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The regularities of reversible chain reactions in the equilibrium state
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The characteristics of dynamic equilibrium states in the experimentally studied reversible
chain reactions of quinoneimines with hydroquinones and in some reversible chain reactions
with similar mechanisms are discussed. The concentrations of radicals and non-radical partici-
pants were calculated. The equilibrium concentrations of the same reaction participants de-
pend only on the initial reactant concentrations, being independent of the number of chain
initiation—chain termination steps in the reaction mechanism. The results of mathematical
modeling of reversible chain reactions using the experimentally determined rate constants for
elementary steps of a reaction in the quinoneimine—hydroquinone system are presented.
Expressions relating the equilibrium constants of elementary steps to each other and to the
equilibrium constant of the total stoichiometric reaction are derived. Examples of other actual
reversible chain reactions are presented, indicating that such reactions are widespread.
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Chain reactions are usually accompanied by a consid-
erable decrease in the free energy; therefore, most of them
can be considered as almost irreversible processes, viz.,
Kq= exp(—AG/RT) >> 1. However, reversible chain reac-
tions characterized by K., = 1 are also known. They were
initially observed in the gas phase.l:2 As a rule, gas-phase
reversible chain reactions are accompanied by side pro-
cesses, although some exceptions are known, e.g., the reac-
tion H, + D, 2 2 HD.!=3 The reaction rates depend in
a complex manner on the temperature and pressure, as
well as on the shape and size of the reaction vessel and the
concentration of inert diluent gas.4—¢

Liquid-phase reversible chain reactions were discov-
ered quite recently, when the experimental data on "liv-
ing" radical polymerization’—? and pioneering studies on
the chain mechanism of reversible reactions in the quino-
neimine—hydroquinone systems!%1! were reported. The
regularities of "living" polymerization are well document-
ed;12—16 therefore, below we will consider only the revers-
ible chain reactions described by the classical kinetic
scheme including the chain initiation, chain propagation,
and chain termination steps involving radicals acting as
chain carriers.

As time passes, all reversible reactions reach an equi-
librium state and stay there for an infinitely long period of
time if no external factors are involved. This also concerns
reversible chain reactions. In the present study, we eluci-
date for the first time the dynamic equilibrium states of
reversible chain reactions by comparing a number of chain
mechanisms.

Reversible chain reactions in quinoneimine—hydroquino-
ne systems. The kinetics of reversible chain reactions of
quinoneimines with hydroquinones was studied experi-
mentally; therefore, we will pay particular attention to
them. These reactions are described by the following sto-
ichiometric equation10-11

H,A+B === A+H,B. (s), (—s)

It can be treated as the simplest mechanism of quinone-
imine reactions with hydroquinones. The rate constants
kg and k_g have no physical meaning; however, the ratio
kg/k_g is the actual equilibrium reaction constant K., which
can also be expressed through the equilibrium concentra-
tions of reactants and products*

K, q= :_S = % X 1)
—S [B]eq [HZA]eq

Equations (s), (—s) can be used to describe some other
reversible reactions including chain processes. Since ex-
perimental data are currently available only for the reac-
tions of quinoneimines with hydroquinones, below we will
compare different kinetic schemes using the following pro-
cedure. First, equilibria in the quinoneimine—hydroquino-
ne systems will be considered. Then, new kinetic schemes
will be constructed and analyzed by successive exclusion

of some elementary steps from the mechanism of quinon-

* Below all reactions are considered in the equilibrium state only;
therefore, the subscripts "eq" at the concentrations are omitted.
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eimine reactions with hydroquinones. Particular steps will Scheme 1
be excluded in such a manner that the stoichiometric equa-
tions of the reactions thus derived be consistent with the Cl
equations (s), (—s). In this case, all mechanisms will be
characterized by the same equilibrium constant K. Fi- HO OH + O:Q:NO =
nally, we assume that the reaction begins at the instant of
mixing of the initial reactants H,A and B taken in the Cl B
initial concentrations [H,A], and [B] that are the same in HoA
all mechanisms. This will simplify our comparison of dif- Cl
ferent kinetic schemes, because the equilibrium concen- H
trations of the same non-radical substances H,A, B, A, == 0 o + HOQNO
and H,B will also be the same for all mechanisms.
The kinetics of a reversible chain reaction of 2,5-di- Cl H.B
chlorohydroquinone (H,A) with N-phenyl-1,4-benzo- A 2
quinonemonoimine (B) resulting in 2,5-dichloroquinone

