
GENERAL DISCUSSION 

Prof. B. E. Conway (University of Ottawa) said: Prof. Krishtalik’s paper raises a 
number of interesting points regarding the mechanism of activation in electrochemical 
H2 evolution or H adsorption processes where both electron and proton transfer take 
place in some coupled manner. 

(a) Emphasis is placed on the role of “ barrierless discharge ” of the proton, but 
the experimental evidence (a+l at low potentials with a transition to o! 2 0.5 at 
higher overpotentials) for such effects, e.g. at Hg in the H2 evolution reaction, seems 
tenuous. Effects similar to those associated with barrierless discharge, e.g. lowering 
of the Tafel slope, can arise for other reasons near the potential of zero charge due to 
changing tyl potential and surface concentration of H 3 0 +  ions,l and/or to reduction of 
residual traces of 0, at the very low current densities involved. Note, however, that 
the early careful work of Bowden and Grew,2 in a completely closed system, with 
polarizations down to lo-’ A cm-2 at Hg did not show effects of the kind that have 
been attributed by Krishtalik to barrierless discharge; in fact, normal Tafel slopes of 
ca. 120-140 mV were found down to 0.25 V us EH. 

(b) While the “ proton-transfer barrier ” will be determined by the energy of H 
chemisorption at the metal, and hence the H+-tunnelling transfer probability, the 
solvent (H,O) reorganization activation energy should not be directly influenced by 
the nature of the electrode metal except through possible effects of orientation of 
inner-layer water dipoles influenced by electrode surface charge and ion ad~orpt ion .~  
However, not only do rates of electrochemical proton/electron transfer vary appreciably 
but also their (apparent) activation energies (e.g. over a range of ca. 80-36 kJ mol-I). 
At Cu/Ni alloys where the mechanism of H, evolution is probably invariant, there 
are appreciable changes of activation energy as well as rate with change of electrode 
comp~si t ion.~ It is difficult to understand how this arises if only solvent reorganiz- 
ation is associated with the measurable activation energy. 

(c) To account for the observed (apparent) activation energy at Hg (80 -& 8 kJ 
mol-’) on the basis of solvent reorganization, ca. 4-6 water dipoles in the first hydra- 
tion shell of H30+ would have to be reoriented substantially. (Longer-range co- 
operative polarization fluctuations are very improbable, as we have calculated 
previo~sly.)~ According to known ionic hydration behaviour in aqueous solutions, 
this would involve a positive entropy of activation of ca. 120 J K-l mol-I. Thus, 
entropy effects in the activation process, in water solutions at least, should be as 
important as energy effects. For example, many processes in the water solvent are 
“ entropy controlled ” rather than, or as well as, enthalpy controlled as indicated by 
Butler’s work.’ Some indication of the importance of the entropy factor in the 
kinetics @re-exponential “ frequency factors ”) is given in the results described in our 
poster on proton discharge from unhydrated H30f  (in CF3S03-H30+) and from 
H904+ [CJ ref. (14)]. 

( d )  For the hydrogen evolution reaction, the volume of activation A V  (after 
proper correction for the volume change associated with the reversible electrode 
reaction) has been found to be near zero or negative. How can this be explained on 
the solvent reorganization model of the activation process ? 

( e )  It is assumed that proton tunnelling takes place only from ground-state OH 
vibrations in H 3 0 +  or H20.  Is the probability large enough to account for the 
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observed H transfer rates? Calculations to support this on the basis of various 
barrier forms (e.g. parabolic, Eckart, etc.) would be useful. It would seem best to 
integrate (or sum) the tunnelling probabilities from the first 2 or 3 vibrational levels 
through the respective barriers, as was done p r e v i o ~ s l y . ~ * ~ ~  Actually, in water there 
is a multiplicity of OH vibrational states owing to the coupling with surrounding 
HOH dipoles through hydrogen bonding. This is what accounts for the large 
partial molar heat capacity The hydration structure of the 
aqueous H30+ ion should be taken into account in considering the activation and 
transfer processes involved in eIectrochemica1 proton transfer. I t  is unlikely that OH 
bond-stretching can be considered independently of the fluctuations in the remaining 
hydration shell (in “ H90,+ ”) in a system so highly hydrogen-bond coupled as is the 
aqueous proton. Some attempt, albeit rather simplified, was made in our early 
work I 2 * l 3  to take into account both the OH stretching and the hydration energy com- 
ponents in the activation process in electrochemical proton transfer. 

(f) It is unclear why Prof. Krishtalik states that H,O as proton donor is less strongly 
attracted to the electrode than is H30+ and hence H has a smaller tunnelling probability 
from the H 2 0  species. Surely H 2 0  is present all the time at the electrode surface and 
is indeed oriented by the electrode charge (field) in a manner determined by the elec- 
trode’s surface charge density. A further complication in the H20 case (pH > 7) is 
that .various studies indicate that- H, evolution proceeds in alkaline solutions at Hg 
indirectly from discharged alkali-metal ions of the supporting electrolyte rather than 
directly from H20 itself. 

of H,O+ in water. 
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Prof. L. I. Krishtalik (Academy of Sciences of the U.S.S.R., Moscow) (communi- 
cated) : 

(a)  Various ways of explaining our experimental data on the hydrogen evolution 
at  low overpotentials have been analysed earlier [see ref. (1) and (2) and the literature 
cited therein], and it has been shown that the only suitable explanation is the barrier- 
less discharge of hydronium ions. In particular, the change of the yl-potential near 
the potential of zero charge (P.z.c.) cannot be responsible for the low Tafel slope, since 
the change of the slope was observed at the potentials 0.1-0.4 V more positive than the 
P.Z.C. in solutions studied and more positive than the usual region of an increased 
Tafel slope in the vicinity of the P.Z.C. The most forceful argument against the explan- 
ation by means of the yl-effect is the independence of the overpotential of the nature 
and the concentration of specifically adsorbing ions [I- ,  Br-, N(Bu),f]. The reduc- 
tion of traces of some impurity is also to be excluded as the reason for phenomena 
observed. The data are very reproducible and the overpotential remains the same 
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under vigorous stirring, i.e. under conditions of an enhanced supply of the supposed 
impurity. As regards the paper by Bowden and Grew, they could not observe the 
barrierless discharge, since under the conditions of their experiments the transition 
from c( = 0.5 to rx = I was to be expected only at current densities as low as ca. 
(3-5) x We have chosen solutions of some surface-active electrolyte 
especially to achieve the barrierless region at higher current densities. 

(b) I agree with Prof. Conway that the solvent reorganization energy does not 
undergo a substantial change with the nature of the electrode. However, the activ- 
ation energy depends not on the reorganization energy (E,) only but on the energy of 
the elementary act ( A I )  too, as can be seen from the Marcus formula 

A cmn2. 

The activation process consists of solvent reorganization, but the extent of this re- 
organization and hence the activation energy depend strongly on the nature of the 
metal by virtue of the substantial dependence of AI upon the adsorption energy of 
hydrogen. 

(c) In the analysis of the solvent reorganization we should not restrict ourselves to 
consideration of the nearest neighbours only. The process involves a great many 
different microstates with approximately equal energies and hence the concerted re- 
orientation of many dipoles [as was supposed in ref. (6) of Prof. Conway's comment] is 
not necessary. The entropy of activation may be found by differentiation of E* with 
respect to T. From eqn (1) in this case of the normal discharge (AI < E,) we obtain 

In the framework of the simple model of a continuous homogeneous dielectric Es can 
be found according to Marcus as 

Taking the ionic radius a = R = 1.5 A and making use of the experimental data on 
the temperature dependence of the optical and static dielectric permittivities (q, and 
cS) we obtain the value 

This contribution is substantially less than the term connected with AI (ca. -13 J 
K-l). The experimental activation entropy (or pre-exponential factor) also includes 
contributions due to H 3 0 +  adsorption (the difference between the true and apparent 
entropies of activation), to the entropy of the whole electrode reaction (the difference 
between the real and ideal quantities) and to the tunnelling probability. All these 
components may be estimated in a reasonable agreement with the experiment. 

( d )  The contribution of E, to the activation volume may be found by differentiation 
of eqn (2) with respect to P. On the basis of the experimental data available the value 
aEs/48P may be estimated as ca. -9 cm3. Hence this term gives a substantial negative 
contribution to AVt, which may be responsible for a rather low value of A V .  

(e)  The possibility of participation of the excited vibration levels was considered 
many times [see, e.g., ref. (3)]. The result of these calculations is that in the normal 
region (A1 3 Es) the predominant process is the tunnelling from the ground level. 
The probability of such a process is low indeed when the reactants are at distances 
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approximately equal to the sum of their van der Waals radii. However, at closer 
approach the tunnelling probability increases dramatically : for example in the 
harmonic-oscillator approximation it is proportional to exp (-aR2), where R is the 
tunnelling distance, 

mi and mf are the vibration frequencies of the initial and final states and rn is the 
reduced mass. Thus the relatively small expenditure of energy to overcome the 
repulsive forces leads to an increase in the tunnelling probability sufficient to provide 
the high proton-transfer rates.4 

(f) The question discussed was the ability of proton donors to approach the elec- 
trode to a distance substantially shorter than the equilibrium one in order to facilitate 
proton tunnelling. The charged ion H 3 0 +  is attracted by the negative charge of the 
electrode more strongly than the neutral molecule H 2 0  and hence the optimal 
position of H,O+ is nearer to the electrode and more dependent on the potential than 
the position of H20. The data on hydrogen evolution at mercury in alkaline solutions 
were obtained in tetra-alkylammonium solutions. In this case the direct discharge of 
H 2 0  molecules was shown to be rate-determining. Quite similar dependences were 
obtained also in alkali metal salts solutions with a gallium electrode which does not 
form any alloy with alkali metals under conditions of hydrogen evolution. 
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Prof. B. E. Conway (University of Ottawa) (communicated): In the response of 
Prof. Krishtalik to my remarks, the point is made, as also mentioned in his paper, that 
proton transfer occurs by tunnelling almost exclusively from the ground vibrational 
state of H 3 0 +  (or H20).  This is a critical point, originally raised in the treatment of 
Dogonadze et aZ.,l namely that owing to the large vibrational quantum (hv NN 40 kJ 
mol-I) of the OH-stretch mode in H30+ or H20,  activation into vibrational states 
above the ground level is negligible at ordinary temperatures. This led to the con- 
clusions referred to in Prof. Krishtalik's paper that: (a) only longer-range solvent 
dielectric polarization fluctuations are associated with the activation process (AH$ E 

80 kJ rno1-l at Hg for H+ discharge/H, evolution) and (b) hence, proton transfer itself 
takes place by tunnelling from the OH ground state but coupled with a classical 
activation of the solvation co-sphere requiring cooperative orientational displacements 
of solvent dipoles. 

In any activation process, the 
required activation energy is always available but with a probability exp [-AHz/RT], 
i.e. at some region along the Boltzmann distribution of energies - for larger AH$ 
values, somewhere in its high-energy tail. Hence it should be expected that energy is 
available, as in the kinetics of any reaction, for activation of OH-vibrational states by 
the required 80 kJ mol-1 (for Hg) whether or not the vibrational states are finely 
(hv < kT) or more coarsely quantized (hv > kT) as for OH states. 

The situation with hv > kT appears to obtain without any restrictions, e.g. for H 
transfer ingas-phase reactions for which AH$ and hv are 9 kT; for such situations, there 
is no alternative mode of vibrational activation through polarization fluctuations in the 
surrounding medium at ordinary pressures. Hence the objections of Krishtalik and 

The basis of these conclusions is puzzling to me. 
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of Dogonadze et al.’ to activation of high-frequency OH-stretch modes in the “ bond- 
stretching ” model of electrochemical proton transfer seem to be based on an unusual 
view of the process of activation in relation to the Boltzmann probability of acquiring 
the necessary AH$,  as in the Arrhenius and transition-state treatments of rate processes. 

Practically, of course, in aqueous medium, there is a multiplicity of coupled H- 
bonded modes of OH-vibration, intermolecular stretch and libration, as indicated by 
the i.r. and Raman spectra of water,2 and the high partial molar heat capacity of 
H30a+q.3 These modes have a wide range of frequencies from hv >> kTto  h v z  kT. 
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Prof. J. Jortner (Tef Aviv University) said: Prof. Krishtalik considers two distinct 
models for proton transfer, which are referred to as the “ band-stretching model ” 
and the “ medium-reorganization model.” I would like to point out that a proper 
description of proton-transfer rates should incorporate the following nuclear contri- 
butions: (1) the proton motion along the “ reaction coordinate,” which esentially 
involves tunnelling; (2) the “ inner ” nuclear organization involving intramolecular 
changes in band lengths and orientational organization of the proton donor and 
acceptor ; (3) long-range polarization effects. 

The nuclear Franck-Condon factor, which determines the proton-transfer rate, 
should consist of a product of contributions (1)-(3). I t  is thus apparent that the two 
models considered by Prof. Krishtalik are not distinct but rather supplementary, both 
contributing to the dynamics of proton transfer. 

Dr. J. UIstrup (Technical University of Denmark, Lyngby) said: The two models 
discussed in the paper by Prof. Krishtalik must of course be viewed as limiting cases, 
and since the real reacting system consists of something like molecular modes, both 
approaches must be supplemented to incorporate additional features not inherent in 
the limiting models. A general comprehensive theory should thus at least account 
for the following crucial features. A treatment of the solvent should certainly be 
incorporated. This could of course be done according to the ideology of model I but 
is not often done. Proper handling of the intramolecular structure of both the moving 
proton and other discrete nuclear modes should be available and criteria provided for 
the classical or quantum-mechanical behaviour of these modes. The local solvent 
structure near the ions or the electrode should finally be incorporated, for example in 
the form of work terms or as non-local dielectric permittivity functions. 

Whether all these effects are important is then a different question. I am sure tnat 
whole-hearted supporters of model I1 equally whole-heartedly agree that there may be 
cases where the coupling between the moving protons and the solvent is weak, for 
example if the interaction is screened by a molecular framework such as for the moving 
protons in the porphine rings. Also, some of Prof. Krishtalik‘s observations refer to 
cases where the proton is transferred along a harmonic stretching mode with a vib- 
rational frequency of ca. 3000 cm-’. If, however, the donor-acceptor interaction is 
strong, then the vibrational frequency is lowered, the potential becomes very sig- 
nificantly anharmonic, excited vibrational proton states gain importance and the 
results of model I1 and a generalized model I coalesce. 

Considering the ways in which the two approaches have been formulated in the 
literature, it has certainly been necessary to consider the ultimate consequences of 
the two limiting models. These consequences are different for some of the phenomena 
considered by Prof. Krishtalik, and I find it hard to reject low pre-exponential factors 
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or large isotope effects for apparently barrierless or activationless processes, and 
identical activation energies for widely different discharging molecule!; in the same bulk 
solvent as unconvincing evidence for the carefully formulated conclusions drawn. 

Dr. W. Schmickler (Institut fur  Physikalische Chernie, Dusseldorf) said : I think 
the arguments presented in fig. 3 and 4 of Prof. Krishtalik's paper for the kinetic isotope 
effect are oversimplified. In fig. 3, curve 2 corresponds to the system with a greater 
adsorption energy. Later in the paper it is argued that this system has a higher 
vibration frequency. If this is so, then the curvature of the parabola 2 must be greater 
than that of parabola 3, and it is not possible to tell whether the point of intersection 
of curve 2 with curve 1 will have a higher or a lower energy than the intersection of 
curve 3 with curve 1 ,  unless exact data are available. 

A similar case occurs in fig. 4: when the reactions are in the barrierless region, and 
system 2 has the stronger binding energy, then the free energy of the reaction 1+2 
will be greater than that for the reaction 1 +3, and hence the proton in system 2 will be 
in a more highly excited state than that in system 3. The final state wavefunctions 
for system 2 could then be more extended than those of system 3, and the overlap 
better. 

