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In order to study the effects of solvents on reaction rates, the theoretical expression for the

rate constant has been introduced using Henry’s constant.

The Henry constant of the solute in

a chemically-reacting mixture has been calculated thermodynamically. The theoretical ex-
pressions for the rate constants in mixed solvents have been derived on the basis of the molecular
models; the application of these equations showed that one model accurately illustrates the
behavior of the reaction rates in solvent mixtures.

A number of solvent parameters have recently
been introduced with the intent of providing an
empirical measure of the effect on an organic
reaction in a variety of solvents.!> However, no
theoretical correlation has yet been established
between these empirically-determined parameters
and the theory of an absolute reaction rate.

On the basis of the view that, when two sorts
of solvents with different selectivities?> are mixed,
the selectivities of the solvents may be expected to
vary continuously with the composition of the
solvent, the present authors have previously dis-
cussed the general behavior of the reaction rate
in binary mixed solvents.®?

It has long been accepted that the solvation of
the solute is one of the most important factors
determining the rate of the reaction in solution.

Although the rates and activation parameters
in mixed solvents have been investigated in connec-
tion with the specific solvation of the solute, they
themselves have been nothing but speculation.?:5~7
In this report, therefore, the authors have treated
the rate of reaction in binary mixed solvents on the
basis of the theory of the non-electrolyte solution
and applied a theoretical expression to the ex-
perimental results.

Theoretical Expression for the Rate Con-
stants in a Solution. According to the theory
of an absolute reaction rate, the rate constant of
a general reaction,

A+4+B—->M* X4+ Y

*1 Part I: Y. Kondo and N. Tokura, This Bulletin,
37, 1148 (1964).

1) For a recent review, C. Reichart, Angew. Chem.,
77,30 (1965).

9) J. B. Hine, J. Am. Chem. Soc., 82, 5129 (1960).

3) Y. Kondo and N. Tokura, This Bulletin, 37,
1148 (1964).

4) S. Glasstone et al. “The Theory of Rate Pro-
cesses,” McGraw Hill, New York (1941), Chap. 8.

5)  J. B. Rossell, J. Chem. Soc., 1963, 5183.

6) H. S. Venkataraman and S. C. Hinshelwood,
ibid., 1960, 4986.

7) See references in Ref. 2.

where M* is the activated complex and X and
Y are the final products, is expressed by Eq. (1).3

_ o, ( BaxBs
b=k o) (1)
where k, is the rate constant in the gas phase at
the ideal gas state of 1 atm, and $; is the appropriate
activity coefficient defined by Eq. (2) at a sufficiently
low concentration of the solute, i:

o= (L) @)

myq

where my; stands for the concentration of the solute
¢ in the vapor above the solution and m;; the con-
centration of the solute 7 in the solution.

The Henry constant for a solute, 2, in solvent 1
is defined by:

where f, and x, stand for the fugacity and the
mole fraction of the solute 2 respectively.
At sufficiently low pressures,

fi=P (4)

-
P= (=t
(5

The concentration of the solute i in the solution,
my; is expressed by:

T = muRT (5)

ny

(22 1) X Vsorn.

M
2 nVy

mp; =

=x; X V_lsoln‘ (6)

where ng, V; and x; stand for the moles, the partial
molar volume, and the mole fraction of the com-
ponent ¢ respectively, and where V. stands for
the molar volume of the solution.

At a sufficiently low concentration of the solute,
from a combination of Egs. (3), (4), (5) and (6),
Eq. (2) reduces to:

Bi = (Mig‘;&t’i‘) (7)
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where H; is the Henry constant of the solute i
and V) v., the molar volume of the solvent.

By using Eq. (7), the rate constant in the j solvent
is expressed by:

_ (s X He YV 8

ky = ku(_—n*—,:_— *_77) 8)

Similarly, the rate constant in mixed solvents is:
HA miz X HB mix Vm.ix

k — t Pl 9

me k“( Hy* miz RT ) )

where H; ;. is the Henry constant of a component,
i, in a mixed solvent and V,,;;, the molar volume
of a mixed solvent.