(A) and 4-hydroxydiphenylamine (H,B) (Scheme 1) was Scheme 2
studied.17-18
The rate constants for elementary steps of this reaction B+H,A === HA"+HB" M), (=1

used in the present study are listed in Table 1.
The mechanism of quinoneimine reactions with hydro-

quinones is presented in the kinetic Scheme 2.10-11 B+HA" === HB'+A 2.(=2)
Here, HB* denotes the semiquinone radicals produced

upon abstraction of H atom from 4-hydroxydiphenylamine HB® + H,A === H,B + HA" 3), (=3)

(H,B) or upon addition of an H atom to quinoneimine (B).

These can be both 4-oxydiphenylaminyl and 4-anilino- . .. _

phenoxyl radicals (HO—C¢H,—~N°—C,Hs and HETTHET === BB @

‘0—C¢H;—NH—C¢Hs, respectively); for the sake of sim-

plicity, the difference between them is not considered. HA"+HB® === HB+A (). (=3)
Some time after the reaction started, the rates of the

direct and appropriate reverse steps (see Scheme 2) become HA" + HA® === H,A+A (6), (—6)

Table 1. Experimental’ rate constants (k) for elementary steps of reversible chain reaction of N-phenyl-1,4-benzoquinoneimine (B)
with 2,5-dichlorohydroquinone (H,A) resulting in 4-hydroxydiphenylamine (H,B) and 2,5-dichloroquinone (A) in chlorobenzene at
T=298K, K,q=0.31

Step k/L mol~!s!
Direct reaction!? Reverse reaction!$ Used in the present study
B + H,A A+ H,B for mathematical modeling
B + H,A 2 HA' + HB" 1), (=1) k= (3.5%1)-10~* —b k,=3.5-10"*
k_y=8-108 k_y=8-108 k_y=8-108
B+ HA' 2 HB' + A (2), (=2) ky = (1.8£0.7) - 10° ky = (3.1£0.2) - 10° ky=12.8-10°
k_y = (6%2.5)-10° k_y=(6.3%£1.3)- 105 k_y=4.8-105
HB' + H,A2 H,B+HA*  (3),(-3) k3= (2.4%0.6) - 10° k3 = (3.4%0.8)-10° ky=1.8-103
k_3=(2.3%0.3)- 10° k_3=(2.7£1)-10° k_y=3.3-10°
HB' + HB" 2 B + H,B 4), (—4) ky=8-108 ky=8-108 k,=8-108
k_4=6.4-10"3¢ k_4=64-10"3¢ k_4=6.4-10"3¢
HA' + HB- 2 A+ H,B (3), (=3) —d k_s=(1.5%0.5)-1073 k_s=1.13-1073
ks=8-108 ks=8-108 ks=8-108
HA" + HA" 2 H) A+ A (6), (—6) k¢=8-108 kg =28-108 kg =8-108
k_g=(0.8+0.4)-10~* k_¢=(2.240.9)-10~* k_¢=6+10"5

¢ Assuming that k_; = k4 = k5 = kg.

b The rate constant k| cannot be determined by studying the kinetics of the reverse reaction.
¢ See Ref. 19.

4 The rate constant k_s cannot be determined by studying the kinetics of the direct reaction.



1130 Russ.Chem.Bull., Int.Ed., Vol. 60, No. 6, June, 2011

Varlamov

equal to each other and the concentrations of the non-
radical substances and semiquinone radicals HA* and HB*
reach their steady-state values. This is an equilibrium state
for each elementary step and for the overall reaction.!:20

Non-chain reactions described by the stoichiometric
equation (s), (—s). Let us consider two non-chain mecha-
nisms (a) and (b) representing fragments of the kinetic
schemes of reversible chain reactions (see below).

