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Tunnelling of heavy particles in the low 
temperature chemistry 

by V. A. BENDERSKII and V. I. GOLDANSKJI 

Russian Academy of Sciences, Institute of Chemical Physics, 
Moscow, Russia 

The quantum dynamics of cryochemical solid-state reactions in the region of the 
low-temperature limit for the rate constant is considered in the framework of 
multidimensional nuclear tunnelling when low-frequency displacements of heavy 
particles lead to the formation of reaction complexes with high barrier 
transparency. 

1. Introduction 
The Arrhenius temperature dependence K(T)  of the rate constant is a universal law 

of chemical kinetics. The basic concept underlying this law treats a chemical conversion 
as surmounting a potential barrier of height V, between the states of reactants and 
products. Since in condensed media the transition occurs in thermal equilibrium, and 
the barrier height is much over the mean thermal energy (V,>>k,T), the transition 
probability is small and proportional to the population of the excited reactant states 
near the barrier top, i.e. exp (- Vo/kBT). It follows from the Arrhenius law that even 
when the activation energies are quite small, the chemical reaction 
rates become non-observable at sufficiently low temperatures. For example, if 
V,= 1 kcal(mol)-' and the prefactor has a typical value k ,  = 10l3 s-l ,  then 
K(T)<lOP9s- '  at Td lOK.  

The advance of quantum mechanics not only ascertained the nature of chemical 
bonding and provided the description of the reaction potential energy surfaces (PES) 
(see, eg. [Ill), but also revealed the possibility of tunnelling through a barrier. Wigner 
[2] was the first to note that the tunnelling near the barrier top increases the pre- 
exponential factor of the rate constant. Bell had shown in a series of papers [3-51 on 
proton transfer in liquids, that tunnelling reduces the apparent activation energy 

E ,  = kBT2 d In KldT.  (1.1) 
whereas the isotope H/D effect increases as the temperature drops. Similar effects have 
been observed later in the gas-phase reactions [6 ] .  In those papers the nuclear 
tunnelling was considered as an effect, inherent in the thermally excited states, which 
leads merely to corrections to the Arrhenius law. 

In 1959 one of the authors [7] showed for the first time that tunnelling from the 
ground state plays the major role in the transition at  sufficiently low temperatures when 
the populations of the excited states are exponentially small. The rate constant becomes 
independent of the temperature and reaches its low-temperature limit KO?. According 

t In [3] the transition over the truncated parabolic barrier (V(Q) = 0 at Q > d was considered, 
d is the barrier width at E =  0). The possibility of existence of the low-temperature limit, pointed 
out in this paper, was based on the incorrect assumption of finite barrier transparency at E = 0. As 
shown in [7], the latter is due to the zero-point vibrations in the initial state. 
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2 V. A. Benderskii and V. I .  Goldanskii 

to [7], the turnover between this limit and the Arrhenius region occurs at the 
characteristic cross-over temperature, depending on the barrier height and the mass of 
the tunnelling particle: 

where d is the barrier width, r is the factor of the order of 1, depending on the barrier 
shape.? The low-temperature limit is connected to V, and T, by the following relation: 

kBK = r(h2 V,/2md2)1/2, (1.2) 

K c =  AKOexp(- vO/kBK)r (1.3) 
where the coefficient A r kBTJVo characterizes the reduction of K(T) in the intermedi- 
ate region between the Arrhenius law and the low-temperature plateau. 

The experimental studies, performed since the 1970s, have confirmed the two basic 
consequences of the tunnelling concept, pointed out in [7], namely the existence of the 
low-temperature rate constant limit and the cross-over temperature bordering this 
limit and the Arrhenius dependence. By now the low temperature limit has been found 
for more than 50 chemical reactions, and the number of examples grows steadily. This 
question has been systematically elucidated in [S-1 11. In the present review the main 
attention is focused on the molecular-dynamical models developed intensively of late. 

2. Quantum low-temperature limit and cross-over temperature 
As noted before, the rate constant results from averaging the transition probability 

w(E) as follows: 

K=z,' p(E)w(E)exp(-E/k,T)dE, (2.1) Sa 
where Zo is the partition function in the initial state and p(E)  is the energy level density 
in its spectrum. In the semiclassical approximation the probability of surmounting the 
barrier V(Q) along the reaction coordinate Q per unit energy interval at E < V, is given 
bv ~, 

w(E)=(2nh)-'exp[ -;S(E)], S(E)= ~Q2 '~ '{2m[V(Q)-~])1~2 dQ, (2.2) 
QiW) 

where Q1 and Q2 are the turning points i.e. the borders of the classically unavailable 
energy regions, in which V(Q1)= V(Q2)=E (figure 1 (a)). When E >  V,, w ( E ) r  1. It 
follows from (2.1) and (2.2) that: 

1 E 2  
KIK, = ~ 1:' exp [ - ~ K,T - -S(E)] h dE + exp ( - &). (2.3) 

KBT 
The second term in (2.3) accounts for the usual Arrhenius dependence, coming from the 
thermally activated over-barrier transitions, while the first term describes tunnelling. 
Approximating the barrier near its top by a parabola and, consequently, determining a 
characteristic upside-down barrier frequency wB: 

t For the rectangle, parabolic and triangle barriers and for the adiabatic parabolic terms r 
equals 1/2, 2/n, 314 and 1, respectively. 
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Tunnelling of heavy particles 3 

I 2 

Figure 1. (a) Tunnelling throughout a one-dimensional barrier along the coordinate of exoergic 
reaction. Ql(E), Q,(E) are the turning points, wo and wB frequencies of vibrations at the 
minimum of the term and in the upside-down barrier. (h) Apparent activation energy 
plotted against temperature, T, is cross-over temperature. Parabolic barrier, Vo/kBK = 30. 
With the zero-point vibrations taken into account the energy is marked off from the hw0/2 
level, in the Arrhenius region E ,  = Vo - hw0/2. 

one finds that the relative contributions of sub- and overbarrier transition are 
determined by the dimensionless parameter (: 

E = $ = ( % )  6 2k,T 7 

which equals the ratio of the zero vibration amplitude in the upside-down barrier 
(6’ = h/mw,) and the thermal de Broglie wavelength (A= h/(2rnkBT)”’). The classical 
region ( >> 1 corresponds to the Arrhenius law where Ea = V,. In the quantum region 
((< 1) K ( T )  passes on to the low temperature limit where E,=O and K =  K ,  (figure 
1 (b)). The apparent activation energy is determined by the narrow region of energies 
where the sum E/kBT+2S(E)/h has a minimum, corresponding to the equation [12]: 
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4 V. A .  Benderskii and V. I .  Goldanskii 

The right-hand side of (2.6) is the period of vibration in the upside-down barrier z(EJ 
= h/k,T.  In terms of the apparent activation energy from (2.6), the rate constant can be 
expressed as 

which demonstrates that tunnelling reduces both the activation energy and prefactor. 
The low values of the prefactor formally correspond to the large negative entropy of the 
activation: 

2 
AS' = -- k,S(Ea). 

h 

Although the reasons of its appearance have nothing to do with the change of initial 
partition function [l], typical values of K,= 10-'-10-' correspond to -AS: = 6 5  
- 83 kcal (mo1)- '. Since in the solid-state reaction only the vibrational degrees of 
freedom take place, the negative values of the activation entropy mean the increase of 
the frequencies in the transition state, compared to the initial state (w: -w:>O). For 
classical vibrations (Aco/2kBT<< 1) ASf is given by 

(2.8) 

N 0: ASf= - k ,  C In-, 
k = l  

where N is the number of changing-frequency vibrations. For (0: -o:)/oi<< 1, the 
above-mentioned values of AS' would correspond to the tremendous number of the 
classical degrees of freedom involved in the transition ( N  > lo2), and in the quantum 
region N has to be even greater. The increase of frequencies would mean the increase in 
the barrier height due to the higher zero-point energies in the transition state. For this 
reason, the cooperative mechanism of solid-state cryochemical reactions could not be 
considered as an alternative to the tunnelling. 

The values T,  and K,/Ko calculated for the tunnelling transfer of the H atom 
throughout the parabolic barrier are represented in table 1, illustrating the role of the 
tunnelling length which is a new parameter in the chemical kinetics specific for the low 
temperature reactions which does not enter the Arrhenius law. The variation of this 
length leads to the change in K ( T )  at T < T,  by 10-15 orders of magnitude. 

As follows from (2.3), the Arrhenius region is separated from the low-temperature 
plateau by a sufficiently wide intermediate region ( A T  z 1/2 TJ, in which the change in 
K ( T )  is relatively small (by z Vo/k,T times). For the quantitative description it is 
necessary to examine the change in the character of motion which accounts for the 
behaviour of the prefactor near T,. At T >> T,  when E ,  = V, the classical transition via the 
saddle-point occurs. When approaching T,, the contribution of quantum fluctuations 
increases, compared to the thermal energy, which leads to the growth of the 
contribution of thermally activated particles possessing energies slightly lower than the 
barrier height and tunnelling throughout the rest of the barrier. For such transitions 
the tunnelling probabilities are not exponentially small and the semiclassical 
approximation (2.2) breaks down. Both effects increase K O ,  as compared to the 
prefactor in the classical transition state theory K&T: 

KO=K!&Tf,(T). (2.10) 

The tunnelling factor increases near T,  and equals unity at  T >> T,. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
3
4
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



Ta
bl

e 
1. 

T,
 an

d 
K

,/
K

, 
va

lu
es

 fo
r 

su
rm

ou
nt

in
g 

a 
st

at
ic

 p
ar

ab
ol

ic
 b

ar
rie

r 
by

 h
yd

ro
ge

n 
at

om
. 

2 
Vo

\4 
A 

3
 5.
 

43
2 

28
8 

21
6 

17
3 

14
4 

12
3 

10
8 

96
 

Q
 

9.
2x

10
-4

 
2.

gX
10

-5
 

8
.5

~
1

0
-~

 2
.6

~
1

0
-*

 
7

.9
~

1
0

-l
~

 2
.4

~
1

o
-l

~
 7

.2
~

1
0

-l
~

 2
.2

~
1

0
-l

~
 

%
 

i-F 
49

9 
33

3 
25

0 
19

9 
16

6 
14

2 
12

4 
11

0 
9

 
55

8 
37

2 
27

9 
22

3 
18

6 
15

9 
13

9 
12

4 
B 2-
 

61
 1 

40
7 

30
5 

22
4 

20
4 

17
5 

15
3 

13
6 

kc
al

 (r
no

1)
- 

0.
4 

0.
6 

0.
8 

1 .o
 

1.2
 

1.4
 

1.6
 

1.
8 

& h 
6 

Q
 

b
 

3
 

8 
3

.1
~

1
0

-4
 

5.
5x

10
-6

 
9

.8
~

1
0

-~
 

1
.7

~
1

0
-~

 3
.1

~
1

0
-

~
~

 
5

.5
~

1
0

-l
~

 9
.6

~
1

0
-l

~
 1

.7
~

1
0

-l
~

 

10
 

1
.2

~
1

0
-~

 
1

.3
~

1
0

-~
 1

.5
~

1
0

-*
 

1
.6

~
1

0
-'

~
 1

.8
~

1
0

-'
* 

1
.9

~
1

O
-l

~
 2

.1
~

1
0

-l
~

 2
.3

~
1

0
-l

~
 

12
 

5.
1 

x 
10

-5
 

3.6
 x

 lo
-' 

2
.6

~
 

1.9
 x

 lo
-"

 
1.3

 x
 

9.5
 x

 
6.

8 
x 

lo
-'*

 
4.

9 
x 

lo-
'' 

m cn
 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
3
4
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



6 V. A.  Benderskii and V. I .  Goldanskii 

In the classical transition state theory the rate constant is determined by the 
statistically averaged flux of particles with the energy E = P2/2m + V(Q) across the 
dividing surface in the phase space (P, Q): 

K =  I;;exp[ - y ] O ( E - V , ) d P .  (2.1 1) 

The presence of the step function 8(E - V,), equal to 0 and 1 at E < V, and E 2 Vo, 
respectively, implies the possibility of the over-barrier transition solely. In the variables 
( E ,  t), instead of (P, Q), the frequency factor is introduced by normalizing the 
distribution function [13]: 

(2.12) 

The sojourn time in the reactant valley t(E) at V, >> k,T equals the vibration period in 
the initial state 27c/o, and corresponds to the closed classical trajectories at E <  V, in 
this valley. Expression (2.1), in contrast to (2.1 I), incorporates the tunnelling 
trajectories for which the transition probability is finite when E < V,. Near the cross- 
over point there arises a new extremal trajectory named instanton, for which the total 
action S,(E)=S(E)+E/k ,T (S (E)  is defined in (2.3)) is less than the classical one 
fiVo/k,7: Unlike the classical motion, the tunnelling occurs instantaneously in real time 
(the term instanton originates from this fact), while in imaginary time it is a vibration 
with the period h/k,  T,  as determined by (2.6). Imaginary-time finite trajectory of the 
over-barrier transition corresponds to the dwelling near the unstable equilibrium 
positions of the upside-down potential (the minima of initial and final states). 
Therefore, the change in dynamics of motion near T,  consists of the appearance of the 
instanton in exchange for the trivial saddle-trajectory [14]. As shown in [15], the 
appearance of the instanton is similar to the second-order phase transition. Because of 
the sharp variation of K O  the intermediate region of K(T)  turns out to be quite narrow 

The previous discussion of K ( T )  clearly does not take into account the interaction 
of reactants with the medium, like in the usual transition state theory. According to 
Kramers’ idea [ 161, this interaction can be incorporated by introducing a random force 
along with a friction coefficient y into the equation of motion. The general solution of 
the Kramers’ problem has been obtained in [17]. As shown recently [18,19], the value 
of y comes from the coupling coefficients characterizing the interaction of the reaction 
coordinate with the medium coordinates. This coupling ensures the settling of the 
thermal equilibrium and changes the character of motion across the saddle-point from 
the free translational one to the spatial diffusion when y / o > >  1. The Kramers’ problem 
has been generalized to the temperatures near cross-over point T E T,  by many authors 
(see, e.g. [20-241 and review [25]). The presence of friction reduces the rate constant (at 
T > T,) by the factor oR/oB, as prescribed by the following relation: 

K( T )  =& 5 exp ( - 3). 
O B  k ,  T 

where oR is the Kramers’ frequency: 
Y oR = wB[( 1 + a’)’’’ -a], = -. 

20, 

(2.1 3) 

(2.14) 
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Tunnelling of heavy particles 7 

a,, is the frequency of the Q vibrations in the initial state. The cross-over temperature 
drops as the friction increases: 

(2.15) 

At small y the tunnelling factorf, is described immediately by the relationship for the 
parabolic barrier [26]: 

(2.16) 

As y increases, the intermediate region widens due to both the decrease in T,  and, at the 
same time, increase inf,. The numerically calculated K ( T )  for the model cubic potential 

(2.17) 

is represented in figure 2 for different ys [23]. The increase in y affects only the prefactor 
in the classical region but exponentially reduces the transition probability in the 

Figure 2. The temperature dependence of the decay rate in a metastable state (cubic potential 
(2.17)) for different coefficients of frequency-independent friction [23 ] .  V, = Shw,, a = 0, 
0.25 and 0.5 for curves 1-3, respectively. The T, points are marked by crosses. The dashed 
line shows the K ( T )  dependence for a parabolic barrier with the same V, and hw,, the 
dasheddotted line is the Arrhenius dependence. 
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8 V. A.  Benderskii and V. I .  Goldanskii 

quantum region. At  sufficiently large y the low-temperature limit is not reached at all. 
When dissipation is due to the coupling to the continuous bath spectrum with the 
spectral density p(o), the frequency coefficient depends, in general, on frequency: 

(2.18) 

where A(w) is the parameter of coupling to the vibration with frequency o. In the three- 
dimensional lattice p(o)  cco2, and the case of frequency-independent (Ohmic) friction 
studied in [23,24] is realized when the coupling parameter 1 is constant. For this 
reason friction remains even at T-0 as a result of coupling to the low-frequency 
vibrations, ensuring the decrease in K ,  and T,. The linear coupling with the bath gives 
rise to displacements of the equilibrium positions of vibrations Aqk (in the mass- 
weighted units) during the transition. This displacement is characterized by the 
reorganization energy proportional to y in the case of frequency-independent As: 

1 1 
2 k  71: 

E ,  =-C w?(AqJ2 =- wDyb2, (2.19) 

where b is the displacement along the reaction coordinate and W ,  is the Debye 
frequency. The assumption for the coupling parameters to be frequency-independent, 
leading to the Kramers' problem, is not likely to hold. It rather should be expected that 
the reaction coordinate is coupled strongly to a few vibrations from the closest 
neighbourhood with frequencies near oD, and is weakly coupled to the vibrations with 
longer wavelengths. Therefore, instead of introducing a phenomenological friction 
coefficient, a microscopic study of the multidimensional motion of the reaction 
complex and its environment is needed. This is the purpose which the next section is 
aimed at. 

Comparing the above-described theoretical dependencies with experimental data 
one should keep in mind, in the first place, that, because of the limited temperature 
range available and the existence of the intermediate region, it is hard to measure K ( T )  
in both the true Arrhenius region and low temperature plateau at the same time. For 
this reason the experimentally measured activation energies E ,  prove to be several 
times smaller than V,. The behaviour of K(T) in the intermediate region and 
dependence of T,  on the barrier shape and transfer conditions (friction coefficient), do 
not allow the extraction of T,  and V, from experimental data without additional 
assumptions. 

In the first papers [27-291 devoted to the analysis of the experiment the values of V, 
were supposed to be the same as in the gas-phase reactions and the barrier widths were 
found by fitting the experimental curves K (  T )  and theoretical dependence (2.3). For 

Table 2. Effective tunnelling length for hydrogen atom in the reactions 
CH, + RH = CH,+ R - [27]t. 

Matrix K , , s - '  T', K f  V,, kcal (mo1)- ' 4 .A 
CH,OH 2 x 10-4 45 11.9 1.08 
C,H,OH 3 x 10-4 47 12.1 1.04 
CH,CN 1.4 x 10-5 44 14.3 0.93 

7 Symmetric Gaussian barrier. 
f Calculation according to (1.2). 
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Tunnelling of heavy particles 9 

example, the results from [29] are represented in the table 2 for the reaction of 
abstraction of hydrogen atom by CH, radical from molecules of different matrices. 

Although such a comparison (assuming y = 0) gives satisfactory agreement between 
experiment and calculation, the d values found are in contradiction with the data on 
lengths and potential curves for the bonding well-known from the spectroscopy. 

For the reaction AB + C+A + BC the one-dimensional model of tunnelling in a 
static potential supposes that transition occurs at  fixed A-C distance corresponding to 
the initial state minimum, and the tunnelling length is equal to 

d = R i c  - R i B  - Rzc (2.20) 

The calculation of the PES for the methyl radical reactions analogous to the ones given 
in table 2 shows that the CH-bond length in transition and initial states is 1.23-1.28 A 

3G 

20 

10 

0 

Figure 3. PES cross-sections for the reaction C(')H, + C'')H,OH +CH, + CH,OH (AH = 
-8.1 kcal(mo1)- ', V,= 12 kcal(mol)-' for the distance C c')-C(2) corresponding to the 
tunnelling distance ofthe hydrogen atom 1.0 A. 1 , l '  are the Morse curves for the initial and 
final states; 2 is the double-well potential taking into account the adiabatic splitting 
borrowed from [31]; 3 is the parabolic barrier fitting expression (1.3) for the experimental 
dependence K ( T ) ,  the reference energy is the zero-point level 4.2 kcal (mol) '; 4 is the 
potential curve for passing through the saddle-point in the exchange gas-phase reaction 
CH, +CH,+CH,+CH, of approximately the same barrier height [31]. 
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10 V.  A.  Benderskii and V .  I .  Goldanskii 

and 1-07-1.08 A, respectively [30]. The distance between the C atoms in the reaction 
complex is equal to 2.7-2-8 A and the displacement of hydrogen atom does not exceed 
0.54-058 A. It is this displacement which corresponds to the barrier height measured 
for the gas-phase reactions. However, for these barrier parameters the value of T,  would 
exceed 500 K t  while the observed values are T,  E 50 K. If one started from the d values 
calculated from the experimental data, the barrier height would go up to 3 G  
40 kcal (mo1)- l ,  making any reaction impossible. This disparity between V, and d is 
illustrated in figure 3 where PES cross-sections for the transition via the saddle-point 
and for the values of d found in [29] are shown. 