The Henry Constant in A Binary Mixed
Solvent. I) The Henry Constant in A Regular
Solution. In order to be consistent with the notation
introduced by Lewis and Randall,®> we designate
the solute by the subscript 2, and the solvent, by
the subscripts 1 and 4.

If the molar excess free energies of the three
binaries are written in the one-parameter Margules
expressions:

(E/RT) = apxix, (10)
(E/RT) = ayx %y (11)
(E/RT) = asxoxy (12)

where the a’s are empirical coefficients obtained
from binary data, the molar excess free energy of
the ternary solution cosisting of the three component
1, 2 and 4 is assumed to be:

(gELRT) = appxixs + @yuxixy + Qoyxaxy (13)

The Henry constant in this mixture has been theoret-
ically proved by O’connell and Prausnitz to be:®

In HZ.mﬂ-‘t =X In Hg,i + x4 In Hg‘,; — 14X1Xy (14)

II) The Henry Constant in a Chemically Reacting
Mixture. Expressions for the Activity Coefficients. In
order to consider a system in which a specific interac-
tion exists between the solute and the solvent
molecules, we assume that the solute, 2, reacts
with one of the two components, 1 and 4, to con-
struct the mixed solvent, that is, a component 1,
to produce an addition product, 3.

Let us consider a system which contains, in all,
N, molecules of the component, 1, in all, N, mole-
cules of the component, 2 and, in all, N, mole-
cules of the component, 4. We suppose that the
equilibrium system contains also M; molecules of
the addition products, so that:

Ny = M, + M, (15)
Ny = M, + M, (16)
Ny= M, (17)

8) G. N. Lewis and M. Randall, “Thermodynamics
and the Free Energy of Chemical Substances,” Mec-
Graw-Hill, New York (1923); 2nd Ed. (revised by
K. S. Pitzer and L. Brewer, 1961).
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where M; refers to the free molecules in solution.
If the molar-excess free energies of the six binaries
are given by:

(&7;/RT) = aijyiy;
where y; is the mole fraction of the species i in
solution, M;/3 M;, the chemical potential of

i

(18)

the species i in a tetramorous solution consisting
of the species 1, 2, 3, and 4, p;;, should be expressed
by:
= p5+ RTIny, + RT {3.(1-n)ay,
+ ps(l=)ays + yi(1—p)au
= VaYalizy — VaYalzy — J’&)’tan}
to = 5 + RTIn y, + RT{5(1—p:)a:
+ y3(1—yz)azs + ya(l1—r2)az
= D103 — D1 Vil — P3)slsi}
s = p3; + RTIn y; + RT{n(1—ys)au
+ pa(l—=ps)azs + pa(1—y3)as
— 1021z — D10i@1 — F2Dilu}

(19)

(20)

(21)

Further, we assume that an addition product
presents only in the liquid phase and the gas phase
constructs an ideal gas mixture consisting of 1, 2,
and 4 components. Then, in an equlibrium the
following relations should be satisfied:

Pig = M (22)
Hog = P21 (23)
Hig = Hai (24’)
P+ far = Mt (25)

where p;, is the chemical potential of a componet
i in the gas phase. From the combination of Egs.
20 and 23, the fugacity of a component 2, f,, is
given by:
In f, =Inf5 + Iny;, + n(l—p)as
+ ys(l=p2)azs + pi(1—2) @z
— il — Ny — Vi@ (26)

where f9 stands for the fugacity of the pure
component 2. If the mole fraction is defined in
terms of the moles of the pure component, so that
x;=2N;/>] N;, the activity coefficient of the solvent
standard state is given by:

Ji
(= 27
4 ST X x @7
and, from Egs. (26) and (27),

Iny, = In(p/xy) + n(l—r2)an
+ y3(1—=y2)azs + pi(1—p2)as

— Nz — N Vi@ — V3 PiQay (28)