The qualitative arguments presented in the paper could be misleading; they really 
should be substantiated by quantitative estimates. 

Prof. L. I. Krishtalik (Academy of Sciences of the U.S.S .R. ,  Moscow) (communi- 
cated): I agree with Dr. Schmickler that an increase of the barrier along the proton 
coordinate with increasing M-H bond energy is in principle possible. However, this 
possibility does not influence our conclusions since we consider the dependence of the 
pre-exponential factor and the isotope effect on the experimental values of activation 
energies, which diminish with the increasing bond energy. 

The scheme in fig. 4 corresponds to ground states, which are most important in the 
region of a normal discharge. Just this case was discussed in the paper with the help 
of the scheme mentioned. Unfortunately we have no experimental data on the isotope 
effect for barrierless discharge. 

In vicinity of the overpotential of the transition from the normal discharge to the 
barrierless process (q*) the free energy of the reaction is practically equal to the re- 
organization energy and is virtually independent of the binding energy. Hence the 
comparison of two electrodes in the barrierless region at the same distance from q* is 
a comparison under practically isoenergetic conditions. I agree that the excited 
states may influence the transfer probabilities at different electrodes to a different 
extent. However, we may expect that the contribution of these states is substantial 
only at overpotentials rather far from q*, when the value (q* - q)F approaches the 
excitation energy. (We must bear in mind that for electrode reactions the continuous 
energy spectrum of metal electrons facilitates the equalization of the energy levels of 
the initial and final states.) 

Prof. R. A. Marcus (California Institute of Technology, Pasadena) said : I am indeed 
sorry that Prof. Krishtalik was unable to attend. The problem that he has addressed, 
that of distinguishing experimentally between the two mechanisms he mentions for the 
hydrogen evolution reaction, is a very difficult one. The mechanisms have much in 
common and there is a gradation between them. Let me attempt to illustrate this 
point by recalling a potential-energy contour diagram adapted from the mass-weighted 
skewed-axes one so well known in atom-transfer reactions.' The plot has a very small 
angle between the two axes because of the light mass of the H being transferred. 
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The radial coordinate in the plot is essentially the metal-oxygen distance, the 
angular coordinate is the proton-displacement one.2 Normal to the plane of the 
paper is a subspace of some solvation coordinates, the bending vibrations of 
k120-H-M, and the other vibrations. The reactants 
proceed from somewhere in the reactants’ valley to somewhere in the products’ on 
this many-dimensional potential-energy surface. The mechanism involves traversing 
over or tunnelling through the barrier either (i) at a relatively short M-0 distance, 
at the saddle-point in the figure of “ cutting the corner ’’ at a slightly longer M-0 
distance, as in transition-state theory, or (ii) at  a longer M-0 distance or (iii) in 
between.l In the case of 
(i) there is no sudden change of charge on going from the reactants’ to the products’ 
valley and the type of solvent reorganization frequently discussed in electron-transfer 
reactions no longer occurs. This is the model assumed by Horiuti, by Bockris and by 
Conway. In mechanism (ii) there is a sudden charge change and this is, in effect, the 
model of Kuznetsov, Dogonadze and Levich. However, distinguishing between the 
two is not easy-both show, in principle, a curvature in the Tafel plot, although (i) 
may well show less curvature, as indeed Conway and Bockris have noted. The 
situation is further complicated by the fact that in the sufficiently exothermic region 
the surface becomes so distorted that the saddle-point is actually in the reactants’ 
valley (or, in the highly endothermic case, in the products’ valley). In this case the 
reaction coordinate in the important region is no longer a protonic coordinate but is 
now an M-0 distance, and this type of reaction coordinate is not allowed for in 
mechanism (ii). Thus what is needed, and what has been outlined elsewhere, is a 
more general treatment, one which gives ( i )  and (ii) as limiting situations but which 
includes intermediate situations as well.’ The main region contributing to the rate 
constant remains, for any activation overpotential, a matter of detailed calculation. 

(M = metal electrode.) 

In effect, Prof. Krishtalik considers mechanisms (i) and (ii). 
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Prof. M. M. Kreevoy (University of Minnesota) said: It seems to me that Prof. 
Krishtalik’s calculations, and related understate the effect of compres- 
sing distance between the proton donor and its acceptor. The effect of this com- 
pression is not merely to shorten the distance by which the proton must be displaced 
within a harmonic oscillator of fixed frequency. There is a hydrogen bond between 
the donor and the a ~ c e p t o r . ~  Overall, shortening this hydrogen bond is not ener- 
getically spontaneous, because of the repulsions between non-bonding parts of the two 
molecules involved, but the energy of the hydrogen bond itself should become more 
negative with compression in carbon systems, just as it does in nitrogen and oxygen 
~ y s t e m s . ~  Correspondingly, as the donor-acceptor distance is shortened, the form 
of the potential function governing hydrogenic motion is drastically altered. It 
becomes very non-harmonic, with a very marked reduction of Coef and the barrier to 

The assumption of a constant wef, set equal to its value in the unper- 
turbed starting state,1*2 is not realistic. Much of the activation energy for proton 
transfer probably goes into the compression coordinate, in which the energy levels 
are closely spaced, as required in conventional transition-state t h e ~ r y . ~  The com- 
pression coordinate can be incorporated in the basic formalism used by Prof. Krish- 
talik [eqn (2) of ref. (l)] and it will still accommodate the facts of cathodic proton 
discharge, but the physical picture which then emerges is very similar to the semi- 
classical 
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Prof. L. I .  Krishtalik (Academy of Sciences of the U.S.S.R., Moscow) (cornmuni- 
cated): First of all I would like to emphasize that I quite agree with Dr. Ulstrup’s 
opinion that the case considered in my paper is not the only possible one-there are 
various possibilities. For example, in the limit of a very strong interaction between 
the proton donor and acceptor the proton movement would of course approach 
classical behaviour. In the other limit of a very symmetrical charge distribution both 
in the initial and final states the solvent reorganization would not play any significant 
role (see, e.g., Dr. Limbach’s paper presented at this Discussion). We have empha- 
sized the necessity of taking into account generally the motion of both the proton and 
the solvent (including the first solvation sphere). The real question is if some 
qualitative difference in the behaviour of the corresponding degrees of freedom exists. 
This paper was aimed at summarizing the experimental data showing that for the real 
electrochemical systems (including the usual proton donors in water and other highly 
polar solvents) the proton behaves non-classically and the solvent reorganization 
brings in the main contribution to the activation energy. We have found that a 
number of parameters characterizing the proton tunnelling do  not correlate with the 
activation energy and that the latter (corrected for the influence of thermodynamic 
factors) does depend on the solvent nature and is independent of the nature of the 
covalent bond being ruptured. That was the experimental basis for our conclusions 
on the different nature of barriers determining proton tunnelling and activation 
energy and on the predominant role of solvent reorganization in the activation 
process. 

Prof. Marcus and Prof. Kreevoy have raised an important question on the effect 
of the intermolecular distance. This factor was, of course, taken into account in our 
analysis. In particular, it was just the approach of the H 3 0 +  ion to the electrode 
under the action of the electric field, hence the increase in tunnelling probability, that 
was used to explain the decrease of the isotope effect with increasing potential. In con- 
trast, the isotope effect for the discharge of an electroneutral proton donor: the water 
molecule does not depend on potential. (By the way, in both cases mentioned acti- 
vation energies vary over the same range but the tunnelling probabilities behave in a 
quite different manner.) 

Close approach of the reactants facilitates proton tunnelling but it requires some 
energy expenditure to overcome repulsion forces. As a result an optimal reaction 
distance appears corresponding to some intermolecular excitation energy. Owing to 
this effect a continuous energy spectrum appears which may suppress the maximum 
on the (reaction rate, pK) profile for homogeneous proton-transfer processes. This is 
similar to the effect of the continuous electronic energy spectrum of the metal on 
electrode reactions. According to our calculations,’ the different tunnelling proba- 
bility for light and heavy hydrogen isotopes leads to a smaller optimal tunnelling 
distance for heavy isotopes and hence to a larger work term against repulsion forces. 
That explains the higher activation energy for heavy isotope transfer, especially for 
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CH acids and electrode reactions. Note that in reactions of enzymatic hydrolysis, 
i.e. under conditions when the mutual arrangement of the reactions is fixed rather 
rigidly, a significant isotope effect (2.5-3) was observed. This was determined vir- 
tually only by the difference of pre-exponential factors, i.e. the difference in tunnelling 
probabilities, activation energies for both isotopes being practically equal.lS2 

In the paper a number of data are given pointing to the quantum-mechanical 
character of the proton behaviour in cathodic hydrogen evolution reactions. This 
means, as was stressed by Prof. Marcus, that the tunnelling distance is rather large 
and that the strong interaction of the proton donor with the metal does not take place. 
The most probable reason for that seems to be the great difference in bond energies: 
the 0-H bond is ca. three times stronger than M-H bond for metals under con- 
siderat ion. 

* L. I. Krishtalik, J.  Electroanal. Chem., 1979, 100, 547. 
D. E. Khoshtariya, V. V. Topolev and L. I. Krishtalik, Bioorganicheskaya Khimiya, 1978,4,1341, 
1673; 1979,5, 1243. 

Dr. D. M. Goodall (University of York) said: We have been looking at an endo- 
thermic proton-transfer process in homogeneous solution which has a close analogy 
to the barrierless discharge process discussed by Prof. Krishtalik. The dissociation of 
water to give hydroxyl and hydronium ions is endothermic by ca. 60 kJ mol-l, and 
the reverse reaction (the recombination of H+aq and OH-,,) is diffusion-controlled. 
In seeking to understand the relative importance of bond vibrational excitation and 
medium reorganization in the ionic dissociation, we have prepared H20aq in selected 
HO-H stretching vibrationally excited states and determined the state-specific 
quantum yields for ionic photodissociation.’ The figure gives a schematic energy 

x 

C 
2 

. - -  

H O -  H H& +OH,, 

0-H distance 

FIG.-Energy plotted against distance for HO-H in water, and illustration of photoexcitation to 
3v, and ionic dissociation from this level. Photodissociation yields are as follows: ~ ( 2 )  zz 2 x 

~ ( 3 )  = 6 X lo-’, ~ ( 4 )  = 1 x lo-’, 
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against distance diagram for the excitation and dissociation processes. All the 
energy levels are populated by single-photon laser vibrational excitation and lie above 
the energy required for the thermal ionic dissociation process. The quantum yield 
increases by four orders of magnitude as the 0-H vibrational state increases in 
energy from 2v, to 4v,. Since vibrational relaxation rates normally increase with 
ascending level of the vibrational manifold we deduce that the state-specific reaction 
rate constants must be in the order k(4v,) > k(3vs) > k(2v,). Thus we conclude that 
the rate of the ionic photodissociation of water is sensitive to the HO-H vibrational 
state, and the bond-stretching model for activation has merit in this particular case. 
However, we have found that the quantum yield tends to a limit of y z with 
increasing photon energy. Undoubtedly these low overall quantum yields result 
because of the effect of geminate recombination of the photogenerated H+*OH- ion 
pairs in comparison with escape to free solvated H+,, and OH-,,, which requires 
charge separation to a distance of 0.6 and medium reorganization. We believe 
that endothermic proton-transfer reactions in solution require both bond-stretching 
excitation and medium reorganization, and that it is unrealistic to adopt Prof. 
Krishtalik’s view that such reactions can be understood in terms of the latter effect 
alone. 

B. Knight, D. M. Goodall and R. C .  Greenhow, J .  Chem. SOC., Faraday Trans. 2, 1979,75,841; 
W. C. Natzle, C. B. Moore, D. M. Goodall, W. Frisch and J. F. Holzwarth,J. Phyx. Chem., 1981, 
85, 2882. 
T. J. Foster and F. F. Crim, J.  Chenz. Phys., 1981, 75, 3871. 
M. Eigen, W. Kruse, G. Maass and L. De Maeyer, Prog. React. Kinet., 1964,2, 286. 

Prof. Krishtalik’s reply appears on p. 309. 

Dr. P. Vennereau (C.N.R.S.,  Meudon) said: It seems important to underline the 
r6le of the electrode in facilitating the reorganization of the solvent accompanying a 
heterogeneous charge-transfer process in electrochemistry. For a given redox system 
in which a charge-transfer process can be isolated we can demonstrate the role of 
electrode structure by modifying it in a controlled way. Hamelin, Parsons, Picq and 
I have considered as the redox system the oxidation and reduction of H atoms gener- 

FIG. 2.--See text. 

ated close to the electrode surface by protonic trapping of photoemitted electrons. 
The principle of this method is given in fig. 2.l The emitted electron is trapped by 
H,O+ and gives H* which can react at the electrode surface following the well known 
Volmer-Heyrovsky and Volmer-Tafel processes. 

In the case of gold electrodes we considered that only the Volmer-Heyrovsky 
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process occurs,2 in which the reduction reaction occurs with water  molecule^.^ It can 
be summarized as : 

H*/Had + H 2 0  H,O+ + e (1) 

(2) 

(3) 

H*/Had +- H20 + ek% H2 + OH- 
k0 H" Had 

where the reactions (1) and (2) may occur with adsorbed or non-adsorbed H atoms. 
The notation H* underlines the very particular reactional position of photogenerated 
H atoms close to the electrode surface, not really adsorbed and not really in ~ o l u t i o n . ~  
Consequently this system is different from the classical reaction in hydrogen e v o l ~ t i o n . ~  
In this method we calculate a term y ,  whose expression depends on the mechanism: 
y = k0,/kred if reactions (1) and (2) occur with H in the same reactive state (Had or €3") 
and y = k,,/ko when reaction (1) occurs with H* and (2) with Had. In the first case 
the slope of log y/E is (M + p), where M and j? are the charge-transfer coefficients of 
reduction and oxidation. In the second case the slope is p. 

Fig. 3 shows, as an example, how the superficial structure of the gold electrode 

FIG. 3.-See text. 

influences the charge-transfer process. The curve corresponding to a polycrystalline 
gold electrode, whose surface was strongly perturbed by mechanical polishing, 
exhibits five slopes. This corresponds to the reactions (1) and (2) occurring with H 
in the same reactional state.* The plateau corresponding to (1) and (2) being simul- 
taneously activationless ( a  + p = 0) gives the ratio of their frequency factors (Aox/  
A r e d  - 10). This value has been discussed in ref. (5). For the most negative PO- 
tential, activated and barrierless processes occur for the oxidation (p = 0.5 and 
p = 1) and, in a more positive potential range, for the reduction ( a  = 0.5 and 
M --f 1). For the (1 10) face of a gold single crystal only the barrierless process appears 
clearly for the oxidation in the most negative range of potential followed by a pro- 
gressive tendency towards the activationless process. Here the plateau is about y = 
120 showing that H is oxidized in the non-adsorbed state and reduced in the adsorbed 
state (in this case y = 120 = ko,/k,).6 The curves for the (1 11) and (100) faces show 
only barrierless and activated processes for oxidation reaction of H. 
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From curves of this type with the first approximation that the energy of activation 
is equal to zero in the activationless processes, it is possible to calculate the variation 
of the energy of activation ( W )  of the charge transfer as a function of the potential of 
the electrode (fig. 4). First of all we observe that W values are small. That is why 

- 0.3 -0 .2  -0.1 0 0.1 0.2 

E I V  YS NHE 

FIG. 4.--Variation of the energy of activation, W, of the charge-transfer as a function of the electrode 
potential. (a) ep, = 1.3, (b)OP, = 0.5, (c )  Opb = 2, ( d )  perturbed polycrystal, (e )  unperturbed 

polycrystal, (f) (1 101, k) (100), (1 11). 

the barrierless, activated and activationless processes can be observed in such a small 
domain of potential. Secondly the effect of the superficial structure on the values of 
W is relatively large. The single-crystal faces present the highest values of W,,. 
Displacement of the gold atoms from their equilibrium position decreases Wox. The 
adsorption of lead atoms of the surface of polycrystal, whose coverage was defined by 
the method described in ref. (7), varies Wox. This appears clearly even from very low 
coverages. When e,, --f 1, W,, becomes close to that observed on a massive lead 
electrode. Between these extremes of 0, W,, varies slowly around an intermediate 
value.8 Thirdly the barrierless processes are generally well observed for the oxidation 
reaction. The activated processes with p = 0.5 appear for ( 1 1  l), (100) faces, un- 
perturbed and perturbed polycrystals and for low coverages with Pb. However, 

FIG. 5.-See text. 

the decrease in W,, between the barrierless and activationless processes is not at all 
sharp for the other structures. 