Because of the correlation between V, and d,  it is important for understanding the 
mechanism of the solid-state reactions that the van der Waals distances between the 
reactants in a lattice are much longer than in gas-phase reaction complexes. For 
instance, for the reactions in question the C-C distance corresponding to the minimum 
of the atom-atom potential is 3.7 A [32], so that the displacement of the H atom in the 
fragment C(')-H.. .C(2) should exceed 1.5 A (1.3 A if the zero-point energy is taken into 
account). Therefore, to describe quantitatively the solid-state reactions it is necessary 
not only to explain the K ( T )  dependencies from interrelated V, and d values, but also to 
reconcile these values with the inter-reactant distances in the lattice. Obviously, these 
requirements cannot be met in the framework of a one-dimensional model. 

In conclusion of this section consider the relation of the rate constant to the 
enthalpy of the reaction AH. It is known that the activation energy in the Arrhenius 
region depends on AH via the empirical Broensted-Polanyi-Semenov rule which 
reads: 

Vo(AH)= Vo(0)+aAH, O < a <  1. (2.21) 

Usually the symmetry coefficient a is close to 1/2. Equation (2.21) where a=1/2 
corresponds, particularly, to the PES formed by two intersecting multidimensional 
paraboloids with similar frequencies. In this case the diminishing in the barrier height 
and the action S ,  from (2.2) at  E = 0 are equal to [l 11: 

&(AH) = Vo(0) 1 + ~ - A H  < 4 V,(O), [ 4i0:o)T' (2.22) 

Since SQ(AH) drops faster than Vo(AH) as - A H  increases, the crossover temperature 
grows with the reaction exoergicity. In the low-temperature region the rule similar to 
(2.21) holds: the rate constant grows exponentially with - A H  whereas an effective 
symmetry coefficient at  T < T,  is greater than in the Arrhenius region (figure 4). The 
increase in a is due to both lowering and narrowing of the barrier because of more sharp 
descent to the product valley as - A H  increases. This reasoning applies to the exoergic 
reactions. For the endoergic reactions (AH>O) the lower bound in the integral (1.1) 
should be replaced by AH since the tunnelling is possible only at E 3 A H .  Therefore, 
when T < T,, the activation energy of endoergic reactions does not vanish but reaches 
its lower limit equal to A H  < V,. 

t The substantial role of tunnelling effects in the gas-phase reactions has been already noted 
in [6 ] .  
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Tunnelling of heavy particles 11 

Figure 4. Rate constant plotted against the heat effect of an exoergic reaction in the Arrhenius 
region: -lnK/K, = V,(AH)/k,Tand at the low-temperature limit -In K / K ,  =2S(AH)/h  
for the model of one-dimensional parabolic terms. 

3. Multidimensional nuclear tunnelling 
As pointed out in the previous section, the model of one-dimensional tunnelling is 

in quantitative disagreement with molecular characteristics of reactants: if the atoms 
were positioned in the equilibrium sites of a lattice, the tunnelling length would 
correspond to the barrier so high that any reaction would be impossible. Meanwhile, 
the observed values of activation energies at T > T,  are close to their values for the gas- 
phase reactions E ,  in which nothing prevents the reactants from rapprochement up to 
the distances less than those in a lattice. The evaluation of V, by using (1.3) yields the 
values which at least do not exceed E,. The cross-over temperatures are not in 
accordance with (1.2). Although there is some tendency towards decrease in T, for 
heavy particle transfer, compared to the calculations, but it is far from the expected 
dependence T,  - m-l’’. Finally, it is worth noting that the cryochemical rate constants 
are very sensitive to the properties of the solid state. In particular, the reaction rates in 
glasses differ drastically from those in crystals [ll]. Hence, it follows from the 
experimental data that, except for the tunnelling of a particle itself (accompanied by 
rupture of a chemical bond in the initial state), the transition is assisted by an additional 
motion in the solid state (quanta1 below TJ. This motion brings the reactants together 
from the van der Waals positions up to the distances similar to those in the gas-phase 
reactions. The only additional motion of this type is the low-frequenty vibrations of the 
molecular skeleton and the intermolecular vibrations. The model incorporating the 
effect of these vibrations on the cryochemical reaction rate has been put forth in [33- 
351, which meant proceeding to the analysis of the multidimensional motion instead of 
a one-dimensional one. The necessity for such analysis ensues not only from the 
comparison of experiment with the one-dimensional model, but also from the advance 
of the general chemical reactions theory at large. 

The model of the one-dimensional tunnelling is based on the following 
assumptions: 

(i) The reaction coordinate is selected from the total set of the system coordinates; 
(ii) The energy spectra of the initial and final states are continuous; 
(iii) The thermal equilibrium continues during the transition. 
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12 V.  A .  Benderskii and V.  1. Goldanskii 

All the three assumptions are, in Wigner’s terminology, fundamental notions of the 
transition state theory [2] and hold for the classical over-barrier motion. The existence 
of a one-dimensional reaction path was postulated at the beginning of the 1930s by 
Eyring [36]. In the mid 1960s the first papers [37, 381 appeared devoted to the 
possibility of choosing a reaction path on the multidimensional PES, leading further 
(see reviews [39,40]) to the multidimensional models for chemical conversions. Unlike 
the static potential V(Q) in one-dimensional models, the multidimensional model deals 
with the dynamic barrier dependent on the vibrational coordinates. As an illustration, 
let us consider the collinear reaction AB + C+A + BC. It is known that the classical 
collinear motion of the linear system ABC relative to its centre-of-mass can be reduced 
to the motion of the effective mass 

in the two-dimensional potential U(r, R )  which is obtained from the PES U(RA,, RBc) 
by scaling the RA, and R,, coordinates and reducing the angle between the axes from 
n/2 to p: 

( 3 4  
p=tan-’-. mB 

m 

This motion is essentially two-dimensional and only for certain limits (the approxim- 
ations of a slow and fast transition which will be introduced further) it can be separated 
to the translational motion along the reaction coordinate and transversal vibrations 
[39,40]. In the event of a light atom B (mB <<MA, mc-such reactions are referred to as 
HLH), the reactant and product valleys are narrow in the ( R , r )  coordinates and, 
according to (3.2), the angle between them is small (figure 5). The motion along the 
valley corresponds to the respective displacement of the heavy particles A and C, while 
the transversal motion means vibration of the light atom near one of the heavy atoms. 
Since the potential profile of these fast vibrations changes but slightly over their period, 
the motion of B occurs at fixed values of RA,, each of them corresponding to its own 
barrier. There is no single static barrier, and instead of the classical trajectory passing 
through the saddle-point, a set of the ‘cutting-corner’ trajectories is realized, each of 
which corresponding to a certain RAc value. The rate constant then is determined by 
averaging of the transition probability over the distribution of RA,, This approach has 
been put forward in [41] (see also [6]) and then developed in [33,4245] for the 

Figure 5. PES contour plot for collinear exchange reaction AB + A-tA + BA for mg<<mk * is 
the saddle-point coordinate. A ‘cutting corner’ trajectory is shown [33, 441. 
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Tunnelling of heavy particles 13 

reactions of hydrogen transfer in the gas-phase reactions. As pointed out in [41], the 
motions cannot be treated separately when the parameter 5, defined by (2.5), is less than 
unity, 

As applied to the solid-phase reactions, the model described corresponds to the 
existence of the low-frequency intermolecular vibration A-BC bringing the reactants 
closer (without rupture of the bond AB) compared to their equilibrium lattice positions. 
This intermolecular displacement modulates the barrier corresponding to the rupture 
of the bond B-C and formation of the new bond A-B (figure 6). If the typical barrier 
frequency defined by (2.4) is greater than the frequency of the intermolecular vibration 
fJ (the period of motion in the barrier is less than that of longitudinal vibrations in the 
reactants valley) 

the fast transition throughout the barrier takes place during which the intermolecular 
coordinate is fixed, as shown in figure 5. In order to get simple analytical expressions 
elucidating the basic features of the model, in [32] the rate constant is found for the 
potential formed by two parabolic terms modelling the bonds AB and BC. When the 
slope of the final term (AB-C) is much steeper than that of the initial one (i.e. in case of 
the sharp descent to the product valley), the transition probability at fixed value of 
intermolecular displacement q1 is close to the probability to reach the saddle-point: 

o g  >> Q, (3.3) 

where Qo is the distance between the minimum of the initial term and the barrier top at 
q l = O .  In the model of the fast transition one should average w(Qo,ql) over the 
distribution of q1 

The r.m.s. amplitudes of vibrations for the intra- and intermolecular coordinates (6, 
and 6,, respectively) are determined by the expressions: 

Equations (3.4) and (3.5) result in 

(3.7) 

The relation (3.5) is equally valid for the harmonic oscillator displacement and for the 
Gaussian distribution of fluctuations of a random value q1 [46]. For this reason the 
modulation of a barrier caused, in general, by the fluctuations of the intermolecular 
distances, is referred to as the fluctuational barrier preparation [9,11]. According to 
( 3 4 ,  the probability of the fluctuation, for which q1 =Qo>>SI,  is exponentially small. 
However it is comparable also with the exponentially small transition probability of a 
barrier (3.4), so that the fluctuational barrier preparation is quite effective in the usual 
situation when 6, 36,  [9,11]. The model of fluctuational barrier preparation was 
studied in [47,49] for the hydrogen transfer in metals. 
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14 I/. A .  Benderskii and I/. I .  Goldanskii 

Figure 6. The model of fluctuational barrier preparation for the collinear exchange reaction AB 
+A+A+BA. (a) Coordinates and force constants. (b) V(Q) potential at fixed inter- 
molecular coordinate, solid and dashed lines, respectively, correspond to q = 0 and q > 0. 
(c) contour plots for the diabatic terms and trajectories ofmotion in imaginary time 1-3 for 
q = 0, fast and slow transition, respectively. (9) Semiclassical real-time trajectories for a 
given energy. The dashed line shows tunnelling between the turning points [SO, 561. The 
angle between the valleys 2 4  comes from the expression (3.2). Normal frequencies are fit 
= o Z [ k Z +  ljZ(1 +rn/M)f{[kZ+ 1/2(1 +rn/M)]Z-2kZ}”2, k=21’2fi/w. 
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Tunnelling of heavy particles 15 

The temperature dependences of 6, and 6, result in the three regions of K ( T )  
separated by two cross-over temperatures. The Arrhenius dependence occurs at T > T,, 
= hw/2kB whereas the activation energy equals the barrier height at the saddle-point. 

MQ2 
mu2  + MQ2' 

This transition is an over-barrier motion. Because of high velocity of the thermal 
motion along the valley, the relative contribution of tunnelling is small. The motion is 
adiabatic with respect to transversal vibrations and the adiabatic barrier is lower than 
the static one V, = mw2Qi/2.  In the intermediate region T,, < T < T,, (T,,, = RQ/2kB) the 
instanton appears. The trajectory of thermally-activated motion at energy E,  by-passes 
the saddle-point and is determined by excited sublevels of intermolecular vibrations. As 
the temperature drops, this trajectory moves away from the saddle-point whereas E ,  
diminishes but the barrier height in the external trajectory increases. When T < T,, the 
quantum motion occurs for both the coordinates and only the zero-point levels take 
part in the transition. In this case the apparent activation energy equals zero and the 
maximum barrier height in the PES-cross-section along the extremal trajectory 
corresponds to the fast transition potential, which is higher than V, [49]: 

(3.9) 

A similar dynamical behaviour occurs in symmetric double-well potentials [49,50]. 
The PES contour plots depicted in figure 6 ( c )  are the families of concentric ellipses 
placed symmetrically with respect to the dividing plane. The real-time trajectories of in- 
well harmonic vibrations are the Lissajous figures (figure 6 (d))  confined in the rectangle 
inscribed into the ellipse of the given energy [5 11. Tunnelling, i.e. imaginary-time 
motion occurs between the turning points which are the mutual points of rectangles 
and ellipses. In the intermediate temperature region the instanton starts from the ellipse 
ofenergy E,. The increase in E ,  with temperature corresponds, in accordance with (2.6), 
to diminishing of the instanton imaginary-time period. In the case of anharmonic terms 
and for the non-separable variables the equipotential lines and rectangles are 
deformed, but the number of turning points remains the same [53,54]. The instanton 
formalism for the gas-phase reactions was developed by Miller [53,54]. A simple 
example of calculation the tunnelling trajectory of two-dimensional separable motion 
is given in [55]. The above-noted difference in initial states for the gas- and solid-phase 
reactions manifests in simulations of tunnelling trajectories. In the gas-phase reactions 
the total set of degrees of freedom consists of the singled out reaction coordinate and 
vibrational modes with given quantum numbers. There is no bound state for the 
reaction coordinate so that the motion is infinite. The wavefunctions of initial and final 
states are seamed on condition that the reaction coordinate and corresponding 
momentum are real far from the dividing plane, while the vibrational coordinates and 
momenta are, in general, complex in the classically available region. In the solid-phase 
reactions the initial and final states are bound ones so that there is no favoured degree 
of freedom which is to be set real. The requirement for all the coordinates and momenta 
to be real outside the barrier leads to the finite set of turning points in each valley, 
determined by the condition that the momentum equals zero. 

As follows from (3.6) and (3.7), the low-temperature limit appears at T < T,, whereas 
T,,, in contrast to T,,, has nothing to do with the static barrier. Since the frequencies of 
intermolecular vibrations are similar for most organic crystals, the model explains the 
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16 V. A.  Benderskii and V. I .  Goldanskii 

approximate constancy of cross-over temperature for various cryochemical reactions 
with tunnelling of diverse masses. When T,,Q TQ T,,, the effect of increase in the 
apparent activation energy can be represented as [9,35] 

K(  T )  = k, exp (cT). (3.10) 

The increase of the tunnelling particle (B) mass reduces both frequency and amplitude 
of the intramolecular vibration (w cc m- '/', 6, ccm- ' I 4 ) ,  increasing the rn-independent 
intermolecular contribution to the rate constant. For this reason -In K ( T )  increases 
weaker than ml/', as m grows. This behaviour of K(m) accounts for the existence of 
strong H/D isotope effects in the H-transfer reactions, where In Kccm'/', and, at the 
same time, the low temperature rate constant limit for heavier particles transfer 
(mB/mH E 1&20), which would be impossible if that dependence K(m) kept on for the 
same parameters of the static barrier [49]. Therefore, the model of the low-frequency 
fluctuational barrier preparation fits the experimental data much better than the one- 
dimensional model. 

As the contribution of intermolecular vibration to (3.7) increases the extremal 
trajectory approaches the saddle-point and the barrier becomes lower. The angle 
between the valleys increases and wB diminishes. When w E Q, the fast transition 
approximation breaks down. Another limiting case in which the motions are separated 
is the slow passage [48,49,54] throughout the saddle point when M/mQ,t. In the low- 
temperature limit below T,, the quantum intermolecular vibrations mostly contribute 
to overcoming the barrier (figure 7). 

In the N-atom system ( N  > 3) solution of the vibrational problem yields 3N - 7 
eigenfrequencies wk and normal vibration coordinates qk with the equilibrium 
positions placed along the reaction path, so that the potential energy is of the form: 

In case of fast transversal motion the vibrational-adiabatic potential can be introduced 
[40,58]: 

This relationship supposes that the quantum numbers of transversal vibrations remain 
constant as their frequencies change. For an arbitrary path, along which the energy is 
not minimal, the coupling to the transversal modes appears [59]. The linear coupling, 
i.e. having the form &Qqk (1 is the coupling parameter), means that the transition is 
accompanied by a shift in the vibrational equilibrium positions. After taking up the 
new, non-interacting with Q vibrational coordinates, there appear additional matrix 
elements of the kinetic energy operator, which are determined by the curvature of the 
reaction path [40]. In the case of slow transition this means the change in mass of the 
tunnelling particle (effective instanton mass) [20,21]. In general, linear coupling leads 

t As noted in [57], the fast transition is realized in the restricted intermolecular frequency 
range (w>>S2>>wBm/M), which is determined not only by smallness of 52 as compared to the 
intramolecular frequency, but by the requirement that the probability to reach the saddle points 
at the expense of low-frequency fluctuation (K exp ( - Q i / h t ) )  is lower than the tunnelling 
probability at small q,. When 52<wBm/M, slow transition throughout the adiabatic barrier takes 
place. In particular, the reactions with heavy particle transfer correspond to this limit. 
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Tunnelling of heavy particles 17 

Figure 7. Contour plots for antisymmetric (a) and symmetric (b) coupling of reaction 
coordinate to vibration [52,56,66]. 1.  Instanton at T=O; 2. periodic orbit for n=O; 3. 
trajectory [66]. Q/o = 0.3. Separately is shown the alteration of this trajectory for different 
R/w,, indicated at the curves. For symmetric coupling (the angle between the valleys is 
11.5') the trajectories [66] are shown for different R/w,. The saddle-points are marked by 
stars. 

to the two rate-reducing effects. In the event of a fast transition the shift in equilibrium 
positions gives rise to multiplying the rate constant by Franck-Condon factors & < 1. 
Formally, the linear coupling Q4k corresponds to velocity-dependent friction discussed 
in the previous section, which always reduces the transition probability. The 
fluctuational barrier preparation cannot be described within this framework. To 
increase the transition probability it is necessary for the friction coefficient to be zero 
near the saddle-point. The symmetrically coupled potentials [34,50] have this 
property. For example, in collinear exchange reaction the exchange of frequencies A-B 
and AB-A occurs, i.e. the coupling of the reaction path to the intermolecular vibration 
AB-A is symmetric with respect to the dividing plane, which ensures the fluctuational 
barrier preparation absent in the case of linear (antisymmetric) coupling. In the case of 
symmetric coupling the equilibrium positions do not shift so that 4k = 1. Therefore, the 
effects of symmetrically and antisymmetrically coupled vibrations on the transition 
probability are opposite (figure 7). Considering multidimensional nuclear tunnelling 
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18 I/. A.  Benderskii and V. I .  Goldanskii 

one cannot stick only to symmetrically coupled vibrations since the transition also 
involves the linearly coupled vibrations which ensure the displacement of equilibrium 
positions (reorganization) of both reactants and medium. In the exchange reactions the 
total set of vibrations can be sorted out to the symmetrically and antisymmetrically 
coupled ones [SO, 561, which bring about the fluctuational barrier preparation and 
reorganization, respectively. It is shown in [56], that, although related to different- 
symmetry normal modes, their effects on the transition probability are not independent 
of each other. For example, in the fast transition limit the Franck-Condon factors for 
the linearly-coupled vibrations increase as the effective tunnelling length Qor E QoS:/(G: 
+ h:) decreases 

(3.13) 4kNeXP(-ckQ&), c k = T ?  

so that the fluctuational barrier preparation ‘switches off’ the reorganization of 
linearly-coupled modes. While reorganization reduces the transition probability up to 
localization in the initial well ( K ,  = 0 at T = 0) [60], the symmetric coupling enables 
finite transition rates at low temperatures. 