9) J. P. O’connell and J. M. Prausnitz, Ind. & Eng.
Chem. Fundamentals, 3, 347 (1964).
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Relation between Symmetric and Asymmetric Activity
Coefficients.  Prigogine and Defay!®> showed that,
in a binary solution, the activity coefficient of the
solvent standard state, y,, is related to that of
the solute standard state, 7,*, by:

(r2lr:*) = (HL/f3) (29)
where H, is the Henry constant for a component 2
in the mixture and where f93 is the fugacity of
pure liquid 2. From®

Limit y, = (Hy/f3)

xz—0)

(30)

substitution gives:%

(72/72¥) = Limit y, (31)
xa—{)
For the binary containing components 1 and 2,
the definition of the activity coefficient of the
component 2 is the same as that for the ternary,
so that®:
72,1 H,,, _—
(ral7:¥) = —L~— = =21 = Limit
e %21 /3 220 To
For the binary containing components 2 and 4,
the limit of the activity coefficient of the component
2 as defined in Eq. (30) is different from that of
the ternary (Eq. (32))%:

(32)

(r2,4/1%2,0) = (Hy,4/f3) = thlilét 72,4 (33)
But (r2/72*) = (Hao/f5) (Ha2,1/Ha o)
= (r2.4/7%2.4) (H2,1/H, 4)
= (Ej-n-loit T2,4) (Fa[Hyg)  (34)
or Limit y, , = (Limit 73 4) (H;,1/H,,4) (35)
xg—0 o
If the molar-excess free energy for the 2-4
binary is given by:
(gf.afRT) = XXy (36)
then; Iny, s = aux? (37)
From Eq. (37), limit 7, 4 = exp(as, 4) (38)

x3

In order to calculate the left-hand side of Eq.
(35), we consider a mixture consisting of components
1 and 2, that is, a chemically-reacting mixture
similar to that mentioned above, though not
equal in the absence of the component 4.

Much as in Egs. (15), (16), (19), (20), (21), and

(28),
N, =M, 4+ M, (39)
Ny, = M, + M, (40)
pu = 3+ RTIny, + RT{p.(1—y)as,
+ ya(l=y)a — yeysas} (41)
s = 5+ RTIn y, + RT{y(1—y)a,
+ ya(l —2)ass — yiysans) (42)

10) I. Prigogine and R. Defay, “Chemical Ther-
modynamics,” Longmans, London (1954).
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fst = £3: + RTIn y; + RT{»(1—ys5)eys

+ 32(1—3) s — y10ai} (43)
In 7, = In(py/x,) + 3 (1—)ay,
+ y3(l—y2)azs — yiysans (44)

where N, and N, are the total number of molecules
of the components 1 and 2, M; and M,, the
number of free molecules of the components 1
and 2 in a solution, and Mj;, the number of the
addition product, »; and x; are, then, given by
_ M
Ji M,
1]

(45)

=5

*3 (46)
Since, in equilibrium,
M + Mo = My
—dp] = (0 + 25— p50) =
RT{ln( s

M)z

(47)

)_ (U + 22 — yy2)ar
+ (n — 3 + yys)an

+ 05— + yor)an] (48)
Since, at a sufficiently low concentration of the
component 2, the terms below the second on the
right-hand side of Eq. (48) lead to a constant of:

RTInK — h{i) (49)

1Yz

Under the conditions of Eqs. (39), (40), (45), (46),
and (49), the limit of Eq. (44) yields:

- 1
Bmit7en = K 4 1)

Therefore, a;; can be omitted from the equation.
From Egs. (35), (38), and (50),

1 (szl

£K+ l) = H2,4)cxp (azq)

The Henry Constant in The Chemically-reacting Mixture..
Recalling the definition of y,*, in mixed solvents
we have:®

