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In the works of the authors and of V. V. Tolmachey {1, 2], it has been shown that, out of the overall theoreti- o
cal concepts, there follows the obvious course for a number of the simplest chemical substitution reactions: 3
S , " Ry +RymRy -+ Ry—Ry+Ry, L ' R L »v_(l)'i
where Ry are arbitrary fragments (radicals, atoms, or ions). The reacting particles approach each other, overcoming
an energy barrier with a height of W; and reach the reaction region. During the passage through the reaction re- .
gion, there takes place a rapid rearrangement of the light subsystem (electrons), with a minimum possible change ~ - -
in the state of motion (impulses) of the heavy nuclei. This change must satisfy the laws of the conservation of en--... -
ergy and momentum, taking into account the discrete nature of the energy levels of the internal movement in the R
corresponding states (a close confirmation has already been given in[3]). The products, forming in the reaction - P
region, are dispersed with an effective potential barrier with a height of Wy and Wy'can, in principle, be determined 1-_.";,, -
from the elastic scattering of the corresponding fragments. The reaction picture presented differs substantially from . . . .
the traditional picture, in which there is postulated the formation of an active (collision) complex Ry™=R,~~Rg. .= '
As a result, from the overall theory, as has been already demonstrated in (1, 2], there. flow the following conclusions, -~

1. The cross section of reaction (1), with given initial and final quantum numbess, should'have cha.racterihs'-"v: RN
tic maxima, at energies of the initial relative motion, Ees: _ o ' R N
A Eres = Wi+ 11 ) (0, + Ae); Q= Q— Wit W, L@
where the plus Sign corresponds to (Qp +Ae) > 0 and the minus sign to (Qp + A€) < 0; Q is the heat effect of the -

 reaction ar absolute zero, and Ae = & - &; is the difference between the internal energies of the fragments.. -~
before and after the reaction. In the case of monoatomic fragmeats Ry : S - ' .

Fo=rnaoa+ Wlalle +1) /20 (e=14p. @

The value of ¥is ex pressed in terms of the masses, my, of'thc fragménts S

mfmg + murtams (my 4 m; 4 my) ),’I. »
_ - mZ (m1 4 me 4 mg)t _ ‘ R
only if, simultaneously, the inequalities m, << m, and m, << my are not satisfied, In view of the finite dimensions . -
of the reaction region and of the boundary limitations, the values of the cross sections at high Iy (larger than 10~ ~ - -
20) and small (in comparison with the fractions of the vibrational quantum number) values of Qr +A{:.'_arevsubg_ e
stantially decreased, - The width of the resonance maximum of the eross sections is given by the formula” - e

v=(1+4

mim3 + mymams (my + ma - ms)] (ng -+ 1) Boy (g - 1) By }
. , - my(m + matma) [(ng + 1) By + (g 4 1) hoy] RS
2. With exothermic reactions (Q; +A€ < 0) the most intensive transitions correspond to the cAo'ndi'tvioni's' &0
and &y |Qr + Ae| with an accuracy up to fractions of fiwg. With endothermic reactions (Q; +Aae > 0), 8522 0 S
and &'; o~ Qr - Ae. Thus, in the exothermic case, almost ail of the heat effect of the reaction manifests itself -
in the form of the excitation of internal movements, and is not distributed uniformly with respect to degrees of en-.

Ly = {(Qr +‘A§) [
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'and for the endotherrruc reactton

A *In [1,-2]_sorn‘ewhat diffeting &signadons and e:tpress_ions for 'Evai'were‘ used. wy

'I‘ABLE i Calculauon of the Acuvauon s ergy, as would be the case in the formatron of an acuvated complex.* =

L Energtes of the Reactrous of Hydrogen oo Inthe endothermic reaction, there enter preferennally molecnles
Isotopes Sl V_}wrth exctted tnternal movements. o o SR
Actrvauon S 3 ‘The angular dependence of the cross sectron of fthe reac- :
» ~energy, - | " ton g ~o, where o is the total drfferenual cross. secnon oi the . ;
" Reaction sourc'e ' kcal/ mole" | Brror, - ,sca“enng SN e _,
e sy exl(’e‘e‘:‘e.mlcalcu- % . The above quantttattve data are in agreement mth data ob- =
' vr:me[; lated| “ - . tained for substitution reactions in molecular beams and for a num-
naypn| @ gg : o] s ber of thermal reactions. For the further comparison of theoretical -~
S HL e | 7% | 14| ~3 o deductions with the results of the mvesugatron of the most simple . -
DM | () 91 3,3 ~3 . ; thermal reactions, which is the aim of the present work, it is neces- 3
H4De | ()1 - 7.3 7’6 1 ~4%" - sary to carry out an averaging of the cross sections with respect to an - *
S L T _ S -~ equilibrium distribution. In a first approximatios, leaving only the * .-
.~ Note: The experimental values'of the - . - contributions of the two transition bands, most intense andnearest =
| activation ehergy in Tables1and 2~ to the threshold, and sufficiently narrow, we obtain the approxtmate
were obtained using formula 7(9)‘. B expression for the rate constant of the reacuon K(T) -
k(T) — Ae—Eu"lT + Be-EglkT ‘, - il »' 7' | . Lo i - (6)