Finding the energy spectrum for the multidimensional tunnelling is a matter of 
generalization of the Bohr-Sommerfeld quantization conditions for multidimensional 
non-separable systems. As shown in [61-631 the energy levels correspond to the 
classical periodic orbits, the action along which 

&E)= SQ’2rn[E- V/(Q)]’’2dQ, (3.14) 

n,z 
O k  

Q; 

fulfills the equation 

(3.15) 

The period of trajectory is equal to T(E) = h d4/dE, 1 is the number of turning points 
that the orbit encounters. Equation (3.15) can be rewritten 

3 N - 7  

(3.16) 

Equation (3.16) demonstrates that the energy E is a sum of n quanta of the periodic 
motion with the period T(E), and 3N - 7 terms, each coming from the deviations from 
the orbit and including nk quanta corresponding to the normal modes. The analysis 
[51-631 is valid for harmonic motions. The problem of quantization of anharmonic 
multidimensional motions has been solved in [64,65]. 

Two dimensional trajectories in exchange reaction for the three-particle complex 
have been found in [66] in the case of a potential shaped by two strongly shifted 
paraboloids with the eigenfrequencies wo and w1 (wo>wl). Both types of coupling 
symmetry have been examined. The trajectory runs at first from the turning point 
(Qo, Q,) along the line Q = Qo which is the under-barrier continuation of the larger side 
of the rectangle, bordering the vibrations as well. Then, in a characteristic ‘take-off 
point (Qo,qT) the motion passes on to the classical trajectory in the upside-down 
potential (figure 7). The action along this trajectory is close to one calculated from (2.2). 
In fact, it turns out that the tunnelling occurs throughout the reduced almost one- 
dimensional barrier, in agreement with the model [34]. As the frequency or the 
quantum number of the low-frequency vibration grows, qT - Q ,  diminishes, so that 
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Tunnelling of heavy particles 19 

trajectory approximates to Miller’s periodic orbit [62]. When oo >>a1, the take-off 
point q: approaches the saddle-point. Statistically averaged trajectories correspond to 
the instanton. In figure 7 the two-dimensional trajectories found in [66] are compared 
to the instanton and periodic orbit approximations. The method put forward in [66] 
can be applied to finding multidimensional tunnelling trajectories on the assumption 
that the real terms remain parabolic up to the points (@). In this approximation the 
trajectory consists of N segments. The motion along the kth segment is classical in the 
space of k slow degrees of freedom while the other, fast N-k degrees of freedom are 
frozen. 

In the multidimensional system the frequency spectrum {ok) is rather dense and, 
according to (3.16), the energy spectrum is almost continuous, which justifies the above- 
formulated assumption of the model. It should be noted that in the harmonic 
approximation the levels with different energies E correspond to non-interacting states. 
Since the periodic orbits (3.16) include both in-well and sub-barrier motions, they are 
complex-valued. In the semiclassical approximation, when V, >> ha,, hmk, the sub- 
barrier motion just slightly changes the eigenenergies in the wells, In the symmetric 
double-well potential the energy level of a separate well is determined by the set of 
quantum numbers n, {nk}.  Its tunnel splitting due to the resonant interaction with the 
identical state in the other well is equal to: 

ho 
AEr = L e x p  2 n  (-: s), (3.17) 

where oo is the well frequency. The exponent (2.2) is twice as much as in (3.17). In the 
asymmetric double-well potential the levels corresponding to the same sets of ink}  
differ from each other. The tunnel splitting is due to interaction of the states with ni # n: 
for near-by energies E,(n’) and E ,  (nf):  

(3.18) 

The obvious difference in BE in symmetric and asymmetric potentials is due to the 
difference in its nature: (3.17) and (3.18) arise in the first and second orders of the 
perturbation theory. According to (2.2), the decay probability for a metastable state is 
proportional to exp ( - 2S/h). The realization of either resonant or non-resonant 
tunnelling depends not only on the symmetry of the potential V(Q) but also on the level 
widths r, which are determined by the lifetimes of non-stationary states in relaxation 
processes. The relaxation is characterized, in particular, by the friction coefficient 
discussed above. Equation (3.17) is valid when the additional condition holds 

A E ~  >> r, (3.19) 
and corresponds to sufficiently large tunnel splittings observed in spectroscopy 
AEr/2nhc 3 1 cm In most chemical reactions AE << r and resonance is disturbed even 
in symmetric potentials as a result of relaxation, so that the tunnelling probability 
w = A E / 2 n h  is described by (3.18). 

As follows from figure 2, friction substantially reduces the transition probability 
only in case of strong coupling when y>>o,>>oo and vibrations along the reaction 
coordinate are damped. For the high-frequency intramolecular modes, among them 
the reaction coordinate, at k,T<<ho, this condition is hardly fulfilled. On the other 
hand, the intermolecular vibrations promoting the transition can be strongly damped 
at the temperature near the Debye one, i.e. close to T,, (see, for example, [67]). For this 
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20 V. A.  Benderskii and V. I .  Goldanskii 

reason it is worthwhile to examine the reaction coordinate with y = 0, coupled to a set of 
damped vibrations (wk, Y k } ,  in this way strictly incorporating interaction with 
vibrations in the reaction complex and phenomenologically taking into account the 
coupling of this complex to the environment. 

The model of fluctuational barrier preparation based on the concept of promoting 
effect of low-frequency vibrations on the tunnelling probability, has been straightfor- 
wardly confirmed in recent experiments [68-701. In [68,70] the vibrational selectivity 
in tautomerization of tropolon has been found. The latter is due to hydrogen transfer in 
the fragment OH.. .O connected to the seven-link ring. The tunnel splitting of different 
vibrational sub-levels (table 3) demonstrates the increase in AE due to the symmetri- 
cally coupled vibrations v1 and v1 and the suppression of tunnelling by antisymmetri- 
cally coupled vibrations v26 and increasing the 0-0 distance. Directions of nuclear 
displacements are shown in figure 8. In [69] the vibrational selectivity of the two- 
proton tautomerization for 7-azoindole and 1-azocarbazol in excited electronic states 
has been studied. In the first above-mentioned compound the synchronous tunnelling 
two-proton transfer in the NH ... N fragments leads to the widening of certain 
vibrational bands. This widening disappears after deuteration. As shown in figure 9, the 
tunnelling is accelerated by symmetric vibration with frequency 120 cm- '. The widths 
of bands with n=O, 1,2 are equal to 5, 10 and 30cm-', correspondingly. The bending 
vibration 98 cm- rather reduces the transition probability. In the second compound 
where the tautomerization rate equals - lo9 s-l ,  the relative fluorescence intensity for 
tautomer and dimer is determined by the ratio of rates of tunnelling and dimer 
fluorescence. This ratio changes by several times upon exciting the dimer to states with 
participation of several vibrations. The largest effect, increasing with n, has been 
observed for the symmetric vibration. Therefore, it is this vibration that accelerates the 
tunnelling. The bending vibrations suppress the transition. 

In 1711 the increase of the tunnelling probability in a three-atom fragment ABA, as 
a result of increase in the quantum number of the low-frequency A-A vibration, has 

Table 3. Tunnel splittings of different vibrational sublevels in the electronically excited A'B, 
state of tropolon molecule. 

Vibration Tunnel splitting, sm- ' 
frequency, 

Band cm-' Tr OH Tr OD 

0: 
11; 
12; 
13; 
14; 
14; 
19; 
252 
26; 
26; 
262 
26; 
39; 

- 
51 1 
640 
414 
296 

2 x 296 
2 x 269 
2 x 171 
2 x 39 
4 x 3 9  
6 x 39 
8 x 39 
- 

18.9t 
13 
17 
32t 
30.4t 
28 
9 
4.2t 
7.2t 
4.7t 
3.5 
0.8 
3.1t 

2.2 
- 

- 
3 

11 
13 
- 

t Data from [64], other values are taken from [66]. 
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Tunnelling of heavy particles 21 

//7 

Figure 8. Normal vibrations of tropolon molecule relevant for the tunnel tautomerization. 
Vibration symmetry is given in brackets. For the off-plane vibrations v Z 5  and vZ6 the plane 
of symmetry is shown [64]. The equilibrium bond lengths correspond to the tropolon 
crystal [83]. 

1 
/ / 7  I 

I 
I 

n 

Figure 9. Laser excitation spectrum of the dimer fluorescence of 7-azoindole. The difference in 
the band width for the symmetric vibration 120cm-' and bending vibration 98cm-' 
shows that the former accelerates the rate of the tunnel two-proton tautomerization, while 
the latter just weakly affects it [65].  

been found by straightforwardly solving the Schrodinger equation with a supercom- 
puter. If the barrier height equals 1300 cm-' (3-72 kcal (mol)-'), the vibration 
frequency is 450cm-' and m,/m,= 100, then the tunnel splitting equals 111,133,151, 
166, 193, and 202cm-' for n=O, l,.. .5, respectively. The two-dimensional picture of 
wavefunctions shows that at  large ns there occurs a delocalizationfor the A-A distances 
smaller than the equilibrium one. The delocalization is due to fluctuational lowering of 
the barrier and, consequently, appearance of classical trajectories. This effect, caused, 
as shown in [56], by strong fluctuations of the barrier, reduces both V,  (i.e. activation 
energy in the Arrhenius region) and S (i.e. increases KJ: 
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where So is the action in the static barrier and factor $ > 1 reflects the increase in 
effective tunnelling mass. Expressions (3.20) hold irrespective of the static barrier form 
and transition conditions so that the behaviour of the transition probability as a 
function of rn and T, discussed above, is a universal property of cryochemical exchange 
reactions. 

The simulation in [71] performed on the brink of up-to-date computational 
capabilities is beyond the framework of the semiclassical approximation, since BE is 
comparable with vibrational frequencies. As far as real systems are concerned, for 
higher barriers and more degrees of freedom such simulations are hardly feasible. The 
dependence of tunnelling probability on the quantum number n for the symmetric 
parabolic terms in the model represented in figure 6 is of the form [66]: 

lnw(n)=lnw(O)+(2n+l)ln ~ -In ~ , (2J (;#$ (3.21) 

where 
h 

M52 s:, = (2, + 1+ 

is the r.m.s. amplitude for the nth energy level of the symmetric mode with the frequency 
5 2 - 9  

4- = Q o ,  cos2 cp + Q, sin2 cp 

is the tunnelling distance for this mode. The values of 52-,  52,  and the angle between the 
values are defined in the caption to figure 6. It follows from comparison of (3.21) and 
(3.7) that w(n) -(Q0/bl)4n, i.e. the vibrational selectivity increases as the transition 
probability drops. For greater values of K, ,  compared to those studied in [68-701, 
equal to ca 10” s-’, one should expect stronger effects. The vibrational selectivity 
grows with 6,/6,, i.e. in the region of slow transition, and disappears at  T > T2. 

52, sin cp 

4. Intramolecular transfer of hydrogen atoms 
One of the most studied examples of intramolecular tunnelling is the hydrogen 

transfer in malonaldehyde isomerization 

I I 
H H 

that leads to the tunnel splitting observable in microwave and i.r. spectra. In the ground 
vibration state this splitting equals 21.6 and 3cm-’ for the transfer of H and D, 
respectively [72,73]. The calculation of the one-dimensional tunnelling probability 
between two equivalent equilibrium states at fixed positions of 0 atoms gives a AE 
value which is by almost two orders of magnitude smaller than the experimental one 
[74]. The reason for this discrepancy, pointed out in [75,76], is that the transition is 
accompanied by substantial displacement of the heavy atoms and cannnot be 
reduced to the tunnelling in a static barrier. The self-consistent calculation of PES and 
dynamics of multidimensional tunnelling has been made in [77]. The transfer of the 
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Tunnelling of heavy particles 23 

hydrogen atom is brought about by a number of large-amplitude motions, including, in 
addition to OH-bond stretching, the bending vibrations COH and OCC and stretching 
vibration CO. All these vibrations supply the dynamical shortening of the tunnelling 
distance. The major role is played by the vibrations with frequencies 318cm-’ and 
1378 cm-l. The tunnel splitting increases by several times with increase of their 
quantum numbers. The molecular skeleton deformation in the transition state is shown 
in figure 10 in comparison with the initial state. The tunnelling distance for the H-atom 
is only 0.47 8, instead of 0-85 8, in the non-deformed initial configuration. The barrier 
height along the PES cross-section passing through the saddle-point is equal to 
6.3 kcal (mo1)- ‘t. The simultaneous participation in the transition of both the light 
mass motion (H-atom) and heavy atoms vibrations results in by-passing the saddle- 
point, as follows from the model of fast transition (see previous section). Contour plots 
are shown in figure 11. The mass-weighted coordinates q1 and q2 correspond to r l  - r 2  
and r l  + r 2  ( r l  and r ,  are the distances 0,-H and H-0, in the fragment O,HO,). The 
configuration of heavy atoms was found by minimizing the total energy for fixed q1 and 
q2. The trajectory 122’1’ corresponds to the slow transition in the vibrational-adiabatic 
potential (3.12). The displacement at the segments 12 and 1’2’ is due to rapprochement 
of the 0 atoms as a result oflow-frequency vibrations, while the segment 232’, including 
the saddle-point, corresponds to the subsequent motion of the H atom between the 0 
atoms brought together. While moving along the extremal trajectory 13’1’, the 0 atoms 
displace much more weakly than in the case of motion throughout the saddle-point. 
Since the probability of realization ofthe nuclear trajectory with large shifts is small, the 
extremal trajectory ‘cuts the corner’, although the fast transition barrier is higher than 
the adiabatic one. The calculation [77] revealed an interesting property of fluctuational 
barrier preparation which does not follow from simple collinear models discussed in 
the previous section. In the latter the low-frequency vibrations reduce both tunnelling 

4329 

4071 

H 

Figure 10. Malonaldehyde molecule deformation in its mirror isomerization (4.1). (a)  is the 
equilibrium initial state, (b) transition state. The change of the 0, HO, is shown below. The 
bond lengths are given in A. The calculation has been performed with the self-consistent 
field method taking into account the electronic correlations [74]. 

t This value corresponds to the splittings close to the observed ones (19 s m-  ’ and 1.6 s m- ’ 
for H and D, respectively). The barrier height calculated in [76,77] by various quantum- 
chemistry methods covers the range 6.1-106 kcal (mol)- ‘. 
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24 V. A.  Benderskii and V. I .  Goldanskii 

0 

Figure 11. Contour plots for malonaldehyde isomerization. 1,l’ are the energy minima of 
equilibrium isomer configurations. 2 7  are the points of greatest curvature of the 
minimum energy path in which the heavy nuclei shift proceeds to the hydrogen atom 
tunnelling. 3 is the equilibrium transition state, 3’ effective saddle-point of the fast 
transition potential. q1 and q2 are the mass-weighted coordinates [37] in the atomic units. 
The equipotential step is 0.63 kcal (moll- 

distance and barrier height V ,  so that the rate constant increases both in the Arrhenius 
and low-temperature regions. For a complex multidimensional motion the reduction 
of both parameters is not obligatory. According to [77], the skeleton vibrations reduce 
L but increase V,. The barrier gets narrower but higher, so that K ,  increases while K ( T )  
remains the same for T >  T,. Note that the results of numerical simulations [76,77] 
confirm qualitative conclusions of the model of fluctuational barrier preparation [33- 
35, 49, 50, 561. 

In [75-771 the fast resonant tunnelling is described for the malonaldehyde molecule 
in the gas phase. In [78], while studying the i.r. spectra of the same molecule in the noble 
matrices at 15-30 K, the tunnel splitting has not been observed. Its omission is caused 
by ‘detuning’ of the potential as a result of weak coupling to the environment, i.e. arising 
of non-resonant tunnelling when, according to (3.18), AE,,<<AE,. 

In contrast to the malonaldehyde, in the above-mentioned tropolon molecule the 
tunnel splitting is almost the same in both the gas phase and neon matrix [79]. Note 
that in both cases there is a similarity not only in AE, but in the equilibrium distances in 
the O,HO, fragment. In the ground electronic state of the tropolon molecule 
AE, 60.17 cm- ( K ,  6 5 x lo9 s-’) [79, SO]. The change in the angles HOC and OCC, 
shortening down the 0,H-0, distance, accounts for the lower barrier in the excited 
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Tunnelling of heavy particles 25 

state compared to the ground state. In the 3-isopropyl-substituted H- and D-tropolon 
the tunnel splitting in the S, state equals 58 sm- I  and 14sm-', respectively [81]. 

The recent analysis [82] of the i.r. tropolon spectra in the neon matrix, based on the 
data of [83] for the change of the bond lengths after H-atom transfer (figure 8), had 
shown that the displacements of non-tunnelling heavy atoms are comparable with the 
zero-point amplitude, or even larger. The transfer of the hydrogen is strongly coupled 
with the plane vibrations C=O/C-0 and C-C=C/C=C-C (coordinates R and S,  
respectively). The projection of the three-dimensional PES U(r, R ,  S )  onto the RS plane 
is characterized by two saddle points. Such a configurational degeneracy of the reaction 
path, typical also of the two-proton transfer as well as the transfer of interstitial H atom 
between the neighbouring sites of the lattice, will be considered further. Because of the 
coupling of the H atom motion to strong skeleton deformation, the barrier is higher 
than for the malonaldehyde (13.7 kcal(mo1)- '). The potential asymmetry owing to the 
invariance of the neon matrix configuration through the transition is equal to 
2-3sm-'. Unlike the excited state, in the ground state the isotope effect is small, in 
agreement with the model of fluctuational barrier preparation for the case when the 
chief contribution comes from the heavy atoms RS displacements. 

In the excited state of the 2-hydroxy-4,5-benzotropon molecule immersed in an 
inert matrix the rate constant of the tunnelling H transfer exceeds 10' ' s-' at 10 K, 
which is also because of the fluctuational barrier preparation [84]. The value of K ,  is 
smaller in the matrices with hydrogen bonds, deforming the fragment 0 1 H 0 2 .  For the 
review of studies of fast tunnelling proton transfer in electronically-excited matrix- 
isolated molecules by methods of picosecond spectroscopy we refer the reader to [85]. 

A resonant transition with a large tunnel splitting (AEr = 130 cm- ')can be observed 
in the excited state of 9-hydroxyphenalenon in noble matrices at 4.2 K [85,86]. 

Insertion of a methyl group into the position 2 or 8 causes an asymmetry of the 
potential which equals, respectively 199 cm ' and 170 cm - for the H and D forms. 
Since the asymmetry is comparable with the tunnel splitting, the fast exchange of the 
hydrogen atom remains [87]. The quantum-chemistry calculation of the PES shows 
that the 0,-0, distance in the transition state is by 0.21 8, smaller than in the 
equilibrium (2.31 A instead of 2-52 A), so that the tunnelling length shortens up to 
0.42 A. The shift of the atoms in the aromatic rings is not greater than 0.03 A, i.e. the 
chief role in the fluctuational barrier preparation is played by bending vibrations COH 
and OCC. The adiabatic barrier height is equal to 5.2 kcal(mo1)-'. 

An example of the effect of substitutes asymmetrizing the potential is the p- 
hydroxyacrolein, in which the exchange rate constant for the fragment O,HO, is by an 
order of magnitude higher than for the a-methyl-P-hydroxyacrolein [89,90]. 

