solvents of this study. It is seen that the solvents
cover virtually the whole range of the donor numbers.
All of the solvents, however, show a donor ability of
sufficient strength to bring about the simple T, ion site
structure. Thus, the phenomena of ion site character
is not included in the donor number as measured by
solvent—-SbCl; interaction.

The chemistry of a salt in solution is just the sum of
the chemistry at the ion sites. What makes this state-
ment nontrivial is an expectation that the chemistry
will generally be different at the different ion sites.
The nature of an ion site in solution can be expected to
have a role in both the quantitative and qualitative
aspects of reactions in which it is involved either di-
rectly as a reactant or indirectly as a catalyst. The
qualitative importance of the solvent surrounded ion
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site found for the Co(CO),~ ion in these solvents is
demonstrated by the reaction

3TICo(CO)4 + 3PPh; —> TI(Co(CO);PPhs); + 2T1 + 3CO

which, while it takes place in selected nonaqueous sol-
vents, does not occur at solvent surrounded ion sites, 1723
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Abstract:

Thermodynamic functions of solution, reaction, and activation measured in nonideal mixed solvents

of constant composition are inherently complex because the addition of a solute under such conditions is attended

by changes in the relative partial molal functions of the solvent components.

This complexity is avoided if the

thermodynamic functions are measured under endostatic conditions, that is, in such a way that the ratio a:/a. of

the activities of the solvent components remains constant.

Precise definitions are given, and it is shown that func-

tions measured under endostatic conditions in mixed solvents are exactly analogous to corresponding functions
in one-component solvents. Thermodynamic equations are derived for transforming data obtained at constant

composition to constant a,/a..
water—organic solvent mixtures.
chloride in ethanol-water mixtures.

Equilibrium and rate constants and thermodynamic
properties of solutes in binary liquid solvent
systems are sometimes inordinately complex when
studied as a function of temperature, pressure, solvent
composition, or neutral-salt addition. This is par-
ticularly true for water—organic mixed solvents, and for
those thermodynamic functions for which the solvent
system itself shows marked deviations from ideal
behavior.2:? For example, in water-organic mixtures,
activation energies, activation volumes, and heats of
solution as a function of solvent composition often
show maxima and/or minima;*” partial molal heat

(1) This work was supported in part by a grant from the National
Science Foundation.

(2) For a representative symposium, see “Hydrogen-Bonded Solvent
Systems,” A. K. Covington and P. Jones, Ed., Taylor and Francis,
London, 1968.

(3) F. Franks and D. J. G. Ives, Quart. Rev., Chem. Soc., 20, 1
(1966).

(4) (a) A. H. Fainberg and S. Winstein, J. 4Amer. Chem. Soc., 78,
2770 (1956); (b) S. Winstein and A. H. Fainberg, ibid., 79, 5937 (1957).

(5) J. B. Hyne, R. Wills, and R. E. Wonkka, J. Aner. Chem. Soc.,
84, 2914 (1962). .

(6) (a) E. M. Arnett, W. G. Bentrude, J. J. Burke, and P. M. Dug-
gleby, J. Amer. Chem. Soc., 87, 1541 (1965); (b) E. M. Arnett, W. G.
Bentrude and P, M. Duggleby, ibid., 87, 2048 (1965).

(7) (a) J. B. Hyne, H. S. Golinkin, and W. G. Laidlaw, J. Amer.
Chem. Soc., 88, 2104 (1966); (b) H. S. Golinkin, I. Lee, and J. B. Hyne,
ibid., 89, 1307 (1967); (c) C. S. Davis and J. B. Hyne, Can. J. Chem.,
50, 2270 (1972).