s w here A a,nd B depend relauvely weakly on the temperature and for the exotherrmc reacnon ol

=Wk Q1 =1 hopay—1), e
Ez—” +(("f" )ﬁwf—lorl) 1lsz(Y+ i), T R

| E‘“”’ “Qr-"‘“ﬁﬂw "y + 1)+n¢fn~ot. R
E;—W’ +((n‘, +1)7i(o —Q") 1/2(Y_1)+(m }‘L 1)75«(0{- . t —' .

Here for srmphcrty, we assume that Rk are monoatomtc fragments and that the value of é’ '« =2 Neflwg and

ngf (a =i,f) whrch are. of interest to us are, determined by the condition

| 0<iQ I —nS RS hon @
In th.ls case the empmcal acttvauon energy, Ea, is equal to e e

“

Ea,_ v——’_‘__ k ~dQUn) = .lA —b.'kr+ Be—b;/k’l‘ (1“'7\-) Et-’-lEz. : S )

where the parameter A lymg in the interval from zero to uruty, takes mto account the ratio of the cross sections
.- for two groups of transtions, and includes effectively also the partial effect of the rotations. Here the Arrhemus
law is e:\penmentally observed in the temperature 1nterva1 AT, sattsfymg the condmon s

where Tm is the mean temperature of the e}tpenments. As a result of Eqs. (‘7) and (8), the allowable rnterval AT. .

reaches hundreds of degrees Thus, for the endotherrmc reaction® |

Ey = W;+[(7~Y4‘/z(v—1)) m +7v ’/z(v+1)1ﬁm; —(M—-‘lz(v——i) 0r+ Qr | a0

S and for the ekothemuc reacuon

Ea W +[(7~Y-—‘/2(Y—-1)) n; +7~ 1/z(\H—i)lhmf '—(kv—"e(v—'i))l(’r‘ | Cam

In thls case, as can be venﬁed takmg account of the deterrrunatton of Qr, the actrvanon euergres of the ‘

Cr forward and backward reacuons dlffer by Q Sl
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Fig. 1. Dependence of the activation energy E, on -
Q for the reactions H + RH (2) and CH, + RH(b) ‘ac--
cording to the data of [11]. The straight lines are
Polyani - Semenov formulas. The dotted lines with
arrows are deviations from the Polyani-Semenov -
formula according to the proposed theory for frag- .
ments of comparable mass.

TABLE 2. Comparison with Experiment of ' It is intéresting above all to compare the formulas obtained .~ .

Calculated Activation Energies for the Re- with data, obtained with an accuracy of ~5% from measurements . © -
actions H + X, at Wj = 1.38kcalande =0 of the activation energy of reactions of the isotopes of hydrogen C
=Bl v (see Table 1), when all W; = Wy and ngr = 0. Here, the method of .-
] . N )
. %5 S P o |= least squares, taking account of the change in the values of the vi-
Reaction =~ | meanvalue O I . . - s o
. 8 g of E 5 |5 brational quarta, permitted obtaining optimal values of the param-
29 a B 18 % eters W, = 3.2 keal/mole and A = 0.35. It is characteristic that R
MLF | —93 2'4 ooy | 1,7 tho ove.ral'l isotopic courso of t‘he'change in the activation energy,-~ -
M--Clo | —%4 1.8 (1) | 1,42 which is difficult to explain within the framework of the standard ‘
H-Bre | —421 ~0.9 (1) [ 1.38 concepts, is found to be correct. This course must evidently change
M-LT, | —35 ~0,7 (1 | 1,38 P Yo oes

with an increase in the temperature, when it is already 1mpossnble

to limit ourselves to a rough approximation for two sy<tems of Ievels .