Mechanism (a). By combining the chain initiation and
chain termination steps (—1), (1) and (5), (-5), respec-
tively (see Scheme 2) one gets mechanism (a) shown in
Scheme 3.

Scheme 3*

k, k

5
-

-1 =5

—
-

B + H,A H,B + A

Mechanism (a) is a detailed analog of the (s), (—s)
mechanism. It includes a radical pool containing the HA*
and HB" radicals existing in equilibrium with the "exter-
nal space" of non-radical substances (initial reactants and
products). Following reactions (1) and (—5), the radical
pool is filled with the HA* and HB" radicals that are con-
sumed in the reversible reactions (—1) and (5). Unlike the
(s), (—s) mechanism, the rate constants for the reactions
in mechanism (a) have a clear physical meaning and the
experimental equilibrium constant (K,), is related to the
equilibrium constants of the steps (—1), (1) and (-5), (5)
as follows:

(Keq)a =Keq _—__=K1K5- (2)
Let us calculate the radical concentrations for mecha-
nism (a). Consider the equation

d([HA"], +[HB"],)
dr

=1,+V,=0, 3)
where

1, = k;[B][HA] — k_;[HA"],[HB"], =0,

V, = k_s[A][H,B] — ks[HA"],[HB"], = 0.

Each of the four elementary reactions in mechanism
(@) involves simultaneous production or loss of equivalent
amounts of both radicals, HA* and HB", and the radical
concentrations cannot be redistributed (due to, e.g., reac-
tions with non-radical products). It follows that the con-
centrations of the radicals HA* and HB* in mechanism
(a) are equal to

[HA"], = [HB"], = (K,[BI[HA]D/? =
= (K_s[H,B][AD"/2. “

* From this point on, the radical pool in the schemes is given by
solid lines.

Equality (2) is consistent with the experimental data
for more complex reversible chain reactions of quinone-
imines with hydroquinones (see Table 1). This result is not
surprising; it can be obtained by deriving from Scheme 2
relations between the equilibrium constant of the complex
reversible reaction and the equilibrium constants of par-
ticular elementary steps by their summation.2!-22 For in-
stance, summation of the steps (—1), (1) and (=5), (5)
gives the stoichiometric equation for the mechanism
(s), (—s) from which Eq. (2) follows. Using this approach,
one can show that the equality

K. = KiK;s (3)

holds for all reactions described by the equations (s), (—s).

Mechanism () constructed by augmenting the mecha-
nism (a) with two reversible reactions (4), (—4) and
(6), (—6) is shown in Scheme 4.

Scheme 4
ky ks
B+HA === |HA" +HB |== HB+A
k_, k_g
k_g
A+HA === [HA" +HA
ke ky
HB' + HB' | === H,B+B

Mechanism (b) corresponds to the stoichiometric
equation (s), (—s), is part of the mechanism of reversible
chain reactions of quinoneimines with hydroquinones, and
includes all steps of production and loss of the HA* and
HB" radicals.

The concentrations of the [HA "], and [HB "], radicals
in mechanism (b) can be calculated using the equation for
their steady-state total concentration:

d([HA"], +[HB"]y)
dr

=1,+ 1V, +V, + VI, =0, (6)

where

I, = k[ BI[H,A] — k_1,[HA"],[HB"],,
1V, = k_4p[ B][H,B] — kqy[HB"],2,
V, = k_s,[A]l[H,B] — ks [HA"],[HB"],,
VI, = k_gy[A][H,A] — kgy[HA 1,2

Using the principle of detailed equilibrium,29-22:23 from
VI, and IV, one gets the expressions for [HA"], and [HB"],

[HA"], = (K_[AI[H,AD /2, (7

[HB"], = (K_4[BI[H,B])"/%. (8)
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Now we will find relations between the equilibrium
constants. Substituting expressions (7) and (8) into I,
one gets

k([BI[H,A] = k_;[HA"],[HB"], =
= k_(K_4K 4[A][H,A][B][H,B])!/2,
from which it follows
(©)]

Substitution of relationships (7) and (8) into V,, gives
the equality

Keq = Kl 2K4K6.

