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FREE RADICAL REACTIONS AT HIGH PRESSURES
By V.M. ZHULIN

In this article the author does not present the complete review of the works
concerning free radical reactions at high pressures. He aims at the presentation of
the principles, conclusions, and explanations which are the most inetresting from his
point of view, Thus the author dwells upon two domains viz. free radical reactions
in the liquid phase and solid-phase reactions initiated by shear. These two divisions
considerably differ in the amount of experimental data as well as in the level of
theoretical development.

The review includes in particular the following points. The rate of radical “cage”
reactions may be determined by that of the rotational diffusion and consequently may
decrease as the pressure increases. The chain termination in thermal polymerization
of styrene seems to proceed in kinetical area because the reaction is characterized by
a negative activation volume. There exist quantitative relations between the rate
conslant and activation volume of the radical substitution reactions involving the
transfer of H atom from organic compounds to the free radical. The existence of
the relations is stipulated by different lengthening of valence bonds in the transition
state. Deformation of organic substances at high pressure gives rise to new chemical
and Kkinetical phenomena which can not be interpreted from the known points of
view on high pressure effects.

1. Liquid-Phase Reactions of Free Radicals

Kinetical studies performed at high pressures permit the estimation of activation volumes
(JI'®) of the chemical reactions. thus yielding in valuable information on the structure of
transition states and the mechanism of the processes. JV* values may be derived from the
equation of the theory of the transition state (activated complex)'+®

fln k =
("5’ )= =%+ ()
where -k is rate constant and 4~ change in the volume by formation of 1 mol of activated
complex : all concentrations are molal. It yields from Eq. (1) that J¥* is a fundamental
physico-chemical value; its sign determines the direction of pressure effect(JI"*<0 —accelera-
tion, ¥ >0-slowing down) and its absolute value the magnitude of the effect.

The exact determination of JV* from the dependence of In k, vs. P is connected with
some difficulties, for the dependence is commonly non linear. Various methods of estimation
of 4V*= are used, thus V= value depends not only upon the amount and the accuracy of
experimental data but also upon the method of calculation.”

(Received September 1, 1980)
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1-1. Homolysis of organic conmpounds; “cage” effect

There exist a considerable number of azo and peroxide compounds which are decomposed
with the formation of two free radicals one of which rapidly produces N or CO; molecule.
thus radical recombination in the primary “cage” does not lead to the source compound. In
this case the kinetical study of the decomposition at various pressures performed by measuring
the concentration of the source material as a function of time enables us to estimate of the
activation volume JV§ which is related to splitting of one of chemical bonds. JI7* values
for homolysis of azobisisobutyronitrile,*® cis-3. 6-diphenyl-3, 4. 5, 6-tetrahydropyridazine.”
carbo-rert-butylperoxycylohexane.” di-rerr-butyl-hyponitrite,*® azocumene. and p, p'-dime-
thylazocumene'® were found to be 3-5c¢m®/mol. These values seem probable in case of the
considered process on base of simple "sterical ideas” presented elsewhere!’ where the author
surmises the 10-20%; increase in the bond length following the formation of the transition
state. However, studies on the decomposition of some other compounds by the same method
point to considerably higher JI'* values. Thus the study of decomposition of p-nitrophenyl-
azotriphenylmethane in n-octane. cumene. and rerr-butylbenzene yielded in the JF* values
equalling to 18. 20. and 21 cm?/mol respectively.!? JI"*>5cm®/mol were also obtained for the
decomposition of rert-butyvlperoxide in various solvents'® as well as for rert-butyl 2-propyl-
2-peroxypentenoate.!¥ )

The similar results may be derived from Kkinetical studies of azobisisobutyronitrile, for
instance. not by means of the concentration monitoring but using compounds— ‘“‘radical

traps".l,i. 14,15}

It is known that the experiments are carried out under conditions which
provide “trapping” of the radicals out of the “cage” only. In this case the rate constant (k)
is a complex function which may be presented as follows

P

kotkn (2

where &, is rate constant of decompsoition of the compound into the radicals. k,/tkc+kp)=
S portion of outer radicals, &k, rate constant of outlet of the radicals from the “cage” (propor-
tionate to diffusion coefficient). the kc rate constant of radical reaction within the "cage”
(recombination or disproportioning).

The separate estimation of k; and k. at various pressures permits the evaluation of changes
in f under the condition of increasing pressure. According to the experimental data f decreases
along with pressure increase. and that means the growth of the portion of therad icals which
react within the “cage”. These results were for a long time interpreted as follows: the rate
of outlet of the radicals from the *“cage” should decrease with increasing pressure owing to
the increase in viscosity of the medium and the reaction in the “cage” being bimolecular.
should be followed by the decrease in the volume by the formation of the transition state,
so the reaction rate should grow up with the increasing pressure.