S with constant values of X. The latter fact explains, in our opinion, -
the results of measurements at higher temperatures (8] It is mterestmg that the main contribution to the activa- -
tion energy of the hydrogen isotopes in the model vader consideration is made not by the repulsion connected with

Wj, but by the multi-particle character of the phenomenon.® - The correctness of the concepts set forth can, evx- o

-dently, in principle, be verified qualitatively (separating analytically, from the experiments, the Arrhenius part of
the temperature depcndence from the possible tunnel effect) in experiments in which, as hydrogen isotopes, there
enter thermal u~or, in particular, positrons.t in the latter case y =~ 1, since E, >> E; and, consequemly. A =0

 Thus, for the reactions of a positron, the activation energy should decrease 16 a few kxlocalones and becomes 2 . S

measure of the true elasnc repulaxon Wi

It is pamcularly slgmflcam that formulas { 10) and (10 ) exPlam the empmcal Polyam Semenov rule [9] for T '

_ activation energies, as well as the divergences observed from this rule, According to this rule, the activation en-’
’ ergy of ruacuons ( 1) w1th respect 0 a homologous serxes of one of its fragments varies as a hnear funcnon of the

* The conclusmn as to the possxble role of w1 can change with a more accurate takmg into account of the contn-- L

bution of rotations; " in view of the comparauvaiy large value of the rotational quantum number in the first two
' equations of Table 1, there must be taken mto account the effects of symmetry, excludmg rotanon and takmg l
“into account of not,” B - - : : : S : :

 The reasons leadmg to the pnncxple of mxmmai transrmtted 1mpulses are retamed also for posmon substmmon
, reacuons. There isa decrease only in the tbxeshold weakemng wu:h respect 10 the mlet channel. =




B heat effect Eo + uQ ln thxs case itis not mvxal that o is usually less than umty for an endothemnc du'ec- A

Ly . perature, dep.ndence whxch is <ub<tannal at small acnvanon energ1e

- tion of the redctlons From Eqs. (10) and (4), there is actually obtained the Polyam-Semenov rule: .the coefﬁcxent .
o depends on the. mass my. " However, with mvanable values of m; and m, (my < rns). for example. ‘the’ dependence"
.. on mg will be marked only if the ‘change of ‘mg for the homologous series is comparable with mg - Standard examples
of the Polyani -Semenov rule for reactions, to which the theory developed can be extended, are shown i in Fig. 1 the
charactensnc features of the expenmental data are explamed in a natural fashion with reasonable values of the .
selected parameters A and w;. - With comparable masses, m,,'m,, and mg, when it is 1mposs1ble to neglect the de; i
‘. pendence. of ¢ on the mass, there are obtained divergences from the Polyani- -Semenov rule correspondmg to the R
theory.- - The reason for the abové-mentioned fact that, for endothermic reactions usually e < 1, is, according to
the proposed theory, the change in the contributions of E; and E, to E; with a change in Q. At m, >> ‘my, when.
y~1, in an exothermic - reaction E,, accordmg to Eq.(7), is substantially greater than Ey and, correspond.mgly, it
. should be true that a ~ 0, In the latter case; for exothermic reactions we should obtain 2 small neganve Polyam
] Coefﬁaent and, correspondmgly, a somewhat larger unit of the Polyani coefficient for an endothermic reaction,”
This has ‘actually been confirmed qualitatively* for the reactions H + X,, where X are halogens, as is évident from
Table 2.. In the calculation of these reactions, in contrast to the cases shown in Fig. Liuis esennal to take into ac-’
‘ count the dxfl'erence in the mbrauon frequencxes of the final products. : :

_ In conclusxon we take note of the special Chal'actel‘lstlcs of reactions between cbarged ions of dn’ferent signs,

~ and of reactions between ions and dipolar molecules with an ionic bond (in the initial state for endotherrmc reac- ‘
tions and in the final state for exothermic reactions), as well as of the closely related "harpoon”™ teactxons 12y
Since in this case, the above- mentioned threshold limitations are removed due to the presence of reactions at a dis-
tance, contributions are made to the reaction by transitions with large moments and optimal values of the kinetic
energy "drift” toward the energy threshold. As a result, the activation energy should decrease substantially and Wi
should be determmed ~This fact is remarked in the experiments of [13). The excitation of pamcularly high ro-.
tauons in exotherrmc reacnons of the latter type can be m prll'lClple followed expenmentany. -
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coo*In companson of theory wnth expenment there must be borne in mmd the rather large relauve error m the ex- .
kR penmental determmatlon of E, in the given reactions, and the precence of a comnbunon to the emponenual tem-