These results may be explained by the existence of an intermediate reactive state 
H** + H 2 0  in the charge-transfer p roces~ ,~  fig. 5. The position of the energy curve 
of H** + H 2 0  relative to the H* + H 2 0  level is conditioned by the facility of the 
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solvent reorganization and depends strongly on the electrode structure. Its level 
acts on the value of Was  shown on fig. 5 and on the mode of disappearance of the 
energy of activation of the charge transfer when the potential of the electrode varies. 
This has been extensively discussed in ref. 5. Fig. 6 shows why the domain of 

H 

FIG. 6.-See text. 

potential for the barrierless process is so close to the domain of the activationless pro- 
cess as a result of the existence of the intermediate level: H** + H 2 0  state. 

Z. A. Rotenberg, Yu. A. Prischepa and Yu. V. Preskov, J. Electroanal. Chem., 1974, 56, 345. 

G. Picq and P. Vennereau, Nouv. J. Chim., 1978, 2, 489. 
L. I. Krishtalik, J .  Electroanal. Chem., 1981, 130, 9. 
R. Parsons, G. Picq and P. Vennereau, J. Electroanal. Chem., in press. 
P. Vennereau, G. Picq and A. Hamelin, HydrogPne et Matkiaux, ed. P. Azou, 1982, 1, 275. 
J. T. Hupp, D. Larkin, Hy Liu and M. J. Weaver, J. Electroanal. Chem., 1982, 131, 299. 
G. Picq and P. Vennereau, Communication, 33rd ISE Meeting Lyon, 1982, vol. 1, p. 184. 

' G. Picq and P. Vennereau, J. Electroanal. Chem., 1979, 96, 131. 

Dr. H. H. Limbach and Dr. D. Gerritzen (Uniuersity of Freiburg) (communicated) : 
Caldin et aZ.' have presented in their very interesting paper the first systematic study of 
the influence of the solvent on the kinetic isotope effects (k.i.e.) of hydrogen-atom- 
transfer reactions. Because of the absence of charges H-atom transfer has much in 
common with the non-ionic double proton-transfer reactions studied by Limbach et 
aZ.2, e.g.  Limbach et aZ.233 equally used eqn (4) and (5) of Caldin et a2.l for the kinetic 
analysis of proton exchange between acetic acid and methanol in tetrahydrofuran. 
Encouraged by Prof. Caldin, we studied, therefore, the question whether the inter- 
molecular tunnelling model proposed by Limbach et aZ.2 could also explain the solvent 
influence on the k.i.e. of H-atom transfer. This model takes into account the en- 
thalpy AHe (AH in the notation of Limbach et aZ.)2 of the formation of the reactive 
complex from the reactants. We considered the problem of H atom transfer in 
2-hydroxyphenoxyl radicals (1,II) where kinetic isotope effects are available in the 
literature for quite a large range of  temperature^.^-' The reactions are shown in fig. 7, 
the kinetic data in table 1. Quite different results were obtained by Prokofiev et 
aZ.4-6 for I (R = t-butyl) in heptane and by Loth et aL7p8 for 11 (R = H) in CC1, or 
CC1,F which contained 0.1 1 mol dm-, dioxan, probably because of a better solubili- 
sation of I1 by H bonding to dioxan (for I this addition was unnecessary). On going 
from I to I1 the quotient of the pre-exponential factors AH/AD shows a dramatic change 
from a value of 0.38 to a value of 13.2. At the same time the rate constants decrease 
by several orders of magnitude. Additionally, the kinetic-isotope effects, frequency 
factors and energies of activation increase. This strange behaviour has not been 
explained so far. Limbach et aZ.2 found a similar behaviour of A factors in the double 
and the triple proton transfer in the system acetic acid + methanol + tetrahydrofuran. 
They also found an acceleration of the exchange using methylcyclohexane as ~ o l v e n t . ~  
We conclude that the differences of the kinetic data for I and I1 arise from the fact 
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FIG. 7.-Arrhenius curves of H atom transfer in I (0) and I1 (0). The rate constants were taken 
from ref. (4)-(6) for the case of I and from ref. (7) and (8) for the case of 11. The lines were calculated 

as described in the text. 

that in 11 the H bond to dioxan must be broken for H atom tunnelling to occur. As 
is stated by Loth et ~ 1 . ~ 3 '  there is probably a distribution of double minimum potentials 
for the H motion due to the rotation of the OH group. We have, therefore, calculated 
the Arrhenius curves for I and I1 with the intermolecular tunnelling model of Limbach 
et aL2 The results are shown in fig. 7 and table 1. The curves of I could be simulated 
with a normal frequency factor and with a negligible solvation enthalpy, as shown in 
table 1 .  However, the calculation of the Arrhenius curves for I1 was possible only by 
assuming a quite large value of AH*. As a consequence, the effective value of log,,, A 

TABLE  KINETIC AND BARRIER PARAMETERS OF H ATOM TRANSFER IN I A N D  11 

E,(exp) logl0A kH/kD A H e  E d  
/kJ mol-I (exp) at 298 K /kJ mol-' Ar/A /kJ mol-l loglOA 

1 -H 10.7 11.4" 10.2 0 1 .o 34.2 13.5 
r-D 18.8 a 11.8 a 

11-H 34 13.4 97 33.5 0.84 63 18 
TIb-D 39 12.1 

Ref. (4)-(6), * ref. (7) and (8). Ar, AHe and Ed are the proton transport distance, the enthalpy of 
the formation of the active complex from the reactants and the barrier height of the H-atom transfer 
in the active complex calculated by the simulation of the Arrhenius curves in fig. 7 using the procedure 
given in ref. (2). For the calculation of Ar resonance tunnelling was assumed. 
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also is greater for I1 than for I, presumably because of the release of entropy when the 
H bond is broken. Although we do not wish to overestimate the accuracy of the 
calculated barrier parameters in table 1, we are able to explain at least qualitatively the 
increase of the experimental values of AH/AD, of the energies of activation and the 
kinetic isotope effects as well as the decrease of the rate constants by going from I to 11. 
These results therefore confirm the role of tunnelling and solvation on the kinetic- 
isotope effects of H atom transfer. The higher k.i.e. of the H atom transfer in I and I1 
as compared to the reactions studied by Caldin et a1.’ may be attributed to the higher 
reaction barrier. This increase arises from the fact that the H transfer in I and I1 
proceeds along a bent H bond whereas the reactive complexes in the reactions studied 
by Caldin probably form linear H bonds. 

We are indebted to Prof. E. F. Caldin for stimulating this work and for a critical 
reading of the draft. 

E. F. Caldin, S. P. Dagnall, M. K. S. Mak and D. N. Brooke, Furuduy Discuss. Chem. Soc., 1983, 
74,215. 
H. H. Limbach, J. Hennig, D. Gerritzen and H .  Rumpel, Furaduy Discuss. Chem. SOC., 1982,74, 
229. 
H. H. Limbach and W. Seiffert, J .  Am. Chem. SOC., 1980,102, 538. 
A. I. Prokofiev, N. N. Bubnov, S. P. Solodnikov and M. I.  Kabachnik, Tetrahedron Lett., 1973, 
2479. 
’ A. I.  Prokofiev, A. S .  Masalimov, N. N. Bubnov, S. P. Solodnikov and M. I .  Kabachnik, 

Izuest. Akud. Nuuk SSSR, Ser. Khim., 1976, 310. 
N. N. Bubnov, S. P. Solodnikov, A. I. Prokofiev and M. I. Kabachnik, Russ. Chem. Rev., 1978, 
47, 1048. 
’ K. Loth, F. Graf and H. Gunthardt, Chem. Phys. Lett., 1976, 13, 95. 
a K. Loth, F. Grath and H. Gunthardt, Chern. Phys., 1976, 13, 95. 

H. H. Limbach, D. Gerritzen and W. Seiffert, Bull. Mugn. Reson., 1980, 2, 315. 

Dr. H. H. Limbach (University of Freiburg) said: Generally, water catalyses 
proton exchange reactions in organic solvents. Therefore, Prof. Caldin’s result that 
water reduces the rates of D-atom transfer between TBP and galvinoxyl is very in- 
teresting. Could this effect be attributed to a decrease of the effective value of KL 
in his eqn (5) arising from hydrogen bonding of water to the reactants? 

Prof. E. F. Caldin (University of Kent) said : The fact that for the reaction of TBP the 
values of kD in dry solvents are consistently higher than those of kD* in D,O-saturated 
solvents is presumably due to hydrogen bonding of DzO to the reactants, but we have 
no direct evidence on the question whether this affects the first step (K,) or the second 
(k2) * 

Dr. A. M. Kuznetsov (Academy of Sciences of the U.S.S.R., Moscow) (communi- 
cated) : I address myself to Dr. Limbach. The experimental data obtained are of great 
interest both for the further development of the theory and for its applications to 
chemical reactions in solution. Dr. Limbach’s qualitative interpretation of these 
data seems to be adequate for the physical phenomenon considered. However, I 
would like to mention a number of important points which should be taken into 
account in the quantitative calculations of the processes of this type. 

First I would like to emphasize the difference between the processes described in 
first-order quantum-mechanical perturbation theory and those described in second 
order. The first one corresponds to a direct transition of two protons from the initial 
state to the final one. The second one describes transitions via short-lived inter- 
mediate states. The theory presented in the paper corresponds to processes of the 
first order. The theory of the synchronous transition of two protons in first-order 
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perturbation theory is similar to that for the transition of one proton.' I t  was shown 
that in general we have to take into account the adiabatic character of the transitions 
involving the excited vibrational states of the proton. 

The second point concerns the interaction of the reactants with the medium. For 
strong coupling with the medium the isotope effect may be calculated using the 
formulae which are similar to those obtained for the transition of one proton [see the 
papers cited in ref. (l)]. I t  was shown that in this case the change of the activation 
barrier due to the change of the proton excitation energy AE is not equal to AE but 
depends on AE in a more complicated way. 

In recent years a theory of proton transfer assuming weak coupling with the 
medium has been developed.2 This limiting case probably is more relevant to the 
reactions of the intramolecular proton transfer. The transition probability between 
two proton vibrational states is described in this case by the formula 

Kmn = ( 2 ~ I h )  I vmn I2AkTl[(AEmJ2 + A2(kT)2] 

where 3, is the coupling constant with the medium, V,, is the electron-proton resonance 
integral, AE,, is the difference of the energies of the initial and final states. 

Since the coupling is weak, 3, < 1 and K,, essentially differs from zero only for the 
transitions between the states for which AE,,,, = 0, i.e. 0 --f 0, 1 -+ 1, 2 -+ 2 etc. 

K,, - (2nlh)l V,,,,12 (?,kT)-l. 
For the transitions 0 + 1, 1 + 0, etc. the transition probabilities are considerably 

smaller : 

Km,rn, l -  1 k T I ( W 2  
and this fact should be taken into account in the quantitative calculations. 

See, e.g., R. R. Dogonadze, E. D. German and A. M. Kuznetsov, J. Chem. SOC., Faraday Trans. 2, 
1980,76, 1128; 1981,77, 397. 
R. R. Dogonadze and A. M. Kuznetsov, ltogi Nauki i Tekhniki, ser. Kinetika i Katalis (VINITI, 
Moscow, 1975), vol. 5 ;  A. M .  Kuznetsov, J .  Electroanal Chem., in press. 

Dr. H. H. Limbach (University of Freiburg) (communicated) : Dr. Kuznetzov's 
comment deals with a very important problem, the influence of the solvent on the 
mechanism of proton transfer and the rates of proton tunnelling. I wish to report 
that we found the rate constants of the intramolecuIar hydrogen migration in meso- 
tetraphenylporphine (TPP) to be independent of the type of the solvent,'** e.g. CDC13, 
CDC13/CS2, [2Hs]tetrahydrofuran (THF), and [2Hs]toluene. Therefore, the case of ex- 
tremely weak coupling is realized for TPP and probably also for the intramolecular 
rearrangement of azophenine. 

By contrast, the rates of the intermolecular proton exchange between acetic acid 
(AA) and methanol (M) depend very much on the solvent. In THF3 the exchange 
rates are much smaller than in methylcy~lohexane.~ Similarly, H-atom transfer in 
2-hydroxyphenoxyl radicals is faster in heptane than in CCl, + dioxamS We explain 
these results 2 9 3 3  with the fact that T H F  and dioxan form a H bond with the reactants 
which prevents the formation of the reactive proton-transfer complex as compared to 
an inert solvent. Therefore, we believe that the solvent influence on symmetrical 
non-ionic proton-transfer reactions is mainly an influence on the pre-equilibria 
between the reactants and the reactive proton-transfer complexes rather than an 
influence of the type discussed by Dr. Kuznetsov, which arises from a coupling of the 
proton motion to the solvent reorientation once the reactive complexes have been 
formed. This coupling can only be important if electrical charges are developed or 
annihilated during the proton transfer. In the reactions we studied, an intermediate 
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ion pair mentioned by Dr. Kuznetsov could be formed only in the system AA + M + 
THF. We had, however, already rejected this possibility3 in view of the high fre- 
quency factor of the proton e ~ c h a n g e . ~  Ion-pair formation requires solvent reorganis- 
ation and hence large negative entropies of activation, in contrast to our experiments. 
This conclusion is now confirmed by the values of the experimental kinetic HH/HD/ 
D D  isotope effects in this system.* The lack of a coupled proton and solvent motion 
is thus not surprising, because double proton and H-atom transfers are essentially 
non-ionic reactions which are not much influenced by the dielectric solvent properties. 
It is then not necessary to apply the theories of electron and proton transfer of 
Dogonadze and Kuznetsov, which deal essentially with the transport of electrically 
charged particles in solution. 

We agree with Dr. Kuznetsov that in the reactions studied by us only the adiabatic 
transitions between degenerate vibrational AH stretching levels are important, i.e. 
the 0-0, 1-1 transitions etc., but not the 0-1 and 1-0 transitions, which require a strong 
coupling to solvent reorganisation or other modes. In fact, we considered in our 
intermolecular model of proton tunnelling which we applied to the system AA/M/ 
T H F  and to the 2-hydroxyphenylradicals only the 0-0 transition because the experi- 
mental energies of activation E, were smaller than the energy of typical OH-stretching 
vibrations. In our model E, was discussed in terms of the cyclic complex formation 
enthalpy and the excitation energy of intermolecular vibraticns within this complex 
which bring the reactants closer together. By contrast, the energies of activation of 
HH, H D  and DD transfer in the extremely rigid TPP skeleton were related to the 
energies of the NH/ND stretching vibrations. For the calculation of the Arrhenius 
curves we took into account only the 0-0, 1-1 and 2-2 proton transitions, as proposed 
by Dr. Kuznetsov in his comment. The only difference between his and our treatment 
seems to me that we have completely neglected the solvent coupling term in the inter- 
pretation of our experimental data, which is reasonable in view of the non-ionic 
character of the reactions. Although our kinetic HH/HD/DD isotope effects give 
much more information than the knowledge of the usual kinetic single H/D isotope 
effect we doubt this information to be sufficient for the determination of the very small 
solvent-coupling term. 