In 1972 another approach was proposed to the consideration of the pressure effect on k¢
and kp.'® Basing on Eq. (2) we may put down the following expression
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where JV¢ and V5 are activation volumes of internal radical reaction and disappearance of
radicals from the “cage” respectively. 1t is surmised that JV3 equals to activation volume of
viscous flow of the solvent and may be expressed as follows:
(ilggﬂ )T____iig;fj,' (5)

where I and 7 are molar volume and viscosity of the solvent respectively. The compressibility
of the liquid is low; therefore, JI°5 is determined by the magnitude of 7 changes by increasing
pressure; these data are available for many solvents. The work® presents the experimentally
estimated value JVE—JV5=—9cm?®/mol for cyano-iso-propyl radicals, and J¥F5=15cm?/mol
was reported'® for toluene which was taken as reaction medium. Thus. JI'E equals 6 cm*/mol
i.e. the radical reaction within the “cage” is inhibited by pressure.

This result was explained'® by the dependence of the rate of internal reaction upon the
rate of their rotational diffusion which is naturally dependent upon the viscosity of the medium.
As pointed out above, the ratio k¢/kp is commonly decreased with the pressure increase; i. e.
ke is less affected by viscosity than kp is.

The ground for the considered approach to the estimation of &, and k¢ is supported by
the series of works by Jonas er al.'®??  In these works the activation volumes of translational
(4¥®) and rotational (JV7) translocations of molecules (autodiffusion) were estimated on
base of NMR data on proton spin-lattice relaxation times. It proves that JVJ is quite near
to JV§ calculated on base Eg. (5), and that JVFP<JV¥.  Some results are given in Table 1.

Let (JVE—J¥3) be equal to (JI7F—112). the (JI'E—JF3) for the solvents presented in
Table 1 may vary from —15 1o O0cm3/mol. It follows that systems principally are possible
where kc/kp is slightly dependent upon pressure (viscosity) as far as d1e=dV3. Though
the “cage™ effect occurs in these systems it cannot be registered basing on the changes in
viscosity of the medium. On the other hand. if homolysis is carried out in solvents like

benzene one may expect considerable growth in k¢/kp with increasing pressure for radical

Table 1. Activation volumes of transiational (4V%) and rotational (4177)
translocations of molecules in the liquid phase (23°C)

] 4 Jrr M-t Ref.

compound

benzene 22.0 7.4 —14.6 18
acetone 13. 6 4.8 — 8.8 18
toluene-dy 14. 4 10.4 — 4.0 19

chlorobenzene 1.2 1.7 0.5 18
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reaction within the “cage” is considerably less inhibited by pressure than the outlet of the
radicals (f is strongly decreased by increasing pressure, and JV7 is a great positive value).

Jonas er al. relate these phenomena to different connections between translational and
rotational transtocations of molecules. Rotation of symmetrical molecules has a slight effect
on the local structure of a liquid /. e. it is less effective in causing translational movements of
molecules than rotation of nonsymmetrical molecules. Naturally, all these phenomena were
observed by studying autodiffusion processes. In common case the ratio Ac¢/kp in free radical
reactions may depend on the radical structure as well as on the nature of the solvent used.
However. already now these ideas may be applied to the explanation of many experimental
results concerning “cage” effect in particular. Thus, the work'® reports 4¥ 7 values obtained
by studying decomposition of rerr~butyl peroxide in benzene, tetrachloromethane, cyclohexene,
and toluene equaliing to 12.6, 13.2, 6.7, and 5.4 cm?/mol respectively. The presented results
show 1¥V7 to be high in the symmetrical solvents while being near to JVFI(JIE=IVE) in
nonsymmetrical solvents.

Reference (14) reports the values of JI'? for decomposition of azobisisobutyronitrile at
40°C in toluene (10.7 ecm?®/mol). methylcyclohexane (17.2em%/mol), and cyclohexane (34.9
cm¥/mol).  Using data®'"Y and k;=5.45X10"7s71(40°C) we have calculated JVE 10 cm*/mol
(toluene). 5.9cm?mol (methylexclohexane). and ~0cm?®/mol (cyclohexane). Thus. in the
solvent with symmetrical structure (cyclohexane) pressure increase does not affect the radical
reaction within the *'cage”. while the viscosity of cyclohexane increases more than that of the
other two solvents, so that JI’F and 4V give the highest positive values.

It sthould be emphasized that any known result may not be taken clearly from the
considered point of view. Thus. for instance. we may point to the results’® on the decompo-
sition of p-nitrophenylazotriphenylmethane in n-octane. cumene, and rerr-butylbenzene.
can hardly be said that the molecules of these solvents are symmetrical, but JF7 of the
decomposition are quite high and practically the same in all these solvents (ca. 20 cm3/mol).