Solvent properties required in such transformations are tabulated for common
The use of endostatic functions is illustrated for the solvolysis of rert-butyl

capacities of solutes may show several inflections and
differ greatly from molar heat capacities in the pure
state;3® and neutral-salt effects may become specific for
each salt so that they can no longer be treated as colliga-
tive functions of the ionic strength, 1011

Unfortunately, the mixed solvents which display the
greatest deviations from ideal thermodynamic behavior
are precisely those of the greatest practical utility.
This is because there is little advantage in using a mixed
solvent (rather than a pure one) unless the solvating
actions of the components are genuinely different and
complementary. Thus, familiar patterns of behavior
associated with solutions in one-component solvents
and ideal mixtures often become distorted in common
mixed solvents. For example, the hydrolysis of triethyl
orthobenzoate almost certainly proceeds with specific
hydrogen ion rather than general acid catalysis.!!
However, owing to the peculiarities of neutral kinetic

(8) (a) E. M. Arnett and D. R, McKelvey, J. Amer. Chem. Soc., 87,
1393 (1965); (b) E. M. Arnett and D. R. McKelvey, ibid., 88, 5031
(19(8;5).R' E. Robertson and S. E. Sugamori, J. Amer. Chem. Soc., 91,
7254 (1969).

(10) (a) E. Grunwald and A. F. Butler, J. Aner. Chem. Soc., 82, 5647
(1960); (b) E. F. J. Duynstee, E. Grunwald, and M. L. Kaplan, ibid.,
82, 5654 (1960).

(11) P. Salomaa, A. Kankaanperd, and M. Lahti, J. Amer. Chem.
Soc., 93,2084 (1971).
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Figure 1.
mixed solvent.

Osmotic equilibrium between a dilute solution and pure
In general, Zi'/Zy' # Z\/Z,.

salt effects in mixed solvents, the kinetic data obtained
for this reaction in water-organic solvent mixtures can
be, and have been, mistaken for general acid catal-
ysis, 1112

In this paper we wish to discuss the reason for the
distortion of thermodynamic data in nonideal mixed
solvents and show how to avoid it. Basically, the
distortion results from our system of chemical thermo-
dynamics, in which we operate with equations that
involve partial molal functions evaluated at constant
composition. When a solute is added to a nonideal
binary solvent of constant composition, the addition of
the solute may bring about a marked change in the state
of the solvent components. There are many manifesta-
tions of such a change when it occurs. In particular,
there will be a marked increase in the activity of one of
the solvent components (per mole of added solute) and
a marked decrease in that of the other.!®* The partial
molal functions for the solute are therefore intrinsically
complex, since they account not only for the effect of
dissolving the solute but also for the coupled change in
the state of the solvent components.

Fortunately, the constraint of keeping the composi-
tion of the mixed solvent constant, as solute is added,
is based on convenience rather than thermodynamic
necessity and is in fact quite artificial. To find a more
natural relationship it is instructive to consider the
classic problem of osmotic equilibrium involving a non-
diffusible solute (component 3) and diffusible solvent
(components 1 and 2).1* In Figure | and the following,
a denotes activity and N denotes mole fraction (i.e.,
N; = ny/(my + n: + n3), where n denotes mole number).
The mixed-solvent composition is expressed conve-
niently by specifying mole fractions Z, and Z,, which are
computed without counting the solute (i.e., Z; = ny/(m
+ m); Zy = 1 — Z;). After osmotic equilibrium is
established (Figure 1), the mole ratio (Z,'/Z,’) of the
solvent components in the solution will in general be
different from that (Z,/Z,) in the original mixed solvent,
while the activities of the solvent components are of
course equal (a1 = ai’; a, = a').

By a straightforward generalization from conditions
at osmotic equilibrium it appears that the natural
constraint, in the thermodynamic treatment of dilute

(12) H. Kwart and M. B. Price, J. Amer. Chem. Soc., 82, 5123
71960).

(13) (a) E. Grunwald, G. Baughman, and G. Kohnstam, J. Amer.
Chem. Soc., 82, 5801 (1960); (b) W. J. Miller and E. Grunwald, J. Phys.
Chem., 68, 1285 (1964).

