD/kHHHH is given by the productP−1

f φd, whereφd corresponds to the
fractionation factor of the fast dissociation process preceding the rate-limiting
propagation. We note that for the case where the cation propagation is much
faster than the anion propagation,i.e. α = 0, the rate constants of the HDHD
reaction are decreased and become dependent onP−1

f as indicated in Fig. 13c.
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3.4 Inclusion of tunneling

In order to demonstrate how the aboveequations can be used with any given
tunneling model let us discuss the effects of tunneling on the Arrhenius curves
of the quadruple H-transfers. The results of some model calculations obtained
are depicted in Fig. 14. All parameters are arbitrary, except the tunneling
masses of H and D, which are 1 and 2. We assume some heavy atom tun-
neling during the H-tunneling, which is taken into account by an additional
tunneling mass of∆m = 2. Tunneling at low temperatures leads to concave Ar-
rhenius curves, a well-known Bell criterion of tunneling. In the single barrier
case (Fig. 14a) the slope at low temperatures is given byEm – which mainly
could arise from a heavy atom reorganization energy – and the slope at high
temperatures by the sum ofEm + Ed. The assumption that∆ε is the same for
each substitution of H by D in the single barrier case (Fig. 14a) leads to the ful-
fillment of the rule of the geometric mean (RGM) at high temperatures, where
all primary isotope effects in Eq. (10) are equal. However, tunneling at low
temperatures increases the light particle tunneling processes. Thus, the more H
are replaced by D, the smaller are the isotope effects. In the case of the double
and quadruple barrier cases (Fig. 14b and c) we have increased arbitrarilyEm,
keepingEd + Em = constant, because energy required to reach the intermediate
states.

4. Conclusions

From the above discussion we concludethat it is possible to obtain infor-
mation about the reaction pathways of degenerate multiple proton transfer
reactions from experimental rate constants of the individual isotopic reactions.
The situation is especially interesting if one can find a system where the num-
ber of protons transferred is varied. Then, estimates about the contribution of
a single proton site to the total isotope effect can be made. These results en-
courage the experimentalist to try to measure kinetic isotope effects even of
a HHHH reaction, where it is difficult to obtain all multiple kinetic isotope ef-
fects experimentally. In fact, only the knowledge of the overall isotope effect
kHHHH/kDDDD and the first isotope effectkHHHD/kHHHH are needed in order to
derive the reaction mechanism. From the first value the number of protons in
flight in the rate limiting step can be obtained. The value should be unusually
large for a concerted single barrier process, and unusually small for a quadru-
ple barrier process.kHHHD/kHHHH should correspond to the effectkHH/kDD of
a concerted double proton transfer in the two-barrier mechanism; interestingly,
kHHHD/kHHHH is large only in the single and double barrier cases, but small in the
quadruple barrier cases.

The equations derived can be combined with any tunneling model refer-
ing to a single step proton transfer reaction. Here, we combined the equations
with a modified Bell tunneling model in order to include the effect of tunnel-
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Fig. 14. Arrhenius diagrams of a degenerate quadruple hydron transfer including tun-
neling calculated according to a modified Bell tunneling model as described in the
text. Arbitrary parameters were used. (a) Single barrier case. Tunneling parameters:
EHHHH

d = 29.295 kJ mol−1; for each substitution of H by DELLLL
d is increased by∆ε =

4.185 kJ mol−1. Em = 4.185 kJ mol−1, 2a = 0.5 Å, A = 1012.65 s−1, ∆m = 2, mHHHH = 4.
For each substitution of H by D themLLLL is increased by 1. (b) Double barrier case
with φd = 1. Tunneling parameters of the dissociation step:EHH

d = 20.925 kJ mol−1,
EHD

d = EHH
d +∆ε EDD

d = EHH
d +2∆ε, ∆ε = 4.185 kJ mol−1. Em = 12.555 kJ mol−1, 2a =

0.5 Å, A = 1012.65 s−1, mHHHH = 2, mLLLD = mLLLH + 1, ∆m = 2. (c) Quadruple barrier
case with propagation as rate limiting step, equal cation and anion propagationα = 1
(as indicated by the± signs),φd = φf = exp(−0.92 kJ mol−1/RT ). Tunneling parameters
of the dissociation step:EH

d = 20.925 kJ mol−1, EHD
d = EH

d +∆ε, ∆ε = 4.185 kJ mol−1.
Em = 12.555 kJ mol−1, 2a = 0.5 Å, A = 1012.65 s−1, mH = 1, mD = 2, ∆m = 2.
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ing on rate constants and isotope effects at least in crude approximation. The
case of more than two protons transferred in the rate limiting steps can be ac-
counted for the over-barrier reaction by assuming that the rule of geometric
means holds for the rate constants at high temperatures; in the tunneling motion
multiple proton transfer is simply taken into account by adapting the tunneling
masses. By the introduction of a minimum energy for tunneling the effects of
intermediate formation is taken into account.

We note again that the Bell tunneling model is a crude one, and more
sophisticated models such as the Dogonadze–Kusnetzov–Ulstrup model [3]
or any other theory is, in principle, more desirable. However, we would like
to make the following point. Most often, only few independent dynamic pa-
rameters can be obtained from experimental Arrhenius curves,e.g. two pre-
exponential factors and two activation energies in the case of a H and D reac-
tion. These parameters are not sufficient as evidence of a particular tunneling
model. In this case, it seems us that either the simplest model with a minimum
number of parameters should be applied, knowing that the model is too sim-
ple, or more sophisticated models, when additional parameters can be obtained
from first principles by quantum-chemical calculations, as demonstrated in the
case of double proton transfers betweeen acetic-acid and methanol in tetrahy-
drofuran and in porphyrin by Smedarchinaet al. [10e, 10f] and in the case of
the proton transfer in the porphyrin anion [20] by Brackhagenet al. [21].
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