Another problem which arises by interpreting experimental data may be shown on the
example of the data on the decomposition of rerr-butylhyponitrite in n-octane®®. JV'§
derived from viscosity changes under condition of increasing pressure equals to 21 cm®/mol.
(1 atm, graphical differentiation of the dependence “In —P"). The analagues evaluation of
(JVE—JV3) from the dependence “In (k¢/kp) — P yields in the value —30cm®/mol. con-
sequetly JI°E equals to —9 cm®/mol. i. e. the reaction of rerr-butoxy radicals within the “cage”
is accelerated by pressure. The estimation of the respective activation volumes at 2000 atm
leads to the positive value JFE=d4cm®/mol. It is difficult now to point out the real nature
of this phenomenon. Perhaps it is bound with the transfer of the reaction into diffusion
area from the kinetical one.

Finally we should point out the variety of the kinetical effects of high pressure showed
by studies on decomposition of organic peroxides. Here negative JI* values were obtained

along with positive ones. Reference (23) reports on the acceleration of homolysis of isobu-
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tirylperoxide (4F*= —5cm®% mol). In this case just radical process is considered for the
contribution due to the rearrangement which is considered nonhomolytic is quite low. This
reservation is made because of some known data?*? on the transformation of a number of
silicone peroxides for which only rearrangement is known which is accelerated by pressure
(dV==—8x1.5 cm¥/mol*; no products of radical decomposition are observed).

In the case of the decomposition of trans-4-terr-butylcyclohe xanecarbonyl peroxide the
contribution due to the products of homolysis is unclear. However, it is known that the
decomposition is ‘accelerated by pressure (Ji"*—=—4cm%/mol) and that a product of rear-
ragement is formed.®®

Thermal decomposition of dimethyl ester of peroxydiglutaric acid may be characterised
at least by two specific features.’” The first is that the rate constami of the reaction is
independent upon pressure within the wide range (1-10000 am). and the second is connected
with the fact that the reaction of radicals within the “cage” is more inhibited by pressure
than their outlet.

Finally, by studying the decomposition of benzoyl peroxide in chloroform Walling er al.2®
observed both acceleration and inhibition of the reaction by pressure i.e. the velocity of the
decomposition obtained minimum at 700 atm.

The presented various pressure effects on the decomposition of peroxides cannot be now
strictly interpreted. Further experiments are required.

1-2. Reactions of propagation and termination of chain in radical polymerization
The common expression for the initial rate of polymerization may be put down as follows

K,

W=wet

[M] (6)

where W is initiation rate and &, and k. are rate constants of propagation and termination
of chain, respectively: [M], monomer concentration.

Thus. if W;: is available one may derive the ratio k,/k¥* from the polymerization rate.
According to Eq. (6), the dependence “In ' vs. P” enables the estimation of the overall
activation volume (JF%) which equals to

MVe=1/24Vi+dVy -1/20VF (7

Consequently the data on the rates of polymerization and initiation do not permit the
estimation of the absolute values of k, and k, as well as those of JV§ and 4IF. This estimation
requires some auxiliary method. For the first time the separate estimation of &, and 4. was
carried out for stvrene polymerization under chopped light irradiation (30°C). According to
the data®® the propagation of the chain is accelerated (JI"5= —13 cm?®/mol), while termination
is inhibited (JVr=16cm®/mol) by pressure. Walling and Pellon evaluated k&, at various
pressures by emuision polymerization.?® Our calculations based on these data yielded in
dV3=-20cm?/mol at 1 atm.

The estimations of JV; and JIT are quite laboured and require a complex apparatus.
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Table 2. Activation volumes 4F} and 4F* and reaction volume (JV,)of polymerization
of monomers (30°C). cm*/mol

monomer vy Jry qVe Ref.
styrene —17.9 —18.1 13.3 30
methylmethacrylate —19.0 —~25.1 25.0 31
butylmethacrylate —23.2 — 17.8 32
octylmethacrylate —24.7 —_ 20.8 35
butylacrylate -22.5 -19.9 20.8 33

vinylacetate -23.3 -20.9 16.3 34

2 Calculated on base’™

Therefore, sometimes JV; was taken equal to the change in the volume of the system by
polymerization (JV,). As the recent systematic studies by Japanese investigators showed®™3%
this supposition is not groundléss. It yields from the data presented in Table 2 that JV§ is,
apparently, equal to J¥, within the limits of experimental errors. The most considerable
disagreement between J¥7 and 4V, is observed for methylmethacrylate.

Polymerization of the monomer is characterized by the highest J¥¥ value. In addition
the dependence In k, vs. P may be presented by a curve with a sharp slope in the region
below 500 atm and slightly dependent upon pressure in the range 500-1000 atm. Practically
the main decrease in A, occurs before 250 aim (k. undergoes half decrease). Then if the
linear dependence In k.-P is accepted in the range 1-250 atm, 4¥F=70 cm®/mol may be
obtained. However, the physical sense of this value is still unclear. Also unexplained is the
nature of considerable disagreement between JJ7 values reported by Ref. (31) (29.2cm?¥/mol)
and by Ref. (15) (7.0cm®/mol). The difference in the experimental techniques is that in
Ref. (31) W; was determined by the aid of diphenylpycrylhydrazyl in the atmosphere of
nitrogen while in Ref. (15) iminoxyl radical in vacuum was used.