In the 2-hydroxyphenoxyl radicals the non-resonant transfer within the fragment 
0 1 H 0 2  occurs with the rates of 105-107s-', which ensures the changes in the 
hyperfine structure of the electron paramagnetic resonance (EPR) spectra [9l]. The 
distance 0 ,H . .  .O, here is much longer than in the above compounds, so that the 
strong angular deformation is responsible for the transfer (figure 12). The adiabatic 
barrier height equals - 17 kcal(mo1)-'. The bending vibrations of the chelate ring 
reduce the tunnelling distance from 1.26 8, to 0.36 A. 
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26 V. A.  Benderskii and V. I .  Goldanskii 

Figure 12. 2-hydroxyphenoxyl radical deformation upon transfer of the hydrogen atom, 
(a) and (b) are the initial and transition states, respectively. 

In the 2-hydroxy- 1 -ox yethynil radical 

? /c=c / 
\ 

H H  
(4.3) 

the transfer of the H-atom is accompanied by the rotation of OH group relative to the 
C-C bond in the cis-form [92]. 

The transfer of two hydrogen atoms (two-proton exchange) is observed in the EPR 
spectra of C13 naphtazarin crystals above -1lOK. The rate constant equals 
3 x 106s-' and 104s-' for H and D, respectively [93,94]. According to the PES 
calculation [95], the consecutive transfer of the H atoms via intermediate states B and 
B' is more preferable energetically than the synchronous exchange, so that the 
transition states have twofold degeneracy: 

+$ 
OH 0 

liri,i 
OH 0 

0 
0 HO 

B 

A 
M 

0' 'il 
@ 

0 HO 

(4.4) 

The adiabatic barrier in the B and B' states (25 kcal(mol)-l) is 3.1 kcal(mol)-' lower 
than that of the symmetric transition state A corresponding to the two-proton 
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Tunnelling of heavy particles 27 

exchange. As remarked in [40], the existence of more than one minimum in the 
transition states and, therefore, reaction path bifurcations, is a rather common event for 
multidimensional tunnelling. This means that at least one transversal vibration turns 
into a double-well potential. The PES splitting occurs, in particular, when the off-plane 
low-frequency vibrations take place in the reaction. As shown in [96], the behaviour of 
trajectories changes near T,, and Z 2 .  The PES landscape for the model potential with 
two transition states 

VQ, 4) = b(Q)+k’(Q’Q;) +%q4. (4.5) 

is shown in figure 13 (a). When Q < Q,, there are two minimum energy paths, along 
which the transversal coordinate is equal to: 

The bifurcational diagram 13(b) shows how the (Q,, l/k,T) plane breaks up into the 
areas with different behaviour of trajectory. In the Arrhenius region at T > T,, the 
classical transition takes place throughout both saddle-points corresponding to the 
states B and B’. When T < T,, the extremal trajectory is a one-dimensional instanton 

0 -  

- 4 4  - 
I 

-41 -97 -43 ‘43 ‘47 +g 

(b)  

Figure 13. (a) Contour plot of potential with the double transition state (4.5). V,(Q) = Q4-2Q2, 
1 = 20, LY = 90, Q, = 0.5. The dashed line shows the minimum energy paths. (b) Bifurcational 
diagram in the (Q;, l/k,T) plane. Regions i, ii, and iii correspond to the Arrhenius 
dependence (asynchronous thermally activated transition), two dimensional tunnelling 
and synchronous one-dimensional tunnelling, respectively [96]. 
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which hits the symmetric state A. The regions i and iii are divided by the region ii, in 
which there occurs a quantum two-dimensional motion. The values of T,, and T,, 
depend on the relative difference of energies in the states A and B, related to Qo via the 
following relationship: 

When AV<< 1 the region ii is sufficiently narrow (Tc, z T,,), so that for the classical 
motion the transfer is consecutive, while the quantum motion is a two-proton transfer. 
The two-proton transfer changes into the consecutive motion at  the critical value of 
parameter Q$ = (2/A)- 'I4, i.e. when AV32illa. 

The keto-enol tautomerization in the excited triplet state of 2-methylacetophenone 
is connected with the transfer of H atom in the CHO fragment: 

The tautomerization rate constant is determined by measuring the time-changing 
absorption of enol form, generated by flash-photolysis [97]. The measured depen- 
dencies K,(T) and K,(T) consist of an Arrhenius region (E,  = 9.6 kcal (mol)-') going 
over to the low-temperature plateau below 110 K, where K ,  r lo5 s-'. The isotope 
effect grows as the temperature drops, K , / K , z 2 0  at T =  100K (figure 14). The 
fluctuational barrier preparation is due to the torsional vibrations of OH- and CH- 
groups as well as the oxygroup bending vibration. In the trans-enol form the transition 
does not occur because of the large tunnelling distance for the hydrogen atom (2.8 A). In 
the cis form this length shortens up to -1 A, but the transition to this form is 
unfavourable energetically (AH E 3 kcal (mo1)- '). In the transition state the OH bond is 
placed out of plane of the ring. The analysis of all these motions has not been done. In 
[98] it just has been shown that the experimental curves K,(T) can be described within 
the framework of the two-dimensional model of tunnelling for the modulating collinear 
vibration frequency of 120cm-' and corresponding reduced mass of 15m,. The 
tunnelling distance for the H atom evaluated in [98], is 1.8 A. 

The keto-enol tautomerization rate constant for 2-(2'-hydroxypheny1)-benzoxazole 
in the triplet state 

is characterized by similar temperature dependence and isotope effect [99]. 
Analogous transfer in the fragment N.. .OH in the lowest excited singlet state S, of 

2,5-bis(2-benzoxazonile)-4-metoxyphenone is by several orders of magnitude faster 
because of the lower barrier, than in the 3T, state. The cross-over temperature is - 50 K ,  K ,  = 10" s- ', the apparent activation energy within the range of 100-200 K is 
1.1 kcal(mo1)-' [loo]. The K ( T )  dependence similar to that of reaction (4.8) has been 
observed in [99] for the keto-enol tautomerization of 5,8-dimethyltetralon in the 3T, 
state, where the H atom transfer occurs in the CH.. .O fragment. In [loll it has been 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
3
4
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



Tunnelling of heavy particles 29 

K I Sd 

\ 
\ 
\ 

4 8 

w 

Figure 14. Temperature dependence of the rate constant of keto+nol tautomerization of 2- 
methylacetophenone in the lowest triplet state [92]. The configuration change as a result 
of transition is shown below [93]. 

found that the photoconversion of enamin (i) into the hexahydrocarbazole (iii) 
proceeds through the intermediate formation of intensively coloured zwitter-ion (ii), 
the decay rate of which is immediately registered through the change in the optic 
density: 

i iw dfn Hll) H(2) a;Q (2) 

___) 

HI') 
R R 

QND - 
I 

R 

I II 111 (4.10) 
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The change of the rate constant of the hydrogen atom transfer (conversion of ii into iii) 
reaches six orders of magnitude in the region 290-80 K, K ,  = 5 x lo-, s-', T,= 100 K, 
K , / K ,  increases from 10 to 5 x lo3 as the temperature falls from 290 to 100 K. It is H(') 
that is transferred since the substitution of deuterium atom for H(') does not change the 
rate constant, while its substitution for H(') has the same effect as replacing both H(') 
and H(') by D. The geometric transfer distance is much longer than that in the previous 
examples, exceeding 3 A. Seemingly, the main role in the transition is played by the off- 
plane bending vibrations. As the authors of [98] argue, the fluctuational barrier 
preparation is provided by the vibrations with frequency 140cm-'. Note that the K ,  
value in the above-mentioned reactions ranges within ten orders of magnitude while 
the cross-over temperatures remain almost the same (50-100 K). 

Non-Arrhenius behaviour of the isomerization rate constant of sterically hindered 
aryl radicals-2,4,6-tri-tert-butylphenyl (i) and 2,4,6-tri( 1 '-adamanty1)phenyl (ii) has 
been observed in [102]. In the range of 245-123 K the isotope H/D-effect increases 
from 40 to - lo4, whereas the difference between the apparent activation energies for 
the transfer of H and D (6.2 kcal (mo1)- ' and 9-4 kcal (mol) - ' at T > 200 K) substan- 
tionally exceeds the difference ofzero-point energies. In the case of the H-atom transfer 
Kz 100K, K,E 10-2s-'. According to [98], the fluctuational barrier preparation is 
due to the bending vibrations of C-C and C-H bonds in the butyl fragment. The 
effective modulating vibration frequency is 150 cm- ', the mass - 25 mH. The transfer 
distance equals 1.34 A. 

The vibration-stimulated H-atom tunnelling in the sigmatropic 1,5-rearrangernent 
of 1,3-pentadiene has been assumed on the grounds of an unusually strong H/D isotope 
effect in this reaction [103]. The PES [lo41 shows that the main contribution comes 
from the bending CC-bond vibrations with the effective frequency 250 cm- '. The 
tunnelling distance totals 1.34A. According to the model proposed in [l05], the 
rapprochement of CH, and CH, fragments, between which the H atom is transferred, 
occurs in the gauche-conformer with energy smaller than in the cis-form, considered in 
[104]. This rapprochement is caused by rotation through 48" relative to the CC bond. 
The frequency of hindered rotation assisting the tunnelling is 390 cm-'. Tunnelling in 
the inversion of non-planar three-member ring radicals has been studied in [106-1081. 
According to [106], the cyclopropyl radical inversion is due to transition of an a-atom 
of hydrogen between the equilibrium position, in which the CaHa bond forms an angle 
of 60" with respect to the ring plane. In the transition state the radical gets planar. The 
inversion barrier height for the methylcyclopropyl equals 3.1 kcal (mol)-'. The 
tunnelling transition rate is large, compared to the typical EPR frequencies ( > lo8 SKI), 

even at  4.2K. According to [107], the trajectory passing through the saddle-point 
includes not only the H-atom motion perpendicular to the ring plane but also the ring 
deformation and CaHa bond stretching. Since the frequencies of enumerated vibrations 
are larger than that of the Ha-governing bending vibration, the transition regime is 
close to the adiabatic one. In the oxyranyle radical the inversion barrier height 
increases to 9.0 kcal(mo1)-'. The K ( T )  dependence is found from the hyperfine EPR 
spectrum structure in the range of 203-105 K [lOS]. The cross-over temperature is 
140K, K,=7 x lo6 s-'. The isotope effect at 150 K equals 40. 

(4.1 1) 
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Tunnelling of heavy particles 31 

In the stable form the a-atom of hydrogen makes up an angle of 63" with respect to the 
COC plane. In the transition state with the C,, symmetry the a-atom is placed in the 
plane. The inversion barrier is created by the angular displacement of Ha, in which the 
chief role is played by the low-frequency bending vibration C,H, (v= 883 cm- '). The 
transition is escorted by change in the equilibrium positions of the ring atoms and 
stretching of the bond Ca-H,. The net effect of these high-frequency vibrations is to 
create the adiabatic inversion barrier V(0). The barrier forms inferred from the 
measured dependences K,(T) and KD(T) coincide with the calculation based on the 
analysis of normal vibrations in the initial and final states. The tunnelling proceeds 
through the one-dimensional adiabatic barrier, since there is no symmetrically coupled 
low-frequency vibration leading, as in previous examples, to the fast transition of a 
fluctuating barrier. The T,  value is in accord with expression (2.2). 

Tautomerization of metal-free porphyrines (H2P) and phtalocyanins (H2Pc) is 
connected with transfer of two hydrogen atoms between equivalent positions in the 
square formed by four N atoms inside a planar 16-member heterocycle. In the stable 
trans-form the H atoms lie along the square diagonal. The energy of the cis-form, in 
which the atoms are positioned at one of the sides, is higher than that of the trans-form 
by 3-5 kcal(mo1)- [l09]. The transition state energies for transxis and trans-trans 
isomerization, calculated in [ 1091 by means of semi-empirical quantum-chemistry 
methods, are equal to Vo = 3 6 4 2  kcal (mo1)- ' and Vo = 60-66 kcal (mo1)- l ,  respec- 
tively. The rate constant temperature dependence for the two-proton exchange in H2P, 
HDP and D2P has been measured with nuclear magnetic resonance (NMR) methods in 
the interval of 160-320 K, where it grows from 10 to lo5 s- l  [11&114]. In the range of 
95-1 10 K the values of K ,  and K D ,  measured in [115] with the 'hole-burning' method 
in the fluorescence spectrum, make 10-4-10-2s-1. Comparison of data of both 
methods shows that the dependences K,(T) and KD(T) are not Arrhenius ones (I?: 
diminishes from 10.4 kcal (mo1)- at  T = 200-320 K to 6.4 kcal (mo1)- at 95-1 10 K); 
the activation energy for the D-atom exchange is by 3.3 kcal (mo1)- greater than for H 
atoms; the isotope effect is - 25 and - 250 at 250 K and 1 1 1 K, respectively. According 
to [l 1 11, the tautomerization at  T 3 200 K corresponds to consecutive transfer, since 
the rate constants for HDP and D2P are similar, i.e. in both compounds there is a same 
slow stage of D transfer. The PES found in [lo91 has two cis-form-local minima, 
separated by four saddle-points from the main trans-form minima. The consecutive 
transfer (trans-cis, cis-transFbecause of endoergicity of the first stage-displays the 
Arrhenius law even for T<T,. For this reason the synchronous transfer of two 
hydrogen atoms should prevail at  sufficiently low temperatures. However, because of 
too high a barrier for the synchronous trans-trans transition, this region is 
experimentally unachievable. The computational results in [l09, 117, 1181 display 
agreement of the experimental data with the model of consecutive transfer. According 
to [ 109,1171, the tunnelling cis-trans transition is accompanied by d strong 
heterocycle deformation. The total reorganization energy equals 7.4 kcal (mo1)- '. The 
upside-down barrier frequency is 2300-2500 cm- ' (TI = hoB/2rck, z 550 K). 

The rate constant at T < T,, can be evaluated as: 

KBT 
2rc - I&,) -"I, (4.12) 

where E,, is the difference of energies of cis and trans forms and Vo is the height of the 
barrier dividing these states. The K ( T )  value found from (4.12) is in agreement with 
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Table 4. Intramolecular tunnelling transfer of hydrogen atoms. 

Fragment Region of T ,  K K I T / ,  s- K,/K, /T,  K /  T,, K K, ,  S -  Vo, kcal (mol)- &, .&?Id, .&I Compound 
_ _ _ _ _ ~  ~~ 

9-hydroxyphenalenon, ground state 

Malonaldehyde, ground state 

Tropolon, ground state, S,-state 

hydroxyphenoxyl radical ground state 

2-12'-hydroxyphenyl/benzoxazole 3T-state 

2,5-bis/2'-benzoxazonile/4-metoxyphenone S, -state 

2-methylacetophenone, 3T-state 

5,8-dimethyltetralone, 3T-state 

~ 

OH.. .O 
symm. 

OH.. .O 
symm. 

OH.. .O 
symm. 

OH.. .O 
symm. 

OH.. .N 
asymm. 
OH.. .N 
asymm. 
OH.. .C 
asymm. 
OH.. .C 

4.2 3.8 x 10" 16 3.8 x 10" 5.2 0.64 

0.85 
10.421 

10471 

-/-I 

-/-I 

0.86/-/ 

1.26 
10.381 

300 6 x 10" 7 > 300 6 x  10l1 6.3 

5 x 109 

2 x 107- 
5 x 105 

2 x 107- 

105-1 0 8  

6 x 10l1 
6 x  lo2 

10"-5 x 10" 

5 x 109, 
6 x 10" 

102 

4.2 
4.2 

170-300 

- 
8.6 
140 

/280/ 
30/200/ 

300/100/ 

- 
- 

170 

- 
3-5 
17.0 

50-200 70 5 x 105 12.0f 

10'0 

105 

20-180 50 

100 

70 

4.17 

9Ck270 1212501 
500/125/ 
300/100/ 

1 2 3  

60-200 106-2 x 107 106 12.0t 
asymm. 

Zwitter ion of hexahydrocarbazole OH.. .C 70-290 5 x 10-3-3 x lo3 10/300/ 100 5 x 7.6t 31-1 
asymm. 5 x 103/100/ 

2,4,6-tri-tert-butylphenyl radical, ground state OH.. .C 1 13-292 2 x 10' 4012451 100 9.2t 1.341-1 
asymm. 4 x 10-2 104/123/ 

Oxyranile radical, ground state inversion 105-203 5 x lo7-7 x lo6 40/150/ 140 7 x 106 9 134I-l 

6 x lo-, 

CH 
Naphtazarine, ground state OH.. .O 160, 290 106 4 x  102/290/ - - 

OH.. .O 
25 0.771-1 

symm. 

NH.. .N 250/111/ 
asyrnm. 

Porphyrine base, ground state NH.. .N 95-290 10-6-105 2512501 90 10-6 37 1.710.61 

t Estimated from the apparent activation energy with the H-atom zero-point energy added, which is taken to be 3 kcal(mo1)-', L, is the geometric transfer length. 
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Tunnelling of heavy particles 33 

Table 5. Interreactant C-C distances and intermolecular vibration frequencies in the solid- 
state reactions CH, + RH +CH4 + R. 

Matrix R,,W R1O-'Zs-' 

CH,OH 3.66 5.7 

CH,C"I- 3.82 5.3 
CH,CN(II) 3.89 4.9 

C,H,OH 3.64 5-6 

CH,NC 3.86 4.6 

t I and 11-are two different crystalline modifications of acetonitryle. 

experiment. Owing to the skeleton vibrations, the H-atom tunnelling distance in the 
excited state with the energy of E,, shortens up to 0.6 A, the geometric distance being - 1.7 A. In the case of the trans-trans transition the barrier top is characterized by two 
imaginary frequencies equal to 2140-2220 cm- ' and 202CL2080 cm- '. The transition 
probability proportional to exp( -2n;V0/ho,Ffor found in [lo91 V o 4 0 e s  not 
exceed 10-l4s-', so that the synchronous transfer does not occur. As shown in [96], 
when there are two saddle-points (figure 13), the cross-over temperature decreases as 
Vo grows. For the values Vb/V, found in [l09], the extremal trajectory at T+O would 
remain two-dimensional with an exponentially small transition probability even in the 
absence of cis-form minima. 

In a summary of this section we present table 4 of kinetic characteristics of the 
discussed reactions. 

5. Intermolecular transfer of hydrogen atoms 
The rate constants of transfer of the H atom between reactants situated in the 

neighbouring nodes of a solid-state lattice cover a vast range of values from 1OI2 to 
s-  '. An example of fast reaction is the two-proton transfer in the carbonic acid 

dimer and in the cycle dimers of nitrogen bases, in which the cycle is created owing to 
two intermolecular hydrogen bonds. In the excited singlet state the dimer of 7- 
azoindole (NT) converts into the tautomer (TI): 

with a rate constant of - 101's-'. The reaction is also observed at 4.2 K [I 19,1201. 
The measurements of laser excitation spectra of fluorescence for the cooled supersonic 
jet [69] have shown that the transition is promoted by the symmetric vibrations of the 
intermolecular cycle with a frequency of 120 cm- ' (see figure 9). In the 1-azocarbazole 
dimer the rate constant of the two-proton transfer decreases to - lo9 s-  because ofthe 
asymmetry of potential. The reverse transition from the tautomer to dimer in the 
ground state To+N0 occurs at a rate of K - 103-105 s-'. Non-Arrhenius dependence 
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34 V. A .  Benderskii and V. I. Goldanskii 

of K(T) is observed for T = 17&275 K. The isotope H/D effect is 3.2 and 14 for 273 K 
and 172 K, respectively [120]. 

In the model simulation in [71] the barrier height and H-atom vibration frequency 
are taken to be 3.7 kcal (mo1)- ' and 1800cm- ', respectively. The intermolecular 
vibration reduces the tunnelling distance from 0.8 8, to -0.6 A. 