K= KK 4K (10)

Equation (10) can also be obtained by substituting ex-
pression (9) into relation (2) for the mechanism (a). Also,
both relations (9) and (10) can be obtained by summation
of elementary steps (see above). Thus, by summing the
doubled step (1) and the steps (4) and (6) (see Scheme 2)
we get the stoichiometric equation (s), (—s) from which
equality (9) follows.

Dividing expression (9) by relation (10), one also gets

(1)

Finally, having multiplied Eq. (9) by Eq. (10), we
assure that relation (2) also holds for mechanism (b)

K1K4K_5K6 =1.

_[H,BIIA] _ K, _

(Keq)p = K 29
All relations derived for mechanism (b) agree with the
experimental data (see Table 1).
Mechanism of reversible chain reactions of quinone-
imines with hydroquinones, or mechanism (c). Augmenta-
tion of mechanism (b) with two reversible chain propaga-

tion steps (2), (—2) and (3), (—3) (see Scheme 2) gives the
mechanism of reversible chain reactions of quinoneimines
with hydroquinones. For clarity, it can also be represented
as follows (Scheme 5).

Mechanism (c) corresponds to the stoichiometric equa-
tion (s), (—s) and describes both the equilibrium and the
reaction kinetics.

Augmentation with the fast steps (2), (—2) and (3), (—3)
does not violate the equilibrium state of all reversible steps
in mechanism (b) and has no effect on the concentrations
of non-radical substances in this mechanism (because

Keqr) = Keqe) = Keg) as well as radicals, i.e.

[HA'], = [HA"],, [HB"], = [HB"].. (12)

It follows that all equalities derived for the non-chain
mechanism (b) also hold for mechanism (c). Also, some
additional relations are valid for mechanism (c); they can
be derived using the equations for the equilibrium of steps
(2), (=2) and (3), (-3)

ko [BI[HA" ], — k_»[Al[HB"]. = 0, (13)

ks[H,A][HB"], — k_3[H,B][HA"], = 0. (14)

Substituting the expressions for [HA], and [HB"],
from Egs (7) and (8) into Egs (13) and (14) (taking into
account relation (12)), one gets

Keq = K22K4K_6, (15)
Keq = K32K74K6. (16)

Taking into account expressions (9) and (10), from
Egs (15) and (16), one gets the following additional relations:

Keq = KiKoKy = Ky KK 6 = K K3 K = KKKy, 17)

Scheme 5*

: = A
- ko b
— - T
k, LHA S L HBZ] ks
B+HA ==—= | HA' + HB" | === H,B+A
k_| k_s
k*() ky
A+HA === | HA" +HA",HB" + HB" | === H,B+B
k6 r---=-=" [ s | k74
'HA" i HB"!
1 T 1
o +
' BH LR AH, |
Tk

* From this point on, dashed lines denote the chain propagation reactions resulting in the change of one type of radicals by some other
type of radicals. Such a change involves the "external space” of non-radical substances.
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and the equations relating the equilibrium constants for
chain propagation K, and Kj to the equilibrium constants
of the chain initiation and chain termination steps

K2:K1K6:K5K 45 (18)

K3 = K1K4 = KSK—6' (18,)

Having multiplied expression (15) by (16), one gets the
equation

Keq = KrK3, (19)

which can be combined with expression (5) and written as
an important relation

Keq = K1K5 = K2K3. (20)
Finally, from (18) and (19) one finds that
Keq = K12K4K6 = KSZK_4K_6 = Kle. (21)

All the equalities derived are consistent with the data
listed in Table 1.

The relations derived allow the k values to be refined
(see Table 1). Using the "refined" k values, we calculated
the reactant concentrations and the rates of elementary
steps in the equilibrium state for the reaction of 2,5-dichloro-
hydroquinone with N-phenyl-1,4-benzoquinonemono-
imine, which proceeds by the mechanism (c¢). For com-
parison, we also obtained independent estimates of the
equilibrium concentrations by mathematical modeling of
the reaction kinetics using the "refined" k values from
Table 1. For certainty, we considered a case where
[B], = 4-10~* mol L~!, [H,A], = 2+10~* mol L~!, and
[H,B]g = [A]; = 0. The results obtained are shown in
Fig. 1 and listed in Table 2.