On the whole. from the author’s point of view which is supported by the data’® Jp¥
‘values are in the first approximation equal to 4V§ of the monomer derived from the Eq (5).

1-3. On reaclions of initiation and termination of chain in thermal (uninitiated)
polymerization of styrene

Only two works are known up to the date which aim basicall{ at the estimation of the

activation volume of reaction of initiation in thermal polymerization of styrene’®*® Basing

on the data on the velocities of initiated (benzoyl peroxide) and uninitiated polymerization

N

of styrene and on the values of molecular masses, Guarise’® estimated the overall activation

volumes of thermal (JF §iu=—25.8 cm*/mol) and initiated (J¥V§;=—17 cm®/mol) as that of the
reaction of initiation by benzoyl peroxide (JV7=5cm?®/mol). Then using Egs. (7') and (7°")

IVR= 1 2dVE+ IV 1/ 24V F (7)
W Ha=1/2dV 5+ V7 —=1/20VF (77

and accepting 415 and JFT equal for both the processes, Guarise derived from :hese equations

¢
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(79 and (7") JdVi=—12.6cm®/mol.

In the work'® JV7, was estimated using stable iminoxyl radical at 80°C and the value
obtained was equal to —32cm%/mol. Such a considerable discrepancy may be stipulated by
a number of reasons. Both of these methods of estimation of JJ°7, are not ideal. Thus, the
supposition on the equality of J¥7 for thermal and initiated polymerization of styrene seems
apparently groundless (see later). Moreover. the method of the estimation of JI°3, with the
aid of stable iminoxyl radicals proved to be indirect. for the radicals are not only involved
into reactions with the radicals formed by thermal initiation, but also bind to styrene. However,
the value 4V 5, =—32cm3/mol which is characterisiic of the Diels-Alder reaction correlates
well with the initiation mechanism proposed by Mayo!” -two styrene molecules react in Diels-
Alders’ condensation type forming quite reactive bicyclic compound which donate hydrogen
atom to the third styrene molecule. so the ‘process corresponds to the third order of the
dependence of the initiation rate upon the monomer concentration. If we accept JI'%,= —32
cm¥/mol and use JFg=—32.5cm®/mol'® and JI"';=-21.7cm* mol (the value —17.9%*® js
extrapolated to 80°C on base of Ref. (3)) we obtain from the Egq.(7) JF7~—10cm?/mol.
Thus the reaction of termination of the chain is accelerated by pressure in case of the thermal
polymerization of styrene. The given 41§ and all data reported by Guarise® permit the
evaluation of JJ'F=—4cm® ' mol (thermal polymerization) and JI7=—5cm¥/mol (initiated
polymerization). These figures are especially competent in case of initiated polymerization, and
it can be seen that JI'T is again negative. 1t appears that the termination of styreme poly-
merization chain is really accelerated by increasing pressure. Perhaps it is bound with the
fact that chain termination involves low molecular radicals (arising from thermal initiation)
and the reaction proceeds not in diffusion but in kinetical area (contrary to the termination

on high molecular radicals),

1-4. Reactions of radical substitution

Studies on the reactions of polymerization and telomerizaiion in the presence of CCl, as
chain transferer showed that the activation volume in reactions of radical substitution (JI'%)
involving transfer of Cl atom is practically independent upon the radical structure and obtains
the value near to JI'§.'*? However the consideration of respective reactions involving hydrogen
transfer yielded in the existence of the correlation belween rate constants of radical substitution
and J¥%.4*  Later this correlation was estimated for the reactions of hydrogen splitting by

]
—C-44%9 Br 49 and (CHy)s CO 3™ radicals. The character of the correlation is determined

b)lf conjugation effects and polarity factors. If the reactivity of organic compound is determined
by conjugation factor, i.e. by relative stability of the radical arising from the splitting of
C-H bond, the more the reaction is accelerated by pressure the more reactive the hydrocarbon
in respect to the radical is. Quantitatively the correlation may by expressed as the linear
dependence of the log of the rate constant ratio of j-th reaction (k;) to the rate consiant of

the standard reaction (k,. toluene) on the difference in the respective activation volumes
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(JVE—117). Experimental data within the range of experimental errors fit the equation
JVF~dVi=-3.3 log(k,/k,). The most considerable difference in the rate constants of the
reaction is ca. 4 orders (Br, heptane, cumene) and it corresponds to the difference in the
activation volumes about 12 cm?/mol.*®

The obtained regularity is explained by the variety of I* distance in the transition state
of the reactions of substitution involving hydrogen transfer.