J. Hennig and H. H. Limbach, J.  Chem. SOC., Faraday Trans. 2, 1979, 75, 752. 
€3. H. Lirnbach, J. Hennig, D. Gerritzen and H .  Rumpel, Faraday Discuss. Chem. Soc., 1982, 

14,229. 
H. H. Limbach and W. Seiffert, J .  Am. Chem. Soc., 1980,102, 538. 
H. H. Limbach, D. Gerritzen and W. Seiffert, Bull. Magn. Reson., 1980, 2, 315. 
H. H. Limbach and D. Gerritzen, Faraday Discuss. Chem. Soc., 1982, 74, 279. 
R. R. Dogonadze, T. Marsagishvili and G. Chonishvili, to be published. 
A. M .  Kusnetzov, Faraday Discuss. Chem. SOC., 1982, 74,49. 

Prof. J. Jortner (Tel Aviv University) said: It will be interesting to supplement the 
thermal studies of double proton transfer by photochemical studies involving proton 
transfer induced by infrared radiation. Optical excitation of the u = 1 and u = 2 
excitations of the protons in the double potential by an infrared laser will considerably 
enhance the double-proton exchange. Supplementary and complementary studies of 
the energetics of the u = 1 and u = 2 excitations will be of considerable interest. In 
particular, the u = 2 excitation of the double-proton system may involve two quanta 
( u  = 2) of a M-H vibration in a single bond or, alternatively, a cooperative excitation 
of two M-H bonds, each excited to a u = 1 state. The photochemical implications 
of these two distinct excitations will be different. Extension of infrared laser chemistry 
to the area of proton transfer will constitute a fruitful research field. 
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Dr. D. M. Goodall (University of York) said: I would like to develop the discussion 
initiated by Prof. Jortner. 

I t  should be possible to saturate the 1 t 0 vNH transition in ['H,]TPP using an HF 
laser with the 3P(7) line at 3318 cm-l, and enhance the rate of the reaction to the value 
set by the tunnelling rate. Even more interesting would be to see whether it might be 
possible to pump the 2 t 0 transition in [2H2]TPP. With vND (v = 2) above the 
barrier for reaction, perhaps a cyclical motion of the deuteron pair inside the TPP 
ring could be induced, analogous to the situation where a low-frequency torsion 
becomes a free rotation at  high temperature in examples of molecules with periodic 
barriers. 

Dr. H. H. Limbach (Uniuersity of Freiburg) said: It would be very interesting to 
know whether an i.r. laser-induced phototautomerism of TPP can be detected, and we 
have considered this question. In fact there are some difficulties associated with such 
an experiment. 

The first difficulty is of an experimental nature. One has to decide whether TPP 
should be irradiated in solution, in the solid state or in a matrix. The solution experi- 
ment would be closer to our kinetic studies. Goodall et aZ.lP2 have shown in their 
pioneering work that proton transfer in solution can be initiated by single-photon- 
induced vibrational excitation. They studied the dissociative ionization of water by 
irradiation of overtone and combination transitions of the OH stretching vibration. 
The ionization was detected by conductivity measurements. Since n.m.r. spectroscopy 
is the only way to detect the tautomerism of TPP in solution the i.r. laser would have 
to be connected to an n.m.r. spectrometer. If the irradiation experiment is carried out 
on solid or matrix-isolated TPP other detection techniques may be used. 

The second difficulty arises from the mechanism of the tautomerism itself. We 
do not know whether the normal mode of the symmetric vSHH or of the antisymmetric 
vasHH stretching vibration becomes the reaction coordinate. Only vaSHH is, however, i.r. 
active. If vSHH determines the reaction coordinate, which seems to us to be the most 
probable case, energy must be transferred more rapidly from the state vaSHH (u = 1) 
created by i.r. irradiation to vSHH (v = 1) than to other modes for a specific enhance- 
ment of the population of vsHH ( u  = 1). Otherwise i.r. irradiation would produce only 
a general temperature jump. The absenoe of an i.r. laser-induced tautomerism would, 
then, not necessarily mean that the reaction does not take place between discrete vsHH 
(u  = 1) NH stretching states by tunnelling. The probably very weak Raman activity 
of vsHH is of no help because in the Raman experiment all Raman active modes of the 
molecule would be excited at the same time. 

B. Knight, D. M. Goodall and R. C. Greenhow, J. Chem. Soc., Faradgy Trans. 2,1979,75, 841. 
W. C. Natzle, C. B. Moore, D. M. Goodall, W. Frisch and J. W. Holzwarth, J. Phys. Chem., 
1981,85,2882. 

Dr. D. M. Goodall (University of York) said: Dr. Limbach's determination of 
vibrational state-specific reaction rates is extremely interesting, and to my knowledge 
the double-proton transfer in tetraphenylporphine (TPP) is the first solution-phase 
reaction for which an unambiguous assignment of rate constants to specific quantized 
levels can be given. The D D  reaction, proceeding predominantly via the second ND 
stretching state which lies at the top of the barrier, has a temperature-dependent rate 
constant which Dr. Limbach shows to be well described in his eqn (29): 

k D D  - - 1012.8 exp (- 2kcv",D/RT). 

This pre-exponential factor is numerically equal to kT/h, the value expected for a 
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unimolecular reaction at the high-pressure limit in which one high-frequency vib- 
rational mode is lost in going to the transition state, and all other modes of the 
molecule are unchanged: this is to be expected because of the rigidity of the molecule. 
I think this molecule, TPP, may become a textbook example for the application of the 
quantum-statistical R.R.K.M. transition-state theory which Dr. Limbach is using, 

If vND (v = 2) is the reaction coordinate, or strongly coupled to it, then it will not 
be a stationary state and the 2 +- 0, first overtone transition should be considerably 
broader than the 23 cm-l reported for the 1 t 0 transition. Has Dr. Limbach made 
any measurements of the overtone spectra in ['H,]TPP and [2H2]TPP? 

Dr. H. H. Limbach (University of Freiburg) said: Dr. Goodall asks a very import- 
ant but so far unresolved question: whether it is possible to identify the vibrational 
stretching states vNH (v = 2) and vND (v = 2) by n.i.r. spectroscopy. As shown in 
fig. l(a) of our paper these states lie at  the top of the barrier for the tautomerism. 
We have tried to measure the N H  and N D  overtones of ['H,]TPP and [2H,]TPP 
dissolved in CCl, in the 7000-4000 cm-l range using a cell with a path length of 10 cm, 
but only C H  overtones of the phenyl groups could be identified. The N H  and N D  
overtones were either too weak or too large to be detected. Therefore we cannot say 
anything at  present about the vibrational states above the barrier. We would, 
however, like to know whether TPP has a continuum or a finite number of NH/ND 
stretching states above the barrier. In the latter case it would be interesting to know 
whether these discrete states may be described by the time-independent Schrodinger 
equation for a four-well potential. Probably, a system of proton-conducting bands 
is realized whose bandwidths are larger than the calculated splitting of states which 
correspond t o  the tunnel splitting below the barrier. This is corroborated by the 
fact that for other proton-transfer systems such as malondialdehyde and similar H 
chelates, where rate constants of proton transfer could not be obtained as in the case 
of TPP tunnel-splittings have only been observed in the AH stretching ground state 
but not in an excited AH stretching state, which probably lies above the top of the 
barrier for proton transfer. The widths of the AH stretching bands in such corn- 
pounds 3*4 were of the order of more than 100 cm-l. We, equally, did not find in the 
N H  stretching band of TPP such a splitting. Although the line was sharper (23 cm-l) 
than any AH stretching band of other proton-transfer systems it was still larger than 
the splitting of ca. 3 cm-', the frequency factor of the H H  motion in TPP.l There- 
fore, the state vND (v = 2) in TPP will probably show a considerable broadening as 
stated by Dr. Goodall and as indicated by our preliminary n.i.r. experiments. 

We come then to the interesting question how fast the deuterons can move in this 
state or better in this band vND (v = 2) across the top of the barrier. Is this rate given 
by the isotopic independent value of kT/h as stated by Dr. Goodall, the value predicted 
by R.R.K.M. theory for a unimolecular reaction in the high-pressure limit? Or is 
this rate given by the product of the N D  stretching frequency multiplied by a trans- 
mission coefficient as predicted by double oscillator theory and as is expressed in our 
eqn (10)-(12)? Actually, for the H D  and the DD migration between the states vND 
( u  = 2) we took these rates, i.e. these frequency factors, as a parameter in the calcu- 
lation of the Arrhenius curves in our fig. 2(a) because the W.K.B. approximation we 
used in eqn (10)-(12) is valid only below the top of the barrier. A look at the energies 
of the quartic double oscillator shows, however, that the splitting of states at the top 
of the barrier which might be interpreted as its crossing rate is ca. 5 to 10 times smaller 
than the vibrational frequency in the bottom of the potential wells. It could thus also 
be explained by double-oscillator theory why the pre-exponential factor of 1012.8 s-l 
for the D D  migration was smaller than the vibrational N D  stretching frequency of ca. 
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1013v9 s-l. Perhaps a time-dependent double-oscillator theory which takes into 
account the band-like type of states above the barrier also might predict (as R.R.K.M. 
theory) that the frequency factors for the crossing of the barrier becomes independent 
of the isotopic substitution. This would explain why the frequency factor of the HD 
and DD migration are not much different. 

H. H. Lirnbach, J. Hennig, D. Gerritzen and H. Rurnpel, Faraday Discuss. Chem. Soc., 1982,74, 
229. 
S. L. Baugham, R, W. Duerst, W. F. Rowe, 2. Smith and E. B. Wilson, J .  Am. Chem. Soc., 1981, 
103, 6296. 
S. F. Tayyari, Th. Zeegers-Huyskens and J. L. Wood, Spectrochim. Acta, Part A, 1979,35,1289. 
S. Bratan and F. Strohbusch, J. Mol. Struct., 1980, 61, 409. 
H. S .  Johnston, Gas Phase Reaction Rate Theory (Ronald Press, New York, 1966), p. 290. 
J. Laane, Appl. Spectrosc., 1970,24, 73. 

Prof. W. J. Albery (Imperial College) said: Like Dr. Limbach [eqn (3) and (4) of 
his paper l] we have also been considering the question of the vibrational frequencies 
in a double proton transfer and the sensitivity of these frequencies to isotopic sub- 
stitution. Like him we took the linear transition state shown in fig. 8 and assumed 

FIG. 8.-Linear model for two protons HA and HB in the transition state. The force constants are 
shown and the equation for the potential energy is 

n = 4  n = 3  

n = l  n = l  
2AP’ = f n , n ( A X A 2  -t 2 . f n . n + ~ h n A ~ n + ~ *  

that the masses of H or D were much less than those of the other three particles. In 
our case we included the seven force constants shown, but, in order to simplify, we 
assumed that both protons were symmetrically placed in the transition state with 

fil = f 2 , 2  andf3.3 =f4,4* 
The usual treatment then leads to expressions for four frequencies. Two of these 
involve heavy-atom motion with no sensitivity to isotopic substitution. Of the other 
two frequencies, involving protonic motion, one is imaginary and represents motion 
along the reaction coordinate. In agreement with the conclusions of Kreevoy and of 
Bell3 the other is real and both of these frequencies are sensitive to isotopic sub- 
stitution. Our expressions for these frequencies, vL,L, are as follows: 

where (3) 

(4) 

( 5 )  

and in yD,H we have deuterated the A site. 
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As regards the amplitudes we find A ,  = -A2,  A3 = - A ,  and 

&/A2 = & [(a - P)2 + I]+ - (a - P). (6) 

The parameters u and p describe the force constants operating on HA and HB, respec- 
tively. It is satisfactory that if either u or p is large then the coupling is unimportant 
and one recovers from eqn (1)-(6) the results for two separate  bond^.^ For a tran- 
sition state we require that one frequency should be imaginary or that y should be 
negative. For both eqn (1) and (2) the root with the negative sign is less than zero if 

ccP < 1/4. (7) 

Bell showed that the equivalent condition for a non-concerted transfer just involving 
HA is that a < 0 and for HB < 0. We can now construct fig. 9, which shows how the 

- 0. 

E 

- 0.5 

FIG. 9.’-Diagram showing how the different types of transition state depend upon the force-constant 
parameters u and p defined in eqn (4) and ( 5 ) .  The broken line HL shows the symmetrical case 

considered by Dr. Limbach, where u = b. 

different types of transition state depend on the force constants. Limbach’s tran- 
sition state is even more symmetrical and he can assume that cc = P as shown by the 
broken line in fig. 9. Does he agree that his treatment applies along the line HL? 
Eqn (1) and (3) of our treatment then show that at L the relevant force constant isf2.3. 
If f2.3 is comparable to a binding force constant fl,l then there will be comparable 
zero-point energy differences in the reactant and the transition state and the concerted 
transfer will exhibit an isotope effect corresponding to the loss of one vibration. On 
the other hand iff2,3 < fl,l then the real vibration in the transition state will have rather 
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little zero-point energy difference and an isotope effect corresponding to the loss of 
two vibrations would be observed. For the acetone case a for the oxygen proton will 
be so much larger than p for the carbon proton that there will be no coupling; as the 
experimental results show each site can be treated independently. 

H. H. Limbach, J. Hennig, D. Gerritzen and H .  Rumpel, Furuduy Discuss. Chern. SOC., 1982,74, 
229. 
’ G .  M. Barrow, Introduction to Molecular Spectroscopy (McGraw Hill, New York, 1962), p. 208. 

R. P. Bell and J .  E. Critchlow, Proc. R. SOC. London, Ser. A ,  1971,326.35. 
W .  J. Albery, Trans. Faraduy SOC., 1967, 63, 200. 
R. P. Bell, Trans. Furaday Soc., 1961, 57, 961. 

Dr. IT .  H.  Limbach (Uniuersity qf Freiburg) said: Prof. Albery extends in his 
contribution the transition-state analysis of symmetrical double-proton-transfer 
reactions given by eqn (3)-(9) of our paper in an elegant way to the unsymmetrical 
case. I welcome this extension because it permits us to see his and our reactions 
from the same viewpoint. 

Before I comment on the problem of whether in transition states of proton-transfer 
reactions the protons are stable or not I want to answer the question of Prof. Albery as 
to which range we have applied eqn (3) and (4) of our paper for the discussion of the 
validity of the rule of the geometric mean (r.g.m.) in terms of transition-state theory. 
Eqn (5)-(9) of our paper are valid when vFH, vHp and vPD become zero or even imagin- 
ary, which is exact for values of x 2 I ,  i.e. a I: 1/2, but in good approximation also 
for values of x < 1. This is demonstrated in fig. lO(a), where the 1’- and v +  as 
calculated by eqn (3) and (4) of our paper are plotted as a function of x. I agree that 
this figure refers to the line HL in Prof. Albery’s fig. 9. Actually, in fig. 10 (a) we chose 
y = 1 ,  i.e. a constant real vibration v + ~ ~  withf,, +f12 = const. In our discussion of 
the kinetic HH/HD/DD isotope effects we included, however, the case y = 0, i.e. the 
case where all v +  as well become zero in the transition state. Fig. 10 also shows that 
the rule of the geometric mean holds for the frequencies 

as a good approximation for 0.7 < x < 0.0. As stated in our eqn (7) the kinetic 
r.g.m. is exactly fulfilled if the rule of the arithmetic mean holds for the frequencies. 
Though our numerical values of R were calculated for x = 1 ,  they are, in fact valid 
for the whole range of 0.8 < x < 0.0, i.e. 0.6 2 a 2 0. 

