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Tunneling dynamics and spatial correlations of long chain growth
in solid-state photochlorination of ethylene at low temperatures
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A novel method is described for preparing reactive cryocrystals by deposition of argon-
diluted reactant beams and subsequent crystallization during evaporation of the inert gas.
Photochiorination of equimolecular ethylene—chlorine mixtures obtained by this method
and studied by means of kinetic UV-and IR-spectroscopy reveals activationless chain growth
with mean length 300 units in the temperature range 17—45 K. Mean chain lengths greater
than 100 are observed up to the conversion degree of 0.6—0.7. Comparison of the
experimental data with computer simulations shows that the tunneling reaction is due to the
formation of a closely packed reaction complex with high amplitudes of zero-point vibrations
which lower the reaction barrier. The commensurability of reactant and product crystal
lattices results in linear propagation of chains without accumulation of deformation strain.
The chain termination mechanism associated with the spatial correlations of chains is

discussed.
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Recent progress in theoretical investigations of nu-
clear tunneling and its significance for low-temperature
chemistry has stimulated interest in exploring different
types of chemical conversions at cryogenic tempera-
tures. The most obvious demonstration of tunneling in
chemical Kinetics is the predicted! transition of the rate

" constant from Arrhenius dependence to the low-tem-
perature limijt where reactant activation at the expense
of thermal excitation is absent. Now there are many
examples of low-temperature chemical reactions whose
rate constants are independent of temperature below
50—100 K (see, e.g., reviews®3). Most of them are
hydrogen transfer reactions, although the model of mul-
tidimensional dynamical nuclear tunneling®® predicts
that the transfer of heavier particles is possible. More
complex reactions may thereby proceed with measurable
rate constants at 7 = 0. However, the number of such
reactions is relatively small, and their mechanism needs
further elucidation. According to the available experi-
mental data, several conditions must be satisfied® to
enable solid-state tunneling reactions of heavy particles:

1. reaction exoergicity;

2. location of reactants in neighboring lattice sites,
which allows for conversion without translational diffu-
sion;

3. existence of high-amplitude low-frequency modes
that provide quantum displacement along the reaction
coordinate.

Another interesting aspect of these reactions relates
to the appearance of spatial correlations caused by the
accumulation of products with a crystal lattice incom-
mensurate with that of the reactants. This is manifested
most distinctly for chain reactions, in which successive
chain growth acts occur in neighboring lattice sites, so
that they cannot be treated as independent steps. The
structural relaxation is slowed down at low tempera-
tures, so spatial correlations lead to specific features of
conversion Kkinetics, in particular to the critical and
auto-wave phenomena discussed earlier.”—1

Studies of several chain chemical reactions in glassy
mixtures carried out in different laboratories have revealed
that at temperatures below the glass transition tempera-
ture 7, chain growth is limited to 3—10 links!*>—14
due to the absence of long-range ordering in reactant
orientation. Long chain growth would likely occur in
crystal systems if the reactants were to form an initially
ordered structure!’ with packing suitable for the reaction.
In particular long chain growth may be possible in mixed
crystals with alternating reactant arrangement, e.g. in
Hassel crystals’®. These crystals exist for 1:1 olefin—
halogen complexes. The model binary ethylene—chlorine
crystal, whose structure has been calculated earlier,"? is
quasi-two-dimensional and consists of planes in which
C,H, and Cl, molecules are organized into alternating
chains having a shortened distance along the shortest
diagonal in the ac-plane (Fig. 1). A molecular reaction in
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a C,H,Cl, complex occurs’®® at temperatures above
85 K in the absence of photoinitiation. This reaction
results in gauche-1,2-dichloroethane formation with the
rate constant equal to 1075 s7! at 90 K. The rate constant
is temperature-dependent in the temperature range
90—100 K, with the activation energy of 5.7 kcal/mole.

Below 80 K the reaction only takes place upon
photoinitiation and affords exclusively the frans-con-
former,?® which means the conversion propagation along
the chain of alternating reactants is accoriding to a
radical mechanism. The product is formed by the addi-
tion of the chlorine atoms belonging to the two CI,
molecules adjacent to C,H, as a resuit of two consecu-
tive exothermal reactions:

c *t CiHy, — CyHLL, "

+

CHCl * C, —» CH0CL T ocl,

where the second stage is rate-limiting with an activa-
tion energy of 1 kcal/mole in the gas phase.?!

The dimensions of the dichloroethane unit cell are
close to those of the reactant unit cell, so that the
reaction product appears in the initial lattice site and
does not displace significantly neighboring molecules.!”
On the one hand, this favors linear chain propagation
along the small diagonal of the ac-plane (Fig. 1) and, on
the other hand, the formation of the product spatial
chain does not seriously hinder neighboring chain growth
along the same direction. The binary mixed crystals
studied in refs. 17—20 provide promising objects for
investigating not only low-temperature tunneling reac-
tions, but also spatial correlations, since long-chain
growth occurs up to high conversion degrees in these
crystals. This prompted us to continue the research!7—-20
using a new method of crystal preparation, in which the
chain length and the conversion degree are much higher
than in crystals obtained with the usual techniques.

Experimental

The samples were prepared by a conventional procedure
accepted in cryochemistry, viz., by simultaneous deposition of
separate gas phase reactant beams (or their mixtures with
argon) onto a cold substrate kept at 1076 Torr vacuum. The
KBr (or BaF,) substrate was mounted with indium gaskets on a
copper retainer at the cold tip of a helium cryostat equipped
with a liquid nitrogen-cooled radiation shield. The system was
cooled by helium passing through the cryostat. The helium
temperature and flux was maintained by a thermocouple sensor
attached to the retainer. Temperature stability was approxi-
mately +1 K. Films formed at a deposition rate of about
5-105¢m™2%~! were optically transparent and their thickness
d was as great as 10 pm. The high transparency was preserved
up to conversion degrees £ = 0.2—0.25 as monitored with a
He-—Ne laser (A = 633 nm) by the absence of changes in the
transparency of the reactants and products. At £ > 0.7—0.8 the
intensity of transmitted light decreased by 10—25 % in thin
(d < 0.5 pm) and by 30-—60 % in thicker films (d > 5 mm). The

Fig. 1. Molecular arrangement in the ac-plane of a mixed
ethylene-chlorine crystal illustrating radical pair formation (g},
single chain growth (), and chain growth in the vicinity of a
product line (c). Molecules 14 are ethylene, chlorine, C,H,Cl
radical, and trans-1,2-dichloroethane, respectively.

changes in optical density in the region of 600—1000 cm™! due
to light scattering were less than 0.03 at conversion degree 80—
100 %. This variation was taken into account in the IR-band
intensity measurements.