CH+ X— [-Coree H------X]——)—(:i--l-HX

. ]
In case of the given radical X one may say that the more siable the arising radical -CI° is
(the more easily the C-H bond is split) the less the distance /¥ is, i.e.. the more compact
the transition state is the more the reaction is accelerated by pressure.

The rough evaluation of I™ in various reactions was performed in the work*® on base of
the method proposed by Stearn and Eyring in the supposition that the degree of the lengthening
of the formed and the split bonds in transition state remains the same and equals to ca.
1095 in the case of the most rapid reaction. It proved that in the case of the most slow
reactions which were studied the lengthening of the bond may rise up to 8025, more precisely
the distance ¥ may undergo 80% increase. The possibility of these changes in /* is supported
by the estimation of positions of the transition statc on base of the experimental data on
activation energies and reaction heats,’"

References. (47) and (48) report on the bromination of a number of toluenes. The
velocity of the reaction is determined by polarity factors. The reaction is characterized by
comparatively high value of o constant of Hammet's equation (—1.8). In this case the reverse
correlation is observed; the slow reaction is more accelerated by pressure than the rapid one.
however, and the linear dependence of log of the rate constants on activation volumes is still
competent. No other possibility is found but to explain the dependence on base on changes
in *. In this case the compactness of the transition state decreases with the decrease in
electron accepting capacity of the substituent. Perhaps, when the shift of the electron pair
of C-H bond towards the carbon atom occurs (slowing down of the reaction), Br atom should
come into closer contact to include the electron into the orbit of the arising HBr bond. The
presented quantitative dependence reveals itself more strictly in this case; 100-fold shift in the

rate constant corresponds to the change in the activation volume ca. 10 cm3/mol.

2. Radical Reactions Induced by Deformation under Pressure

In 1937 Bridgman reported on the apparatus which permitted the simultaneous application
of high pressure (up to 100 kbar) and shear shift to the thin layer (HP+SS).5? With the
use of HP+SS he tried more than 300 compounds including several tens of organic samples.’¥
Not before twenty five years since Bridgman’s work this trend in the field took its second
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birth (especially for organic compounds) mainly in works by Soviet investigators.

Various organic compounds proved to be capable to form compounds high molecular weight
under the condition of HP+-SS. This class includes quinones. nitriles. aromatic compounds,
and some others. The first works which definitely showed the formation of high molecular
compounds and polymerization phenomena by the deformation of organic compounds under
pressure should be apparently dated 1968-69.5%® The review of pre-1972 works was done by
Zharov.”® The mechanism of these processes is unclear yet. though the data are available
supporting in some cases the radical nature of polymerization under the condition of
HP +SS. Thus. monomers which undergo ionic polymerization under usual condition are
harder to be involved into the process at HP +SS than those which are polymerized by radical
mechanism.*¥ The studies on styrene—methyl-methacrylate showed that the distribution of the
monomer links in the co-polymers at HP--SS is similar to that occurring in the co-polymers
obtained by radical co-polymerization in the liquid phase.’” However these data are indirect.
A number of studies point out that the common methods proving the nature of polymerization
may be hardly used at HP+SS. Thus, for instance. studies on polymer structure are often
undertaken to obtain conclusions on the mechanism of polymerization. Meanwhile. the structure
under the condition of HP+SS is apparently dependent upon the degree of destruction of
the crystal lattice. The work®® presents the results of the study on polymerization of 1,1, 2-
trichlorobutadiene-1,3 at HP+SS (—735°C). The structure of the obtained polymer was
compared with those obtained by radical polymerization in the liquid phase (100°C) and in
the solid phase (—78°C). The ratio of 1.4-to 3,4-links was compared. The ratio is 5-6
(solid phase), 1.95 (PH=+SS), and 1 (liquid phase). The intermediate value of the ratio at
HP+SS is supposed to be stipulated by considerable destruction of the crystal lattice of the
monomer owing to plastic deformation. The supposition is made on base of the work®® in
which the solid phase polymerization of trichlorobutadiene at atmospheric pressure was studied.

The most close to the question which is considered in the actual review are the works®®
in which the polymerization of stable iminoxyl radicals. containing the groupings C=C %
C=N.*" and cyclopropane ring®® was studied at HP+SS. According to the data.’® the