As follows from the data of Table 2, analytical calcula-
tions and mathematical modeling give almost identical

Table 2. Equilibrium concentrations of reaction components
according to the results of calculations and mathematical
modeling

Substance Equilibrium concentrations/mol L~!
Calculations Mathematical modeling?

B 3.02-1074° 3.01-10~4

H,A 1.02-1074% 1.01-10~*

H,B 9.78-1073 5 9.86- 107>

A 9.78-1075% 9.86-107

HA- 2.74-10" ¢ 2.74-10-11

HB- 4.86-10-104 4.88-10-10

a Concentrations at £ = 108 s.

b Calculated using expression (1).
¢ Calculated using expression (5).
4 Calculated using expression (6).

Varlamov
C-10*/mol L-! a
4 L
1
2 -
2
3,4
O C 1 1 1 1
0 1 2 1-10~4/s
C+10'9/mol L~ b
1
4
2L
2
O C 1 1 1 1
0 1 2 £-1074/s

Fig. 1. Calculated kinetic curves for a reversible chain reaction
proceeding by mechanism (c): (a) — initial reactants and prod-
ucts B (1), HyA (2), H,B (3), A (4); (b) radicals HB* (7) and
HA" (2). [B]y=4-10~*mol L1, [HA], = 2-10=* mol L.

results (within the accuracy of the error in the determina-
tion of the k values). Using these results and the "refined"”
kvalues (see Table 1), we calculated the rates of elementa-
ry steps of the reaction in the equilibrium state (Table 3).

From the data of Table 3 it follows that the rates
of each step in the direct and reverse directions are
equal within the limits of experimental error, but the
rates of different steps differ by almost five orders of
magnitude.

"Simplified mechanisms" of reversible chain reactions of
quinoneimines with hydroquinones, or mechanisms (d) and
(e). Augmentation of mechanism (a) with the chain prop-
agation steps (2), (—2) and (3), (—3) gives a new chain
mechanism (d) which corresponds to the stoichiometric
equation (s), (—s) and describes a new reversible chain
reaction of B with H,A yielding H,B and A.

This mechanism can also be constructed by excluding
steps (4), (—4) and (6), (—6) from the reaction mecha-
nism (c¢) describing the reaction of quinoneimines with
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Table 3. Rates of elementary steps in the equilibrium state

Step

Rate at dynamic equilibrium /mol L—!s~!

Direct reaction Reverse reaction

B+ HyA 2 HA® + HB" D), (=1) 1.06- 1011 1.07-10~1!
B+ HA' 2 HB' + A 2), (=2) 2.31-1078 2.31-1078
HB + Hb A2 H,B+ HA"  (3),(-3) 8.87-107° 8.92-107°
HB* + HB* 2 B + H,B “4), (—4) 1.91-10-10 1.90-10-10
HA*+HB 2 A+ H,B (5), (-5) 1.07-10-11 1.10-10-1
HA' +HA 2 H, A+ A (6), (—6) 6.01-10-13 5.98-10-13
Scheme 6
B == A
Pt Lt
k, LHA S LHB ] ks
B+HA =—= | HA HB | =—= HB+A
koyo fp=scam oo -5
'HA" ' HB™!
[l Jd [l
Pt +
iBH, === AH,!
hydroquinones. Similar to mechanism (c), the equilibri- [HB'] [H,B] 2
. . X . . b =K K 2 =
um state in mechanism (d) can be attained in a chain [HB'] —-48-1 [HLA]
manner from the initial reactants B and H,A, as well as ‘ 12
from the products H,B and A. Also, the direct and reverse = [ K_4K_ Ko @J =gl (23)
reactions are accelerated in the presence of initiators. [A]

Prior to considering the chain mechanism (d), it is
necessary to compare the concentrations of radicals in the
non-chain mechanisms (a) and (b).

Equalities (4) for [HA"],and [HB"], differ from equal-
ities (7) and (8) for [HA"], and [HB"],, respectively. This
means that the concentrations of HA* and HB" radicals
in mechanisms (a) and (b) are different. Now we will show
that in mechanism (b), the concentration of one of the two
radicals (HB* or HA") is higher while that of the other ra-
dical is lower than their concentrations in mechanism (a).
The total concentration of radicals, [HA"], + [HB"],, in
mechanism (b) is usually higher than the total concentra-
tion of radicals in mechanism (a), but the product of the
radical concentrations, [HA ] ,[HB"],, in mechanism (a)
equals the product of the radical concentration in me-
chanism (b).