Photolysis was carried out in the chlorine dissociative
absorption band using a continuous He—Cd laser (A, = 325
nm, absorption cross section o = 2.5 1071% cm?) or N, pulsed
laser (A, = 337 nm, repetition frequency 1 KHz, o = 2-1071°
cm?). The photolysis intensity varied from 104 to 6.5- 1013
cm~2s™1 using attenuators.

Halogen consumption at the initial stage of the reaction
was measured by measuring changes in optical density D at the
laser wavelength 2, according to techniques described eise-
where.§ The time resolution was 0.1 s, and the accuracy of the
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optical density measurements AD ~ 4-1072 , which corre-
sponds to the consumption of 28 - 1016 cm™2 Cl, molecules in
the sample.

Since ethylene and the reaction product, dichloroethane,
have well resolved intense IR-bands, the reactant consumption
and product accumulation kinetics were monitored by changes
in optical density AD at the appropriate bands. The absolute
values of the absorption cross-sections o, of the main charac-
teristic bands of the C,H,, C,H CI2 complexes, and of
1,2-C,H,Cl, had been prevmusly measured6 with an accuracy
of 20 % A two-beam IR spectrometer connected with a
computer through an analog-digital converter (ADC) was used
in these experiments. The spectrometer was tuned to the
maximum of the desired IR-band and its intensity changes
were measured in real time on 0.1 s scale. The spectral
resolution was 5 cm™!. The accuracy of optical density meas-
urements was AD = 5-1073 at time resolution of 1 s, which
made it possible to measure the variation of ethylene—chlorine
and dichloroethane concentration in the sample
AN, = AD/o; 1016 cm™. The IR spectra detected before and
after photolysxs had spectral resolution of 1 em™!. The accu-
racy of AN, absolute measurements was determmed by that of
the cross section o,. The accuracy of the relative measurements
of the conversion degree n(#) = N/(#)/N,(0) was determined by
that of A(#), and amounted to 1—2 %, taking into account the
background changes. The error in the measurements of the
reaction mean quantum yield and the characteristic time of
chain growth depended on sample reproducibility and for a set
of 5 similar samples was typically about 20 %

Results and Discussion

1. IR spectra analysis

In polycrystalline ethylene the most intense IR ab-
sorption bands are associated with the out-of-plane
bending modes v, (945 cm™') and v, (1140 cm™!)
which exhibit crystalline splittings.1—22 In binary mix-
tures C,H,:Cl, prepared by deposition from the gas
phase the v, and v,, bands are shifted due to formation
of donor-acceptor complexes. Absorption spectra in the
region the of v, doublet band with maxima at 963 and
955 cm™! are shown in Figure 2.

In triple mixtures (Ar:C,H,:Cl, = 60:1:1) a broad
complex band appears with a maximum at 960 cm™!
along with the pure ethylene bands. Heating the triple
mixtures above 40 K at a rate of =1 K/min causes
isolated reactants to combine into complexes that form
a crystalline phase, resulting in an increase in doublet
band intensity and the simultaneous disappearance of
pure ethylene modes. Heating from 35 to 60—65 K is
accompanied by intense evaporation of argon (argon
vapor pressure at these temperatures?? is higher than
10™% Torr) and formation of less transparent reactant
films presumably because they contain crystals or large
aggregates of complexes.

In the absence of illumination thermally activated
molecular addition occurs at 7 > 85 K, leading to a
decrease in the intensities of the complex bands and the
appearance of dichloroethane absorption bands at 653
and 707 cm™!, which are associated with C—C stretch-
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Fig. 2. Infrared spectra of crystalline ethylene (4) and chlio-
rine-ethylene binary mixtures before reaction (4), after partial
conversion via a thermally activated reaction at 90 K for 15
min {c) and after brief photolysis at 30 K {d). The doublet band
at 940—960 cm™! is the vy mode of ethylene. The bands 707
and 653 cm™! are assigned to the C—Cl vibrations of the trans-
and gauche-conformers of 1,2-dichloroethane, respectively.

ing modes of gauche- and trans-conformers, respec-
tively. The ratio of their intensities shown in Figure 2
indicates that the formation of a thermodynamically
unstable gauche-conformer dominates under these con-
ditions. The ratio of concentrations of these forms is

N, /N, < 0.3. The gauche-conformer is converted into
thc trans form after heating the solid mixture to
110—120 K. In chain photochemical reactions the ratio
N,/ Ng is dramatically different (see Fig. 2). The only
product is frans-dichloroethane. The intensity of the
gauche-conformer band is below the experimental limit
(N,/ N, = 30).

The cross sections for dissociative absorption by Cl,
at &, and A, are several times smailer than those at the
main IR-bands of the reactants. For this reason, the
kinetic measurements of chlorine consumption were
performed in samples 3—10 pm thick with optical den-
sity 1—3, while the kinetics of complex consumption
was measured in thinner films up to 0.5 um thick. At the
same time, samples 0.5—10 um thick enable one to
detect the accumulation of product.

2. The results of kinetic measurements

Chain reaction kinetics was measured for four types
of samples prepared under different conditions:
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Fig. 3. The kinetic curves of complex consumption (solid
lines) and frons-dichloroethane accumulation {(dashed lines)
during photolysis at 30 K (1) and 60 K (2). The thickness of
samples is 10 pm. Light intensity is 1015 cm™2 s~ The arrows
indicate the time at which photolysis was stopped.

1. C1,:C,H, = 1:1 mixtures prepared by deposition of
ethylene and chlorine at T= 23 K.

1. Mixtures of type I after thermal annealing at 60 K.

111 Triple Ar:C,H:Cl, = 60:1:1 mixtures.

IV. C,H:Cl, = 1:1 mixtures recrystallized by argon
evaporation from triple mixtures.

The photolysis in these mixtures results in a decrease
both in the intensities of the IR bands of the complexes
and in the optical density at the Cl, absorption band,
and a simultaneous increase in frans-dichloroethane IR
band intensity. Figure 3 shows Cl, consumption and
C,H,Cl, accumulation at 30 and 60 K. Kinetic curves
have an initial non-stationary period #, ~ 5—20 s, where
dN/dt increases up to a maximum value. At low conver-
sion degrees (¢ = AN /N, < 0.2) the post-photolysis
reaction lasts for 3—20 s because of the slow chain
growth. Tts kinetics is described by the exponential form:
AN = AN l1—exp(—#/7)]. The characteristic time 1 cor-
responding to chain growth coincides with £, during the
initial non-stationary photolysis, which is in agreement
with the common kinetics of the establishment of a
stationary conversion rate.