We have thus discussed a reactant state A-H* * * . B-H- - A and a transition 
state of the type A- * - - H -  - - - B. - * - H. - - - A or A-H-B-H-A in which- * Ha - - 
and -H- characterize an imaginary and a real stretching vibration, i.e. an unstable 
and a stable proton, whereas * - indicates a H bond. The two transition states 
correspond to the lower left and the upper right-hand corner of fig. 9 in the comment of 
Prof. Albery. In  the upper left and the lower right hand corner of this figure we find 
A-H-B. * a * H* . - - A and A- * - He - - - B-H-B, respectively. 

So far, as a rule in transition-state theory of proton-transfer reactions only tran- 
sition states with unstable protons have been considered, i.e. transition states where at 
least one AH stretching vibration is imaginary, although Swain et aL3 and Kreevoy 
et aZ.4 have given valuable arguments for proton-stable transition states. Similarly, 
we do not exclude a transition state with two stable protons and an imaginary inter- 
molecular vibrational frequency. For this reason we had chosen xS = 1 in the tran- 
sition-state theory section of our paper,’ which corresponds to the borderline between 
stable and unstable proton transition states. As shown above, the kinetic HH/HD/ 
DD isotope effects as predicted by transition-state theory are not much affected in 
crossing this point. 
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In the case of the proton exchange in the system acetic acid + methanol + tetra- 
hydrofuran we have actually discussed a cyclic transition state with stable protons, 
as shown in fig. 1(b) of our paper,l by which the reaction could take place at high 
temperatures. Our arguments for doing so follow those of Swain et ~ 1 . ~  and of 
Kreevoy e f  aZ.4 and are demonstrated in fig. 10 (b)  for a simple symmetrical H transfer 

f12 

1 1 

0.5 

A t H B  

FIG. 10.-(a) Dependence of the frequencies of two coupled AH/BH oscillators as a function of the 
coupling parameter calculated according to eqn (3) and (4) of our paper withf,, + f i 2  == constant. 

(b) Potential surface for a typical symmetrical proton-transfer reaction. 

reaction between two heavy atoms A = B. For a given heavy-atom distance, e.g. the 
equilibrium H-bond distance, the vibrational proton stretching states are quantized as 
we have found for the porphine case. The proton is then either in the ground state 
or in an excited state from which tunnelling may occur to form A - HB. I t  is 
therefore not possible to move a proton along the double minimum potential at a 
fixed heavy-atom distance and to reach the Westheimer-type saddle point in which 
the proton would be unstable because there may be no state at the height of the saddle 
point. It is, however, possible to pool the energy into the intermolecular coordinate, 
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as shown in fig. 11 (b), The equilibrium AH distance is then increased and the AB 
distance decreased. Therefore the barrier to proton transfer decrease~.~ One may 
then reach a heavy-atom distance where the double-minimum potential of the proton 
motion becomes a single-minimum potential. This point can be identified with a 
proton-stable transition state which resembles the easily polarizable hydrogen-bonded 
systems studied by Zundel et a1.6 The AH stretching frequency may become close to 
zero, especially in the symmetrical proton-transfer case as demonstrated schematically 
in fig. 1 1 (a).  For the unsymmetrical proton-transfer case [fig. 1 1 (b)] substantially 

r~~ 

FIG. 11  .-Potential curves and groundstate energies (schematically) of proton stable transition states. 
(a)  Symmetrical and (b) unsymmetrical proton-transfer case. Notice the greater zero-point energies 

in case (b) because of the steeper potential curves. 

more zero-point energy is retained because the potential curve is steeper. Thus the 
experimental observation that kinetic H/D isotope effects show a maximum for the 
symmetrical proton transfer case can be explained not only under the assumption of 
proton unstable but also of proton-stable transition states. What we have stated still 
holds even if there is no attractive potential between the reactants, i.e. no H bond as 
in the case of proton transfer from carbon to other atoms. The difference between 
fig. 11 and fig. l(6) of our paper is that in the latter we have set all saddle points to 
E d  = constant and that we have used the same inverted parabola for the barrier for 
all heavy-atom distances. In other words, the assumption is that the point A-H-B, 
which can be reached, has the same energy as the saddle points A* - - - H. - - B, which 
cannot be reached. As stated in our paper, the approximation E d  = constant is im- 
plicitly used also in the Bell model of tunnelling. 

As a conclusion the intermolecular tunnelling model expressed in fig. l(b) of our 
paper unifies transition-state theory and the different tunnelling theories. We have 
found evidence for this tunnelling model by predicting with very few parameters the 
temperature-dependent kinetic isotope effects of double- and triple-proton transfer in 
the system acetic acid + methanol + tetrahydrofuran. 

H. H. Limbach, J. Hennig, D. Gerritzen, and H. Rumpel, Faraday Discuss. Chem. SOC., 1982,74, 
229. 
W. J. Albery, Faraday Disuss. Chem. SOC., 1982, 74, 245. 
C. G. Swain, D. A. Kuhn, and R. L. Schowen, J .  Am. Chem. SOC., 1965,87, 1553. 
R. Eliason and M. M. Kreevoy, J. Am. Chem. SOC., 1978, 100, 7037. 
F. H. Westheimer, Chem. Rev., 1961, 61, 265. 
B. Brzezinski and G. Zundel, Chem. Phys. Lett.,  1982, 87, 400 and references cited therein. 

London, 1975), chap. 8, p. 201. 
’ R. A. More O’Ferrall, in Proton Transfer, ed. V. Gold and E. F. Caldin (Chapman and Hall, 
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Prof. W. J. Albery (Imperial College) and Dr. H. H. Limbach (University of 
Freiburg) (communicated) : We have further explored the differences between our two 
treatments. We first compare eqn (3) of Limbach with eqn (1) of Albery assuming, 
in the latter case, that cc = p. We then find that identical results are obtained if 

2cf,,l -f1,2)WJA = Cf i , l )HHL 

and Cf2,3)WJA = (fi,2)HHL 
leading to = (x)~&. 

Eqn (2) shows that the coupling constants are the same while eqn (1) describes the 
binding of the protons; the Albery expression is more complicated because more force 
constants were used in his model. In fig. 12 we plot a map for the location of the 

0 1.0 2.0 3.0 4 .O 
fi,df& 

FIG. 12.-Diagram showing how the force constants change on going from the reactant R to transition 
states where cc = B = 3. Along the locus RPf,,, increases butfiSz remains small; the increase in f2.3 

gives a zero-point energy difference in the transition state and an  isotope effect corresponding to the loss 
of less than one vibrational zero-point energy. An alternative locus is RQ ~ h e r e f 2 , ~  does not change 
but f i , 2  increases; in this case the small value Off2,3 means that there is little zero-point energy difference 
in the real vibration in the transition state and gives an isotope effect corresponding to the loss of 2 
vibrational zero-point energies. The hatched area, HA*, shows the region where both vibrations involv- 

ing protonic motion are real and the imaginary frequency involves only heavy-atom motion. 

reactant and of the transition state with respect to the force constants of the Albery 
model. We assume, as shown, that in the reactant, R, bothf,,, andf2.3 are much 
smaller thanf,,, (x + 0). There are now two extreme ways of reaching the condition 
cc = p = 3, the point L in fig. 9 of Albery's comment.' First f2,3 may increase to 
equal the transition state value off,,, (x = 1). This locus is shown by the line RP in 
fig. 12. It has the consequence that the real vibrational frequency in the transition 
state is twice that in the reactant. This then leads to the conclusion that less than one 
vibrational zero-point energy difference is lost in going from reactants to transition 
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state. On the other hand one could reach a transition state for the reaction along the 
locus RQ in fig. 12. This is achieved by increasing (fi.2)UJA but keepingf,,, small and 
constant. In this transition state the force constant of the real vibration is much less 
than that for the reactant, and so an isotope effect corresponding to the loss of two 
vibrational zero-point energies would be observed. Both of the cases are rather 
extreme and in reality some intermediate situation is likely to be found. 

We have also explored, as suggested by Limbach,2 the conditions for the reaction 
coordinate being one of the vibrations involving heavy-atom motion so that in the 
transition state both HA and H, are in stable environments. 
and his notation we find (with a = p) that for one of the heavy-atom motions 

Using Albery’s model 

) Y ,  = 3 ( 2 a - 1  
a(1 +h,2/fi,l) - 1 

(3) 

where y ,  = (4n2mv2)>lfi,l 

a = U 1 , l  - f 1 , 2 ) l f 2 , 3  

and AJA3 = - 1 .  

This motion corresponds to 

? ? 

For the other heavy-atom motion y ,  is always positive and the vibrational frequency is 
always real. Inspection of eqn (3) shows that y ,  is negative and that this vibration is 
then the motion along the reaction coordinate, when 

(1 + h , 2 K 1 , 1 ) - l  > a (4) 

and a > 3 ( 5 )  

Fig. 12 shows the hatched zone where these conditions hold. It is interesting that this 
zone always lies between the force constants required for the reactants and those 
required for v ~ , ~  to be imaginary. This confirms Limbach’s suggestion that heavy- 
atom motion may be involved in the transition state with both protons still having real 
stretching frequencies. These conclusions also hold even when a # p. The general 
condition corresponding to eqn (4) is 

(1 + L , , Y 1 , 1 ) - Y 1  + f 3 . 4 1 f 4 . 4 ) - 1  > E P  (6) 

and to eqn (5) 

ap > $. (7) 
Eqn (7) is the hyperbola in fig. 9 above and marks the switch from vs being involved 
with heavy atom motion to vs  being involved with protonic motion. The other 
boundary [eqn (6)] again lies between the force constants for the reactants and this 
hyperbola. 

W. J .  Albery, Faraday Discuss. Chem. SOC., 1982, 74, 286. 
H. H. Limbach, Faraday Discuss. Chem. SOC., 1982,74,288. 
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Prof. L. I. Krishtalik (Academy of Sciences of the U.S.S.R., Moscow) (communi- 
cated): Prof. Albery has compared kinetics of an enzymatic reaction with the kinetics 
of a simpler chemical reaction representative of the enzyme process. A very import- 
ant point was stressed-the possibility of some substantial difference between ioniz- 
ation constants (and corresponding rate constants) of the same groups in the bulk of 
solution and in enzyme. I would like to discuss briefly some factors causing this 
difference. 

An enzyme can be considered as a reaction medium substantially different from 
an aqueous We know that the changes in thermodynamic and kinetic 
properties may be extremely strong while replacing water by many non-aqueous 
solvents. Hence it is necessary to analyse the main peculiarities of an enzyme as a 
polar medium for reaction. These peculiarities are: (a) low dielectric permittivity 
( E  x 4); (6) heterogeneity of the medium-the protein is usually surrounded by an 
aqueous phase; (c) fixed arrangement of numerous permanent dipoles-the effect of 
the medium pre-organization. 

The very low dielectric permittivity results in a great decrease of solvation energy. 
At the same time the interaction of the ions situated near to the globule surface with 
the aqueous surroundings may be really significant. By virtue of this interaction the 
reaction energy depends on the arrangement of the particles relative to the globule 
surface, particularly when the direction of charge transfer is from the bulk of the 
globule to its surface or vice versa. 

The medium preorganization results in the existence of a considerable intra- 
globular electric field, which is external relative to the reacting We have 
calculated the intraglobular field in the a-chymotrypsin molecule set up by the dipoIes 
of peptide groups and side chains and by the ionized  group^.^ In these calculations 
the polarization of surroundings by all charges mentioned was taken into account. I t  
was shown that, in the active centre of the enzyme, substantial potential differences 
exist reaching up to ca. 0.5 V. The energies of ion transfer from water to the globule 
are calculated taking into account the changes of short-range interactions as well as the 
changes of the Bornian energies of interaction with the dielectric phases. The short- 
range interactions were simulated with the help of data on dimethylformamide (or 
formamide) solutions. These factors cause large energy losses: for example for Asp 
102 a rise in pK of ca. 13 units was to be expected. However, this effect is compen- 
sated for by the action of the intraglobular field reducing pK by 11.5 units and hence 
allowing this acid to dissociate at physiological p H  values. The arrangement of the 
reacting groups relative to the globule surface and a sizeable positive potential of the 
intraglobular field at the carbonyl oxygen of the substrate molecule (+0.34 V) facili- 
tate substantially formation of the tetrahedral intermediate and thereby enhance the 
reaction rate. 

In addition to the thermodynamic effects listed above, the peculiarities of an en- 
zyme as a polar medium exert a strong influence on the reorganization energy of the 
p r o c e s ~ . ~ * ~ ~ ~  The rather small difference between optical ( E ,  x 2.5) and static ( E ,  x 4) 
dielectric permittivities of proteins leads to a low energy of protein reorganization. 
For most enzymes having the active centre situated relatively close to the globule 
surface the main contribution to the total reorganization energy is due to the re- 
organization of the external medium. The interaction of the charge to be trans- 
ferred with its surroundings weakens owing to replacement of part of the solvent 
volume in the vicinity of the reactants by the protein. At first this effect is rapidly 
enhanced with increasing globule radius, but after the radii reach values of ca. 10-1 5 A 
becomes virtually constant. These radii can be considered as minimal for a simple 
enzyme (the deviation of the globule form from an ideal sphere heightens this limit up 
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to ca. 20 A). The estimation of the reorganization energy for chymotriptic hydrolysis 
shows an energy gain of ca. 15 kcal in comparison to the same reaction in water. 
That corresponds to an enhancement of rate by ca. three orders of magnitude. 

So the specific features of enzymes as polar media exert a substantial influence on 
their catalytic properties. 

M. Perutz, Proc. R. SOC. London, Ser. B, 1967, 167, 440. 
L. I. Krishtalik, Mol. Biol. (Moscow), 1981, 15, 290. 
L. I. Krishtalik, Mol. Biol. (Moscow), 1974, 8, 91. 
L. I. Krishtalik and V. V. Topolev, Mu/. Bid.  (Moscow), in press. 
L. I. Krishtalik, MoZ. Biol. (Moscow), 1979, 13, 577. 
L. I. Krishtalik, J.  Theor. Biol., 1980, 86, 757. 

Dr. H. H. Limbach (University of Freiburg) said: Is the kinetic analysis proposed 
by Prof. Albery for the enolisation of acetone and dihydroxyacetone phosphate 
sensitive to the inclusion of additional water molecules into the hydrogen-bonded chain 
between the substrate and the catalysts, i.e. to a motion of more than two protons? 
Additionally, as expressed by his fig. 4 the presence of bulk water influences the reaction 
pathways by solvation of ionic transition states. It would then be interesting to know 
whether he can say something about the role of such bulk water in the enzymatic, 
enolisation process ? 

Prof. W. J. Albery (Imperial College, London) said: In reply to Dr. Limbach’s ques- 
tion, the advantage of using the solvent isotope effect and of measuring the rate in H20, 
HDO and D,O is that one can obtain information about the number of sites involved.’ 
In our analysis for acetone we found no evidence for solvent bridges.2 In particular 
the results for the acetic acid/acetate concerted transition state implicated only one 
site-the transferring proton on,to the carbonyl oxygen. With respect to the enzym- 
atic enolisation process, for several years I have urged Prof. Knowles to make similar 
measurements but so far to no avail. However, it is unlikely that there are solvent 
bridges in the enzyme-catalysed reaction because some isotopic label can be carried 
from reactant right through to product. We have also discussed, at a previous 
Symposium, the mechanism of the proton transfer from the enzyme bound enedi01.~ 
As regards the role of the water in adjusting the solvation, the greater efficiency of the 
enzyme-catalysed reaction may arise from using specific groups and/or conformations 
for this purpose rather than the random wanderings of the H 2 0  solvent molecules. 