o /CH2—~C(CH,);
iminoxyl radical CH,=CH—C—NHR- where R- is the group—CH > N-0O- at
NCH,—C (CHy),
room temperature, shift angle 507, and 120 kbar yields insoluble polymer with the average
polymerization degree ca. 7. A molecule of the polymer contains in average one f{ree radical
site. The obtained data permit the scheme of the process which should occur in the liquid
phase process at enough high temperature. The stable radical binds to the unsaturated bond
of another radical and the new radical is involved into recombination with iminoxyl radical.
So propagation of the chain goes this staged way. Polymerization of other stable radicals
yields mainly in insoluble products which is apparently stipulated by the relative cross-linking
of polymer molecules under the condition of HP-SS,
Studies on the polymerization of the ester of o-vinylbenzoic acid (CH2=CH—C¢,H.COOk)
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showed the insoluble polymer to contain about 209; (of starting amount) of stable paramag-
netic sites while practically no double bonds occur. One of the reasonable explanations of
this fact is the reaction of splitting of hydrogen atom off the polymer molecules by stable
polymer radical with the following formation of N-OH bond. The groupings of this type are
known to react with air oxygen with the regeneration of the stable radical site.®® 1t is also
possible that sometimes HP+SS may provide conditions under which unsaturated groups
are more reactive than stable radicals. The similar phenomena are. also observed in case
of the stable radical containing C=N bonds.* [t should be added that the considered
polymerization of the ester of o-vinylbenzoic acid (contrary to p-isomer) is followed by
reactions leading to the destruction of benzene rings. Ref. (65) reports on the formation of
oligomeric polyamides from unsaturated amide containing the iminoxyl radical site under the
condition of HP+SS, free radical site being not involved in the reaction. Perhaps. this process
does not proceed via radical mechanism.

Studies on chemical transformations at HP +SS showed that in most cases simple compression
of solid samples up to 100 kbar did not lead to reaction. The transformations follow the
applied shear shift and stop at the moment the deformation is stopped. These and other
results provide the ground for the application of the methods of formal kinetics to the
description of the chemical processes at HP +SS. Time in the differential equations is substi-

' It should be pointed out that no correlation between velocity of the

tuted by deformation.®®
processes at HP+SS upon the velocity of shear shift was observed.®*® Thus. for instance,
the increase in rotation of the anvil at 70 kbar from 5.5 to 60 grad/min did not affect the
rate of nitrile polymerization®"’ while 50 grad turn at 70 kbar provide polymer in 339%
vield. The velocity of deformation may be increased further, so it seems possible to perform
processes within tens of seconds and even seconds.

A question arises about the nature of such high reactivity of organic compounds at HP +SS.

Deformation of solid samples involves mechanical work which is mainly transformed into
heat, so considerable increase of temperature of the sample could be expected. However,

direct measurements and calculations show that the increase in temperature can not exceed
150 58,69)

The hypothesis of the local heating’

was also shown unapplicable to the explanation of
high velocities of the reactions,

There exists a natural supposition that the application of the shift removes diffusion
limitations for the reaction in the solid phase (thus. for instance. Ref. (71)). According to this
supposition the considerable velocities of transformations at HP+SS may be explained with the
aid of the effect of high pressure, i. e. on base of well developed concepis on activation volumes.
However, even from this point of view, though diffusion limitation are reduced. most of
the actual experimental data can be scarcely understood and it may be clearly shown on
two examples. The first is benzene polymerization including the opening of the aromatic ring
followed by the formation of polymer with well developed linear system of conjugated bonds.’®
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The reaction was not performed under any other conditions up to the date, The second is
dimerization of cyclopentadiene by Diels~ Alder’s reaction.” The reaction easily proceeds under
usual conditions. both activation energy and activation volume are available. Recent data
permit the estimation of the rate of dimerization of cyclopentadiene in hypothetical liquid
phase at temperature (~120°C). pressure (40 kbar), and within the period (1-2 minutes)
usual for the experiments on solid cyclopentadiene under deformation. The dimerization rate
in the liquid phase proves to be 9-10 orders lower than that observed under the condition of
HP +SS,

It is pointed out in Ref. (73) that the nature of extremely high reactivity of organic
compounds by deformation under compression is not clear yet. Nevertheless, the supposition
is made that the applied shear shift causes the deformation of the valence bonds in molecules
as well as the excitation of vibrational levels due to energy dispersion by plastic. deformation
of the sample. Perhaps, these phenomena stipulate the specificity of the reaction at HP+SS.
Moreover, the deformation of the samples by compression leads to the destruction of crystal
lattice and to relative shift of layers of the sample which provides mass transfer and apparently
a certain orientation of molecules.

The data available nowadays show definitely that studies on chemical transformations under
deformation in compressed solid materials present a new trend which is quite important in
both theoretical and practical aspects.

Finaily. the author wants to pay his pleasant debt by expressing his sincere gratitude to
his collaborators G. A. Stashina and Z. G. Makarova for their help in preparing the manuscript

and in carrying out some calculations.

References

1) M.G. Evans and M. Polanyi. Trans. Faraday. Soc., 31, 875 (1935): 32, 1333 (1936).

2) A.E. Stearn and H. Eyring. J. Chem. Phys., 5, 113 (1937).

3) B.S. EPvanov and E. M. Gonikberg. J. C. S. Faraday 1, 75. 172 (1979).

4) A. Ewald, Disc. Faraday Soc,. 22, 138 (1956).