The photolysis quantum yield at ¢ > £, is determined
by the expression:

1AN,__1_ANp

TTLTAt L At

where —AN, = AN, are the changes in the product and
reactant concentrations measured separately,
L = N1—exp(—oN)] is the intensity of the light ab-
sorbed by the sample.

i A i AL

[¢] 200 400 600 800 1000
¢t (5)

Fig. 4. Kinetics of complex consumption in samples type 1, 11,
IH, and IV (curves /—4, respectively). J = 3- 1015 em™2 571,
sample thickness is about 0.5 pm. The induction period is not
shown.

Figure 4 shows the photolysis kinetics for each of the
four types of samples mentioned above for t > 1. While
t and t, do not depend on photolysis intensity f, the
reaction rate at { > £, is proportional to fso that ¥ does
not dependend on 7 and ¢, but depends on the method of
sample preparation as well as on the degree of conver-
sion £. Thus binary mixtures with different values of the
initial quantum yield ¥{¢ = 0) >> 1 also differ in XE)
dependences. These dependences at photolysis tempera-
ture 30 K for samples of types I, I, and TV are shown in
Figure 5. Type IV samples possess the highest Y{0)
values equal to ~40, which is 6—7 times greater than
Y(0) in type I mixtures. The decrease in ¥ with & in the
initial region of the Y{(£) plot can be characterized by the
slope s, = —~(d¥/de)/ ¥(0) at ¢ = 0. The values of s, for
several samples are listed in Table {.

1t is clear that 5, values for all samples are within the
interval of 0.30—0.48, but in mixtures with a high initial
¥(0) value, Y(¢) rapidly decreases when £ > 0.3~0.4,
and when £ > 0.65—0.75 the yields are approximately the
same (Fig. 5). It is worth mentioning that it is possible
to obtain 100 % conversion only in samples prepared by
argon matrix evaporation (type IV), whereas in samples
of types I and 11 approximately 20—235 % of the reac-
tants are preserved even after long-term photolysis. For
this fraction of reactants, ¥ < 1072, To calculate the
kinetic curves for such samples, we determined Y and £
with respect to the number of reactive complexes.

The temperature dependences of the mean vatues of
¥(0) in binary mixtures are demonstrated in Figure 6.
All of the samples have a common feature: the initial
quantum vyield remains constant from the lowest tem-
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Fig. 5. The dependence of quantum yield (¥) and mean chain
length ( 7. ) on conversion degree (£). Curves 1—3 relate to
samples type I, II, and IV, respectively. Dashed curves are
calculated for a 103x103 lattice. The number of randomly
distributed defects equals 1.2+ 104 (1’), 2-10% {2") and 8- 102
(3.

perature 17 K up to 45 K. Y(7) increases rapidly in the
range 50—60 K. As in the low-temperature region, type
IV samples possess the highest Y value, which reaches
160 at 58 K.

High values of ¥ >> 1 mean that the growth of long
chains occurs in binary mixtures, chain length being
determined by conditions of sample preparation. The
quantum yield decreases rapidly with conversion in more
perfect samples. In this respect, it should be noted that
it is necessary to maintain the temporal and temperature
experimental regimes carefully in order to obtain repro-
ducible results.

2.1. Measurements of quantum yield of chain initiation

To determine the quantum yield of chain initiation
we carried out the measurements in reactant mixtures
diluted by argon (type III), in which only isolated
complexes or their small aggregates can be formed. At
60-fold dilution only about 50 % of the complexes are
photolyzed. The photolysis quantum yield ¥ < 1 and
amounts to 0.310.1 in the temperature region 17—33 K.
As in binary mixtures, only the trans-conformer is formed.
At higher dilution, Ar:C,H,:Cl, = 120:1:1, the fraction
of complexes converting with the same quantum yield
decreases to 25 % while the remaining part has an
extremely low quantum yield (¥< 1072).

Halogen atoms are not stabilized in an argon ma-
trix.2425 Therefore, chlorine photolysis in triple mix-
tures occurs only by cage reactions in the complexes,
including the consecutive addition of two chlorine at-
oms formed during photodissociation to one or two

Y r
100
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2 ) hd 2 2
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R 1

3.5 4.5 100/T (K

Fig. 6. Temperature dependences of the photolysis quantum
yield (Y) in samples type I, II and IV (curves 1—3, respectively).

adjacent ethylene molecules. If the complexes are spa-
tially isolated in an inert matrix, the chlorine atoms can
only react with one ethylene molecule giving mainly the
gauche-conformer as a result of the cage reactions
cl T CH, —» CyH,CL,
(3)

.
Cl CoHyuCl  —» gauche-CyH,CL, .

The quantum yield is determined by competition
between these reactions and geminal recombination of
halogen atoms, and abstraction of chlorine atoms from
the radical:

hv
a, == ¢ + ¢, {(4)

—»  CyH,CI, (5)

CoH.ClL + ¢ — CyH, + Clz.

Table 1. Mean values of photolysis quantum yield and s, values
for samples type [—IV

Sample T, K b))} 5,

v 30 40+8 0.30—0.40
v 58 160+30 0.25—0.35
1 30 7+2 0.35—0.48
11 60 90+20 0.25--0.40
I 30 2717 0.30—0.45
11 30 0.340.1 — :




Tunneling dynamics and spatial correlations

- Russ.Chem.Bull., Vol. 42, No. 4, April, 1993 653

-2
10| X &

T T T

10+ b 3 *

L5 2.5 3.5 4.5 5.5
100/T{KY

Fig. 7. Temperature dependence of the chain growth rate
constant.

The C—Cl fragment of the radical formed in the
isolated complex should occupy the place of the chlo-
rine molecule, so that the exoergic reaction of reactant
recovery (5) is sterically more favorable than the reac-
tion of gauche-conformer formation (3). This reasoning
can explain the absence of the gauche-conformer and
the low quantum yield of the photolysis of the remain-
ing reactants, the fraction of which increases with in-
creasing dilution of complexes.