W. J. Albery in Proton-Transfer Reactions, ed. E. F. CaIdin and V. Gold (Chapman and Hall, 
London, 1975), p. 263. 
W. J. Albery and J. S. Gelles, J. Chem. Sac., Faraday Trans. I ,  1982, 78, 1569. 
W. J. Albery, personal communication. 
L. M. Fisher, W. J. Albery and J. R. Knowles, Faraday Symp. Chem. Suc., 1975, 10, 154. 

Dr. C .  F. Wells (University of Birmingham) said: In the paper presented by Prof. 
Albery at this meeting and in a recent paper there is a slight inconsistency which may 
lead to a revision of the free-energy surfaces presented here and in that paper for the 
enolization of acetone. He states, correctly, that the free energy of activation for the 
transfer of a proton between two adjacent oxygen bases will be small, and as this will 
apply in either direction, we can conclude that the standard free-energy change for the 
proton exchange must also be low with the equilibrium constant K for 

K + 
\ ,C=O.. . H-0- > C=OH s 0- 

reflecting the even balance between both sides. Both oxygen atoms need not be in the 
same molecule and the balance in solvation will be involved, so the principle can be re- 
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stated more generally as the standard free-energy change for the exchange of a proton 
between nearby oxygen bases contained in similar molecular and solvational environ- 
ments will be low with K z 1. However, he then states that the values of PKHA for 
acetone : 

+ KHA 
Me2COH yJ Me2C0 + H+ 

vary between -2.2 and -7.2, requiring pK’HA for 

Me2C6H + H 2 0  -3 Me2C0 + H3+0  
to vary between -0.5 and -5.5 where 

PK’HA = PKHA + 1.7. 
He selects pKHA z -6 to provide a downhill path for the reaction 

Me2C6H + H20 j .  H,C=C(Me)OH + H 3 + 0  

as pK’,, z 0 would mean that the reaction is uphill. Now, of course, a pK’HA x -6 
or KlHA z lo6 contradicts the above principle requiring K‘HA x 1. 

In fact the range of values for PKHA for acetone, as collected by Arnett et aL2 is 
wider (-0.24 to -7.2) than that stated by Prof. Albery, and the real range in PK’HA 
varies from + 1.5 to -5.5. This suggests that it could be fruitful to enquire into the 
reasons for this enormous range. 

It is clear that the value obtained for pKHA is related to the concentration of mineral 
acid present. This is perhaps best illustrated by referring to three main regions of 
acid concentration. First, 60-98% H2S04, for which the pKIIA values are as follows : 
U.V. spectroscopy -7.2 corrected to -6.2,4 Raman and n.m.r. spectroscopy -7.2,5 
calorimetry -5.1 and 13C n.m.r. spectroscopy -2.5;7 n.m.r. proton shifts in “moder- 
ately concentrated H2S04 ” -2.85.’ Although the last two methods 7 9 8  produce 
relatively low negative values by the Burnett and Olsen m e t h ~ d , ~  this involves a very 
long extrapolation to zero H ,  + log [H+] (where H ,  is the acidity function) from these 
very high concentrations of H2S04. Next, we have the intermediate region of 14-50% 
H2S04, where U.V. spectroscopy provides lo PKHA = - 1.58. Finally, the position for 
the composition (4% mineral acid (which could be HCl, H2S04 or HC104) has been 
reviewed by We1ls;l’ values for PKHA derived from U.V. spectroscopy with the addition 
of minute concentrations of indicator,” conductivity,” ionic transport,’’ calorimetry l1 

and the kinetics of the iodination of acetone l 1 9 l 2  give PKHA = -0.22--0.66, showing 
good agreement amongst the various techniques. As the enolization discussed by 
Prof. Albery occurs in this latter region, these are the pKHA values which should apply 
in his interpretation. 

The reason for the large difference between these latter values for PKHA and those 
found in the high concentrations of sulphuric acid lies in the differing nature of the 
types of equilibria investigated. For concentrations of H2S04 < 60% a blue shift of 
the peak at 265 nm for the n--x* transition occurs 3*10 and at higher concentrations of 
H2S04 this peak  disappear^.^ At the concentrations of acid (4% a solvent exchange 
between H 2 0  and (CH3)2C0 in the solvated proton (H20)4H+ will occur;13 in this 
situation the >C=O is not specifically and exclusively protonated, but the proton 
affinity is shared throughout the water + acetone s01vate.l~ At higher concentrations 
of H2S04, (H20)4H+ ceases to exist and first, (H20),,H+ with h < 4 acts as the acid 
with, finally, at the very high concentrations, the acid becoming H+ solvated by 
H2SO4,I3 leading to a gradual change in PKHA towards the higher negative values 
found in nearly pure H2S04 where the solvation balance will have changed and the 
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Raman and n.m.r. effects suggest that the H+ is more closely associated with the 
>C=O group. An analogous situation exists with alcohols where PKHA changes 
from ca. +1 at (4% acid to ca. -3 in high concentrations of H,S04.14 Values for 
PKHA in acid concentrations <4% for low concentrations of a wide range of organic 
oxygen-containing bases remain in the narrow range 0-+ 1 .2.”-15 

Although the water + acetone solvate of the proton is the only protonated species 
of acetone existing for acid concentrations <4%, this is the intermediate species 
responsible for the catalysis of the enolization, as shown by the close agreement of 
KHA = 2.0 obtained from an analysis l2 of the kinetics of the iodination, where the 
rate is controlled by the rate of enolization, with KHA = 2.2 obtained by competitive 
equilibria involving p-nitroaniline l3  and with the values of KHA from other tech- 
niques.l1 This higher value of KHA, or lower negative value for PK’HA, than the one 
used by Prof. Albery suggests that some modification is needed to the top right-hand 
area of the pk’ surfaces. 

W. J. Albery, J. Chem. Sac., Faraday Trans. I ,  1982, 78, 1579, 
E. M. Arnett, R. P. Quirk and J. J. Burke, J. Am. Chem. SOC., 1970,92, 1260. 
H. J. Campbell and J. T. Edward, Can. J. Chem., 1960,38, 2109. 
J. Hine, J. Am. Chem. SOC., 1971, 93, 3701. 
N. C. Den0 and M. J .  Wisotsky, J. Am. Chem. SOC., 1963, 85, 1735. 
E. M. Arnett, R. P. Quirk and J. W. Larsen, J. Am. Chem. SOC., 1970,92, 3977. ’ R. A. McCelland and W. F. Reynolds, Can. J. Chem., 1976,54, 718. 
G. Perdoncin and G .  Scorrano, J. Am. Chem. SOC., 1977, 99, 6983. 
J. F. Burnett and F. P. Olsen, Can. J. Chem., 1966, 44, 1899. 

lo S. Nagakura, A. Minegishi and K.  Stanfield, J. Am. Chem. SOC., 1957, 79, 1033. 
l1 C. F. Wells, J. Chem. SOC., Faraday Trans. I ,  1972, 68, 993. 
l2 C. F. Wells, J. Phys. Chem., 1973, 77, 1997. 
l3 C. F. Wells, Trans. Faraday Soc., 1967, 63, 147. 
l4 C. F. Wells, Discuss. Faraday Sac., 1960,29, 219; Trans. Faraday Soc., 1965, 61, 2194; 1966, 

62, 2815. 
C. F. Wells, Hydrogen-Bonded Solvent Systems, ed. A. K. Covington and P. Jones (Taylor and 
Francis, London, 1968), pp. 323-334; J. Phys. Chem., 1973,77, 1994; J.  Chem. SOC., Faraday 
Trans. I ,  1973,69,984; 1974,70,694; 1975,71, 1868; 1976,72,601; 1978,74,634; 1978,74, 
1569; 1981,77, 1515; Adv. Chem. Ser., 1979, 177, 5 3 ;  Therrnochim. Acta, 1982,53, 67; G. S. 
Groves and C. F. Wells, unpublished results. 

Prof. W. J. Albery (Imperial College, London) said: In answer to Dr. Wells there 
is no inconsistency with respect to the values of K’HA used in our treatment. We must 
distinguish between values concerned with transition states which lie in the middle of 
our fig. 1 and which are concerted transition states and those values of K’HA which lie 
along the edges of the diagram and involve the movement of a single proton. For the 
concerted transition states the solvation change and the position of both protons leads 
to the situation where K’HA in the transition state is approximately equal to unity and 
the system is in balance. Along the edges on the other hand K’HA refers to the thermo- 
dynamics of 

A + Me,C = 0 -HA + CH2 = CHO- 

and of 

Me,COH + A =G+ CH, = CMe(0H) + HA. 

The K’HA values for these equilibria clearly depend on the PK’HA of the acid HA and 
therefore cannot in general all be close to unity. These values are determined by the 
thermodynamics of the system unmodified by any changes on the way to the transition 
state. Turning to the value of PKHA for acetone we ourselves were worried by the 
lack of agreement in the literature. The analysis by Dr. Wells is very interesting, but I 
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doubt whether a decrease in the value of pKHA will make any difference to the con- 
clusions of our paper. 

W. J .  Albery, Faraday Discuss. Chem. SOC., 1982, 74, 245. 
W. J. Albery, J. Chem. SOC., Faraday Trans. I, 1982, 78, 1579. 

Prof. J. R. Murdoch (University of Calfornia, Los Angeles) said : This Discussion 
provides an excellent opportunity to consider extensions of the Marcus equation to 
“ strong-overlap ” reactions. 

(1 )  Marcus-like equations are not 
limited to just outer-sphere electron transfer processes and can be extended to group 
transfer reactions (e.g. proton, atom, methyl, etc.), additions/eliminations, pericyclic 
reactions involving orbital symmetry constraints, formation of stable intermediates, 
conformational equilibria, etc. (2) Deviations from intrinsic-barrier additivity and 
the quadratic dependence of AG# on AG are expected, and it would be of interest to 
learn the general form of these deviations. (3) For constant intrinsic barrier, the 
Marcus equation predicts that the activation barrier and AG for the overall reaction 
will change in the same direction, except in the limit of highly exergonic reactions 
where the opposite behaviour is predicted (i.e. the “ inverted region ”). It would be 
of interest to outline sufficient conditions for observing the “ inverted region.” 

Three main themes need to be developed. 

A T H E O R E T I C A L  B A S I S  FOR A P P L Y I N G  M A R C U S - L I K E  E Q U A T I O N S  T O  B O N D -  
M A K I N G / B O N D - B R E A K I N G  R E A C T I O N S  

(1) A THEORY OF NUCLEAR SUBSTITUTION’-3 

The aim of this theory is to provide a description of how molecular properties 
change as nuclei are successively removed from a molecule and replaced by others. 
For example, structures such as A--B-A, A-B-C, C-B-C where A,B,C symbolize 
arbitrary molecular fragments, are analogous to transition states for group transfer 
reactions and by knowing the barrier to one identity reaction (e.g. A-B + A -+ A + 
B-A), AE for the overall cross reaction (A-B + C -+ A + B-C) and the successive 
energy differences between the three transition states (A-B-A, A-B-C, C-B-C), 
one can express 4 3  the barrier for the cross-reaction, AE#,  in terms of AE and the 
barriers for the two identity reactions (AEA$, A&$). One purpose of the nuclear 
substitution theory is to obtain the energy differences between the three transition 
states. 

The theory is currently being developed within the limitations of the Born- 
Oppenheimer approximation and the non-relativistic Schrodinger equation. The 
theoretical framework can incorporate all phenomena up to the Hartree-Fock limit 
plus the full effect of electron correlation. The equations for expressing energy 
changes due to replacement and substitution of fragments are developed as perturb- 
ation expansions and are exact within the limit of any desired order of perturbation. 
The equations can be used analytically, without numerical calculations, for rigorously 
expressing changes in molecular properties of one structure in terms of other struc- 
tures. Since numerical evaluation is not necessary, the results are not limited by the 
size of the fragments or whether the structures under consideration are in the gas 
phase, in solution, on surfaces or in the solid state. The first published paper dealt 
with first-order corrections at  the Hartree-Fock limit and extensions to include 
higher-order effects 2,3 and electron correlation are in progress. 

A significant development which facilitates the inter-relationship of molecular 
properties in structural terms is the hemistructural re1ationship.l The hemistructural 
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relationship is based on the observation that each point on the A-B-C potential 
surface will correspond to at least one point on the A-B-A potential surface where 
the A-B fragments of A-B-A and A-B--C have identical nuclear coordinates rela- 
tive to a common reference origin. Similar remarks apply to the B-C fragments 
of A-B-C and C-€3-C, and consequently whenever this correspondence of 
nuclear coordinates is found to exist, it can be said that the structure A-B-C is 
hemistructural to A-B-A and C-B-C. Note that the hemistructural relationship 
is simply a geometrical correspondence between three points on separate potential- 
energy surfaces and does not necessarily require that stationary points on the three 
potential surfaces be linked through a hemistructural relationship. 

The significance of this observation is that, for three structures linked through a 
hemistructural relationship, an integral transferability condition can be shown to 
exist.' In essence, a set of all integrals necessary for constructing the Fock and CI 
matrices can be found which is transferable between the three structures (A-B-A, 
A-B-C, C-B-C) at the hemistructural geometry. The integral transferability re- 
lationships can be used to derive relationships between the matrix elements corres- 
ponding to the three structures (A-B-A, A-B-C, C-B-C), and these matrix- 
element relations can in turn be used to obtain relationships describing the changes in 
wavefunction along the sequence A-B---A, A-B-C, C-B-C. From the changes 
in wavefunction it is possible to derive relationships describing changes in energy and 
molecular pr~pert ies . l -~ The final equations can be expressed in terms of parameters 
(characteristic of the component structural fragments) which can be evaluated quan- 
tum-mechanically or from experiment. No explicit reference to integrals, matrix 
elements or other quantum-mechanical jargon is necessary, although it is possible if 
desirable. 

(2) PROPERTY-ADDITIVITY AND EQUIVALENT-GROUP RELATIONSHIPS 

A large body of empirical concepts in chemistry are organized around the idea 
that energy and molecular properties (polarizability, dipole moments, magnetic 
susceptibility, n.m.r. chemical shifts and coupling constants, i.r. frequencies, etc.) can 
be described in terms of intrinsic contributions from structural units within the 
molecule plus contributions from pairwise interactions between these units. The 
structural units are often referred to as " equivalent groups " since their intrinsic 
contribution to a given molecular property often appears to be independent of the 
local electronic environment and the presence of neighbouring structural units. The 
equivalent-group concept forms the basis of many empirical relationships such as the 
Hammett, Drago, Brarnsted and Edwards equations, force-field calculations of heats 
of formation, many semiempirical molecular-orbital methods and others, including 
Marcus' weak-overlap approximation for outer-sphere electron-transfer reactions. 
The weak-overlap approximation is valid in the limit of zero overlap between the 
orbitals of the reacting species at the transition state, and, like other equivalent-group 
relationships, is generally assumed to work as long as the electronic structures of the 
equivalent groups are independent of neighbouring environment. In quantum- 
mechanical terms, the equivalent group can encompass first-order perturbations to the 
energy and zero-order perturbations to the wavefunction, and it has often been 
assumed that electronic reorganization (changes in the wavefunction) will lead to a 
breakdown of the equivalent group concept. 

An important finding which has emerged from applying the theory of nuclear 
substitution to a series of perturbations (e.g. A--B-A, A-B-C, C-B-C) is that 
the equivalent group idea actually persists through at least first-order perturbations to 
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the wavefunction. The changes in electron density are subject to certain constraints 
associated with the hemistructural relationship, the virial theorem and the Hellmann- 
Feynman theorem, and one consequence of these constraints is that first-order wave- 
function changes do produce local changes in the energy contribution of each fragment, 
but that these local changes cancel when summed into the total energy. The net 
result is that the total energy can be expressed as an additive contribution from each 
“ equivalent group ” plus pairwise interaction terms. The fact that the equivalent- 
group idea can account for the total energy change, even though the “equivalent 
groups ” do not maintain constant electronic structure, is an interesting paradox, and 
current work is aimed at determining the degree of electronic reorganization which 
can occur before the “ equivalent-group ” concept breaks down. 