(14) G. Scatchard, J. Amer. Chem. Soc., 68, 2315 (1946).

solutions in binary solvent systems, is to keep a/as
(rather than Z,/Z,) constant. We shall find that under
conditions of constant ayas, the activity of each solvent
component in dilute solution conforms to Raoult’s law.
Thus there is a close analogy between binary solvent
systems at constant ai/a;, and one-component liguid
solvents. In particular, the change in solvent-solvent
interaction, as solute is added at constant ai/a,, will be
of analogous complexity to that which occurs in one-
component solvents. Changes in enthalpy, heat capac-
ity, volume, and most other thermodynamic functions
measured at constant ai/a, will be easier to interpret
because the relative partial molal functions of the solvent
components remain rigorously constant., The effect of
dissolving the solute is therefore isolated.

The proposal that the analysis of solution data in
mixed solvents be done at constant a;/a. is not new.
Scatchard!* and others'® have shown that a;/a; must
remain constant in molecular weight determinations of
macromolecules. Grunwald and Butler®* have made
such a proposal the basis for their theory of salt-induced
medium effects. Mistura and Cohen'¢ have demon-
strated that for fluids near the critical point, thermo-
dynamic relationships for binary mixtures become
analogous to those for pure substances if the difference
in the chemical potentials of the components in the
binary mixture (and hence ai/a.) is held constant.

To distinguish thermodynamic functions measured at
constant ai/a; from conventional partial molal functions,
we shall use the following notation. We shall let
aifa, = « and refer to conditions of constant « as
endostatic conditions (endo = internally; sratic =
staying constant). Partial derivatives measured at
constant « will be called endostatic molal quantities and
be given an asubscript. Forexample (OH/0n;)a . (nyins 7. p
will be represented by H,;. Conventional partial
molal quantities will be denoted in the usual way;
e.g., (QH/Ony),, no.v.p = I13. Thermodynamic relation-
ships between partial and endostatic molal functions
will be derived.

In determinations of the molecular weight of macro-
molecules, it is both possible and desirable to work
under endostatic conditions.?® On the other hand,
when the solutes are not macromolecular, suitable semi-
permeable membranes rarely exist. It is then convenient
to work at constant Z; and to transform the results to
endostatic conditions by means of thermodynamic
relationships. We shall illustrate this procedure with a
familiar reaction, the solvolysis of rerz-butyl chloride
in ethanol-water mixtures, for which highly accurate
data exist.4* We believe that in this case the endostatic
functions of activation reveal the solvation of the re-
actant and transition-state molecules more clearly, or
at least more simply, than do the original functions
measured at constant Z;. Unfortunately we cannot
make a strong claim, because the transformation to
endostatic conditions, with currently available data,
entails a large loss of accuracy.

Addition of Solute at Fixed Solvent Composition.
In this section we wish to show that when a small
quantity of solute is added to a binary solvent at fixed
Z,, the activities of the solvent components may vary

(15) For a recent example, see H. Inone and S. N. Timasheff, J. Amer.
Chem. Soc., 90, 1890 (1968).
(16) L. Mistura and C. Cohen, Phys. Rec. 4, 4,253 (1971).
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markedly. We shall assume that the solute is dilute, so
that a; is proportional to N;. Beginning with the Gibbs—
Duhem equation (eq 1), welet Ny = Zy(1 — N3), N, =
Z{1 — N;), and Nid In a; = dNs. Substitution in (1)

Nld In a; + Ngd In as = '—N3d In as (1)
and integration at constant Z; then leads to (2). Be-
Zdlna 4+ ZdIna, = 5In(l — Ny) )

cause the solute is dilute, 4 In (1 — N3) = —38N;, and
its magnitude is very small. However, the individual
magnitudes of Z:6 In g, and Z3é In a, need not be very
small, since only the algebraic sum is constrained by
eq 2. Indeed, when the solvent system is nonideal, it is
common for Z,8 In a; and Z,5 In a, to be of opposite
sign and for their absolute magnitudes to be many
times greater than that of dN;.7 Since a1 = Zy(1 —
N3)fiand a; = Zy(1 — Nj)f; (where fdenotes the mole-
fractional activity coefficient), we see that the addition
of a solute may be attended by marked changes in fi and
fo. As a result Gy is inherently complex, since its value
reflects not only the effect of adding the solute itself,
but also the coupled changes in the partial molal free
energies of the solvent components. It can readily be
shown that other partial molal functions for dilute
solutes in mixed solvents are similarly complex.