If complexes are organized into aggregates, the addi-
tion of halogen atoms to two different ethylene mol-
ecules becomes sterically more favorable, and the two
separated radicals initiate chain growth leading to trans-
dichloroethane. Therefore, the stereospecificity of the
reaction is closely connected with the chain mechanism
of conversion. The fact that the trans-conformer is the
only reaction product in triple mixtures demonstrates
that conversion mostly occurs in aggregates in which
chain length is above 2. According to this line of reason-
ing, the upper limit of the initiation quantum yield ¥
can be taken equal to ¥, = 0.15.

2.2 Chain length and effective rate constant.

The mean chain length 7 is determined by the
reduced values of ¥, and N(T): i = XD/Y,, and is
270, 180 and 40 units at 7 < 45 K for samples of types
IV, I1, and I respectively. At T= 60 K, n increases to
~ 1000 units. Chain lengths calculated in this way dem-
onstrate that regular structures of complexes of large
size (up to 0.5—1.0 pm) are formed in binary mixtures
of reactants. In samples prepared by sublimation of the
inert matrix (type IV) the size of these structures is 6—7

times greater than in samples obtained by simultaneous
deposition of ethylene and chlorine.

It is possible to calculate the effective rate constant
of chain growth K by using the above values of # and
the characteristic time of chain growth ¢, measured in
the post-photolysis reaction, viz., K. = 7 /f. The tem-
perature dependence K (7) in type II samples is shown
in Figure 7 and is characterized by a low temperature
plateau below 40 K where K 10 s71 . Above 50 K, K
increases with activation energy E, = 1 kcal/mol. By
measuring ¢ in different samples one finds that 7 is
proportional to Y(0), so that the rate constant for chain
growth does not depend on sample preparation condi-
tions, at least at the initial stage of photolysis.

3. Computer simulations of chain growth

The computer simulation of chain growth in a mixed
C,H,:Cl, crystal was performed using the algorithm
proposed in ref. 17, with the following stages:

1. the calculation of lattice parameters;

2. determination of the equilibrium configuration of
the reactants in the crystal;

3. calculation of the PES (potential energy surface)
and the transition probability using the multidimen-
sional dynamic nuclear tunneling model.

The crystal energy was calculated from the pair
interaction of chemically uncoupled atoms, described by
the Buckingham potential:

WKr) = —M/r’ + N-exp(—q- 1), (6)

with interaction constants given in Table 2. The mutual
arrangement of molecules in a C,H,:Cl, complex was
selected in accordance with quantum chemical calcula-
tions?’~2? : the distance between the nearest Cl atom
and the C = C plane of ethylene was r;, ~ 3.0—3.2 A,
which is 0.4—0.6 A shorter than the equilibrium van-
der-Waals distance. This shortening is due to the charge
transfer in the donor—acceptor complex. In our calcula-
tions we selected effective charges +¢q (¢ = 0.19 ¢)
located on the carbon and chlorine atoms in order to
obtain the aforementioned r, values and the experimen-

Table 2. Parameters of atom—atom potentials (ref.27).

Atoms kecal AS N keal q, A1 ro, A
’ mol ’ mol
Cl-C1 2900 2.29-10% 3513 3.696
Cl-C 1420 1.13-10° 3.513 3.701
CI—H 456 1.05-105% 4.194 3.100
c-C 476 3.77 - 104 3513 3.698
C—H 155 3.28- 104 4.130 3.152
H—-H 40.1 2.86-104 5.200 2.433
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tal?8 value of complex binding energy of 6 kcal mol™'.
Therefore, the intermolecular interaction energy was
determined as the sum of atom—atom potentials (6) and
Coulomb interaction. Crystal parameters were calcu-
lated by minimization of the intermolecular interaction
energy by varying the elementary lattice cell dimensions
{a, b, c¢), crystallographic Euler angles (a, B, y) and
orientation of the complex as a whole in the cell. In
addition, the crystallographic parameters of the lattice
depend on the type of symmetry, which in the case of
C,H,Cl, = 1l crystals is unknown. As the initial
structure we have chosen!” a simple triclinic P, -type
lattice with one complex C,H,:Cl, in each unit cell
(Z = 1). However, the great chain lengths and high
conversion degree observed in the experiment indicate
that the reactant and product lattices must belong to the
same symmetry group. We recalculated all the param-
eters of the ethylene—chlorine crystal with a monoclinic
lattice P,1/C (Z = 2), which has the same symmetry as
that of dichloroethane and contains two complexes in
each unit cell, distanced at a half-period along the (010)
axis and a half-period along the {100) axis with respect
to each other. To test the optimization method and
adequacy of the atom—atom potential, the
dichloroethane crystal lattice was calculated, and it gave
lattice parameters agreeing with experimental data within
an error of less than 0.2 A (Table 3).

The results of calculations for the P, and P,1/C
lattices are also presented. A characteristic feature of the
obtained lattices is that the molecules lie nearly in the
ac-plane (Figure 1, where ethylene displacement out of
this plane does not exceed 2°), so that the crystals
possess relatively weak inter-plane interaction compared
to intra-plane interaction.

A comparison of the calculated isomorphic lattices
of the reactant and product crystals shows their com-
mensurability in the reaction plane ac. Nevertheless, the
inter-plane distance of the reactant lattice is 0.3—0.4 A
greater than that of the products. Yet, the PES has the
flattest minimum in this direction, compared with oth-
ers, and it is impossible to say definitely whether this
difference actually takes place. Taking into account this
uncertainty and the fact that the reactant and product
crystals have a quasi-two-dimensional structure, the fol-
lowing simulations were carried out only in the ac-
plane.

3.1 Determination of the equilibrium configuration of
reactants in a crystal

Photolysis of chlorine results in the creation of a pair
of C,H,Cl radicals, which disturb? the environmental
region in a crystal. The minimization of the intermo-
lecular interaction energy in the vicinity of the radicals
shows that molecules which belong to the second and
the third coordination spheres do not undergo signifi-
cant displacement and their positions can be assumed to

Table 3. Parameters of the reactant and product crystal lattices.

Parameters Calculated crystal Crystal**

of the crystal C,H,:.Cl, C,CLH, C,CL,H,
trichnic  monoclinic monoclinic monoclinic
Z=1 Z=2 Z=2 Z=2

a 4.31 4.31 4.55 4.66

b 4.10 5.20* 4.83* 4.78%

¢ 7.55 7.55 7.60 7.88

a 90° 90° 90° 90°

8 95 95° 95° 103°

¥ 120° 140° 142° 145°

*To compare b and y for triclinic (Z = 1) and monoclinic
{(Z = 2) lattices, these parameters are identified with the
distance between non-equivalent molecules and the angle be-
tween the ac-plane and the 5 vector, respectively.