The fact that equivalent-group behaviour for the total energy persists through first- 
order changes in wavefunction suggests that Marcus-like relationships are extendable 
from zero-order changes in wavefunction to first-order changes in wavefunction. 

A P P L I C A T I O N  O F  M A R C U S - L I K E  E Q U A T I O N S  TO B O N D - B R E A K I N G / B O N D -  
M A K I N G  R E A C T I O N S  

(1) ATOM TRANSFER AND PROTON TRANSFER 

The first indication that the Marcus equation might be applicable to reactions 
other than outer-sphere electron transfers came in 1968 when Marcus demonstrated 
that the BEBO equation, derived for atom-transfer reactions, gives numerical results 
which are not significantly different from the Marcus equation itself. Marcus and 
Cohen also demonstrated that barriers to proton transfers could be fit to the Marcus 
equation by assuming a constant intrinsic barrier. Kreevoy, Kresge, Murdoch and 
others subsequently provided other examples. More recently, it has been shown 
that about a dozen barrier relationships, including the Marcus, the Rehm-Weller, 
the Marcus-BEBO, the Agmon-Levine, the BEBO equation and others, are all special 
cases of a more general expressiom8 

(2) EQUIVALENT GROUP ASSUMPTIONS AND THE MARCUS EQUATION 

Equivalent group assumptions have been extensively applied to energy changes 
occurring during chemical reactions, and linear free-energy relationships such as the 
Hammett and Brsnsted equations have been one result. In 1972, it was shown that 
if equivalent-group assumptions were applied to the derivative of an energy change, a 
curved free-energy relationship (viz. the Marcus equation) could be obtained after 
integration. The assumptions used in this result are not substantially different from 
those which were already in widespread use in the form of linear free-energy relation- 
ships. One significant aspect of this work is that no assumptions peculiar to any 
specific class of reaction are employed, and consequently one might anticipate that the 
Marcus equation would be generally applicable, within equivalent-group limitations, 
to all reactions. 

(3) WELL DEPTHS OF PROTON-BOUND DIMERS 

In the gas-phase, proton transfer between an acid and base often results in a stable 
proton-bound dimer rather than a transition state (fig. 13). So far, over fifty experi- 
mental cases lo have been examined, and it has been found that the Marcus equation 
can be used to estimate (average deviation ca. 0.5 kcal) the well depth of the un- 
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symmetrical reaction (e.g. HO- + H-F --f HO-H + -F) in terms of AH for the 
overall reaction and the average well depth of the corresponding identity reactions 

HO- + H-OH + HO-H + -0H:F- + H-F + F-H + -F. 

The result is a significant one since the weak-overlap approximation/intersecting 
parabola model is clearly inapplicable to a well-depth problem (try making a well 

FIG. 13.-Reaction coordinate for a proton-transfer reaction involving a proton-bound dimer. 
The ‘ barrier ’ is actually a well. 

from two intersecting parabolae with positive curvature) and demonstrates that the 
weak-overlap assumption is not necessary in order for the Marcus equation to apply. 
It is also significant that substantial variations in the intrinsic barrier are observed. 

(4) NUCLEOPHILIIC SUBSTITUTION REACTIONS 

It has also been shown 4*8*11 that SCF potential-energy surfaces (at the Hartree- 
Fock level and HF + CI) for nucleophilic substitution reactions give barrier heights 
which follow the Marcus equation. The barrier height is expressed in terms of AE 
for the cross-reaction (e.g. H- + CH3-F -+ H-CH3 + -F) and the average of 
the two identity barriers (H- + CH3-H -+ H-CH3 + -H; F- + CH3-F -+ F- 
CH3 + -F). Wolfe and Schlegel, Lewis, Albery and Kreevoy and Pellerite and 
Brauman have also presented l2 extensive evidence that the Marcus equation can be 
used to correlate barriers of SN2 reactions in terms of an intrinsic barrier and the 
overall thermodynamics of the cross-reaction. 

( 5 )  “ MORE O’FERRALL ” PLOTS 

The “ More O’Ferrall ” plot is a semiquantitative approach for approximating a 
two-dimensional potential surface as a quadratic function of some unspecified co- 
ordinates. By using SCF calculations, it has recently been shown 1 1 9 1 3  that the “ More 
O’Ferrall ” plot is a fairly realistic approximation for the potential energy surfaces of 
many group transfer reactions when the coordinates are expressed in terms of bond 
order rather than Cartesian coordinates. Moreover it can be shown l3 that the 
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" More O'Ferrall " potential-energy surface leads to very nearly the same dependence 
of barrier height on the intrinsic barrier and the energy difference between products 
and reactants as the Marcus equation. This implies that the Marcus equation can be 
quantitatively applied to the same processes treated qualitatively by the " More 
O'Ferrall " plot. These include S,1/SN2 substitution, E-l/E-2 eliminations, acid/ 
base-catalysed carbonyl additions, sigmatropic shifts, Diels-Alder reactions and 
others. 

(6)  A GENERAL BARRIER EXPRESSION 

I t  has been shown l4 that any reaction coordinate function can be expressed as 
E(x) = AE6[1 - h 2 ( ~ ) ]  + +AE[1 + hI(x)] 

intrinsic thermodynamic 
component component 

where E(x) is the energy at some fractional displacement x along the reaction co- 
ordinate, AEA is the magnitude of the intrinsic barrier, A E  is the energy difference 
between products and reactants, and h, and h, are arbitrary functions of x. For 
AE # 0 and AE; fI 0 h, and h, can always be taken as even and odd functions of x 
about x = 3. The term containing AE; can be regarded as the intrinsic component 
of the barrier and the term containing AE is defined as the thermodynamic component. 

Eqn (1) can be applied ' ' ~ ~ 9 ' ~  to any reaction coordinate and can be used to 
obtain the intrinsic barrier independently of the two identity reactions. This provides 
a direct test of intrinsic barrier additivity. The Marcus equation will follow from 
eqn (1) whenever h2 = hi (the " square " relationship), which demonstrates that the 
Marcus equation does not necessarily require a potential surface constructed as two 
intersecting parabolae or as the sum of an inverted parabola plus a linear perturbation. 
A similar point was first made l6 by Kurz, who emphasized that the Marcus equation 
follows from a potential surface describable as a " transformed parabola." 

By examining potential-energy surfaces computed by SCF methods it has been 
found that reaction coordinates for certain proton-transfer reactions (e.g. HO- + 
H-F + HO-H + -F) follow the '' square " relationship reasonably well if the 
reaction coordinates are expressed in bond-order coordinates instead of in Cartesian 
coordinates." The intrinsic barrier extracted from the cross-reaction is within 0.4 
kcal of the average of the two identity reactions. Consequently, the HO- + H-F 
reaction follows the Marcus equation for the " right " reasons: the " square " 
relationship is satisfied and the intrinsic barrier shows an additive relationship with 
the two identity barriers. This example is particularly significant since the " barriers " 
are in fact " wells ": AEf and AE; are negative. 

It is also significant that deviations from both intrinsic barrier additivity and the 
" square '' relationship have been The deviations from intrinsic barrier 
additivity generally lower the barrier from the additive relationship, while deviations 
from the " square " relationship take the form of quartic contributions (i.e. h, = 
c2h: + c4h;), with little contribution from sixth or higher power terms required. 
Preliminary results (on the reaction F- + H-H -+ F-H + *H) indicate that 
deviations from intrinsic barrier additivity are accountable in terms of a generalized 
non-additivity relationship, derived by applying the theory of nuclear substitution 
to the sequence A-B-A, A-B-C, C-B-C and keeping all terms (additive and 
non-additive) through first-order wavefunction corrections. The quartic contri- 
butions to ha can be accounted for by explicitly including A-C interactions. As 
mentioned in a previous section, molecular interactions at the level of first-order wave- 
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function corrections are rigorously describable in terms of pairwise interactions 
between equivalent groups, and although many examples seem explicable on this 
basis, current work is aimed at quantifying the extent to which real chemical pheno- 
mena are interpretable as first-order effects and what effect higher-order corrections 
will have on predictions based on first-order theory. 

The final point to be made in connection with eqn (1) is that the intrinsic barrier 
can be obtained for reactions without associated identity reactions. This has recently 
been accomplished for pericyclic reactions l7 (2 + 4 cycloaddition, cheletropic frag- 
mentation, sigmatropic rearrangement, electrocyclic ring-opening), carbonyl additions 
and conformational eq~i1ibria.l~ The fact that these processes follow the Marcus 
equation allows one to estimate the intrinsic barrier for the reaction without having 
the whole potential surface or reaction coordinate. Using AEA and AE, the Marcus 
equation can be solved for AEZ by averaging the arithmetic and geometric means of 
the forward and reverse barriers. 

THE INVERTED REGION 

One can obtain some insight into the nature of the " inverted region " by consider- 
ing the Marcus equation and similar expressions ( e g .  the Rehm-Weller equation) as 
interpolation schemes. For example, the Rehm-Weller equation 

AEt = 3AE + AEA(1 + AE2/4AEA2)* (2) 
has the limits AE3 = AE as AE -+ co and AE3 = AEJ + +AE as AE + 0. We can 

0 AEmax 
A€+ 

FIG. 14.-The Rehm-Weller and Marcus equations as interpolation schemes. Both equations can 
be viewed as interpolating formulae between A€ = 0 and the value of AE where the barrier for the 
reverse reaction vanishes (AE,,,). For the Rehm-Weller equation (not shown), AE,,, = co, while 
for the Marcus equation (thick solid line), AE,,, = 4AEi. Most empirical equations [ref. (7)] show 
the same limiting behaviour for AE = 0 and A€ = AE,,,,, (thin solid lines) and are bounded by the 

dashed line connecting the points (AE,,O) and (AE,ax,AE,ax) and the two solid lines. 
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consider the Rehm-Weller equation as a hyperbolic interpolation between the two 
limiting cases (fig, 14). The Marcus equation has the same limiting case as the 
Rehm-Weller equation for AE --f 0 and shows very similar behaviour for positive 
increases in AE.  The chief difference is that the Marcus equation engages the line 
AEZ = AE for a finite value of AE (at AE = 4AEi = AEmaX). In between the two 
limits the Marcus equation can be regarded as a parabolic, rather thar, hyperbolic, 
interpolation (fig. 14). At AE,,,, the Marcus parabola and the line AEZ = AE inter- 
sect and have the same slope, and if we switch from the parabola to the linear line we 
get a barrier in the uphill direction equal to AE, equal to zero in the downhill direction, 
and in fair agreement with the Rehm-Weller equation in both directions. If we stay 
on the parabola the barrier in the uphill direction increases quadratically with AE 
(AEt z AE2/16AE6) instead of linearly with AE (AEX = AE).  The barrier in the 
downhill direction increases quadratically as AE becomes more negative. Thus we 
have the interesting situation of a reaction barrier becoming higher as the reaction 
becomes more favourable thermodynamically. This phenomenon has become known 
as the “ inverted region,” since a Brarnsted plot will show a steadily increasing log k 
(k  = rate constant) with decreases in AE for IAEI I lAEmaxl, and then a quadratic 
decrease in log k for further decreases in AE in the range IAEI > \AEmax). One might 
be tempted to dismiss the “inverted region ” as simply an error due to extending the 
interpolation scheme outside realistic limits, but there is a possible physical inter- 
pretation in terms of the intersecting-parabola model (IPM), as pointed out in Prof. 
Marcus’ introductory lecture. 

The IPM involves two parabolae with positive curvature and spaced a fixed distance 
apart so that the two parabolae intersect on the portion of the curves facing each other. 
The vertical spacing corresponds to AE. As AE decreases from AE = 0 the inter- 
section point on the upper parabola moves toward its minimum, which is reached 
when AE = -AEmaX. As AE becomes more negative (IAE1 > \AEmaxl) the intersec- 
tion point begins to  move upward on the far side of the upper parabola and simply 
continues to move upward as AE becomes more negative. As the intersection point 
moves upward so does the barrier, which becomes higher as AE becomes more 
negative. It is significant to note that the barrier in the downhill direction increases 
quadratically as AE becomes progressively negative. 

Additional insight in the possibility of an “ inverted region ’’ can be gained from 
eqn (1). For most of the reactions we have examined11T15,17 so far the functions 
(1 - h2) and +(1 + h,) are confined to the range zero to unity, and the behaviour of 
the barrier height as a function of AE; and AE is fairly close to the predictions of the 
Marcus equation for IAEl < lAEmaxl. In a few instances, however, +(1 + h,) 
becomes less than zero or greater than one (fig. 15), and this situation can lead to an 
“ inverted region.” 

The barrier height, AEZ, is obtained from eqn (1) by taking the derivative with 
respect to x, setting the derivative to zero, solving for the value of x at the stationary 
point (uiz.  xt) and substituting back into eqn (1) to get E(xS) = AEt.  A sufficient 
condition to get an “ inverted region ” is for xs to converge to a non-zero value as 
AE + -00, for AEi[1 - h2(xf)3 to be zero or positive, and for +[1 + h,(xS)] to be 
negative. In such a case the thermodynamic term in eqn ( I )  is positive and AEZ 
increases linearly as AE becomes increasingly negative. 

A general treatment will be presented elsewhere, but the basic idea can be seen by 
simply fitting three points (at x = 0, x,, $) of curve 1 (fig. 15) to a parabola, sub- 
stituting this parabola for +(1 + h,) in eqn (l), setting ( I  - h,) to [I - 4x(1 - x ) ] ,  
and solving for xs and E(xf) .  For large, negative AE 

0 > xf  z (2xk + d)/4(xm + d )  < (2xk + d)/2(x,  + d )  < + 
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so that XS is confined to the region where +(1 + h,) is negative. Consequently, as 
A E +  -a, the intrinsic component converges to a positive constant, the thermo- 
dynamic term is positive and linearly proportional to AE, and AES increases linearly 
as AE becomes progressively negative. The important point is that an " inverted 
region " can arise as a consequence of a non-monotonic thermodynamic function 
[+(1 + h,)] which falls outside the range of zero to unity. 

It is significant that most thermodynamic functions examined so far do  not become 
negative, so that the " inverted region " is not expected to be general for every family 

1 1 

0 x m  - 1 1 .o 
x 2  

FIG. 15.-An example of a non-monotonic thermodynamic function outside the limits of zero and 
unity. 

of highly exothermic reactions. It is also significant that thermodynamic functions 
outside the range of zero to one have been observed in isolated instances for a broad 
range of different chemical processes, including a proton-transfer reaction (PH3 + 
H30+),11 nucleophilic substitution (H- + CH3-F),11 electrocyclic ring-opening l7 

and internal rotation I5 (MCH,-CH,X; M = Li; X = F). Consequently, even 
though the " inverted region " is not expected to be general, it is likely that " inverted " 
behaviour will be observed and will not be confined to just electron-transfer reactions. 

During this Discussion we have seen what is apparently an example of the " in- 
verted region " for an electron-transfer process. I t  may be significant that the 
" inverted region " shows a linear increase in AEZ with increasing exothermicity, as 
predicted above, rather than the quadratic increase predicted from the Marcus 
equation. However, note that the analysis of the " inverted region " based on eqn (1) 
or on the Marcus equation assumes that AE; is constant for changes in AE, and any 
systematic variation in AEA with AE will alter the prediction of either model. 
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S U M M A R Y  SOME P E R S P E C T I V E S  

(1) FIRST-ORDER PERTURBATIONS AND BEYOND 

The fact that equivalent group models in general and the Marcus-like equations in 
particular can encompass first-order changes in wavefunction is a significant result. 
This finding forms the theoretical basis for extending these concepts into areas which 
in the past were thought to be beyond the scope of such " simple " ideas. It has been 
widely recognized that the equivalent group concept is a " plausible," empirical 
approximation, but the present work has demonstrated a more fundamental basis. 
In fact, the equivalent group concept is exact in the limit of first-order changes in 
electronic structure. This finding, and the success in extending the Marcus equation 
to broad new areas in chemical reactivity, suggest that many other problems dealing 
with solutions, solid-state and surface phenomena, energy transfer/photoexcitation 
and weak interactions (van der Waals, charge transfer, hydrophobic, electrostatic 
etc.) may be approachable through an equivalent-group framework. 