Two-proton exchange in various carbonic acid dimers is well-studied with NMR 
[121-1231, non-elastic neutron scattering [ 123,1241 and high-resolved impurity 
fluorescence [l25]. For different acids the cross-over temperature ranges from 40 to 
160K, K ,  is (0-4-2.1) 109s-' and the apparent activation energy at T>T, is 
1-2 kcal (mol)-'. Quantum-chemistry PES calculation [121] shows that at fixed heavy 
atom coordinates the barrier is higher than 30 kcal(mo1)- '. This calculation is in 
agreement with the data from [126] where the hydrogen bonding potential is found as a 
function of the 0-0 distance in OH.. .O fragments, the latter being 2.61-2.71 A for the 
dimers in question. Stretching skeleton vibrations reduce this distance in the transition 
state to 2-45-2.35 A, when the barrier height is less than 3 kcal (mo1)- '. It is stressed in 
[121] that the transfer is possible only due to the skeleton deformation shortening the 
distances for the hydrogen atoms transfer from 0 6 0 . 7  A to - 0.3 A. The vibrational- 
adiabatic potential (3.12) corresponds to a narrow and deep channel, near the bottom 
of which the coupling of the motion along the reaction coordinate to transversal modes 
is antisymmetric, so that the effective mass exceeds 2m,. 

Crystalline fields asymmetrize the double-well potentials. The energy minima 
difference (which usually varies from 0.1 to 0.4 kcal (mol)-') is sensitive to internal and 
external stresses [125], so that in the perfect crystals the exchange frequency is several 
times as much as in the lower-quality ones. When asymmetric, the transition requires a 
change in the quantum numbers of vibrations coupled to the reaction coordinate. In 
[ 1271 a simple model has been proposed for the transition stimulated by the resonant 
absorption or emission of one vibrational quantum with the energy of E,. The rate 
constants for the direct and reverse transition at E,/k,T> 1 are equal to: 

k = K o N ( E , ) ,  B = K o [ N ( E A ) +  I], N(EA)= [eXp(EA/kBT)- I]-', (5.2) 

where N(E,) is the equilibrium population of vibration state with the energy EA and K O  
is determined by the coupling coefficient. The equilibration time then equals: 

This expression shows that in this simple model the cross-over temperature relates to 
the potential asymmetry ( T , g E A / 2 k , ) .  The model [127], as well as [98,107,108], is 
based on the weak-coupling approximation and does not take into account the change 
in the equilibrium positions and vibration frequencies during the motion along the 
reaction coordinate. Thus, the effects of reorganization and effective mass alteration, 
noted in section 3, cannot be accounted for in this model. 

Upon replacing a pair of molecules in a benzoic acid crystal by the thioindigo 
molecule, there forms a dimer with very small asymmetry [125]. This has allowed us to 
measure for the first time the tunnel splitting in intermolecular transfer of a hydrogen 
atom in a crystal [l28]. The splitting found with the optical 'hole-burning' method 
corresponds to the exchange rate constant of 8 x lo9 s-' at 1.35 K. The rate constants 
in other carbon acids, measured in [124] (the data is partly represented in table 6), 
correspond to larger asymmetries (0.1 550.65 kcal (mo1)- ') and, therefore, have lower 
values than in the perfect benzoic acid crystal. 
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The values of K ,  = 10'-105 s- ' and T,  = 50-70 K are found for the H-atom transfer 
from one of the neighbouring host molecules to the excited impurity molecule. In 
[129,130] the abstraction of an hydrogen atom from a fluorene by the impurity 
acrydine molecule in the lowest triplet state has been studied. The fluorene molecule is 
oriented in a most favourable way for the transfer (figure 15). The formed radical pair is 
deactivated by the reverse transition. The H-atom abstraction by the acrydine 
molecules competes with the radiational deactivation (phosphorescence) of the 3T 
state, and the temperature dependence K (  T )  is inferred from the kinetic measurements 
in the interval of 33-143 K. At T = 33-72 K the expression (3.10), corresponding to 
T > T,., is valid, while at  T > 70 K the Arrhenius law holds with the activation energy of 
0.33 kcal (mo1)- ' (120 cm- '). The value of E,  corresponds to the thermal excitation of 
the symmetric vibration, which is observed in the Raman spectrum of the crystal (figure 
15). The shift in its frequency after deuteration shows that this is a libration, i.e., the 
reaction-assisting barrier fluctuations are due to the molecular rotation in the crystal. 
The H (D)-atom abstraction rate constants in the curene crystals by the molecules of 
quinoline, isoquinoline, quinoxaline and quinazoline in the excited triplet state, have 
been measured in [13 11. In the interval of 300-160 K the activation energy drops from 
3-5 kcal(mo1)-' to 1.6 kcal(mo1)-'. Deuteration reduces the rate constants by - 10 
times (at 250 K) whereas the activation energy builds up to 4.5 kcal (mo1)- ' (at 22& 
300 K). The transition occurs in the fragment CH.. .N, formed by a methyl group of 
duren and the nitrogen atom of the impurity molecule. The increase in the transfer 
length, following from the crystallographic data, correlates with diminishing of the rate 
constant. The results [ 13 11 are interpreted in the model [98] as the fluctuational barrier 
preparation induced by the intermolecular vibration (impurity molecule libration) with 
a frequency of 230 cm- '. 

Figure 15. Position of an acrydine molecule in the fluorene crystal. The dashed line shows the 
direction of H-atom transfer to the impurity molecule. The arrow indicates the libration 
which lowers the barrier. 
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Tunnelling of heavy particles 37 

Hydrogen atom transfer from the anthracene molecule, excited to the higher singlet 
state, to the anthraquinone impurity creates a radical pair, which quenches the 
anthracene crystal fluorescence much stronger than the initial impurity does. The 
reverse transfer rate constant, found from measurements of fluorescence intensity and 
its characteristic time at different moments after the creation of the radical pair, varies 
from 106s-' to 105s-1intheintervalof 11&65K,Kc=4x 104s-', T,=60K.TheKc 
value drops to - 102s-1 in the deuteroanthracene crystal. 

The proton-transfer rate constant in the matrix-isolated complexes of a- and p- 
napthol with ammonia NaphOH<NH,), measured in [ 1321 with the picosecond 
fluorescence method, is 4.5 x 10'os-' and 4.1 x 10" s-', respectively, and does not 
depend on temperature at T = 1&24 K. The proton displacement in the fragment 
OH ... N is -0.75A. The barrier height, evaluated by use of (2.2) for the one- 
dimensional tunnelling, is 3-6 kcal (mo1)- '. It is worth noting that, unlike the previous 
cases, in this reaction a charge transfer occurs. 

The abstraction of an H atom from crystalline and glass-like matrices of saturated 
organic compounds 

CH, +RH-+CH4+ R (5.4) 

is one of the most studied examples of the intermolecular tunnelling. The reaction (5.4) 
in the y-irradiated matrices of alyphatic alcohols is registered with the EPR method via 
the observation of decrease in intensity of initial radical lines and increase in intensity of 
the matrix lines (CH,OH and C,H,OH in methanol and ethanol, respectively) 
[29,133-1381. The cross-over temperature is 4&50K, K , =  10-3-10-5 s-' [139] (see 
table 2). The apparent activation energy at T=5&100K is far smaller 
(< 2 kcal (mol)-'), than in the gas-phase reaction, where E ,  coincides with the barrier 
height [140] V, = 11.5-12.5 kcal (mol)-', calculated in [29,30]. In the y-irradiated 
crystalline methanol at 4.2K the CH, radical dies out, forming the new radical 
CH,OH, with a characteristic time of -3 x lo3 s [141]. In the EPR spectrum it is 
observed that the initial radical pair (cH3-cH30) converts into the stabilized pair 
(cH,OH-cH,OH) as a result of intramolecular (conversion of CH,O into cH,OH) 
and intermolecular H transfer. By analysing the radical pair spectra, in [141] the 
distances between the carbon atoms in the pairs have been determined. They are equal 
to 5.0 i% and 6.7 A, correspondingly. Because of the hydrogen bonding, the C-C 
distance between the neighbouring molecules in the methanol crystal is reduced to 
4-75 A. The formation of a water molecule and CH, radical through radiolysis leads to 
the shift of the radical along the ruptured CO bond, that results in the increase of the 
C-C distance in the radical pair (figure 16). Since the H atom is abstracted from the 
neighbouring CH,OH molecule, the indicated displacement shortens the transfer 
distance making it smaller than the van der Waals radii sum. 

According to [137-1391, the kinetic curves in the glass matrices consist of an initial 
part which possess the characteristics described above, and next part of more deep 
conversion, which is described by the Kohlrausch law [142]: 

where R(t )  is the CH, radical concentration. The parameter a in (5.5) increases with 
temperature and tends to unity above the glass-transition temperature (T ,  = 103 K for 
methanol), where the kinetic curves become exponential [143]. It is supposed that the 
form of kinetic curves (5.5) is caused by variety of distances between the reactants, 
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Figure 16. Primary radical pair [cH,OH-cH,] in the methanol crystal. The hydrogen atom is 
abstracted by the CH, radical from the adjacent molecule CH,OH. 

specific for disordered solids [144,145]. This variety is characterized by the distri- 
bution of barrier parameters and, therefore, of rate constants. The existence of distances 
distribution and its dependence on temperature are closely connected with the 
processes of slowed-up relaxation in glasses. The modern state of affairs in this field is 
considered in [l 11. 

In the y-irradiated acetonitryl crystals [ 1331 the apparent activation energy for 
T =  69-1 12 K increases from 0.6 to 2.3 kcal (mo1)- '. When replacing consecutively one, 
two and three H atoms by D in the methyl group of the acetonitryl, the rate constant of 
the CH,-radical disappearance decreases by 2, 3 and > lo3 times, respectively. More 
thorough measurements of the isotope H/D effect have shown that at 77 K its value 
exceeds 2-8 x lo4. An indication that the tunnelling takes place has also been obtained 
in the reaction of CH, with methyl cyanide, there E ,  increases from 1.2 kcal (mo1)- ' to 
4.6 kcal (mo1)- in the range of 77-125 K, and the disappearance of radical does not 
show up for a fully deuterated matrix [29]. 

As indicated in section 2, the reaction (5.4) has been first considered within the 
model of one-dimensional tunnelling [29,134]. However, the obtained parameters of 
static barrier are in disagreement with both spectroscopic and crystallographic data. A 
satisfactory accord between experiment and theory has been achieved in the model of 
fluctuational barrier preparation [l 1,33,140,146]. The C-C distances between 
reactants and frequencies of barrier fluctuations, found in [35,146] from analysis of 
experimental dependences K(T)  [29], are given in table 5. As one may expect for the 
vibrations bringing together reactants, located in neighbouring lattice nodes, the values 
of 52 correspond to the Debye temperatures in typical molecular crystals. The R ,  values 
are close to the sum of van der Waals radii. Although the calculation is not based on the 
knowledge of real structure and dynamics of the crystal, these correspondences can be 
regarded as a ponderable testimony for the model of fluctuational barrier preparation. 
The values R ,  = 3.9 A and 522.4 x 10' s-'  have been obtained with a similar method 
for the reaction of CH, with CH,OH in [139]. 
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The transition dynamics has been studied in [33] (see also [ 111). Are extremal fast 
transition trajectory by-passes the saddle point (figure 5) so that the height of barrier 
along it is - 15 kcal(mo1)-'. Owing to the intermolecular vibrations, the cutting- 
corner trajectory corresponds to a C-C distance of 3.s3.1 A, which is just 0.2-0.3 A 
longer than this distance in the transition state of the same reactions in the gas phase 
(see figure 3). As follows from table 5 and (2.18), the transfer distance for an H atom is - 1.6 A and the tunnelling distance in the region of low temperatures limit falls to 

Of course, comparison of experiment with a calculation in which R ,  and 52 are, in 
effect, adjustable parameters, fitting the measured and calculated curves K( 7') and 
KH/KD ratios, allows one only to ascertain the correctness of the qualitative description 
of solid-phase reactions (5.4). To progress further one needs, on the one hand, the data 
about reactants configuration and molecular dynamics and, on the other hand, 
incorporation of intramolecular vibrations, which is behond the scope of application of 
the double-adiabatic approximation, exploited in [33,35,146], since among them there 
are vibrations with sufficiently low frequencies close to those of intermolecular 
vibrations. The reaction barrier is created not only by localization of reactants in the 
lattice nodes, but by intramolecular reorganization as well. For example, in the 
reactions of the CH, radical the transition from the planar configuration of CH, to the 
tetrahedric one of CH, creates a barrier of - 10 kcal (mo1)- [147]. Incorporation of 
the total set of relevant motions can be carried out with the methods of multidimen- 
sional nuclear tunnelling [52,75-771. 

In connection with reactions (5.4) it is worth considering the relation between the 
kinetic and tunnel isotope effects. The former is known in the transition state theory 
and is due to the difference in zero-point energies in the initial state (0, and wD, 
respectively) which leads to the difference in the activation energies for an overbarrier 
transition ( E ,  = V, - ho/2). The ratio K,/KD is independent of the barrier height and 
increases exponentially as temperature drops. 

- 0.8 A. 

The relation (5.6) holds for T > T,, = hoR/27ck,, where o comes from (2.9) as a function 
of characteristic barrier frequency oB and friction coefficient y. In the theory of decay of 
a metastable state (see section 2), the kinetic isotope effect is due to the difference in 
prefactors determined by (2.13). The ratio K,/KD grows as the temperature decreases 
until T - T,, so that the large isotope effect is characteristic of smooth barriers with 
small frequencies compared to oR (aH<< aR). The increase in the frequency coefficient 
diminishing oR widens the region of validity of (5.6). When the tunnelling transitions 
are prevailing (T  < T,,), K,/KD values are smaller than the ones predicted by (5.6). In 
the low-temperature limit region (T  < hS2/2k,) KH/K, reaches the maximal constant 
value determined by (3.7). The barrier fluctuations caused by W,-independent motions 
reduces the tunnel isotope effect. The stronger the fluctuation contribution (ratio 
S:/Si), the smaller is KH/KD, so that the low-temperature limit of the ratio of KH/KD 
decreases when the extremal trajectory approaches the saddle-point, i.e., for a more 
slow transition. For the same reason, in the intermediate region of thermal barrier 
fluctuations T,, < T < T,, K,/KD is smaller than at  T < T2.  Therefore, the temperature 
dependence of KH/KD comprises three regions: kinetic isotopic effect above T,,, more 
slow growth with decrease of temperature for T,, < T < T,,, and low temperature limit. 
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The exponential growth and high values of KH/K, at low temperatures, treated often as 
an evidence of tunnelling reaction mechanism, can, on the contrary, be connected with 
a kinetic isotope effect for oR<<oH. 

The rate constant of transfer of an H atom from the matrix of malonic acid to the 
polyvinylacetate macroradical reaches its low-temperature limit K ,  = 2 x s-' at 
T , r l l O K  [148]. The apparent activation energy in the range of 200-240K 
( E 9.1 kcal (mo1)- I), as well as the value of K,, corresponds to approximately the same 
barrier height as in the reactions of the methyl radical. 

Low apparent activation energies and prefactors have been observed by means of 
the EPR method in the reactions of triplet diphenyl-carbene with various solid organic 
matrices, in which radical pairs are created: 

At T=77-150K E ,  equals 24kcal(mol)-', prefactor is 102-105 s - l  [149,150], while 
the calculated barrier height is equal to 1&14 kcal (mo1)- ' [15 11. Like in reaction (5.4), 
the attempt to reconcile the experimental dependences of K ( T )  with a model of one- 
dimensional tunnelling in the barrier of indicated height leads to its width by far 
exceeding the H-atom displacement during formation of the activated complex (C-C 
distance is 3.0-3-2 A, while characteristic of the transition state is R =2.65 A [142]). 

The transfer of H atom in an intermolecular fragment OH ... 0 leads to the 
isomerization of the primary radical pair, created in the y-irradiated dimethylglyoxime 
crystal [152]. K ,  and T,  measured in [153] are equal to s- ' and 50 K, respectively. 
For the temperatures above 150 K E a ~  9.9 kcal (mol)-'. According to the crystallo- 
graphic data, the 0-0 distance in the dimethylglyoxime crystal equals 3.1-3-2 A, so 
that the barrier for the hydrogen atom transfer would exceed 40 kcal (mol)-I, if the 
intermolecular vibrations were not taken into account [126]. In the model of 
fluctuational barrier preparation the dependences of K ( T )  correspond to R ,  = 3.17 A 
and 52=2.9 x 1013 s-'. The kinetic data are summarised in table 6. 

The concept of tunnelling has recently been used to explain the mechanism of 
photodissociation of matrix-isolated molecules. Until then the photodissociation was 
customarily accounted for by the fact that the hot particles, created by photoexcitation 
above the dissociation threshold, escape from the cage and, having avoided the geminal 
recombination, are stabilized at matrix nodes remote from each other. As shown with 
the molecular-dynamical simulations [I 1541 using the method of time-dependent self- 
consistent field [l55], the H atoms, created upon the photodissociation of HI in the 
xenon matrix at 2 K, lose the energy of - 35 kcal (mol)-' as a result of collisions with 
surrounding heavy atoms much earlier (within -2.5 x s) than leave the cage. 
Because of the fast relaxation their energy diminishes to the zero-point level 
(3.5 kcal(mo1)-I), which is located below the top of the barrier that the particle has to 
move over to get to the neighbouring intersite. Under these conditions the classical 
probability of the cage decay equals zero and the dissociation is solely due to the tunnel 
decay of the metastable state. The maximum probability to leave the cage, competing 
with the geminal recombination, is achieved for the times of -5 x lO-"s and equals 
N 8 x It seems plausible that tunnelling effects play not the last role in numerous 
primary processes of the low-temperature radiolysis and photolysis. 
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Tunnelling of heavy particles 41 

6. Quantum diffusion of hydrogen 
The diffusion coefficients of hydrogen atoms in metals are 10-10-10-4cm2 s-l  in 

the range of 10&500K, which is by l(r-15 orders of magnitude larger than those for 
heavier impurities (e.g. for oxygen and nitrogen atoms). They are characterized by 
strong isotope H/D effects and low activation energies (d 6 kcal (mo1)- ') [156]. The 
anomalous mobility of hydrogen, deuterium and tritium atoms and muonium (with the 
mass of 0.1 1 mH) is due to vigorous jumps of these light impurities between the 
interstitial sites of the f.c.k. and 0.c.k. lattices [157,15S]. Insertion into tetra and 
octahedral positions in these lattices leads to the displacement of the surrounding 
heavy atoms creating the energy of impurity autolocalization and potential asymme- 
try, since hopping into the neighbouring equilibrium position requires reorganization 
of the environment. Autolocalization (lattice reorganization) is similar to the formation 
of Landau-Pekar small-radius polaron in ion crystals [159]. The linear coupling of the 
particle motion to the vibrations of the initial well, ensuring asymmetry of the potential, 
leads to the situation in which the transition to the next well is possible only when a 
fluctuation creates the symmetric configuration with equivalent initial and final wells. 
The impurity energies in deformed lattice have been calculated in [160]. It has been 
shown that in the c.b.c. lattices of V, Nb, Ta, Cr, Fe the hydrogen atoms can be localized 
both in octa and tetrahedral positions, while in the c.f.c. lattices Al, N, Cu, Pd the 
hydrogen atoms can be localized only in octahedral ones. In the former case the hops 
occur along the lines connecting 0 and T positions, the typical barrier heights being 
1.2-1.3 kcal(mo1)- I. In the c.f.c. lattices the barrier heights are 5-10 kcal(mol)-l. The 
relative change of the lattice parameters in the first coordination sphere is 0.040.11, 
while in the second sphere it does not exceed 0.01-0.02. 