*Data from ref.33.

be fixed. A radical and the adjacent chlorine molecule
form a reactive pair in which the distance between
interacting C and Cl atoms is essentially shorter
(R, ~ 3.2 A) than the van-der-Waals equilibrium dis-
tance 3.65 A (see Figure 1a). The reaction barrier height,
as will be discussed below, is 2 kcal mol™!. The lack of
free volume is caused mainly by the disappearance of a
donor—acceptor complex. This brings about deforma-
tions along the small diagonal of the ac-plane, which
provides the proper conditions for formation of frans-
dichloroethane and a chlorine atom. The latter quickly
reacts with the ethylene molecule and forms a radical in
the next lattice site, giving rise to another link of chain
growth along the same direction. It is worth mentioning
that the chain grows symmetrically in two directions
(see Figure 1b). In the process of chain growth
dichloroethane molecules subsequently replace ethylene
molecules in lattice sites. Nevertheless, reaction product
formation does not induce large changes in the equilib-
rium configuration of the reaction complex: R, and the
reaction barrier height change less than 0.2 A and
0.2 kcal mol™!, respectively.

The distance R, from the C atom of the radical to
the nearest Cl atom of a molecule situated at the
neighboring small diagonal of the ac-plane equals 3.75—
3.8 A and far exceeds R,. The reaction barrier corre-
sponding to R, reaches 5 kcal/mol, which rules out the
chain transition to the neighboring diagonal and indi-
cates linear propagation of isolated chains. It is note-
worthy that product formation does not lead to changes
in the lattice period or to the appearance of structural
defects associated with the incommensurability of reac-
tant and product lattices. The linear chain propagation
considered above is analogous to the high-temperature
polymerization of diacetylenes.3 However, the funda-
mental difference between the two processes is that
polymer growth causes significant changes in the period
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U (kcal » mol) p
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0
2.65 3235 g (d)
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Fig. 8. Potential energy of interaction between a radical and a
chlorine molecule calculated using LEPS (1), using atom-atom
potentials (2), approximate composite surface from I and 2
(3), in a crystal without environmental reorganization (4) and
with reorganization (5). Cl—Cl distance equals 1.99 A.

of reactant and product arrangement (that is, polymer
shrinkage) even at a comparatively high degree of com-
mensurability of monomer and oligomer unit lattices
(the difference is less than 0.2 A). This leads to a
subsequent increase in the reaction barrier height during
chain growth, and, finally, to its termination.

The chain growth mechanism changes when a radi-
cal pair is created near product molecule (Fig. lc).
Since dichloroethane molecules displace the adjacent
chlorine molecules from the small diagonal, the equiva-
lence of the two opposite directions of chain growth
becomes broken. The barrier height and the value of R,
for the radical driving chain growth to the right in
Figure lc, are practically the same as for growth of an
isolated chain. For the second radical already at the first
step R, equals 3.45 A, and the barrier height reaches
3.4 kcal/mol, which makes one-side propagation prefer-
able. Another peculiarity of chain growth is the consid-
erable shortening of the distance R, between the radical
and the chlorine molecule placed on the neighboring
diagonal, R, = 3.5—3.55 A; the barrier height decreases
to 3 kcal/mol. As will be shown below, the reaction with
this Cl, molecule (resulting in frans-dichloroethane) can
compete with linear chain propagation and can lead to a
«kink», that is, a skip of the chain to the neighboring
diagonal.

In concluding this séction let us note the three
results which are important for understanding the mecha-
nism of chain growth. First, reactants in the initial state
are placed at distances shorter than the van-der-Waals
distances which reduces the reaction barrier height.
Second, commensurability of the reactant and product
lattices favors the growth of an isolated linear chain in
two opposite directions. Third, when active centers are
produced in the vicinity of the product molecules, one-
sided chain propagation becomes more probable and
kinks can appear.

3.2 Calculation of the PES
and the reaction rate constant

PES calculations at short distances were made with
the semiempirical LEPS method,3 where singlet Ulyp
and triplet U3a13 energy states are described as Morse
and anti-Morse functions for the (Cl—CI) bond which is
cleaved, and the (C—Cl) bond, which is formed. Ac-
cording to the method proposed by Sato,*? the Coulomb
(Q), and exchange (J) integrals are defined as

roﬂ -+ JaB = (1 + s%)- Ula[}’ 7
Qaﬂ“faﬁ:(l ‘32) USaﬁ,

and the energy of the three-particle complex C—CIl—Cl
is given by

1
U = 0o oy + 0y -

{ 1/2
_{i[(Jaﬁ _jﬁy)z +(J[3y - ay)2 +(J(xy - aﬁ)zl} (8)

The adjustable parameter s is the overlap integral and
it is selected so that it provides saddle point energy equal
to the experimental gas-phase reaction activation en-
ergy. Since this method does not take into account long-
range dispersion interactions mainly determining the
equilibrium distances between the reactants, the poten-
tial energy surfaces in the far region were approximated
by atom—atom potentials, as shown in Figure 8.

In the PES computation the displacements of the
reactants and the neighboring environment were found
by minimization of the potential energy at fixed C—Cl
distances.

The two-dimensional PES as a function of the coor-
dinates of the Cl—Cl bond which is cleaved, (g,), and
the C—Cl bond which is formed (g,), is plotted in
Figure 9. It is an «early descent» PES, that is, the saddle
point is strongly shifted towards the reactants valley, so
that the reaction barrier is overcome practically without
lengthening of the bond to be broken. The extremal
trajectory of multidimensional nuclear tunneling is de-
termined by the ratio of the longitudinal vibration fre-



656 Russ.Chem.Bull., Vol. 42, No. 4, April, 1993

Misochko ef af.

quency in the initial state o, to the transverse vibrational
frequency @, as well as by the angle ¢ between the
reactant and product valleys. For the considered reac-
tion o =75 cm™, 0, =570 cm! and ¢ = 90°, so that

oo, << L ®)

Inequality (9) means that the extremal trajectory
corresponds to a slow-flip (vibrational-adiabatic) transi-
tion3 and coincides with the minimum energy path
(MEP) passing through the saddle point, unlike the
«cutting corner» trajectories of hydrogen transfer be-
tween heavy fragments.35—37

Sections of the MEP for different equilibrium con-
figurations of the reactants are shown in Figure 10. The
barrier height is determined by the initial distance be-
tween the reactants, as well as by the character of their
motion. The important role of intermolecular the
C,H,Cl—Ci, stretching vibration and the C—-C-—Ci
bending vibration for the reaction in question has been
elucidated in ref. 17. We consider below the dynamic
behavior of the reactants, taking into account contribu-
tions from the other vibrations as well.