Addition of Solute under Endostatic Conditions. To
show that the activities of both solvent components obey
Raoult’s law at constant «, we begin with eq 1. Scat-
chard!¢ has shown that the osmotic pressure of dilute
solutions, measured at constant «, conforms to the ideal
law: II = ¢;RT, at least up to solute concentrations of
the same order of magnitude as those at which Henry’s
law may be applied at constant Z;. This means that
— N3d In a3 will reduce to —dAN; in dilute solutions also
under endostatic conditions. On making this substitu-
tion in eq 1 and introducing the constraints that
dlnag; = dlna;and N + N, = 1 — N, we obtain
eq 3, which is the desired expression of Raoult’s law in
differential form.

dln a = dIn a; = —dN3/(1 —_ NB) (3)

In order to keep « constant as solute is added, the
solvent composition must vary. If the solute concentra-
tion is expressed by the mole fraction N, it is mathe-
matically convenient to let the solvent composition vary
in such a manner that the solvent mole number n; 4+ #,
remains constant.’® The process for defining endostatic
molal functions is then shown in Figure 2. It consists
of the simultaneous transfer to the solution in the mixed
solvent of dn; moles of pure solute, dn; moles of com-
ponent 1, and dn; = —dn: moles of component 2, such
that d In o/dN; = 0. The solvent components are
transferred under conditions of constant N;.

Let Y denote any extensive thermodynamic function.
Let Ya, Yn, Y¢, and Y., denote the values of that
function for the respective phases shown in Figure 2,
and let dY,, dYs, dY¢, and dY..1. denote the changes
in that function as dws, dr, and dn, moles of the respec-
tive component are transferred. The endostatic molal

(17) A familiar example in which the changes in a1 and a» are large
and of opposite sign is the salting-out effect: when an inorganic salt
is added to a water-organic mixture, the activity of the organic com-
ponent often increases dramatically,

(18) If the solute concentration is expressed by the molality ms, it is
convenient to keep m M| + nmM,, the mass of solvent, constant.
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(A) (e) ©
Pure Solute 2385 Ny, Z,=1; Ny,
3 op=i-N, 05=1-Ny
dny dn; dny=-dn;

Solution in Mixed Solvent
Zy522;Ny
o|=0|"(l-N3)ioz=og(l-N3)
dina/dNy=0

Figure 2. Endostatic addition of solute to a solution in a mixed
solvent. The solvent components are transferred simultaneously
with the solute so that both « and n, + n, remain constant,

function Y, ; for the solute in the mixed solvent is then
defined by eq 4, where Y3°is the value per mole of pure

solute.
Ya3 _ Y30 = (b( Ysoln - YA - YB —_}_’E_)) (4)
' bn3 a,m-i—ns

Relationship of Endostatic to Partial Molal Functions.
We begin with some definitions.

The standard state of unit activity for each solvent
component is the pure liquid component. Thermo-
dynamic functions per mole of the component in the
standard state are indicated by a superscript 0, e.g.,
Hlo or Vzo.

The reference state of unit activity coefficient for each
solute will be the infinitely dilute state (Nsorute = 0) in
the given binary solvent medium whose composition is
specified by Z;. Thermodynamic functions for the
solvent components in any such reference state are
indicated by a superscript M, e.g., ai™, o™ or M.
Functions such as these vary with Z;.