Upon taking up the normal modes instead of the atom displacements, the 
reorganization energy can be expressed via the relative shifts of the equilibrium 
positions of acoustic vibrations. In the Debye model, on an assumption of frequency- 
independent friction the reorganization energy is determined by (2.19). 

Since the frequencies of vibrations of H and D impurities (- lo3 cm-') exceed the 
Debye frequency o,, by almost an order of magnitude, there have been considered 
primarily only the jumps of a light impurity in the fixed lattice [161]. The transition 
probability equals the product of the square of the tunnelling matrix element, 
proportional to exp (- 2S/h) (see (2.2)), and the Franck-Condon factor dependent on 
the indicated displacement. For the resonant transition, in which only the zero-point 
vibrations take place, this factor equals: 

4o = exp ( --c 1 -) d: = exp ( - 3). 
2 ,  62, 4hWD 

It follows from the (6.1) that for k,T<cho, the hopping transition is temperature- 
independent. Because of the presence of low-frequency vibrations, the low-temperature 
limit exists only below -0.3 hoD/k,. At higher temperatures the transitions accom- 
panied by emission or absorption of one vibrational quantum are significant. In this 
case [47,62]: 

Finally, at k,T > hoD/2 the Arrhenius dependence appears, characterized by the 
activation energy of E,= 1/4 E,, corresponding to the thermal fluctuation driving the 
system through the saddle-point. The model [161,47,162] is very similar to that of 
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electron transfer in the polar medium [163-1701 where, on the grounds that the 
electron and nuclear frequencies strongly differ from each other, the electron transfer is 
supposed to occur at fixed nuclear coordinates, while the slow nuclear motion 
(quantum below the temperature of hQ/k, and classical in the opposite case) is 
favourable for the transition configuration. In [47,162] it has for the first time been 
indicated that the light impurity diffusion is activated by the lattice vibrations. In order 
to incorporate the effect of fluctuational barrier preparation the authors have proposed 
to take into account the dependence of the tunnelling matrix element on heavy nuclei 
displacements. This idea has been developed in [171,172]. In [35,146] (see also reviews 
[9,11]) the mentioned dependence has been represented as an expansion of the action 
S(E) in (2.2) by the displacement powers 

which corresponds, as is clear from the discussion in section 3, to the model of the fast 
transition. The action of a particle hopping throughout a barrier of the height V, and 
width d during the time zo is estimated as Ssmd2/2z, + z0V0/2. This action is minimum 
for the characteristic jump time of zo~((md2/V,)'~2. If h/z,>>hw,, the jump is 
instantaneous in the scale of characteristic vibration periods, which correspond to the 
fast transition condition (3.3). As noted in section 3, the fast transition potential taken 
on the extremal trajectory (3.9) differs from the fixed-nuclei barrier, since for the 
cutting-corner trajectory R < R ,  (see figure 6). Figure 17 shows the profiles of the 
barriers for the jump of a hydrogen atom between tetrahedric positions in the niobium 
crystal [173]. The barrier V(Q) of a height of -15kcal(mol)-' corresponds to the 
nuclear configuration in the autolocalized state. The fast transition effective barrier has 
a height of 9 kcal(mol)-', while in the case of an adiabatic transition, when at each 
point the minimum-energy configuration is realized, the barrier height equals only 
3.5 kcal (mol)-'. While for muonium and hydrogen atom the transition can be believed 
fast, for deuterium and tritium this approximation is no longer valid. Proceeding to the 

Figure 17. Potentials of slow (3) and fast (2) transition for H-atom transfer between the 
tetrahedral interstitial positions in the niobium crystal. The curve 1 is the potential in the 
non-deformed lattice. 
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Tunnelling of heavy particles 43 

Table 7. Tunnel matrix elements J o  and Franck-Condon factors for diffusion of light 
impurities in metals. 

Particle Metal J 0 , s - '  -In 4 

P c u  9 x 1013  6.1 
I* A1 1.5 x 1014 3.2 
H Nb 9 x 10" 3.3 
D Nb 5 x 1010 2.9 

D WOXD,) 9 x 10'0 3.1 
H Nb(OxH,) 1.4 x 10" 3,4 

slow transition for heavier particles means an effective lowering of the barrier (from V, 
to 6) because of the reorganization. For the same reason In K grows slower than m'" 
as m is increased, as pointed out in the previous section. The tunnelling matrix elements 
and Franck-Condon factors characterizing the diffusion of light impurities in some 
metals are given in table 7 [157,158]. The parameters ofjump of H and D between the 
equilibrium positions near admixtured oxygen atom are represented in the same table. 

Until recently, hydrogen diffusion on the metal surface was considered as a result of 
jumps on the fixed lattice [174,175]. The papers [176,177] revealed the tunnelling 
diffusion of H and D atoms on the face [l lo] of tungsten and have drawn attention to 
the effect of lattice vibrations [178,183]. According to [176,177], a sharp appearance 
of the low-temperature limit (D=D,) occurs at 13&140K, whereas the values of D, 
depends but slightly on the mass of the tunnelling particle: D, for D and T atoms is just 
10 and 15 times smaller than that for H. The value D, 2 2  x cm2 s- ' corresponds 
to the transition probability of - lo3 s-  ' (W, =4D,/d2 where d is the distance between 
equilibrium positions equal to -2.7 8, [184]). The activation energy, characteristic of 
D(T) above T,, grows from 4-0 kcal (mo1)- to 5.8 kcal (mo1)- ', as the coverage degree is 
raised, and does not reveal the dependence (5.6) expected for the kinetic isotope effect. It 
follows from the spectrum of electron energetic losses that the hydrogen atom on the 
face (1 10) of tungsten crystal participates in the vibrations of frequencies 1310cm-', 
820 cm- and, probably, 660 cm- '. The latter two vibrations are the motions along the 
face [ 1851 and, therefore, can provide the fluctuational barrier preparation. The Debye 
frequency of the surface vibrations corresponds better to the observed value of T,. The 
results [176,177] exclude any doubt that the surface diffusion of hydrogen isotopes is 
quantal. However, the weak dependence of D, on mass apparently disagrees with the 
one-dimensional model. In [178], by using the model chemisorption PES [184], the 
adiabatic transitions of a hydrogen atom between neighbouring equilibrium positions 
on the (100) face of W have been studied. It has been noted that the increase of coupling 
to the lattice vibrations and decrease of frequency of the latter enhance the transition 
probability. It is demonstrated in [ 1831 that the weak dependence D(m) corresponds to 
the slow-transition model, when effective mass, changes on the trajectory. 

The analysis of data [176,177] in this model has shown that the effective H atom mass 
spans from 10 mH to 6 mH, depending on the change of transversal vibration frequency 
along the trajectory. Since M* includes m just as a small component, and S - M*l12, the 
tunnelling matrix element changes weakly as a function of m. In the case of a slow 
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transition the atoms of the lattice have a time to occupy the positions in which the 
energy is minimum, so that the deformation of the environment follows in the particle 
motion. When Es>>AoD, i.e. in the case of strong coupling, the effective mass of the 
mutual motion of the particle and surrounding lattice deformation substantially 
exceeds m. The non-monotonic dependence of D on the coverage degree 9 discovered in 
[ 176,1771 has been explained in [ 1731 by the change in the adsorption potential. When 
some of the neighbouring nodes are occupied by the adsorbate and, hence, shifted from 
the equilibrium positions, there is an additional reorganization energy involved in the 
transition. The increase in D with 9 for 9 < 0 5  is due to a decrease in the vibrational- 
adiabatic barrier. For the further increase in 9 the diffusion of vacancies in the two- 
dimensional adsorption layer replaces the H-atoms diffusion, which diminishes D. 
More detailed calculations within the slow-transition model have been performed in 
[179-1821 by use of a more real PES. 

In conclusion of this brief consideration we emphasize that the fast quanta1 
diffusion of light impurities in metals is connected with overcoming wide and low 
barriers. The fluctuational lowering of barriers and effective mass growth, caused by 
low-frequency lattice vibrations, lead to the slow-transition regime despite the fact that 
the frequencies of these vibrations are by far lower than the typical frequencies of 
vibrations of an impurity near its equilibrium position. 

The diffusion of H and D atoms in the molecular crystals of hydrogen isotopes has 
been explored in detail with the EPR method [ 186-1941. The atoms were generated by 
y-irradiation of crystals or by photolysis of a specially admixed impurity. In the H, 
crystals the initial concentration of the hydrogen atoms 4 x lo-* mol (cm)' halves 
during - 104s at 4.2 K and 1.9 K [188,189]. The bimolecular recombination (rate 
constant equals K ,  = 82 cm3 mol- s -  ') is restricted by diffusion, whereas, because of 
the low H concentration, each encounter of recombination partners is preceded by 10'- 
lo6 hops of a length of about the lattice period. The diffusion coefficient corresponding 
to the measured values of K ,  (D = k,/4xRH, R ,  is the reaction diameter, supposed in 
[179] to be equal to 2 A )  equals 2.7 x 10-16cm2s-' at 4.2K and 1.9K. Were the H 
atom diffusion thermally-activated, like the molecular diffusion, the ratio of 
the diffusion coefficients for the given temperatures would exceed 
loio (E,=0-4 kcal(mol)-' for the self-diffusion in H, at  11-14K [195]), while the 
measured values coincide. The diffusion coefficient of D atoms in the D, crystal also is 
the same for 1.9 and 4.2 K. It is four orders of magnitude smaller (3 x 10,') than the 
diffusion coefficient for H in H, [191]. In the mixed crystals of D, and HD (from 20 : 1 
to 7 : 1) there is a decrease in the concentration of D-atoms along with the increase in 
that of H, so that the total concentration remains unchanged in time [19&192]. This 
means that the conversion is due to the exchange reaction 

H D  + D+H + D,, (6.5) 

with the exoergicity of 2 kcal (mo1)- caused by the difference in the zero-point energies. 
The process (6.5) does not occur until the D atom meets the H D  molecule as a result of 
diffusion. The above-mentioned diffusion coefficient for D in D, is inferred from the 
measured rate constant of the reaction (6.5) in the same way as for H in H,. 

At T < 11 K the self-diffusion in the H, crystal is due to tunnelling of a molecule 
from the lattice node to the vacancy, formation of which requires 0.22 kcal (mo1)- 
[196]. For a similar mechanism the H and D diffusion would also remain thermally 
activated, which disagrees with the experiment. This discrepancy shows that the 
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Tunnelling of heavy particles 45 

mechanism of the quantum diffusion of H and D atoms is not a molecular one. In 
[187,189] it has been supposed that the diffusion is caused by the exchange reactions 

H + H,+H2 + H, D + D,+D, +D, (6.6) 
as a result of which the atom moves to the nearest equilibrium position. The rate 
constants of reactions (6.6) are related to the diffusion coefficients by a simple formula 
(K = 6D/d2Vo, where d is the jump length equal to 4 6  8, for the H, crystal, Vo is the 
crystal molar volume equal to 20.0 cm3 (mo1)- I,  20.6 cm3 (mo1)- ' and 22.2 cm3 (mo1)- ' 
for H,, H D  and D,, respectively [197]). The rate constants of the reactions (6.5) and 
(6.6) are given in table 8. 

The spatial localization of H atoms in crystals H, and H D  has been found from 
analysis of the hyperfine structure of the EPR spectrum, to be caused by the interaction 
of the uncoupled electron with the matrix protons. The mean distance between an H 
atom and protons of the nearest molecules, inferred from the ratio of line intensities for 
the allowed (without change in the nuclear spin projections, Ami = 0) and forbidden 
(Ami= k 1) transitions, equals 3.6-4-0w and -2.3 A" for the crystals H2 and HD, 

f of; 

2 
+--o 

I 
Q ---0- 

Figure 18. Temperature dependence of the surface diffusion coefficient for H (curves 1 and 2) 
and D (3 and 4) on [I lo] face of the tungsten crystal at coverage of 0.1 (curves 1,3) and 0.5 
(2 and 4) [117]. 

Table 8. Rate constants of exchange reactions of H and D atoms at 1.9 K and 4.2 K [182]t. 

Reaction K ,  cm3 (mo1)- ' s KJV0 s -  ' 
H+H, 1.8 0 9  
D + D H  2.3 x 10-3 1.1 x 10-4 
D+D,  1.8 x 10-3 7.8 x 10-5 

t The reactions H + D,, H + HD are endoergic because of the difference in the zero-point 
energy. 
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the theory for half a century, further investigation is needed, involving the real crystal 
respectively. It follows from the comparison of the distances with parameters of the 
h.c.p. lattice of H, that the H atoms in the H, crystal replace the molecules in the lattice 
nodes, while in the H D  crystal they occupy the octahedral positions. 

The intermolecular distance in the H, crystal (3.79 A) is almost five times as much as 
the H-H bond length, being close to the equilibrium distance in the linear van der Waals 
complex H, (3.5A) [197]. The hydrogen atom, as a substituting impurity, moves 
almost freely in the cavity with the radius of -06  A. This allows one, when looking for 
the rate constants of reactions (6.5) and (6.6), to use the gas-phase model, studied quite 
thoroughly (see e.g. [198]), as a first approximation. Such calculations have been 
performed in [199, 2001. The minimum energy of the linear H, complex is just by 
0.055 kcal (mol)-' lower than that of the isolated H and H,. The intermolecular 
vibration frequency is smaller than 50 cm- '. The vibrational-adiabatic barrier height 
in the transition state is -9.4kcal(mol)-', the H-H distance 0.82A. In [199] this 
barrier has been approximated by an Eckart potential with the width of 1.5-1.8 A. The 
rate constant has been calculated from (2.1) and (2.2), using the barrier height as an 
adjustable parameter [l89], which leads to the value of V, similar to that of the gas- 
phase reaction H + H,. The rate constant temperature dependence, calculated in [200], 
are given in figure 19. The cross-over temperature equals 25-30 K. The dependence of 

Figure 19. Temperature dependences of rate constants of the exchange reactions H, + H  (I), 
H, + D (2) and HD + D+H + D, (3) found in [200] within the method of semiclassical 
adiabatic trajectory with a small curvature [201]. 
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K (  T )  below T, is due to the prefactor alteration because of the gas-phase model which 
does not take into account the zero-point vibrations of the H atom in the crystal. For 
the same reason the values of the constants differ by 1-2 orders of magnitude from the 
experimental ones. Since these exchange reactions have been one of the basic objects of 
dynamics. It is worth saying that the slow-transition model, upon which the results of 
[199,200] are based, can prove to be insufficient because of the low frequency of the 
vibrations providing the fluctuational barrier preparation. 

Many cryochemical solid-phase reactions of the hydrogen atom with organic 
compounds (see reviews [ 11,2021) have been studied. The diminishing of the apparent 
activationenergy to 1.5-25 kcal(mo1)-' in therange of 100-150 K(Eaz6kcal(mol)-' 
at 20&250K), which is much smaller than the barrier height (10-12 kcal(mo1)-' 
[1,30]), speaks of gradual passing from the Arrhenius dependence to the low- 
temperature limit in the reactions of H atom with organic molecules, among them the 
polymers [203]. The low-temperature limit K,=(0.5-1.0) x cm3(mol)-' s has 
been observed at T < 110 K for the reaction of an H atom with malonic acid [148], in 
which the activation energy above 250 K equals 6.2 kcal (mol)-'. 

In the methane crystal containing the ethane admixtures the H atoms react with the 
latter at 1&20 K, forming the C2H, radicals [204]. Similar reactions H + HR +H2 + R 
with saturated hydrocarbons, beginning from ethane, along with the H adding to 
ethylene, occur at 30-50K in the inert gas matrices [205,206]. These reactions are 
limited by hydrogen diffusion. The evaluation of the diffusion coefficient of H atom in 
the xenon crystals (- 10-'4cm2 s-' at 50K [206]) leads to the assumption that the 
transitions occur between the neighbouring interstitial positions of the h.c.k. lattice 
(the jump length is -4.4A [207]), separated by wide and low barriers, the fluctuations 
of which are caused by the low-frequency vibrations of a crystal. Within the framework 
of the above-discussed resonant mechanism (see (6. l)), if the xenon Debye temperature 
(9, = hw,/k,) equals 55 K [207], it could be assumed that T,  for the hydrogen diffusion 
in the crystal is - 20 K. 

7. Inversion and tunnel rotation 
The inversion splitting in the NH, molecule is one of the best known spectroscopic 

apearances of the tunnel effect. The planar structure corresponds to the energetic 
barrier of 5.94 kcal (mo1)- ', which separates the equilibrium pyramid-shaped mirror- 
symmetric configurations. The inversion splitting wi is related to the stretching 
vibration frequency in the equilibrium configurations, equal to 950 cm- ' and 745 cm- 
for NH, and ND,, respectively, as: 

m,=w,cxp( -is). 

wi equals 0.8 cm- ' and 36.5 cm- ' in the ground and first vibrational state, respectively 
(see e.g. [208]). The icversion is due to the tunnelling of the reduced mass 

M = 3mH(mN + 3mn sin2 ci)/(mN + 3mH) = 2-54 mn 

(a is the equilibrium pyramid angle 21.8"). The tunnelling distance, corresponding to 
the relative displacement of the N atom in the H, plane between the potential minima, 
equals 0.77 A. The inversion splitting in the ND,, where the tunnelling mass is 4.45 mH, 
is equal to 0.053 cm-' and 3.9 cm-I for n=O and n =  1, respectively. The influence of 
rotation on the inversion spectrum is similar to the above-discussed fluctuational 
barrier preparation and appearance of the reorganization energy. Both effects are 
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caused by changing of the potential due to the centrifugal forces. The rotation around 
the symmetry axis flattens the pyramid and diminishes the barrier, while rotation 
around the perpendicular axis increases the barrier. Note, that the ND, inversion is the 
tunnelling of sufficiently heavy mass throughout the barrier of typical height for the 
radical chemical reactions, with the probability of wi/wo - For this reason it is 
natural that in the cryochemical reactions, the measured constants of which are 5-10 
orders of magnitude smaller than mi (even allowing for the fact that the transition 
probability is proportional to -exp (- 2S/h) rather than exp (- S/h)),  the tunnelling of 
reduced masses of (15-20)mH is possible. 

The studies of the high-resolution i.v. spectra of the admixtured molecule NH, in 
the crystals of inert gases and nitrogen at helium temperatures [209,210] have shown 
that the crystalline-field-induced asymmetry of the double-well potential reduces wi by 
1-2 orders ofmagnitude. In the N, crystal at 5.5 K wi equals 0.017 cm- and 1.46 cm- 
for n=O and n= 1. 

The torsion vibrations of a methyl group in the potential 
T I  

with the C, symmetry have the frequency w, = (Kr/Zr)"', where K ,  is the force constant, 
I ,  = ZIZ,/(Zl + I , )  is the reduced moment of inertia, I ,  and I ,  are the moments of inertia 
for CH, and the rest of the molecule, with respect to the C,-rotation axis. The hindered- 
rotation barrier height is given to the relationship: 

2 
9 

The tunnel rotation splits the ground state of the torsion vibration into the singlet state 
A and doublet state E. Their energy difference for sufficiently high barriers ( Vo/hw, 2 2) 
can be found within the WKB approximation [21 I] yielding (7.1) with 

V0=-ZrC$. (7.3) 

where do = 1/3 cos- hor/Vo is the turning point for the energy hwr/2. As follows from 
comparison of (7.4) and (24 ,  the tunnel rotation of the end CH, group of a large 
molecule, when lrzZ1, is equivalent to the transfer of the reduced mass M z 3  
m,rn,/(3 m,+ mc) = 2.4 ( M  = 4.0 for CD,) through the distance 1.741.79 A. The 
tunnelling distance is substantially larger than that in the hydrogen transfer reactions, 
so that the tunnel rotation is observable owing to lower barriers. 