3.3. Dynamics of reactant vibrations in the crystal

Analysis of the reactants' motion along the MEP
shows that the displacement of the reactants' center of
mass is smaller than that along the reaction path. The
reorganization energy of the medium equals 0.12—0.17
kcal/mol and is considerably less than the reaction
barrier height. Based on this fact, we considered the
dynamic problem of reactant vibrations in the complex
C1—Cl...C—C—Cl immersed in a fixed crystalline envi-
ronment, thus neglecting the low-frequency lattice vi-
brations. Since the crystal ac-planes interact weakly
with each other, we considered the reactant motions

9,(8)

24+

Fig. 9. Two-dimensional PES in g,,g, coordinates.

U (keal -mol)

q,(4)

Fig, 10. PES section along the MEP for different initial
reactant configurations. /, Isolated chain growth at R, =325
A (see Fig. 1b); chain growth in the vicinity of the reaction
product line (see Fig. 1¢); 2, chain growth to the right at &, =
3.3 A; 3, the same 1o the left at R, = 3.45 A; 4, reaction with
the molecule Jocated on the adjacent diagonal at R, = 3.5 A
(kink).

only in this plane using a space of 7 inter- and
intramolecular coordinates. The changes in the lengths
and angles of the bonds were chosen as natural coordi-
nates g;. After transforming to normal coordinates Q,,
the vibrational frequencies v, shown in Table 4 were
obtained.

The three high-frequency vibrations assigned to the
stretching modes of the chlorine molecule and the radi-
cal practically do not mix with the other modes. The O,
vibration with intermediate frequency value is mainly
due to bending vibration in the radical. The low-fre-
quency vibrations Q,—Q, possessing the largest zero-
point amplitudes, are intermolecular stretching (Q, and
Q) and librational (Q,) motions.

The kinematics of the low-frequency vibrations is
shown in Figure 11. The Q,—(, coordinates are essen-
tially constant up to the saddle point and make little
contribution to the reaction coordinate.

In Figure 12 the changes in the other four coordi-
nates along the reaction path s are presented for the
equilibrium reactant configuration shown in Figure la.
The main contributions come from the Q, and @
vibrations which corresponds to the simultaneous ap-
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Fig. 11. Kinematics of normal vibrations Q,, Qs and O of the
planar reaction complex Cl—Cl...C—C—Cl.

proach and rotation of the reacting particles.

In the other reactant equilibrium configurations con-
sidered the vibrations Q,— Q, contribute to the reaction
coordinate in a different way. For example, when chain
growth occurs near the product (Fig. la), the reactant
motion leading to chain propagation to the right is
similar to that considered above. However, for the reac-
tion of the C,H,Cl radical the contribution from the
vibration @, decreases, while that from the rigid mode
Q, rises, which leads to a sharp increase in the reaction
barrier height and to the aforementioned of the alterna-
tion chain growth. On the other hand, in the reaction of
the first radical with the Cl, molecule the role of
librational vibrations Q, and @, rises, resulting in a
relatively low barrier height even at large equilibrium
distance R, ~ 3.50—3.55 A (see Fig. 10).

Table 4. Frequencies of in-plane normal vibrational modes of
the Cl—Cl...C—C--Cl reaction complex

Coordi- Vi Zero-point Assignment
nates cm™!  amplitude*,
A

g 568 0.027 Cil—Cl  Stretching

0, 899 0.001 c—-Cl ‘

o, 1872 0.011 C—-C

g, 64 0.027 Intermolecu-
lar liberation

Qs 74 0.077 and bending

o 101 0.085 modes

o, 361 0.072 C—C—Cl Bending

“Projection of the zero-point amplitude on the reaction coordi-
nate.

AQ (A)

Il

0.2 0.4 0.6 0.8 1.0
s (A)

Fig. 12. Variations of the normal coordinates @, (1), Q5 (2),

s (3) and Q, (4) along the reaction path s. Asterisks denote
the saddle point.

Q(A)
o o1 0.3 0.5 0.7 0.9
0.1} \3'15// 1.0/
21 20 fo
02]
| 02 05 10 18 20 21
-0.3+1 / / ///2.215\
2.
Q4(A) N

Fig. 13. Two-dimensional PES in @,Q, coordinates.

3.4. Calculation of the rate constant for the chain

The coordinates Q,— @, are perpendicular to the
reaction path s. As follows from Figure 12, the motion
in space of the slow coordinates Q,— Q, is characterized
by a nearly linear change in Q;—Q, with s. It turned out
that it was possible to define a new coordinate

09 - 310
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2.0 |- U (kcal - mol) ;
157 2
1.0+
0.5t
L ! ) L . L
0 0.2 0.4 0.6 0.8 1.0

s (4)

Fig. 14. PES section along the reaction path (J) and the
vibrationally adiabatic potential (2).

as a linear combination of Q.—(, so that the MEP
trajectory lies completely in the Q,Q,-plane. This per-
mitted us to reduce the dimensionality of the 4-D PES
to two dimensions (see Figure 13). Motion along the
reaction coordinate is adiabatic with respect to the fast
coordinates (since o << (@), o(Q,), o(@;), which
corresponds to condition (9)) and non-adiabatic in the
space of the slow coordinates Q,— Q7, as follows from
Figure 13 (u)” >> o,). Nevertheless, since the MEP is
nearly a straight line, deviation of the extremal trajec-
tory from the MEP is small. The barrier along the
straight-line path increases by only 0.1 kcal mol~}, and
the path itself s is shortened by only 0.03 A. Thus the
MEP was chosen as the extremal trajectory in further
calculations.

The vibrationally-adiabatic potential and W(s) are
shown in Figure 14. The barrier height for the zero-
point vibrational level of the initial state equals 1.8 kcal/
mol and the effective tunneling length is 0.8 A. The
effective mass of a tunneling particle is found from the
relation

V) = 2o (10)

and equals 24.8 a.u., which is significantly less than the
reactants' reduced mass (32.4 a.u.) due to the participa-
tion of intermolecular librational and bending vibrations
in the tunneling transition.