Relative partial molal functions for the solvent com-
ponents are indicated by a superscript p, e¢.g.; Vi* =
VlM —_ Vlo, G-zp = G-zM —_ Gzo, or I?[lp = I_IlM — Hlo.
f,* is identical with Lewis and Randall’s relative molal
heat content L,.* 11, 11", and their derivatives with
respect to T or P are sometimes called partial molal
excess functions.? On the other hand, G\* = RT In a;™,
while the partial molal excess free energy Gi® = R7 In
£t
The partial molal free energy of the solute will be
represented by eq 5, where G3° is a function of solvent

G, = G + RT In N; (5)

composition. To indicate the effect of changing the
solvent, it is convenient to introduce the operator dm.
Thus 8xGs® denotes the difference between G;° in the
given solvent and in a reference solvent (which is usually
chosen to be pure water).?!

In order to derive a general relationship between
endostatic and partial molal functions, we shall con-
sider any extensive thermodynamic function Y. Re-
ferring to eq 4, the required differentials are then given

(19) G. N. Lewis and M. Randall, “Thermodynamics” 2nd ed, re-
vised by K. S. Pitzer and L. Brewer, McGraw-Hill, New York, N. Y.,
1961, pp 208, 392.

(20) G. L. Bertrand, F. J. Millero, C. H. Wee, and L. G. Hepler,
J. Phys. Chem., 70, 699 (1966).

(21) Some authors prefer to use medium activity coefficicnts fsM
rather than a variable Gs%. The two quantities are related by dyuGs® =
RTBM lnfa“.
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by eq 6, in which ¥;, ¥;®, and 7,° denote the partial
dYeoin = Yidm + Vodne + Vidng

d YA = Y3°dn3

_ (6)
dYs = ViBdm
dY¢ = 172cdn2

molal function of the indicated component in the solu-
tion in the mixed solvent or in liquid B or C, respec-
tively (Figure 2). On substituting in eq 4, recalling
that dny, = —dni, and rearranging, we obtain eq 7.

Yos = Ts + [(Fy — T3) — (s — 1720)]<@_1>
antn

73
@)

To evaluate On;/On; we introduce mole fractions
Z, = m/(n 4+ ng) and N3 = n;/(ny + ny, + n3) in place
of mole numbers. The result is (8). The evaluation of

bnl bZl
el = (1 — N[ 24
AN ORI

(0Z1/dN3), in actual problems will be discussed in the
next section.

We now wish to show that ¥, — 7B = P7;*, and that

¥, — 7,° = ¥»*. The proof is straightforward for the
case of the free energy (eq 9; see also Figure 2). Ac-
Gi—G® = RTIna¥ = G (9a)
Gy = G = RTIna™ = Gy (9b)

cordingtoeq 9, Gi — G1B and G, — G,C are independent
of the solute mole fraction N; Partial differentiation
of eq 9a with respect to P then leads to ¥V, — 7,8 = 7,7,
partial differentiation with respect to T leads to S —
SB = S$y*and H, — H® = H,* and so on for further
partial differentiation. Analogous results are obtained
for the other solvent component by partial differentia-
tion of eq 9b. Thus, when the solute is introduced
endostatically, the quantities ¥, — ¥,® and ¥, — 7,°
are rigorously independent of the solute concentration
N; and simply equal to the relative partial molal func-
tion for the given solvent component. On combining
eq 7-9 we obtain the desired relationship (eq 10).

Ya,s = 173 + (171p - 172”)(1 - N3)2(bzl/bN3)a (10)

Evaluation of (0Z,/0N;),. In practical applications
of eq 10, 0Z,/ON; is often the accuracy-limiting factor.
It is convenient to introduce In « in place of « and to
apply the transformation formula (eq 11). Since N;

<9£1 _ <a_z1 _ _(@1In ad/Ny),,
ON;/ou  \ON3/in (0 In &/0Zy)w,

is assumed to be small, we may without appreciable
error equate (O In «/dZ1)y,to d In a™/dZ;,. To evaluate
(O In «/ON3)z, we introduce the thermodynamic
equation (eq 12) whose derivation (by methods de-

dlna\ 1 dGy
RT< bN3> T (1 = Ny2dz, (12)

scribed earlier??) is outlined in eq 13-15. The derivation
makes use of the identity 3G;/dm = 0G:/dn;. The

(11)