The intensive studies of tunnel rotation of CH, in molecular crystals and glasses 
performed mostly with the methods of inelastic neutron scattering and weak field 
NMR [212,213], allows the tunnel frequencies to be found within the range from lo5 to 
10" s-', the influence of intra and intermolecular vibrations on the barrier form and 
height can be explored. 

As distinct from the tunnelling of the hydrogen atom considered in the previous 
section, when the crystalline fields create an asymmetry of the potential El - E,, in the 
case of tunnel rotation El-& =0, i.e. the barrier fluctuations and interaction of the 
rotator with the environment do not break the resonance of initial and final states. For 
this reason the tunnel rotation is coherent and is described by (7.1) rather than (3.18). 
The intra and intermolecular interactions create shape and width of the spectral lines. 
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Tunnelling of heavy particles 49 

In the crystals of n-alkanes with even numbers of carbon atoms the end methyl 
groups are packed in the parallel planes and have rotation axes directed similarly. The 
tunnel rotation frequency, (3.00 f 0.04) x lo5 s- ' in the crystals C&18, corresponds to 
the barrier height of -3.4kcal(mol)-' [214], which is close to that observed in the 
isolated molecules of ethane and propane. In the n-alkane crystals with odd number of 
carbon atoms the axes of end methyl groups are not parallel so that there are two tunnel 
rotation frequencies, - 1.4 x lo5 s-' and 3.4 x lo5 s-l, the first of them being 
observable when the number of C atoms is less than 11. In the crystals of ketones w, 
depends on the number of CH, fragments dividing CH, and CO groups. For 1 = O  w, 
reaches 108-109 s- whereas V, decreases to 0.8-1.0 kcal (mo1)- ', while for 1 >4  it is the 
same as in the crystals of n-alkanes [215]. In the acetylacetone crystal, as a result of 
existence of keto and enol forms 

OH- _ _ _ _ _ _ _ _  0 0 0 

C H ,- C II - CH,- C II - C H , CH;;-C-CH-C-CH, II I (7.5) 

there are two tunnel rotation frequencies, 1-01 x 10'os-' and 2.3 x lo8 s-l, corre- 
sponding to the barrier heights of 0.45 kcal(mo1)-' and 1.18 kcal(mol)-l [216]. In the 
acetophenone crystal w,= 1.78 x lo8 s-l, the barrier height equals 1.26 kcal(mo1)-' 
[217]. Larger barrier height in comparison with the 2-keton crystals [215] is due to the 
interaction of the hydrogen atoms of the CH, group with the phenyl ring (H-H 
distance is 1.83 A) and neighbouring molecules. The calculation based on the atom- 
atom potentials method [32] shows that the major contribution comes from the 
intramolecular interaction [217]. 

In the isolated nitromethane molecule the CH, group rotates almost freely [208]; 
the barrier in the crystal is created by the intermolecular interaction and can be 
described as 

(7.6) v 3  v6 V(4)  =-( 1 -COS 34) +- [ 1 -COS (64 + S)], 
2 2 

where V3=0~586kcal(mol)-', V,= -0.356kcal(mol)-', 6=30" [218]. The contri- 
bution to V ( 4 )  of electrostatic and dispersional interactions, found in [218] with the 
method of [219], comes at most from dispersional interaction of the hydrogen atoms 
with nine nearest molecules placed at about 4-5 A. The interactions potential, apart 
from 4, depends also on the rotation angles of the CH,NO, in the lattice. Describing 
the rotations of the environment by a single angle 9, the authors of [218] have 
constructed a two-dimensional potential V(q5,9), the cross-sections of which for 
different 9s are given in figure 20. The experimental values o, (table 9) correspond to 
V ( 4 )  at 4 = 9, i.e., to the slow transition of the adiabatic barrier rapidly modulated by 
torsion vibrations of surrounding methyl groups. The amplitude of these vibrations at 
4.2 K is 0.27 rad and 0.22 rad for the crystals CH,NO, and CD,NO,, respectively. The 
temperature dependence of h2( T) is well described by the harmonic-oscillator relation 
(3.6) up to 120K. The r.m.s. amplitude of H and D atoms in zero-point torsion 
vibrations (T  < 30 K) is 0.30 8, and 0.35 A and goes up to - 0.5 8, at 120 K. Because of 
large-amplitude motions the tunnel rotation frequencies are very sensitive to internal 
and external stresses. In the CH,NO, and CD,NO, crystals w, (at n =0) increases by 
1.5 and 2.0 times at pressure of 4 2  kbar [220]. Since complete deuteration of the 
hydrogen-content organic crystals, as a rule, reduces the specific volume by -0.5% 
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I 

60 I80 300 

P, 9POd 

Figure 20. The hindered rotation potential of a methyl group in the nitromethan crystal for 
different angles of the molecule rotation with respect to its environment. 1. cp = 9,2.9 = 0, 
3. 9=60" [218]. 

[221], which is equivalent to the compressing by external pressure of - 0.5 kbar [222], 
the matrix deuteration increases the frequencies of tunnel rotation. The tunnel rotation 
of two non-equivalent CH, groups in the a-form of the crystalline toluene is 
characterized by the frequencies 6 3  x lo9 s-' and 6 9  x lo9 s- '  [223,224]. Like in the 
nitromethane crystal, the barrier is created by the intermolecular interaction and w, 
grows with increasing pressure. 

Besides the above-considered rotation, the torsion vibrations of the tetrahedric 
molecules (like CH,) and ions (like NH:) in crystalline fields of different symmetry 
have been studied in detail. The three-axial tetrahedron vibrations in the tetrahedric 
surroundings are characterised by three energy levels A, T and E with the tunnel 
splitting 201, and w,. The potential has 12 equivalent minima [225,226]. The 
dependence of w,/B (B  = h2/21 is the rotational constant) on the barrier height has been 
found in [226]. 

The temperature dependence of the rotation rate w,(T) comes from the statistical 
averaging of the tunnelling frequencies over the spectrum of libration levels. When 
k,T-hQ, the main contribution comes from the levels n=O and n= 1 with the tunnel 
splittings at, and wt,, respectively: 

w,(T) = wto[ 1 - exp (-%)I k,T + wtl exp (-E). k,  T (7.7) 

When hQ<< V,, the librations are almost harmonic and w,(T) is proportional to the 
r.m.s. amplitude [227] behaving according to (3.6). The dependence (7.7) agrees with 
the experimental data and shows that the cross-over temperature for the tunnel 
rotation as associated with hQ/k,. In figure 20, borrowed from [227], the curve w,(T) 
for the methane crystal is given. The activation energy is 70cm-', the libration 
frequencies being 50 and 92cm-' [228]. 
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Tunnelling of heavy particles 51 

Table 9. Barrier height and tunnel rotation frequency (n =0) in molecular crystals. 

Crystal O g , S - l  V,, kcal (mol)- 

4-methylpirydin 
lithium acetate 
plumbum acetate 
nitromethane 
toluole 
ammonia acetate 
3-methylbenzoic acid 
2,s-dimet hylpirydine 
4-methylbenzoic acid 
2,6-dimethylpirydine 
3-methylpirydine 
pentamethylbenzole 
sodium acetate 
2-hexanole 
zinc acetate 
methyliodide 
magnesium acetate 
dimethylacetylene 
3,5-dimethylpirydine 
4-toluoleacetic acid 
methylmalonic acid 
tetramethylgermanium 
copper acetate 
hexamethylbenzole 
3-pentalone 
acetophenone 
3-hexanole 
4-heptanole 
n-hexane 
n-octane 
n-decane 
n-dodecane 
n-heptane 

n-nonane 

n-undecane 

1.25 x 10" 
6.05 x 10" 
1.09 x 10'" 
8.4 x 109 

6.05 x 109 
3.94 109 
3.63 109 

3.15 x 109 
2.98 x 109 

1.52 109 
1.40 109 
1.40 109 
1.20 x 109 

3.46 x f09 

2.42 x lo9 

5.90 x 10' 
436 x 10' 
4.11 x 10' 

3.9 x 10' 
2.83 x 10' 
1.60 x 10' 
7.5 x 107 
7.3 107 
1.2 107 
3.6 x lo6 
3.4 x 106 
2.4 x lo6 
4.8 x 105 

2.98 x 105 
3.00 x 105 
3.01 x 105 
3.01 x 105 
1.46 x 105 
2.98 x 105 
1.34 x 105 
2.99 x 105 
3.36 x 105 

0.064 
0.184 
0.436 
0.768 
0.520 
0.6 10 
0.624 
0.632 
0652 
0.660 
0.698 
0.788 
0.804 
0%10 
0836 
1.148 
1.052 

1.078 
1.150 
1.240 
1.470 
1.482 
2.030 
2.34 
2.36 
2.43 
3.00 
3.4 
3.4 
3,4 
3.4 

- 

- 
- 

- 

3.4 

The thermal excitation of the upper libration levels, increasing o,(T), reduces the 
tunnel splittings in the spectra of NMR and inelastic neutron scattering, without 
widening of the lines, which is accounted for by the opposite ordering of the sublevels A 
and E (in one-axial rotation) for the ground (n = 0 )  and first excited (n = 1) states 
[229,230]. 

The tunnel rotation frequencies (at T <  T,) in different compounds range from lo5 
to 10l2 s-'. Some values of a, and V,, taken from the cited papers, are given in table 9. 

8. Heavy particles transfer 
As shown in section 3, when the tunnelling mass grows, the regime of transition of 

the multidimensional barrier tends to be slow, and the extremal trajectory approaches 
the minimum energy path passing through the saddle-point. The transition can be 
thought of as a one-dimensional tunnelling in the vibrational-adiabatic barrier (3.12), 
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and an estimation of K c  and T, can be obtained upon substitution of the parameters of 
this barrier for (1.2) and (1.3). It follows from these expressions that K ,  hits the interval 
available for measurements if, as the mass m is increased, the barrier parameters are 
decreased so that the quantity d( VOm/mH)'" remains approximately invariant. Since the 
existing spectral methods allow to measure the tunnel splittings greater than - lo8 s-', 
it follows from the data on H atoms exchange reactions (table 4 and 6) that the 
tunnelling exchange of particles with the reduced masses m/mH = 5-10 is possible only 
for exotic cases of very high and narrow barriers. The only example known to date 
involving the tunnelling exchange reaction with heavy particles is automerization of 
cyclobutadiene [23 1-2351. The interest in this reaction has been kindled after 
discovering its anomalous negative activation entropy at 25&270 K [231]. The 
automerization barrier arises, when passing from the initial rectangular configuration 
with the alternating bonds of lengths 1.56A and 1.33A to the transition square 
configuration with the bond length 1.45 A, and has the height - 10 kcal(mo1)- ' 
(according to different methods it ranges from 8 to 12kcal(mol)-' [235]). The 
transition occurs through the minimum energy path on the two-dimensional PES 
U(X, ,X , ) .  The coordinates X I  and X ,  are the linear combinations of lengths of the 
bonds C-C (rl) and C-C (1,). The reduced tunnelling mass equals 

= 6,53mH, 2(mc + mH) m= 
(1 +sin a), 

where c1= 81.24" is the central angle leaning on the shortest side of the initial rectangle 
configuration. Owing to the weakness of coupling of the reaction coordinate to other 
vibrations, the one dimensional model is a good approximation giving a sufficiently 
accurate result. The ground state splitting is 4.2cm-' in "C4H4, and it falls to 
2.35 m- for I3C4D,. Because of the weak coupling to the transversal vibrations o, 
changes but slightly for excited levels: 4.2,4-6 and 5.1 cm-' for n =0,1,2, respectively. 
Since the barrier is narrow, even at 350K the tunnelling rate is by three orders of 
magnitude greater than the rate of thermally-activated automerization. 

The tunnelling transition in the optically active conformers of (4,4,4)-propella- 
hexaene (three six-member carbon rings connected by the common simple CC bond) 
has been studied in [236]. This compound is in the form of racemic mixture, but, 
according to the NMR data, the racemization time exceeds s. As calculated in 
[236], the barrier height equals 1.86 kcal(mo1)-', the vibration frequencies in the 
minimum of the term and in the upside-down barrier are 85cm-' and 68cm-', 
respectively. The parameters dm'I2 characterizing the tunnelling length in the mass- 
weighted coordinates is 4.5 AmA12. The rate constant found is 6 x 

The tunnelling intramolecular rearrangement carbocation of 2-norbornyl was 
considered in connection with the symmetry of its NMR spectrum persisting up to 
4.2 K, which means that the rate of transition between the two asymmetric structures 

s-'. 

is over lo9 s-  [237,238]. According to the calculations in [239,240], the barrier here is 
higher than 1 kcal (mo1)- ', which rules out the possibility of an over-barrier transition 
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Tunnelling of heavy particles 53 

with the indicated rate; the frequency of vibrations in the minimum of the double-well 
potential equals 200 cm- '. The CH,-group displacement length is N 0 8  A. 

The rate constant low-temperature limit for the isomerization of the biradical of 
1,3-cyclopentadiyl to the bicyclo-(2,lO)-pentan 

has been found in [241]. At T,= 15 K K,=6 x 10-4s-'. Above B K  the apparent 
activation energy equals 2.3 kcal (mo1)- l, and the small value of the prefactor, 
according to the discussion in section 2, indicates the tunnelling character of the 
transition. The smallness of the isotope effect in the reaction (8.3) shows that the 
contribution of individual hydrogen atom displacements to this reaction is immaterial. 
This is due to the off-plane bending vibration of the five-member ring. The 
experimental value of K ,  corresponds to the tunnelling of the reduced mass - 7mH (1/2 
(m, + 2mH)), associated with this vibration, throughout a parabolic barrier with the 
halfwidth 0 6  A, which is approximately equal to the relative displacement of the CH, 
group for formation of the four-member ring. 

In [242,243] the desorption of the boron ions I0B3+ from the surface of a non- 
crystalline metal in strong electric fields has been studied. The activation energy 
characterizing the desorption rate temperature dependence is 3 kcal (mol)-' at 
T120 K, diminishing to 0-25 kcal (mo1)- ' in the range of 6&100 K, which corresponds 
to the tunnelling throughout a barrier with the width 0.3 A for the mass 10 mH. The 
tunnel mechanism of the molecular nitrogen dissociative adsorption on metals 
(W, Re, Fe) has been studied in [244] with the molecular dynamics methods. The two- 
dimensional model potential surface, the coordinates of which are the N-N length and 
the distance from the N, centre-of-mass to the metal surface, consists of two valleys 
corresponding to the molecule weakly bonded with the surface (initial state) and 
strongly bonded atoms. A narrow and high (- lOkcal(mol)-') barrier makes the 
tunnelling transition more possible than the activated one for the temperatures below 
300K. The saddle-point is shifted to the reactants valley so that the N-N bond 
stretches just slightly in the transition state (1.14A), as compared to the initial length 
1.10 A. The transition is driven by the low-frequency vibration Me-N, with the r.m.s. 
amplitude 0.055 (Q = 355 cm- I), the displacement along this coordinate equals 
023 A. 

In the numerous studies of the i.r. spectra of the matrix-isolated reactants (see, for 
example, [245,246]) there have been discovered a number of chemical conversions. 
Among them, from the point of view of the present review, the reactions NO with 0, 
[247,248] and 0, [249] are of interest. In the former reaction there has been observed 
the oxidizing of the cis-dimer (NO), in solid oxygen at 13-29 K. The dimer has been 
created at 35K as a result of NO diffusion. The reaction product is N204  in the 
electronically-excited state, converting them, in the opinion of Smith and Guillory 
[248], into the iso-form of ONONO,. The transition state structure is supposedly of 
the form: 

0-0 
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The rate constant for 14N0 and I5NO at 13 K is 8 x 10-4s-1 and 5.2 x 10-4s-1, 
respectively. The isotope effect, low activation energy (01 kcal (mo1)- ' against 
0.65 kcal(mo1)-' in the gas-phase reaction) and anomalously low prefactor 
(- lo-, s- ') testify to the tunnelling mechanism of this reaction. Chemiluminescent 
gas-phase reaction 

with the enthalpy -47.1 kcal(mo1)- ' has the activation energy 2.3 kcal (mol)-'. 
Investigation of this reaction in the N, matrix at 1&20 K has shown that the apparent 
activation energy is smaller than 0.1 1 kcal (mol)-', K = 1.4 x s-' at 12 K. The 
experiments on ozone enriched with '*O has revealed no isotope effect. The structure of 
the van der Waals 1 : 1 complexes of NO-0, has been studied in [250]. In the planar 
complex with symmetric position of the NO molecule relative to the 0,-symmetry axis 
the distance between the centres-of-mass of 0, and NO is R1,=2.30A, the bonding 
energy 2.42 kcal (mol)-'. In the complex in which NO-bond is perpendicular to the 0, 
plane and R , = 2.15 A, the bonding energy goes up to 2.73 kcal (mo1)- '. The potential 
energy surface of the gas-phase reaction (8.5) has been calculated in [251] with the semi- 
empirical LEPS method (see, e.g., [ l ,  2521). The vibrationally-excited products in the 
ground electronic state are created when the end 0 atom is abstracted from the 0, 
molecule as a result of approach of the NO molecule at an ON0 angle of 110". The 
height of the reaction path barrier equals 3.57 kcal (mo1)- '. The activation energy 
2.1 3 kcal (mo1)- is close to the measured one. In the transition state the saddle-point is 
shifted towards the reactants valley and the distances Roo and R,, are equal, 
respectively, to 1.277 8, and 1.957 A, while the equilibrium bond lengths in 0, and NO 
are 1.272A and 1.150A. Comparison of the geometry of the first van der Waals 
complex with the transition-state arrangement shows that the package of the reactants 
provides the same attack angle as in the gas phase reaction. The 0-0 bond stretching 
does not exceed 0.2 A. The relative displacement of 0-NO in the barrier is 045  A. 
Seemingly, the fluctuational barrier preparation is due to the intermolecular vibrations 
as well as the hindered rotation with the above-mentioned low barrier. Because of low 
frequencies of these vibrations the low temperature limit has not been reached even at 
10K. 

The rebinding of CO and 0, ligands to the complex-creating Fe ions of the heme 
group of myoglobin after the rupture of the coordination bond induced by the laser 
photolysis, has been studied in [253-2561. The formation of F-CO and Fe-0, bonds 
has been registered by the restoration of absorption spectrum of the initial compound 
in a wide range of times (10-6s-'-103s) and temperatures (2-100K). T,  and K ,  are 
-20K and -1O-'s-'. The apparent activation energy at 3&100K is 
0.9 kcal (moI)-'. A qualitative structure model has been proposed in [255,256]. Before 
the photolysis the 6-coordinated Fez+ ion locates in the heme plane. The rupture of the 
coordination bond not only leads to the displacement of a ligand but also rebuilds all 
the coordination sphere. As a result, the Fez ion leaves the plane. Opposite exoergic 
rebinding of the ligand requires surmounting a barrier that separates the initial 
configuration from the one created after photolysis. As shown in [257], the change in 
Fe-CO bond length upon photodissociation of carboxyhemoglobin does not exceed 
0 1 A, so that the mentioned barrier is created at most on account of reorganization of 
many bonds in the heme (see also [258]). 