In view of the adiabaticity of the motion with respect
to the fast transverse coordinates it is possible to use the

vibrationally-adiabatic potential38:
h
Vg (s):V(s)+—§,ZAmﬂ(s) (1D

where Ao ; ate the changes in frequencies of the trans-
verse vibrations ¢;,—(; and of two linear combinations
of ¢,—0Q, which appeared after the aforementioned
reduction of the PES. The calculated potential V, (s)
was approximated by a cubic parabola in order to sim-
plify the calculations :

Vo (5) = L mo?s? - %m?\ss ) (12)

2

The energy values of the metastable state are com-
plex

E =B —i/2, (13)

and cerrespond to the poles of the quasiclassical spectral
function®

g(E)ec exp(i(W(E)-In/2)) (14)

period
where the action is W(E) = $ pdx , and / is the number of

turning points along the trajectory.
The period of a classical trajectory in a well is

T —2Sfds(2m(E —v(sy H/?
in = X n (15)
S

and the action
—Ef ds(2Zm(E, - V(s)))I/?
ln h n (16)

where 5, and s, * — are the turning points in the well. In
addition, there exist the trajectories with an imaginary
period corresponding to tunneling through the barrier
from s, to s,

ftan =2 [ ds(2m(E, - V(s))™)"2 (17)
1
s

W, = [ds2m(E, - V(s)))/? (18)
53

Therefore, an arbitrary periodic orbit has a complex
period t, (E) = nt (E) + imt,(E) and the action
nW(E) + imW,(E). Direct summation over all of the
periodic orbits leads to the expression for the spectral
density

exp (i(Wq — 1)) + exp (~-Wy )

g(E) =
1—exp (i({(Wy — )} —exp (=Wy)

(19)
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Thus, the quantization rule is v nw
1—exp(iW,—n)—exp(—W,) = 0. (20)
Since exp(—W,) << 1, as a zero approximation one 20k
obtains from this equation the usual Bohr-Sommerfeld
quantization condition
W1(e)=21c(n +%) 1) s
and, to the first order, the width of the level
I -30¢
r, = exp(—Wz(E,?)) (22)
(£
n n
We have found six energy levels in the initial state 35 L
for potential V(s): E°, = 0.16, E*, = 0.50, E°, = 0.81, Y,
= 1.12, B, = 1.41, E°; = 1.67 kcal/mol. All the levels
obey I, << E°_ . The spectrum was assumed be continu-
ous above the upper energy level because the width T's is -40 : : *
comparable to ¥;—E%, where V; is the barrier height. 0.01 0.03 0.05 /T (X

Assuming the Gibbs equilibrium population of the levels
in the initial well one obtains the following expression
for the transition probability

0

wn=| 3 5y 2 S(E%)) +
1) = Eﬁexp(—ﬁ—g (E,
7 exp(—E£ / KT) -1
+E'[odE1+exp(—21t/15co(E—V0)) Z (23)
5

where Z, is the partition function for the initial well.
The temperature dependence WAT) calculated from
(23) is given in Figure 15. It is characterized by a low-
temperature plateau with a sharp transition to the
Arrhenius region (at 7, = 20—25 K) with an activation
energy 1.4 kcal/mol above T, in agreement with the
experimental data. The value of the reaction rate con-
stant in the region of the low temperature plateau, K, =
10~2—10~1 s~ is 2—3 orders smaller than the experi-
mental value. This discrepancy in K; and T, is within
the accuracy of the calculations. Notice that when the
barrier height increases to 3.5 kcal/mol, the value of K|
decreases by five orders of magnitude, so that this is the
limiting value for low-temperature reactions of this type.
The present consideration does not claim to repro-
duce the experimental data quantitatively, but it does
describe many of salient characteristics of low-tempera-
ture chemical reactions involving heavy particles, namely:
1. The local lattice deformations created during re-
action initiation and chain propagation, induce close
packing of the reaction complex, in which the distances
between the reactants are shorter than the equilibrium
van-der-Waals distances. This results in a decrease in
both the height and width of the potential barrier.
2. The reaction is characterized by an «early de-

Fig. 15. Temperature dependence of the tunneling transition
probability.

scent» type of PES and vibrationally adiabatic motion
along the MEP.

3. This motion is determined by a set of intermo-
lecular reactant vibrations whose zero-point amplitudes
are considerably greater than those of the intramolecular
vibrations.

4. Participation of intermolecular libration and bend-
ing vibrations in the motion along the reaction coordi-
nate leads to a decrease in the barrier height and in the
effective mass of a tunneling particle.

5. The temperature dependence K(7) is character-
ized by a sharp transition from the Arrhenius curve to a
low-temperature plateau.

6. The lattice deformation accompanying accumula-
tion of the product causes spatial correlations of chain
growth. These correlations directly influence the chain
growth rate constant, and, hence, may lead to alterna-
tion of the chain growth or radical stabilization, as well
as to changes in the direction of the chain growth.

Within the framework of these conclusions, we now
present an analysis of some of kinetic peculiarities of the
chain reaction given in the experimental part of the
paper.

4. Spatially correlated chain growth

The kinetics of unbranched chain chemical reactions
is characterized by temporal and spatial correlations,
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which are due to interactions of individual chains. Thus,
the photolysis kinetics of an optically thin sample is
described by:

2
ki kel o kol i
n= € e
k2 - 2kol kE - 2kiol (24)
where 1 = olf, 6 = 6,Y,, k, and k, are the constants of
chain termination and growth, respectively,

n =k/k,+1>>1
is the chain length. The second term in (24) deter-
mines the induction period #, ~ k,~! at low initial
reaction rates, whereas the first one describes the fol-
lowing growth of the chain at quasistationary concentra-
tion of active centers. If

2 7 ol << k, (25)

the growth of a new chain begins after termination of
the previous chain in the volume j a30 (330 is the
molecular volume), and the reaction kinetics is given by

n = exp(—n1), (26)

so that condition (25) means that temporal correlations
are absent.In regular structures each chain terminates
when its active center meets a lattice defect or a reaction
product. When the lattice defects and initiation sites are
randomly distributed, the growth of chains with differ-
ent lengths can be characterized by the distribution
function P(n) such that

n(v) = [ P(n,x)dn. @7)

For independent quasistationary growth the initial
distribution function P(n,0) changes exponentially with
time, and the dependence m(t) is the inverse Laplace
transform of P(n,0):

n(1) = _[P(n,O)e"”dn' (28)

The spatial correlations of the chains change the
distribution function P(n, t), which can be described by
the master equation

dP(n,7) _

—nP(n,7) - kyP(n,1) +jk,, SR 0)dn (29)
dx ’

where k,P(n, t) is the rate of escape from the configura-
tion of length n into other configurations, and & . is
the rate of reverse transitions. Integration of (29) gives a
more general equation

dn/dt= —.[nP(n',‘t)d‘r ) (30)

Relations (28) and (30) give the main equation for
the analysis of the kinetic curves,

Fig. 16. Calculated dependences of the mean chain length on
the conversion degree (£) in a 102x102 lattice for double-sided
propagation (dashed lines) at different concentrations of de-
fects (N; >> 1 (D), N;= 3 (2), N;= 1 (3)); for single-side
propagation at N; = 0 (solid line 4); when kinks are formed
(dotted lines), at Ny = 3 and P, = 0.04 (5), P, = 0.1 (6),
P,= 0.2 (7).

l(dnj‘ [nP(n,5dn .