7 & (fz in mixed solvent )
)t = |
xpH

The Henry constant for the solute 2 in a mixed
solvent is given by:%

(50)

(31)

(52)

Hy mis = Iimic(iz-) (53)
x9=0 N\ X2 JSmixed solvent
From Egs. (52) and (53),9
H. .
limit y,* = (——2’"“” ) 54
imit 7, H,., (54)

The combination of Egs. (32), (50), and (51)
gives:
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Tz = TQ* ]im;t r?,l = Tg* X (

xy—sl

K+1 )
=it x () exp G (55)

From Eqgs. (28) and (55),

H.
Iny, = Inr,* + ln(Hz'l)—i— azy

2,4

= In(pafx2) + yi(1—y2)ar:

+ Da(l=p2)azs + yi(l—32)az

— Y1 ystz — i@ — VaPalsg (56)
Since, when the solute is extremely dilute, we

can let y,=y;=0, the combination of Egs. (19),
(20), (21), and (25) yields:

— dp§ = (el + po — #5)
= RTln(—'y—a—) + RT{» (a5 — amz)
paws
+ yi(@s — @z — ayy) + mysan}  (57)

Since the second term on the right-hand side of
Eq. (57) is negligibly small, much as in Eq. (49),*?

RTInK = RT]n(—”—) (58)
i)z
Under the conditions of Egs. (15), (16), (17),
and (58),
e f D2 1
Limit(— | = ———+ 59
() -Gerr) @

Since
Y2, 93— 0, 3, —x,, and y; —> x4 as x, >0

by the substitution of Eq. (59) into Eq. (56), and
:after rearrangement, a limit of Eq. (56) gives:

H. 1
. . % 2,4
LimitIn 7, "“(Hz.l)““(x,mr )

+ (% — Dagy — xx04

(60)

therefore, a,, can be omitted from the equation.
‘The combination of Egs. (51), (54), and (60)
gives the desired result:

In Hy miz = x1In Hyy + x;In Hy 4
+ {xIn(K+1) — In (x,K+1) — x50} (61)

III)  Theoretical Expressions for the Rate Constants.
In order to analyze the rates of reaction in binary
mixed solvents, let us consider the reaction in solu-
‘tion on the bases of the molecular models.

The first model is the system in which all the
solutes, the two reactants, A and B, and a transi-
tion complex, M¥, yield regular solutions with
both of the solvents, 1 and 4.

*2  The equilibrium constant, K, in Eq. (58) slightly
differs from that in Eq. (49) because of the presence
of the emipirical coefficients, «;j, in Eqs. (48) and (57).
However, as a first approximation the present authors
have ignored the difference between them, since the
terms containing these coefficients are negligibly small.
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The theoretical expression for the rate constant
in a binary mixed solvent, kn;, can be obtained
by the substitution of Eq. (14) into Eq. (9) for
every solute:

Inkpiz =xInk, + x;Ink; — ayxx,

-+ In Vm{: - (x1 In Vl + Xy In V4) (62)
where k; stands for the rate constant in a pure
solvent, i. If Va=V1=V,

Inkpiz =2 Ink, + x4Inky — aypxxg

(63)

The second model is a system in which the solutes
A and B yield a regular solution with both solvents,
1 and 4, but a transition complex reacts with the
solvent 1 to form an addition complex. In the
second case, the expression for the rate constant
can be given by the substitution of Eq. (14) into
the numerator of Eq. (9), and by that of Eq. (61)
into the denominator of Eq. (9);

Inkpiz = xInk, + x51nk,
— {x1In(K+1) — In(x, K+ 1) +xxsap}
+InVpiz —xInVy — xIn ¥, (64)
If Vmix =V = V,,,
In kpiz=xInk + x;Inky— {x; In(K+1)
— In(x,K+1) + xixsans}

From Eq. (9) and (51),
Hy -.‘__.X_V;)
Hy x Hg AV,

(kifky) = (HA‘I X Hy,,
_(Han Y Hs, (Vo . )
_(HA,.. Hm)( )UCH) xp (ay~s) (66)