5) M. Ya. Botnikov, V. M. Zhulin. L. G. Bubnova, and G. A. Siashina. fzvestiva Acad. Nauk SSSR.
Ser. khim., 1977, 229.

6) R.C. Neuman, Jr. and E. W. Ertley. Tetrahedron Len., 1225 (1972).

7) R.C. Neuman, Jr. and J. V. Behar, ibid., 3281 (1968).

8) R.C. Neuman. Jr. and R. J. Bussey. ibid., 5859 (1968).

9) R.C. Neuman, Jr. and R. J. Bussey, J. Am. Chem, Sac.. 92, 2440 (1970).

10) R.C. Neuman, Jr. G. D. Lockyer, Jr., and M. J. Amrich, Tetrahedron Letr., N13, 1221 (1972).

11} W. ). leNoble. J. Chem. Education. 44, 729 (1967).

12) C. Walling and G. Metzger, J. Am. Chem. Soc.. 81, 5365 (1959).

13) R.C. Neuman, Jr. and G. D, Holmes. ibid.. 93. 4242 (1971).

14y E. ishihara, Y. Ogo.and T. Imoto, Proc. 4rh Intern. Conference on High pressure. Kyoto (1974),
p. 681.

15) V. M. Zhulin, G. A. Stashina, and E. G. Rozanisev, IZwestiya Acad. Nauk SSSR. Ser. khim., 1979,
977.

16) V.M. Zhulin and M. G. Gonikberg, Izvestiva Acad. Nauk SSSR. Ser. khim., 1972, 331.

17) A. Bondi, J. Chem. Phys., 14, 591 (1946).



228

18)
19)
20)
21
22)
23)
24)

25)
26)
27

28)
29)
30)
31)
32)
33)
34)
35)
36)
37)
38)
39)
40)

41)
42)
43)
44)
45)
46)
47)
48)
49)
50)
51)
52)
53)
54)
55)
56)
s7)

58)

59)
60)

61)

The Review of Physical Chemistry of Japan Vol. 50 (1980)

V. M. Zhulin

T. E. Bull and J. Jonas, J. Chem. Phys., 52, 4553 (1970).

H. J. Parkhurst, Jr.. Y. Lee, and J. Jonas, ibid.. 55. 1368 (1971).

R. A. Assink. J-De Zwaan. and J. Jonas, ibid., 56. 4975 (1972).

J. Jonas, Ann. Rev. Phys. Chem., 26, 167 (1975).

M. Fary and J. Jonas, J. Chem. Phys.. 85. 2206 (1976).

R.C. Lamb. J. G. Pacifici, and P. W. Ayers, J. Am. Chem. Soc., 87, 3928 (1965).

V. A. Yablokov. A. Y. Ganyushkin, M. Ya. Botnikov, and V. M. Zhulin. Ilzvestiya Acad. Nauk
SSSR, Ser. Khim., 1978, 484.

V. A. Yablokov. A. V. Ganyushkin, M. Ya. Botnikov, and V. M. Zhulin, ibid.. 1980, 950.

C. Walling. H. N, Moulden. J. H. Waters, and R. C. Neuman, J, Am. Chem. Soc.. 87, 518 (1965).
V. M. Zhulin, E. K. Starostin. S. I. Moryashova, and G. L. Nikishin. Jzvestiva Acad. Nauk SSSR,
Ser. khim., 1979, 1237.