(22) E. Grunwald and A. L. Bacarella, J. Amer. Chem. Soc., 80, 3840
(1958).

independent variables are Z; and N;, T and P are
constant. On equating (13) and (14), writing a similar

<D__G‘1> = (b_él> _L=Ns (13)
N3 /oy ima ONs/zm + ny + ns

(6) (8 zo (6
o1 /s s 0Z, )y + Mo ONz /2 + ny + ny
(14)

expression for 3Gy dn; = JGs/dny, and subtracting,
we obtain eq 15. Finally, on recalling that G, — G, =

<a(Gl - G2)> _ 1 <@> (15)

ON; z (1 — N)NOZ/y,

G — Gy 4+ RT In o, and applying eq 5, we obtain the
desired result (eq 12).

Standard Endostatic Functions. Equilibrium and
Rate Constants. Scatchard has shown that when
a; is proportional to N; at constant Zi, a; is also propor-
tional to N; at constant «.!* Beginning with eq 5, we
may therefore write a similar expression (eq 16) for

Ga,a = Ga,30 + RT In N; (16)

G.:; On combining eq 5, 10-12, and 16, we obtain eq
17 for the relationship between the standard partial and

God = G — [(In aM)(dGy*/dZy)/(d In o™/dZy)] (17)

standard endostatic molal free energy. Analogous
relationships for other thermodynamic functions (H, s,
Vas, Y,5°) are listed in Table I.

Table I. Summary of Transformation Formulas

dGse dln oM
Gost = G = | tn M)( )/ ( iz ):I
Ca. dGy0 dlIn aM
Hast = B [(ﬁ‘ H’p)( )/ (RT az,

M
nwm+mwf®«dg
M)(d In K)/(d In a“

dz;
- dlnK dln o™
AG,t = AG + [(RTln aM)( iz, )/( iz, )]
- dln K dln oM
oL 5ol
— - =/ d1n dln aM
AV, = AV 4+ [(V;" — Vzp)( iz, )/( iz,

N =~ 5 = o) dlnK dlnaM>]
AC, o0 = AC® + [(Cp,l Cy.o ))( iz, iz,
General Case
M
e[~ 20() (%52

M
Rl &) &)
1 1

On writing equations of the form 17 for the reactants
and products in a chemical reaction and takipg the
difference, we obtain eq 18. Thus it is possible to

AG. = AG® — [(In a)(dAGY/dZy)/(d In &*/dZ))] (18)

InK, =InK —
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define an endostatic equilibrium constant K, according
to eq 19, which is analogous to the familiar relation 20

AGY = —RTIn K, (19)
AG° = —RTIn K (20)

between standard free energy change and equilibrium
constant K at constant Z,. The transformation equation
from K to K, is then given in (21). Analogous relation-

InK, =1InK—
[(ln o®)(d In K/dZy)/(d In &™/dZy)] (21)

ships for other thermodynamic functions are listed in
Table I.

For reaction rates, similar relationships between
endostatic rate constants and activation parameters,
and the corresponding quantities measured at constant
Z,, are readily derived. The results are of the same
form as the relationships for chemical reactions which
are listed in Table [. Simply write k instead of K and
A quantities of activation instead of A quantities of
reaction.

We shall mention in passing that the difference be-
tween Y.; and 739, and between AY,? and AP0, al-
ways approaches zero as either Z; or Z, approaches
unity.

Interaction of Solutes. The addition of a second
solute (subscript 4) to a dilute solution of solute 3 in a
mixed solvent in general brings about a change in the
activity ratio « of the solvent components. -If the
nature of the mixed solvent is determined by the value
of «, then the addition of the second solute is tanta-
mount to a change in solvent. We expect therefore
that G; will vary with N,, even though any direct
solute-solute interaction at short range may be quite
unimportant.