(65)

Hu*,l
4

Since, in a regular solution,®

(%) = exp (azn — azu) (67)
the value for (k,/k;) mainly depends on the value
of the equilibrium constant, K. If the a’s values
can not be refered to the literature, it seems rea-
sonable to decide that the solvent in which the
reaction proceeds more rapidly is to be designated
by the subscript 1, as the solvent with which the
transition complex reacts to form an addition prod-
uct,

In order to test the validity of the derived equa-
tions, applications have been made to the popular
second-order reactions, the Menschutkin reactions
and the benzoylation reaction. The rate constants
measured by Hinshelwood et al.5:'1) are used in
the following calculations.

Since these reactions proceed more rapidly in
nitrobenzene, nitrobenzene has been taken for a
component 1 in these systems.

In the second model the values for K have been
so determined that the value calculated for £

11) H. C. Raine and C. N. Hinshelwood, J. Chem.
Soc., 1939, 1379.
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Fig. 1. Plot of log kmix vs. x;.

The Menschutkin reaction of methyliodide with

triethylamine in benzene-nitrobenzene mixture at

40°C,

x: mole fraction of nitrobenzene, K=43,
a14=0.10 (estimated from the equilibrium
vapour pressure data)

Q: experimental results in Ref. 11

—: caled., (I): the first model, (II): the second

model
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Fig. 2. Plot of log kmix vs. %,

The Menschutkin reaction of isopropyliodide with

pyridine in benzene-nitrobenzene at 99.8°C.

x;: mole fraction of nitrobenzene, K=37, aj=
0.10 (estimated from the equilibrium vapor
pressure data)

Q: experimental results in Ref, 11

—: caled., (I): the first model, (II): the second
model
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0.8

3+ log kpix
o
£

Fig. 3. Plot of log kmix vs. x5,
Benzoylation of m-nitroaniline in benzene-nitro-
benzene at 25°C.
xy: mole fraction of nitrobenzene K=23.5, a;,=
0.10 (estimated from the equilibrium vapor
pressure data)

O: experimental results in Ref. 6
—: caled., (I): the first model, (II): the second
model

from Eq. (64) is equal to the experimental results
at x;=x;=0.5.

Comparisons with the experimental results are
shown in Figs. 1, 2, and 3.

From these figures it may be concluded that the
second model, which takes interactions between a
transition complex and solvent molecules into
consideration, accurately illustrates the behavior of
these reactions in mixed solvents.

It has generally been accepted that, in these
reactions, the activated complexes have polar struc-
tures and that these are solvated to a considerable
extent in such polar solvents as nitrobenzene,
whereas the reactants are unsolvated.?:5:11

Considering that regular solutions are charac-
terized by the absence of any such specific interac-
tions between molecules as the hydrogen bonding
and acid-base association,® the first model would
not be suitable for these reactions.

The large values of K which have been calculated

TaBLE 1. REACTIONS IN A BENZENE-NITROBENZENE
MIXTURE
Reaction kyfky K+1  (kfk)/(K+1)
Mel + EtgN 23.612 4 0.54
i-PrI+Pyridine 38.51 38 1.01
m-Nitroaniline
-+ Benzoylchloride 39.0% 24.5 1.59
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from the comparison of the theory with the ex-
perimental results show that specific interactions
exist between the activated complex and the ni-
trobenzene molecules.

The authors have assumed, on the basis of Egs.
(66) and (67), that the values of (k,/k,) mainly de-
pend upon the equilibrium constant, K.

Since the values of (k/k;)/K+1 are close to unity,

[Vol. 40, No. 6

as is shown in the table, the above assumption
may be proved.

Although these simplified pictures of such aspects
of liquid solutions as the construction of a regular
solution or the formation of an addition product
can not be expected to have general validity, these
should be good approximations for the study of the
solvent effects on the reaction rate.