A. E. Nicholson and R. G. W. Norrish, Disc. Faraday Soc., 22, 104 (1956).

C. Walling and J. Pellon. J. Am. Chem. Soc.. 79. 4776 (1957).

Y. Ogo. M. Yokawa, and T. Ilmoto, Macromol, Chem., 171, 123 (1973).

M. Yokawa. Y. Ogo, and T. Imoto. ibid. 175, 179 (1974).

M. Yokawa, Y. Ogo, and T. Imoto. ibid.. 175, 2903 (1974).

M. Yokawa, Y. Ogo. and T. Imoto. ibid.. 175, 2913 (1974).

M. Yokawa, and Y. Ogo, ibid.. 177, 429 (1976).

M. Yokawa, J. Yoshida, and Y. Ogo, ibid,, 178, 443 (1977).

Y. Ogo, and M. Yokawa, ibid.. 178, 453 (1977).

R. Houwink and A. J. Staverman. “Chemie u. Technologie.” B. 1, Leipzig. (1962).

Y. Ogo and T. Kyotani. Macromol. Chem., 179, 2407 (1978).

G. B. Guarise, Polymer, 7, 497 (1966).

V. M. Zhulin. G. A. Siashina, and E. G. Rozantsev, [zvestiya Acad. Nauk SSSR, Ser., Khim.. 1977,
1511.

F. R. Mayo, J. Am. Chem. Soc., 90. 1289 (1968).

V. M. Zhulin and I. Kh. Milyavskaya, /zvestiya Acad. SSSR. Ser. khim., 1974. 1487,

V. M. Zhulin, ibid., 1971, 2361,

V. M. Zhulin, B. I. Rubinstein, and M. Ya. Botnikov. ibid.. 1975. 293.

V. M. Zhulin and B. L. Rubinstein, ibid., 1977, 478.

V. M. Zhulin, M. Ya. Botnikov, and L. Kh. Milyavskava. ibid., 1975, 1131.

V. M. Zhulin. M. Ya. Botnikov. and I. Kh. Milyavskaya, ibid.. 1975, 488.

M. Ya. Botnikov. 1. Kh. Milyavskaya, and V. M. Zhulin, ibid., 1977, 577.

M. Ya. Botnikov. V. M. Zhulin, and . Kh. Milyavskaya, ibid., 1977, 573.

V. M. Zhulin and B. 1. Rubinstein. ibid., 1976, 2201.

M. V. Basilevsky, N. N. Weinberg and V. M. Zhulin. Intern, J. Chem. Kinetics, 17, 853 (1979).

P. W, Bridgman, Proc. Am. Acad. Arts. Sci., 71, 387 (1937).

P. W, Bridgman, Rev. Modern Phys., 18, 1 (1946).

V. V. Kapustyan. A. A. Zharov, and N. S. Enikolopvan, Doklady Acad. Nauk SSSR, 179. 627 (1968).
M. G. Gonikberg. V. M. Zhulin, L. E. Pakhomova, and I. P. Yakovlev, ibid., 185, 828 (1969).
A.A.Zharov, Ttogy nagky i tekhniky. Ser. “Khimiya i tekhnologiya vysokomol. soed.” 5. 89 (1974).
V. A. Zhorin. A. A. Zharov, Yu. V. Kissin, and N. S. Enikolopyan, Doklady Acad. Nauk SSSR. 219,
674 (1974).

Z.G. Makarova, A. A. Zharov, V. M. Zhulin, N. V. Klimentova, and A. P. Suprun. Vysokonol. soed..
20B, 609 (1978).

K. Ito and T. Matsuda, J. Polymer Sci,, 7. A-1. 2711 (1969).

I. E. Pakhomova. V. M. Zhulin, M. G. Gonikberg. I. P. Yakovlev, V. N. Suskina. E. G. Rozantsev,
and A. B, Shapiro, Vysokomol. soed., 12A, 1849 (1970).

I. E. Pachomova., V. M. Zhulin, M.G. Gonikberg, and V. P. Ivanov, Izvestiva Acad. Nauk SSSR,
Ser. khim., 1972, 857.

I. E. Pakhomova, B. V. Rozynov, A. B. Shapiro, V. W. Zhulin, and E. G. Rozantsev, ibid., 1972,
1418.



The Review of Physical Chemistry of Japan Vol. 50 (1980)

Free Radical Reactions at High Pressures 229

63) V.M. Zhulin. L. P. Yakovlev, Z. G. Makarova, A. B. Shapiro. E. G. Rozantsev, M. I. Loktev, and
G. P. Shakhovskoy, Vysokomol. soed., 19A, 2708 (1977).

64) E.C. Rozantsev and R. S. Burmistrova, Izvestiva Acad. Nauk SSSR, Ser. khim., 1968, 2364.

65) A.B. Solovyova, V. A. Zhorin. L. A. Krynitskaya, Yu. V. Kissin, and M. S. Enikolopyan, ibid., 1977,
1161.

66) A. A. Zharov, A.G. Kazakevitch, and N. S. Enikolopyan, Doklady Acad. Nauk SSSR. 230, 354
(1976).

67) A.G. Kazakevitch, A. A. Zharov, P. A. Yampol'sky, N. S. Enikolopyan, and V. L. Gol'dansky, ibid.,
186, 1348 (1968).

68) P. Calvert, T. J. Brown, and D. R. Uhlmann, American Wineralogist, 54. 1732 (1969).

69) L.G. Bolkhovitinov, Doklady Acad. Nauk SSSR. 125, 570 (1959).

70) N. P, Chistotina, A. A. Zharov. and N. S. Enikolopyan, Doklady Acad. Nauk SSSR, 209,900 (1973).

71) A. N. Dremin and O. N. Breusov, Uspekhi Khimii. 37. 898 (1968).

72) N. P. Chistotina, A. A. Zharov, Yu. V. Kissin, and N. S. Enikolopyan. Dofkady Acad. Nauk SSSR,
191, 632 (1970).

73) V. S. Abramov. A. A. Zharov. V. M. Zhulin, and G. P. Shakhovskoy, Izvestiya Acad. Nauk SSSR,
Ser. khim.. 1978, 1462.

N, D. Zelinsky Institute of Organic Chemistry
Academy of Sciences. 47. Leninsky Prospect
Moscow

U.S.S. R