’T: _— = = =
n\ de f P(n,t)dn
This equation merely expresses the law of conserva-
tion law of the total number of active particles and is not
based on any model. It shows that the mean chain
length is equal to the first momentum of a distribution
function, and, in the absence of time correlations, de-
pends only on the conversion degree. It is possible to
expand 1 (£) into a series in the distribution function

momenta M, = J'n"P(n,E_,)dn, Viz.,

1 (8)/f (0)=1-5E+0E?) 32)

where s;=(M,—M;?)/M,? characterizes the distribution
function dispersion and determines the rate at which
n (€) changes.

Expressions (31) and (32) provide a means for deter-
mining the effect of spatial correlations on 7 (£). A
computer simulation was carried out on a two-dimen-
sional N+ N lattice (N = 10%). It was assumed that a
chain grows along the X-axis until it encounters a
defect, product, or crystal surface. If the chain is al-
lowed to grow in two opposite directions the chain
length is determined by the distance between two ran-
dom defects. When the average number of defects N,
per one initial line of length N is such that
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N >> N, >>1, the initial distribution function is

P(n,O)z_—lz-ne_"/HO, i, =N /Ny (33)
By
so that
nE)/ 7, = (1-E)2, 5, = 0.5 (34)

At lower defect concentrations the value of s; de-
creases, and the change in n(E) is slower than that
predicted by (34), tending to # () = Nat N; = 0, as
shown in Figure 16.

In the case of one-side propagation, a chain of
length n in a segment of length X between defects leads
to a decrease in the available length for next chain
growth to X—n. The distribution function can be ap-
proximated by:

P(n,0) :-;l—e_"/h_‘] (35)
iy
so that
nEy/n,=1-¢ 5 =1 (36)

The experimental curves n(£) shown in Figure 5
clearly do not obey the relation (36). Therefore, one can
conclude that there is two-sided chain propagation.
Type I samples satisfy equation (36). This confirms the
assumption that the growth of short chains is not dis-
turbed by spatial correlations and is generally governed
by the concentration of defects. This situation changes
in samples II and IV. On the one hand, the lower s,
values prove lower defect concentration, but on the
other hand, the sharp decrease in n(£) at £ > 0.3 shows
that there are additional mechanisms leading to chain
breakage during conversion. According to the geometry
of chain growth considered in the previous section, the
non-equivalence of chain growth in two directions and
the formation of kinks can lead to the effects mentioned
above. The 7 (&) dependence connected with the forma-
tion of kinks differs from that corresponding to one-
sided propagation. A kink can only appear if along with
the probability P, of chain growth in the X direction,
there is a finite probability P, that the active center will
react with the molecule at the neighboring line. A kink
only appears at n > Px/Py, so that at high degrees of
conversion the chain length is limited by defects, as is
the case for P, = 0. The calculated curves n(f) at
different P, are given in Figure 16. The inequality P, <<
0.05 corresponds to experimental values s, 0.35. In
addition, 7, decreases at high Py values. Although it is
possible to select s, to be in agreement with the experi-
mental data at Py < 0.05, the simulated curves do not
explain the relatively sharp decrease in n(g) at £ > 0.3
typical of the type IV and II samples.

Therefore, according to the results of section 3.1,
one can assume that the probability of kink formation
increases with accumulation of the product. The 7 (&)
dependence when P, is proportional to &, which is
shown in Figure 16 (curve 7), fits the experimental data
better. The s, value at the initial stage of the reaction is
determined by the concentration of defects, and, as the
product is accumulated, the chain length sharply de-
creases and eventually a short chain growth regime
comes about, as in the type I samples .

Thus, the comparison of the calculated chain growth
geometry with the kinetic data shows that the
activationless growth of long chains and the high degree
of conversion in this reaction take place due to three
factors: regular arrangement of the reactants, high prob-
ability of tunneling transition, and commensurability of
the reactant and product lattices. The maximum chain
length is determined by the concentration of defects in a
sample, while the spatial correlations, which are due to
accumulation of the product, lead to a decrease in the
chain length during conversion.

The increase in #n, with increasing T at 7> 45 K
(Fig. 6) can be explained by a decrease in the effective
defect concentration. The decrease in s, to 0.25—0.3 at
high temperatures supports this conclusion. In annealed
samples (types II and IV) the increase in 75 (7) is
probably connected with thermally activated surmount-
ing of the reaction barrier in the vicinity of a structural
defect. The sharper dependence of # (7) in defective
samples €of type I} is probably associated with additional
annealing of non-equilibrium defects.

L

The consideration presented shows that a combina-
tion of kinetic measurements and model dynamic calcu-
lations reveals many of the unique characteristics of
low-temperature chain solid-state reactions. The local
lattice deformations, resulting in a closely packed com-
plex, along with high amplitudes of intermolecular reac-
tant vibrations, provide a high value of the rate constant
in the low-temperature plateau region, which is several
orders of magnitude greater than in some of intra- and
intermolecular hydrogen atom transfer reactions {see
refs.2,3). The proposed algorithm for calculating the
tunneling transition probability can be used in descrip-
tions of other reactions, including specific low-tempera-
ture critical phenomena.

The use of the matrix isolation technique to separate
the chain initiation and chain growth stages, and to
prepare perfectly ordered structures has allowed us to
enlarge the number of objects and to investigate new
reactive condensed systems with regular crystalline or
fractal structures.

The authors are grateful to Academician V.IL
Goldanskii, Dr. D.E.Makarov, and Prof. S. Sato for
useful discussion and to A.U.Goldschleger for assistance
with the experiments.
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