To prove this, let us calculate the ratio of the radical
concentrations in mechanisms (b) and (a) using expres-
sions (4), (7), (8), and (11):

[H,A1)" 1 a)”
2 = I St | =
K5 [HzB]] [K6K5 Ko [B]} €, (22

[HA. ]b =K
[HA"],

Taking into account the equalities (22) and (23), the
sum [AH"], + [BH"], is given by

[AH'], + [BH'], = [AH"] & + [BH"] &' =
=[AH"], (6 +& ) =[BH ], (¢ +&). (24)

At & > 0, the function y = & + &~! is positive and has
a minimum value y =2 at £ = 1. Since, generally, one has
&+ 1, then one getsy > 2 and

[HA], +[HB'], |
[HA"], +[HB'],

1, (25)

i.e., the total concentration of radicals, [HA"] + [HB"],
in mechanism (b) is higher than the total concentration of
radicals in mechanism (a).

Also, from expressions (22) and (23) it follows that for
mechanism (b), the concentration of AH" radicals is by
a factor of € higher while that of BH * radicals is by a factor
of & lower than the corresponding values for mecha-
nism (a). As a consequence, the product of the radical
concentrations in mechanism (b) equals the product of
the radical concentrations in mechanism (a):
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[HA];[HB"], = [HA"],[HB"],, (26)

which should be proved.

Figure 2 presents the results of mathematical mo-
deling of the kinetics of non-chain reversible reactions
proceeding by the mechanisms (a) and (b). As can be
seen, mathematical modeling and our analysis of mecha-
nisms (a) and (b) lead to the same results. Mathematical
modeling was carried out using the "refined" k values (see
Table 1).

Figures 1 and 2 allow one to compare two reactions,
one proceeding by the chain mechanism (c) (see Fig. 1)
and the other following the non-chain mechanism () that
precedes the mechanism (c) (see Fig. 2). As can be seen,
in the equilibrium state, the concentrations of radicals and
non-radical substances in the chain mechanism (c) are
equal to the concentrations of the corresponding radical
and non-radical substances in the non-chain mecha-

C-10%*/mol L-! a
4k
\ 11
2L
\ 22
/, 3,344
O C 1 1 1 1
0 1 2 t-1077/s
C-10'%/mol L! - b
4 -
2 -
1,2
>
O C 1 1 1 1
0 1 2 t-1077/s

Fig. 2. Calculated kinetic curves for non-chain reversible re-
actions proceeding by the mechanism (a) (/—4) and mecha-
nism (b) (I"—4"): (a) — initial reactants and products B (1, 17),
H,A (2, 27), H,B (3, 3), A (4, 47); (b) — radicals HB" (1, I"),
HA" (2,2). [B]p=4-10"% [Hy)A]p=2-10"*mol L.

nism (b). As follows from a comparison of the X-axis scales
in Figs 1 and 2, the chain reaction (c) is much faster than
the non-chain reaction (b).

Next, we will calculate the equilibrium concentrations
of radicals [HA"];and [HB"],and compare them with the
concentration of radicals in the non-chain predecessor
mechanism (a). Note that the radical concentrations in
the chain mechanism (c) are equal to the concentrations
of the corresponding radicals for the non-chain mecha-
nism (b) which is a part of the chain mechanism (c) (see
equalities (12)).