One of the difficulties in applying Schrodinger's equation to chemical problems has 
been the vast gap in approach taken by the practising Quantum-mechanic and the 
Experimentalist. The former implements a fundamental theory with huge basis sets 
and vast numbers of configurations, which all must be carefully chosen, combined 
with extremely complicated programs and large computers and does not always end 
up with satisfactory results, particularly on large molecules. The Experimentalist, 
at the other extreme, can often start with a simple equation, solvable on a hand cal- 
culator but lacking an obvious fundamental basis, throw in one or two parameters 
and correlate a considerable body of kinetic or thermodynamic data to within a few 
tenths of a kcal. Exceptions are generally found, and it is often difficult to extract the 
significance of either the successes or the failures. It would be premature to make any 
sweeping claims at  this point, but the work completed on the nuclear-substitution 
theory so far demonstrates that many empirically derived relationships do  have a 
fundamental basis within the first-order limitation. Obviously it is important to 
determine the extent to which various phenomena satisfy other criteria of a first- 
order perturbation. This work is in p ~ o g r e s s . ~ ~ ~  

(2) STATIONARY POINT RELATIONSHIPS 

I t  is also important to emphasize that the present work does not yet deal with the 
effects of nuclear motion and treats only energy relationships between stationary 
points on potential-energy surfaces. No effects due to zero-point energies, enthalpy, 
entropy or nuclear dynamics are included. This theory has not yet dealt with the 
problem of calculating rate constants, except at  the crudest level of approximation. 

However, it is also important to recognize that the hemistructural relationship and 
the nuclear substitution theory make it possible to relate one potential surface to 
others, in the same way that specific nuclear configurations have been related in the 
completed w0rk.l -3 Consequently there is no serious obstacle to extending the present 
work to include nuclear motion (at least within the Born-Oppenheimer approximation) 
and to obtain thermodynamical (AH",AG") and dynamical contributions. 

(3) IS THE MARCUS EQUATION VALID ONLY IN THE CLASSICAL LIMIT? 

This question cannot be answered with certainty at the present time, but it is worth 
noting that most of the " quantum mechanics " involved in molecular structure lies in 
the electronic motion which has already been treated within the Born-Oppenheimer 
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approximation. The classical, equivalent-group behaviour, observed in many experi- 
mental situations, has been derived from a fully quantum-mechanical approach, with 
explicit recognition of the virial and Hellmann-Feynman and there is 
nothing new in principle which must be added to deal with nuclear motion in a 
quantum-mechanical framework. Nonetheless, the relative importance of corres- 
ponding orders of perturbation may be different for electronic and nuclear motion, 
and more work will be necessary before a definitive conclusion can be reached. 

Although not conclusive, it is worth pointing out that the Marcus equation has 
been applied to a fair body of experimental gas-phase data, which includes effects due 
to zero-point energy, enthalpy and entropy, and the agreement is roughly comparable 
to that achieved from applications to stationary points on SCF potential surfaces. 

J. R. Murdoch, J.  Am. Chem. SOC., 1982, 104, 588. 
J. R. Murdoch and D. E. Magnoli, J. Chem. Phys., 1982,77, 4558. 
D. E. Magnoli and J. R. Murdoch, J .  Am.  Chem. Soc., in press. 
D. E. Magnoli and J. R. Murdoch, J .  Am. Chem. Soc., 1981,103, 7465. 
J. R. Murdoch and D. E. Magnoli, J.  Am. Chem. Sac., 1982, 104,2782. 
A complete discussion and the original references can be found in ref. (4)-(8). 
' J. R. Murdoch, J.  Am. Chem. Soc., in press. 
* J. R. Murdoch, J. Am. Chem. Soc., 1982, 104, 3792. 

J. R.' Murdoch, J. Am. Chem. SOC., 1972,94,4410. 
lo The experimental work comes from D. H. Aue and M. Bowers and P. Kebarle. The original 

references can be found in ref. (4). 
l1 J. Donnella and J. R. Murdoch, J .  Am. Chem. SOC., in press. 
l2 Original references can be found in ref. (4) and (8). 
l3 J. R. Murdoch, J. Am. Chem. SOC., in press. 
l4 J. R. Murdoch, J.  Am. Chem. SOC., in press. 
l5 M. Y. Chen and J. R. Murdoch, J.  Am. Chem. Soc., in press. 
l6 See ref. (14) for discussion and original reference. 
l7 M. S. Berry and J. R. Murdoch, Symp. Transition States (National Meeting of the American 

Chemical Society, Kansas City, MO. Sept. 14, 1982). 

Prof. J. Jortner (Tel Aviv University) said: Prof. Murdoch has raised an extremely 
interesting question concerning the applicability of the Marcus relation 

k = Aexp[-(AE + i1)2/4AkT] 

to describe a variety of chemical reactions other than electron transfer in condensed 
phases. The general features of eqn (1) are (a) a quadratic dependence of the activ- 
ation energy on the heat of reaction AE and (b) additivity of the reorganization energy 
A. Murdoch's approach focuses on the description of the rates of chemical reactions 
in terms of a specific form of the Franck-Condon overlap between the nuclear reac- 
tant and product states. In order to establish the range of validity of eqn (l), we 
recall that for a variety of chemical reactions the rate constant can be described in 
terms of a thermally averaged classical Franck-Condon factor, provided that the 
following conditions are met: (i) the reactive system can be described in terms of two 
electronic states; (ii) the high-temperature situation concerning nuclear motion 
prevails, i.e. the thermal De Broglie wavelength for nuclear motion is large relative to 
the curvature of the nuclear potential ; (iii) thermal equilibration among nuclear 
states is realized. The rate constant is then 
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where U,(Q) and U,(Q) are the multidimensional nuclear potential surfaces of the 
initial and final states. Eqn (2) can be recast in terms of an activated rate equation ' 

where Q, is the lowest intersection point of the potential surfaces. The quadratic 
dependence of the activation energy U,(Q),  on AE is by no means general. Eqn (3). 
will reduce to eqn (1) provided that two additional conditions are satisfied; (iv) the 
potential surfaces are harmonic; (v) the relative displacements of the origins of the 
potential surfaces correspond to the strong coupling situation,2 i.e. the displacements 
are large relative to the zero-point displacements. Conditions (i)-(v) constitute the 
validity conditions for the applicability of the universal Marcus relation. When high- 
frequency vibrational modes undergo large configurational changes during the course 
of the reaction, condition (ii) is inapplicable, whereupon eqn (2) and (3) are no longer 
valid and tunnelling corrections to the rate have to be explicitly incorporated. When 
high-frequency contributions to R. are modest, eqn (1) is expected to provide a useful 
propensity rule for correlation and rationalization of experimental data. On the 
other hand, for a large number of interesting chemical processes the contribution of 
high-frequency modes is substantial. For such processes, eqn (1) has to be replaced 
by a quantum mechanical description of the nuclear Franck-Condon contributions to 
the rate. 

R, Kubo and Y .  Toyozawa, Progr. Theor. Phys., 1955, 13, 160. 
R. Englman and J. Jortner, Mol. Phys., 1970, 18, 145. 

Prof. R. A. Marcus (CaliJornia Institute of Technology, Pasadena) said : Prof. 
Murdoch's detailed potential-energy calculations are particularly interesting in 
providing support for the approximate quadratic equation for strong overlap reactions 
(including the approximate additivity of the intrinsic parameters A), when IAUol is less 
than and not too near A. (Interestingly, too, he found it to apply not only to barriers 
but also to potential energy wells.) When IAU"] >, R. the equation should be replaced 
for strong overlap reactions, e.g. by some equation such as the theoretically derived 
tanh one and could be so replaced for all AUo values. 

In applying the quadratic results on potential energies to deduce quadratic rela- 
tions of free energies of activation for rate constants, one needs, of course, to consider 
additional factors: solvation effects, for example. They would not be expected to 
distort greatly the quadratic relation. (They yielded quadratic behaviour in the weak 
overlap electron-transfer case.) Quantum effects should also be included. Quantum 
effects on ratios such as k12/(k11k22K12)3, which appear in the " cross-relation," are 
expected to be largely cancelling, as long as the cross-reaction is not in the inverted 
regime. For example, Siders and Marcus found that the quantum correction to the 
cross-relation for a weak-overlap electron transfer was only a factor of 0.94 even when 
k,, was affected by a factor of 5 or so. The quadratic free-energy relation is equivalent 
to the cross-relation, but phrased in other terms, and so quantum effects are expected 
to be largely cancelling in it, for weak-overlap electron transfers, except in the inverted 
region. Because of extensive cancellation of partition functions when computing 
ratios such as k12/(k11k22K12)* by transition-state theory, analogous remarks would be 
expected to apply to strong overlap reactions. 

Interest- 
ing enough, the quadratic formula for thefree energy of activation does not require 
harmonic oscillator potential-energy surfaces. The solvational potential-energy 

I would like to make a few additional remarks on the quadratic formula. 
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surfaces are undoubtedly highly anharmonic but in the first approximation the 
reactants’ free-energy hypersurface, and the products’ one too, are quadratic functions 
of “ reaction coordinate” (which can be regarded as the m in my early papers). 
These free-energy hypersurfaces determine, at their intersection, the free energy of 
activation. 

Again, regarded as an approximation, the quadratic expression for the potential 
energy barrier (not for the surface itself) models a much wider class of potential 
energy surfaces, such as BEBO surface (referenced in my paper) and others (e.g. 
single potential-energy wells), as Prof. Murdoch has noted. 

Perhaps one further remark is in order, namely on the quantum treatment of the 
nuclear motion. When two potential-energy surfaces are needed for description of a 
reaction (e.g. a non-adiabatic or almost non-adiabatic reaction), quantum-mechanical 
radiationless transition theory, with its Franck-Condon factors, provides a useful 
approach. For the case that the reaction proceeds on a single surface, as for example 
with most chemical reactions, transition-state theory is useful for calculating quantum 
effects [e.g. ref. (3)]. 

R. A. Marcus, J,  Phys. Chem., 1968, 72, 891. 
P. Siders and R. A. Marcus, J. Am. Chem. SOC., 1981, 103, 741. 
R. A. Marcus and M. E. Coltrin, J. Chem. Phys., 1977, 67, 2609. 

Prof. M. M. Kreevoy (University of Minnesota, Minneapolis) said: In response to an 
informally posed question by Dr. R. J. P. Williams I wish to confirm just one feature of 
my argument. The mechanism is not, in any sense, regarded as electron transfer, 
proton transfer, electron transfer. My point was simply that the hydrogen, at the 
transition state, does not have very much hydride character. In the transition state 
the two carbons each contribute a hybrid orbital, the hydrogen contributes an orbital 
(roughly its 1s orbital) and this system is populated by 2 electrons. 

Dr. M. D. Newton (Brookhaven National Laboratory) said : The valence-structures 
Prof. Kreevoy is invoking begin to be quite reminiscent of the three-centre, two-electron 
bonding associated with the BHB bridges in diborane and other boron hydrides. 

Prof. M. M. Kreevoy (University of Minnesota, Minneapolis) replied : The boron 
hydride analogy appears valid and may be useful. 

Prof. E. M. Kosower (Tel Aviv University) said: After our discovery of stable 
pyridinyl radicals I suggested that biochemical reactions catalysed by the nicotin- 
amide coenzymes, NAD and NADP, might proceed by a one-electron-proton-one 
electron sequence.2 The evidence from non-enzymatic model reactions is conflicting, 
with both “ hydride transfer ” and “ radical ” pathways receiving support. The 
mechanism for the enzyme-catalysed reactions is even less certain ; crystal structures 
for a number of NAD-dehydrogenases reveal a complex active site. The catalysis 
may involve electrostatic interactions, displacement of water from the active site, and 
perhaps twisting of the amide group (increasing donor ability of the reduced form or 
acceptor ability of the oxidized form), 

’ E. M. Kosower and E. J. Poziomek, J.  Am. Chem. Suc., 1964,86, 5515; see also J. Hermolin, 
M. Levin and E. M. Kosower, J. Am. Chem. SOC., 1981, 103,4808. 
E. M. Kosower, Prog. Phys. Org. Chem., 1965, 3, 81. 

Dr. M. Chanon (Faculte‘ de Science de St .  Je‘rGrne, Marseille) said: I would like to 
draw attention to a recent communication by Dr. Nonhebel’s gr0up.l By using free- 
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radical clocks these authors discard a free-radical participation in the biological 
operation of this reaction. 

I. McInnes, D. C. Nonhebel, S. T. Orszulik and C. J. Suckling, J. Chem. Suc., Chem. Cummun., 
1982, 121. 

Prof. E. M. Kosower (Tel Aviv University) (communicated): The interesting paper 
of MacInnes et al. still leaves the biochemical mechanism unresolved, because there is 
no evidence that a hydrogen transfer can occur at a location at least 2.5 A removed from 
the optimum position of the NAD or NADH. In addition, a radical intermediate 
(related to ketyls) might not be specially reactive. In other words, although radicals 
were not detected, radical intermediates might have been present. The indication 
that ionic rearrangement of a cyclopropylmethanol, presumably via a carbonium ion, 
can compete with the oxidation reaction, even in a pH 9 solution, shows how tightly 
bound the alcohol and coenzyme must be. Conformational change within a tightly 
bound enzyme-substrate complex during oxidation or reduction is suggested by the 
difference in the enzyme-catalysed oxidation and reduction rates for certain alcohols. 

ADDITIONAL REMARK 

Prof. L. Krishtalik (Academy of Sciences of the U.S.S.R., Moscow) (Communicated) 
Laser-induced photodissociation may serve in principle as an effective tool to evaluate 
the contribution of bond stretching to the activation process, but for this purpose we 
have to overcome the difficulties connected with relaxation rates and geminate 
recombination 'in order to obtain quantitative data on rate constants (or activation 
energies), Qualitatively, vibrational excitation must exert a reaction acceleration 
within the framework of any theoretical model, so the mere existence of such an effect 
cannot be an argument in favour of one of the theories. When bond stretching 
contributes substantially to the activation process then the activation energy diminishes 
by the excitation energy of bond-stretching vibrations E:x = E', - E';. In the event 
that medium reorganization is dominant, the excitation energies of the initial and 
final states (8: and E;) influence the heat of the elementary act of reaction AIex = 
AZo - E :  - ET and hence influence the activation energy Eix  = E i  - a(&: - E ; ) .  

In the particular case of the barrierless formation of products in the ground state 
( x  = 1, ET = 0) the excitation effect in both models coincides, but in other cases the 
bond-stretching model predicts a larger acceleration. As for Dr. Goodall's experi- 
mental data reported on p. 275, it is interesting to note that the ratio of quantum 
yields is much lower than exp(AE*/kT). This finding might be an argument in favour 
of the medium-reorganization model, but unfortunately we do not know the extent 
of the distortion of this ratio by secondary effects. Hence the question remains open. 

Finally, our approach does not exclude any possibility of the bond-stretching 
excitation during the activation process. Moreover, we believe that for strongly endo- 
thermic processes with AIo 2 E: the most favourable reaction path does include the 
vibrational intramolecular excitation, as it includes, e.g., intermolecular excitation at 
AIo < E i  . Our point is that bond stretching may contribute to the activation process 
in some limiting cases but is not necessary for a wide variety of proton-transfer reactions. 