N O + 0 3 - + N 0 2 + 0 2  (8.5) 

The reactions of organic radicals with chlorine 

R+Cl,-+RCl+CI (8.6) 
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have been explored in [259-2631 by combining spectrophotometric measurements of 
chlorine consumption and EPR-observation of the fall-off in the free radicals 
concentration after C1, photolysis, inducing the formation of R. The radicals in the RH 
+C1, mixtures appear as an outcome of succession of fast cage reactions after C1, 
photolysis (Clh;u+Cl:, Cl:+Cl* + C1*, RH +CI*+R + HC1) and react with the 
surrounding molecules, so that the reaction (8.6) can occur in clusters (RH-Cl,,) at  
n 2 2  and shows up only if the molar concentration of chlorine in the mixture (C)  is 
greater than 0.1. When C>O.5, the chain growth takes place. It is restricted by the 
cluster size and the reaction (8.6) is the growth-limiting stage [262]. The K(T) 
dependence includes an Arrhenius region (6&90 K) in which the activation energy 
(24kcal(mol)-') is 1.5-2 times as much as that in the gas phase reactions with the 
same reactants. The low-temperature plateau occurs below 4&50 K where K ,  equals 5 
x s - '  for the radicals of n-butylchloride [259] and methyl- 
cyclohexane [260], respectively. The reaction barrier corresponds to the inter-reactant 
distance 27-28 A, while for the van der Waals distance between them(3.4-3.5 A) the K, 
would be by 15 orders of magnitude smaller than the observed value. Consequently, the 
reaction (8.6) becomes possible only due to the low-frequency intermolecular and 
bending vibrations (see the next section). The value of T,  in the reaction (8.6) for the 
mixture of C1, with methane spans from 30 K to 55 K, depending on the structural non- 
equilibricity of the glass-like mixture [263]. As the mixture equilibrates, the Arrhenius- 
region activation energy (T d 60 K) increases from 2.4 kcal (mol)-' to 6.4 kcal (mo1)- 
The sharp dependence of rate constants for the low-temperature reactions on relative 
arrangement of atoms in the neighbouring nodes, which, in turn, results from the non- 
equilibrium glass structure, is an origin of specific critical behaviour observed in the 
glass-like reactant mixtures (see the review [264]). The same dependence accounts for 
the jumps in the rate constants near the structural phase transitions [34,265]. 

The considered data are collected in table 10. Since most reactions are exoergic and 
the tunnelling lengths dm'I2 are much smaller than the reduced geometrical displace- 
ments of the heavy particles, the dmli2 values are given. The chain reactions discussed in 
the next section are also included in the table. Comparison to the H-atom transfer 
(tables 4 and 6) and tunnel rotation (table 9) shows that the increase in the tunnelling 
particle mass does not lead to a substantial decrease in the cross-over temperature T,. It 
is a straightforward consequence of the fluctuational barrier preparation (see section 3). 
The decrease in the tunnelling length and vibrational-adiabatic barrier height ensures 
the exoergic tunnel reactions with the masses transferred m/mH < 20. 

s - l  and 2 x 

9. Low-temperature chain reactions 
The chain polymerization of formaldehyde turned out to be the first example of a 

chemical conversion for which the rate constant low-temperature limit has been 
discovered [266,267]. Upon y-irradiation the growth of chain with the length from lo3 
(4.2 K) to lo' (77 K) has been observed with a calorimeter with the time-constant 0.3 s. 
The rate constant of a one link growth, found from the kinetic post-polymerisation 
curves, is invariant in the interval 4.2-12 K where K ,  = 1.6 x lo2 s-'. Above 20K the 
apparent activation energy goes up to 2-3 kcal(mo1)- ' at 140 K, where K - lo5 s-'. A 
detailed analysis of the experimental data has been given in [8,9,11,268-2701. The 
polymerization of crystalline and amorphous formaldehyde, initiated by the photodis- 
sociation of P-naphtol admixture, has been observed then in [271,272] at  T 3 20 K. As 
the photodissociation leads to the proton transfer, the data [271, 2721 testify to the 
cation polymerization mechanism. In [273-2751 the conversions in the mixtures of 
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formaldehyde and chlorine, initiated by the photolysis of the latter, have been studied 
with the i.r.-spectroscopy methods at  18-95 K. The products of conversion are 
formylchloride HCOCl and oligomer (H,CO),. Below 70 K v = 5-10 and quantum 
yield of the oligomer does not depend on temperature, and the time of chain growth 
does not exceed 2s, i.e. KC>2.5s-'. Above 70K the slow chain growth also occurs 
(v = 50 at 90 K) and is subject to the Arrhenius dependence with E ,  = 3.9 kcal (mol)-' 
for T = 75-95 K. The chain growth is driven by the proton transfer: 

The primary cation CH20H +, along with HCOCl, is created in the cage reaction under 
C1, photolysis. 

Thus, results obtained in different laboratories and with different methods reveal 
the existence of a completely unusual chemical conversion, polymerization at  very low 
temperatures. A similar effect has been found in the y-irradiated acrylonitrile and 
acrolein [276]. 

The mechanism of ion polymerization in the crystals of formaldehyde [277,278] 
rests on the Semenov's assumption [279] that solid-phase chain reactions are possible 
when the arrangement of the reactants in a crystal prepares the future chain 
configuration. The monomer crystals capable of low-temperature polymerization 
fulfill this condition. In the initial equilibrium state the monomer molecules locate in 
the lattice nodes and the creation of a chemical bond requires surmounting a high 
barrier. However, upon creation of the primary dimer cation the active centre shifts to 
the intersite and the barrier for the next link connection diminishes. Since the internode 
distance in the monomer lattice is much greater than that between the polymer chain 
links, the chain end-group has to shift towards the next monomer link, as a result of the 
previous reaction act. This displacement along with the reorientation of the monomer 
link lead to the formation of a low-barrier configuration facilitating the next reaction 
act. According to the calculations of different configurations 172781, the formaldehyde 
molecule turns by the angle -45" with respect to its axis for the connection to the chain. 
The C-0-C angle in the cation is close to 180" and decreases to 120" after connection of 
the next link, which associates with the barrier 2-3 kcal(mo1)-'. As a result of the two 
mentioned motions (rotation of the monomer molecule and isomerization of the end- 
group of cation) the connection act corresponds (at T < T,) to the tunnelling of the CH, 
group through the distance 0.6A. The growth of long chains according to the 
considered mechanism is realized only in one of the possible crystalline structures of 
formaldehyde. In the other structures the chain length is limited by the number of 
'suitably packed' molecules and is under 8-10. Since the calculated [277,278] 
structures differ from the one that recently has been found experimentally [280], the 
proposed mechanism needs corrections. As noted in [275], a fast growth of chain 
consisting of 5-7 links can occur in the structurally selected groups, where the 
intermolecular distance is shortened to -2.75 A compared to the van der Waals one 
(3.22 A). 

The chain ethylene hydrobromination upon the HBr decomposition initiated by 
y-irradiation proceeds according to the scheme: 

Both the chain-growth reactions are exoergic. The low-temperature rate constant limit 
K, = 20 s- '  is achieved at T < T,  z 50 K [281-2831. The weak isotope effect (the rate 
constant for C2D4 + DBr is only 1.5-2 times smaller than for C2H, + HBr) shows that 
the transfer of hydrogen atoms does not limit the reaction rate. 

(CH,O),- ,CH,OH+ + CH,0-+(CH20),CH20H+. (9.1) 

Br+C2H4-tC2H4Br, C,H4Br + HBr+C,H,Br + Br. (9.2) 
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The growth of long chains (vk lo2) in the mixed 1 : 1 crystals of ethylene with 
chlorine and bromine at  2&70 K has been observed in [284] after the halogen impulse 
photolysis, K , =  8-12 s-', T,=45 K. The chain growth occurs according to the radical 
mechanism, the limiting stage is reaction (8.6). Above 90K the chief process is the 
spontaneous binding of a halogen with the ethylene, forming 1,2-gauche-dihaloethane 
which, above 115 K, converts into the trans-form [285,286]. The latter is formed 
immediately in the radical chain growth at lower temperatures [284]. A specific feature 
of the mixed halogen-ethylene crystals is the alternating quasi-one-dimensional 
reactants arrangement which is due to the donor-acceptor interaction [287,288]. The 
spatial specificity of the low-temperature chain reaction in such crystals is due to the 
fact that the radical, created after connection of the halogen atom to ethylene, turns 
solely into the trans-form C,H,ClZ (or C,H,Br2), abstracting the second halogen atom 
from the neighbouring molecule: 

H H H 
c i \ p  C'\ I /H  c q , H  H\C/H 

H / i \ C k  H'I'CI H I  H/'\H 

I )-J 1 /P-J ,i. - 11 (9.3) 

H H H 

In fact, the mixed crystal is a 'primer' for the chain solid-phase conversion which 
provides the spatial transfer of a free valency which is not connected with the 
translational displacement of molecules comparable with the lattice period. As shown 
in [284], the chain length at T < T,  is determined by the structural quality of the crystal, 
i.e. it is limited by presence of defects that violate the arrangement of reactants 
favourable for the reaction. Variation of the crystal growth conditions allows a change 

Figure 21. Temperature dependence of the torsion reorientation rate in the methane crystal 
l/z=10~22+1870exp(-100/T)) 10'os-' [227]. 
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10 

Figure 22. The temperature dependences of the chain growth rate constants of hydrobromin- 
ation (l) ,  chlorination (2) and bromination (3) of ethylene in mixed 1 : 1 crystals of the 
reactants. 

in the chain length from 50 to 250. The change in v is accompanied by the proportional 
change in the chain growth time z, which justifies inferring the rate constant from the 
kinetic curves ( K  = v/z), i.e., the following condition is met: the chain initiation 
(formation of primary radical) is faster than its growth. 

The K ( T )  dependences for the reactions of C,H, with HBr, C1, and Br, practically 
coincide (figure 22), despite the difference in the reactant masses, if the contribution of 
the molecular mechanism to the first reaction near 90 K (which increases the apparent 
activation energy) is taken into account. For 50-80 K E ,  2 1 kcal (rnol)-', coinciding 
with the E ,  for the gas-phase reaction of C,H4C1 with C1, [289]. 

The rate constants of the reaction (8.6) in the mixed crystals are - lo3 times greater 
than in the isolated clusters (see section 8), which has been accounted for in [57,290] by 
the correlated chain growth: the local deformation arising as a result of previous acts of 
conversion substantially shortens the inter-reactant distance. This effect, along with the 
above-considered fluctuational barrier preparation, ensures the anomalously high 
rates of the chain solid-state reactions at T < T,. Following [57,290], consider in more 
detail the results of simulation of the chain growth in the C,H4 : CI,-crystal, since this 
example reveals most spectacularly the two major peculiarities of the chain solid-state 
reactions in the region of the low-temperature limit: the chain growth acceleration by 
the static deformation and low frequency vibrations. 

According to the X-ray data [287], the axis of the molecule C1, is perpendicular to 
the double-bond, and the distance between the molecules is much shorter than in usual 
molecular crystals. In the 1 : 1 complex structure, calculated in [291], the distance from 
the nearest chlorine atom to the C-C axis is 3-0 A, which is by 0.54.6 8, shorter than for 
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the van der Waals contact. The crystal structure has been calculated with the same 
method as in [277], by means of the minimization of the potential energy represented in 
the form of atom-atom potential sum, as a function of Euler angles and centre-of-mass 
coordinates of the molecules. The found triclinic face-centred lattice (a = 4.9 A, 
b =4.0 A, c = 7.0 A, CI = 121". /3 = 97", y = 91 ") in which the ethylene molecules locate in 
nodes, while the chlorine molecules are directed along the shortest diagonal ( d , )  of the 
ac plane, is shown in figure 23. This configuration manifests appreciable overlap of the 
van der Waals radii. The chain growth leads to the creation of a chain of the trans- 
dichlorethane directed along d,.  The two radicals situated at the chain ends take part in 
the reaction (8.6) with the neighbouring chlorine molecules. The structure of such an 
extended defect has been calculated on assumption that only the nearest neighbour- 
hood of the chain was deformed, while the rest of the crystal remained fixed. The energy 
of the appeared local deformation of the radical surroundings is 3 4  kcal (mo1)- '. The 
free-volume deficit created in the chain growth is due to disappearance of the donor- 
acceptor complexes, instead of which the trans-dichlorethane molecules appear 
positioned in equilibrium at van der Waals distances. The strongest deformation 
occurs at  the ends of the chain since the atom-atom potential CI-C1 acting between the 
C,H,Cl, molecules is much more rigid than the C-Cl potential between radical and 
C1,. The deformation shortens the C-CI distance (between the reactants) to 3.20 A 
instead of the van der Waals radii sum 3.60A. In the created compact reactional 
complex the motion along the reaction coordinate interacts with three normal 
vibrations: the stretching of the bond C1-C1 with the force constant k , = 3  
x lo5 dyn(cm)-2, frequency v 1  =560cm-' and zero-point amplitude 6, =0.03 A; 

Figure 23. The reactants arrangement in the ac-plane of ethylene<hlorine 1 : 1 crystal. (1) 
ethylene molecule (HCH plane is perpendicular to the ac-plane). (2) C1, molecule, (3) H,C- 
CH,CI radical, (4) transdichloroethane molecule. The circles show the van der Waals 
radio. The H atoms are not shown. 
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bending of C-C-C1 in the radical (k,=4 x 104dyn(cm)-, with respect to the C-C 
bond length, v 2  =400cm-’, zero-point displacement of CH, fragment towards C1,6, 
=007A); intermolecular vibration(k3=5 x 103dyn(cm)-,, v3=47cm-’, 6,=0.15.&). 
The potential energy surface is three-dimensional since the C-C1 (r,)  is a result of 
interplay among the components of displacements in the bending (Q2) and inter- 
molecular (Q,) vibrations: 

where rl  is the Cl-Cl distance. The PES (9.4) has been calculated in [57,290] with the 
LEPS (London-Eyring-Polany-Sato) method for the isolated reactant pair C2H4Cl 
+Cl, with the crystalline potential added. The barrier found in this way is 
2 kcal (rnol)-l, in satisfactory agreement with experiment. It should be emphasized that 
the low barrier occurs due to the mentioned static rapprochement of the reactants, as a 
result of previous acts of the chain growth. Had the C-Cl distance been retained to be 
3.6 A, the ‘crystalline’ barrier height would exceed 7 kcal (mol)-I, which made the 
tunnelling impossible. Because of strong exoergicity of the reaction, the potential 
energy surface LJ(rl, r,)  is characterized by an (early descent) to the product valley and, 
since kl  >> k,, k,, the Cl-Cl distance remains nearly invariant while moving from the 
initial state minimum ( r ,  = 3.2 A) up to the point r2 =230 A, which is placed at the slope 
to the products valley and corresponds to the initial energy. Such a situation is 
characteristic of each of the three mentioned ethylene reactions and, in particular, 
ensures the H-Br bond in the reactional complex with C,H4Br being practically at 
equilibrium all the way through the barrier. This accounts for the absence of the isotope 
effect in the second reaction (9.2). Approximate constancy of rl  in the barrier allows us 
to represent the PES in the coordinates Q, and Q 3 ,  with a small variation of r l  in the 
reaction path being taken into account. The cross-section U(Q2, Q 3 )  is demonstrated in 
figure 24 in the Smith-Delves coordinates [39], q2 =he2,  q3 = A - ’ Q 3 ,  h=(mQ2/mQ3)1/4,  
in which the kinetic energy T = m/2(qf + 4:) describes the motion of an effective mass 
m=(mQ2mQ3)’” = 17.3mH (mQ2 and mQ3 are the reduced masses of the bending and 
intermolecular vibrations, respectively). The angle between the reactant and product 
valleys is p=sin-l  (mQ2/mQ3)li2 = 31”. Thus, the motion in the reaction path s is at most 
contributed by the low-frequency intermolecular displacement (0, %‘ v3 at the initial 
minimum) while the transversal vibrations have high frequencies (which are close to v1 
and v 2  in the initial state), since 0, >>w,, the extremal trajectory corresponds to the 
vibrational-adiabatic motion. In [57] it is shown how the slow transition potential 

m 

U(ri,r2)= Wri,r2(Q2, Q3)L (9.4) 

= v(s) +z d k d k  (9.5) 
k 

transforms into the vibrational-adiabatic one (3.12). The tunnelling probability at  
T = 0 eauals: 

where 

is the longitudinal vibration frequency in the initial state, 

s2 

so = ~ [ Z ~ V / S ) ] ~ / ’  ds, S, = [2mI/,/s)] 1/2 ds. 
s1 s1 

(9.7) 
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(b)  
Figure 24. (a) Contour plot U(Q,,  Q 3 )  for collinear reaction C,H,CI with C1, in crystal. The 

dashed line shows the extremal trajectory passing through the saddle-point *. (b)  Bare (1) 
and vibrational-adiabatic (2) barriers in the reaction path. Change in the frequencies of the 
stretching Cl-CI (3) and bending C-C-CI (4) vibrations. In accordance with (9.7), the zero 
potential corresponds to the zero-point energy of the longitudinal vibrations in the 
minimum of the term. 
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So and S ,  are the actions in the bare (V(s)) and vibrational-adiabatic barriers, 
respectively (sl, s2 and si are the turning points coming from conditions V(sl)= V(s2) 
= V,(s;) = 0). The reaction barriers V(s) and V,(s) along with the transversal vibration 
frequencies as functions of s are given in figure 24. The reduction of the latter near the 
turning point s;, where the product valley sharply widens (see figure 23), reduces the 
adiabatic barrier height by -0.5 kcal(mol)-', its width diminishes to 0.55 A. The rate 
constant found by using (9.6) and (9.7) K , =  lo's-' is in agreement with the 
experimental results. 

10. Conclusions 
Since the discovery of the rate constant low-temperature limit less than twenty 

years have passed. The further studies have shown that such a dependence of K ( T )  is 
inherent in very different chemical reactions (from intramolecular rearrangements with 
H-atom transfer to the chain reactions with transfer of much heavier fragments). The 
numbers of examples of the low-temperature limit grows steadily, which allows us to 
speak of universality of this phenomenon. 

The present review is the most complete analysis of the low-temperature 
conversions caused by heavy particle tunnelling. The specific features of these reactions 
are due to the existence of bound initial states, the effect of reactant packing in solids 
and its change as a result of previous acts of conversion and involvement of low- 
frequency intra and intermolecular motions of the tunnelling particle environment. 
These properties closely connect the low-temperature chemistry with the physics of 
point and extended defects in crystals and non-crystalline solids. It could be said that 
this area is a boundary between the modern solid state physics and chemical physics of 
elementary processes. 

The appreciable progress in the low-temperature chemistry of the last decade is, in 
the first place, due to the development of the concept of multidimensional nuclear 
tunnelling. This concept has appeared independently in the theories of gas-phase and 
solid-phase reactions and by now it is ascertained by the necessity of their use to 
describe the conversions occurring at very low rates at energies close to the zero-point 
ones, when the tunnelling, from a small correction, turns into the main contribution to 
the transition probability. Reactions in both gas phase and in the van der Waals and 
matrix-isolated reactant complexes are now being studied under conditions of low 
initial reactants energies. The low-temperature chemistry step by step fills up the gap 
between the chemistry of gas and solid-phase reactions. On the way of comparison of 
kinetic characteristics in different aggregate states and at interfaces at equally low 
energies appearance of quantitative dynamical models incorporating the totality of 
reactant and environment motions can be expected. 

The advance of experimental methods of measurement of small tunnel splittings, 
along with improvement in the time resolution and sensitivity of kinetic methods, 
makes possible the studies of low-temperature reactions in a very wide range of rate 
constants from 1 0 - ~  tc  1012s-'. 
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