When calculating [HA"],; and [HB"],, first, we take
into account the equations for the equilibrium steps (2)
and (3), according to which the equilibrium radical con-
centrations in the chain reactions are related as follows:

B ya = &, [HBI

HB'|=K, —
B 1=K A [FyA]

[HA]. (27)

Second, based on equalities (26) and (4), we can write
[HA'1,[HB"], = [HA"],[HB"], = K;[B][H,A]. (28)
From Eqgs (27) and (28) one gets
1/2
[HA"], = (%[A][HzAlj
2

and

oo [HyA1)"
[HB" ], [B][Kle [A] ) . (29)

Having compared expressions (29) for [HA],; and
[HB"], with equalities (7) and (8) and taking into account
relations (18) and (187), we can conclude that the radical
concentrations in mechanism (d) differ from the concen-
trations of the same radicals in the non-chain predecessor
mechanism (a) but are equal to the radical concentrations
in mechanisms (c¢) and (b). This is in complete agreement
with the results of mathematical modeling of the reaction
kinetics for mechanism (d) (Fig. 3).

For mechanism (d), relations (5) and (19) are also
valid. They relate the equilibrium constant of the overall
reaction to the products of the equilibrium constants of
the chain initiation—chain termination and chain propa-
gation stages.

Let us now consider mechanism (e) (Scheme 7). In
contrast to mechanism (c), this mechanism does not in-
clude one reversible chain initiation—chain termination
reaction involving only one kind of radicals. It is assumed
that reactions (4), (—4) do not occur.

As mentioned above for mechanism (e), the concen-
trations of non-radical substances are equal to the con-
centrations of these substances in all previously studied
mechanisms; also, the equilibrium radical concentration
[HA"], can be calculated as follows:

[HA"], = (K ([AI[HAD'/2. (30)
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Scheme 7
i k, i
1 B == A
- ko b
— =
k, LHA L HB ] ks
B+HA =—= | HA" + HB H,B + A
k_y -5
kg
A+HA == | HA +HA
k6 r---=-=" [y |
'HA" 1 HB™!
: T :
P T ks T
i BH ES AH,
Lk g

Having compared relation (30) with the expressions
for the HA" radical concentration in mechanisms (), (c)
and (d), one gets

[HA'], = [HA'], = [HA"], = [HA],. (€29

Taking into account the fact that the radical concen-
trations are interrelated by expression (27), one gets that

[HB'], = [HB"], = [HB"]. = [HB"];. (32)

There is a number of real liquid-phase reactions pro-
ceeding by the chain mechanism (d) or by a similar mech-
anism. For instance, one may consider a system contain-
ing hexaphenylethane Ph;CCPh; (RR), which readily
dissociates into radicals R*, and deuterated triphenyl-
methane (C¢H4D);CH (R"H). At a certain ratio of reac-
tant concentrations, one can create a situation where the
total initiation rate will be lower than the rate of chain
propagation in the hydrogen abstraction steps. In these
cases, a reversible chain reaction between RR and R'H

C-10%/mol L-!

a

4|

\
2 -

v

3.4

O -

0 1 2 3 t-10~4/s

resulting in RH, R"'R, and R"R” will proceed by mecha-
nism (f) in the system (Scheme 8).

Scheme 8
{R'H === FRH |
A +
i R-i ER,'E
RR === |R’" +R° R"°"+R’'°'| = R’'R’
RR® =—= R" + R

The mechanism of reversible chain reactions with one
reversible chain termination step, or mechanism (g). Exclu-
sion of one chain initiation—chain termination step (1), (—1)
or (5), (—5) in mechanism (d) gives a chain mechanism

C-10'%/mol L~! b
6 L
1
4 -
2 F
2
0 i 1 1 1 1 1
0 1 2 3 t-1074%/s

Fig. 3. Calculated kinetic curves for reversible chain reaction proceeding by mechanism (d): (a) — initial reactants and products B (1),
H,A (2), HyB (3), A (4); (b) — radicals HB* (/) and HA" (2). [B], = 4-10~%, [H,A]; = 2-10~* mol L~
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(g) which describes yet another reversible chain reaction
of B with H,A resulting in H,B and A. This reaction is also
described by the stoichiometric equation (s), (—s). For
clarity, we exclude steps (5), (—5). Mechanism (g) includes
only one chain initiation step (1), one chain termination
step (—1), and two chain propagation steps (2), (3) and
(=2), (=3) for the direct and reverse chain reactions, re-
spectively (Scheme 9).

Scheme 9
i ky i
' B ES A
bt ks +
TR .
k, LHA LHB ]
B + H2A ? HA" + HB"
lTHAT ' HB" |
H lemmmmmeeoo - 1 H
. +
B LN AH, |
V2 ~ 2,
S :

As in the case of mechanisms (¢)—(e), the chain reac-
tion proceeding by the mechanism (g) accelerates in the
presence of initiator. But unlike those mechanisms, the
equilibrium state in mechanism (g) can be reached only
starting from the initial reactants B and H,A. For mecha-
nism (g), Eq. (19) holds, which relates the equilibrium
constant of the overall reaction to the products of the
equilibrium constants of the chain propagation steps
(2), (=2) and (3), (=3). The product of the radical con-
centrations, [HA"][HB"], is the same for mechanism (g)
and all mechanisms considered above. In particular,
exclusion of three (out of four) reversible chain initia-

tion—chain termination reactions (4), (—4), (5), (—5) and
(6), (—6) from mechanism (c¢) gives the same equilibrium
concentrations of non-radical substances and radicals in
mechanism (g) as in mechanism (c).

Reversible chain reactions with one chain initia-
tion—chain termination step and, often, with one revers-
ible chain propagation step are not rare to occur. For in-
stance, a reversible chain reaction can proceed by mecha-
nism (%) in solutions of a radical dimer RR (e.g., hexaphe-
nylethane Ph;CCPhj;) and its hydrogenated form RH (e.g.,
triphenylmethane Ph;CH) under particular conditions
(Scheme 10).

If radical dimers of phenoxyl radicals (ArO"), are used
instead of RR and the corresponding phenols ArOH are
used as RH, one gets a system in which a reversible chain
reaction involving oxygen- rather than carbon-centered
radicals may proceed. Some other examples are available.

The difference between mechanisms (f) and (4) is as
follows: in the former case, the elementary steps proceed
involving distinguishable radicals R* and R"*, whereas in
the latter case, all reactions proceed involving one kind of
radicals R*. Reversible chain reactions in which the chain
propagation steps are the H-transfer reactions between
two indistinguishable radicals R* (R* + RH 2 RH + R*)
proceed from the very beginning in equilibrium with
the corresponding reverse chain reactions, i.e., for the
equilibrium constants of these reactions one has K, = 1.
These reactions show no visible transformations, but
they do occur in chemical systems and are used to
analyze, e.g., the mechanism of relay race transfer of free
valence.?4

There are chain reactions carried out using charged
particles (ions) rather than atoms or free radicals as
the chain carriers (see, e.g., Ref. 25). Some of them
are reversible, e.g., a reversible chain reaction between
light water H,O and heavy water D,0.26 Also, a reversible
chain reaction proceed by the mechanism (/) in H,O

Scheme 10
(Scheme 11).
fo e . Mechanism (i) includes two independent cycles com-
k, prising the chain propagation steps involving H and HO~
i HR ? RH ; ions and one chain initiation—chain termination step
k. + _ + common to two chain reactions. Initiation occurs in the
RR =—= |! R" + R self-dissociation step of water to H" and HO~ ions (ion
k, bo-o-o il hydration is ignored) while chain termination occurs
Scheme 11
1 k, P k, I
H,0 ? H,0 H,0 -——k‘ H,0
ey bt
oo |LHL o imEoiond fon
H,0 =—= H - OH-
kf
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through recombination of H* with HO~. Reversible chain
propagation reactions in mechanism (7)

H*+H,0 === H,0 +H",

HO™ +H,0 === H,0+HO"

do occur and provide an explanation for abnormally high
mobility of HO~ and especially H" ions in water.2!

Summing up, in the present study we considered the
equilibria in some real and hypothetical reversible chain
reactions. For all mechanisms, the equilibrium concen-
trations of radicals and non-radical reaction participants
are calculated; for some mechanisms, the results of analy-
sis were compared with the results obtained by mathemat-
ical modeling. Relations were derived relating the equilib-
rium constants of elementary steps to one another and to
the equilibrium constant of the overall chain reaction. Ex-
amples are provided that reversible chain reactions are not
rare to occur.
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Chemistry and Materials Science of the Russian Academy
of Sciences (Program No. 1 "Theoretical and Experimental
Research on the Nature of Chemical Bonding and the
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