In order to obtain a relationship between the effects
of a second solute at constant Z; and at constant «, we
shall assume that N; is small enough so that, in the ab-
sence of the second solute, G; and G, ; are related to N;
and to each other according to eq 5, 16, and 17. To
simplify the mathematics, we shall assume further that
N3 = ng/(nl + ng) and N4 = 114/(711 + ng), so that our
relationship will be strictly valid only in the limit as
both N; and N, approach zero. With these assump-
tions, the desired relationship takes the form of eq 22,

0G, 3 0G,
el = (3 22
< le >a,N: <ON4>a,Ns ( )

with both derivatives (at constant 7 and P) being in-
dependent of Nj.

@; is normally expressed as a function of Z; and N,
On changing the independent variables to o and N, we
obtain (23) which, in view of the stated assumptions
and the derivation given in (11)-(15), reduces to (24).

() () () (%
aN‘l a,Ns bN4 Z\, N3 bzl N, N3 bN4 a N3

(23)
<bGa'3> = ég-% —_
ON'; a, Nz bN‘ Z13 N

(@)(&2)/ (=rz0)] e
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In order to apply eq 24, the derivatives dG2/dZ, and
dG/dZ, for the given solutes must be available. For
nonvolatile solutes, derivatives such as these can be ob-
tained from vapor pressure measurements for the sol-
vent components, 22

A Useful Working Hypothesis. Salt-Induced Medium
Effects. In considerations of solute-solute interaction
in mixed solvents, the following has been found to be a
useful working hypothesis: 1011 the interaction of solutes
in a mixed solvent will resemble that in one-component
solvents of comparable dielectric constant and chemical
type if the interaction in the mixed solvent is studied at
constant a.

An obvious corollary of this hypothesis is that the
interaction of solutes in a mixed solvent at constant Z;
may not resemble that in comparable one-component
solvents and may, in view of eq 24, be qualitatively
different.

Case I. If solute 3 is a nonelectrolyte and if N; is
small, we may write eq 25, where g and g,3 are

Gs = GO + RTIn N; + RT guNs  (252)
Ga’3 = Ga’30 + RT In N3 + RTga'34N4 (25b)

phenomenological “interaction coefficients.”” Substi-

tution in eq 24 then leads to (26).

_ dG30 dG40 2d In oM

g4 7 <d21>< dZ, >/[(RT) dz, :l +gau (6)

Suppose that for a pair of solutes in comparable one-
component solvents, the interaction coefficient gz =~ 0.
Applying our working hypothesis, we shall therefore
assume that g, = 0. However, it then follows from
(26) that gz in the mixed solvent is probably not equal
to zero. Indeed, gss may be substantial in magnitude
and will evidently be specific, even though the direct
(short-range) interaction of the solutes is relatively
unimportant.

Case II. Salt-Induced Medium Effects. Suppose
that in a suitable one-component model solvent,
neutral-salt effects on the rate or equilibrium constant
for a given reaction are simply a colligative function of
the ionic strength. We shall assume, therefore, that
in the mixed solvent, neutral-salt effects on k, or K, are
similarly colligative. Neutral-salt effects on k or K,
measured at constant Z;, will not be colligative: on
applying eq 19, 20, and 24, we find that the effects on
K, and K are related according to (27), in which N,
denotes the mole fraction of neutral salt. (Equation 27

dinK, _dlnK _ Kg_é_m dln K (Rlen aM)
dN,  dN, dz, )\ dz dz,

@7

applies also to reaction rates; simply write k instead of
K)

It has been found, for dioxane—water mixtures, that
the last term on the right in (27) is of substantial mag-
nitude and highly specific with the salt, since dG,%/dZ;
is highly specific.1%-13 This qualitative statement will
be true even if neutral-salt effects on K, or k, are en-
tirely negligible, in which case the salt effects on In K or
In k will be strictly proportional to dG/dZ;. Since,
in the latter case, the salt acts solely by changing « and
thus changing the effective solvent medium, neutral-
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salt effects of this type have been called salt-induced
medium effects. 1

Because the transformation of neutral-salt effects
from constant Z; to constant « is often large and sub-
ject to experimental error, it is rarely advisable to use
mixed solvents in order to settle fine points of solute—
solute interaction or reaction mechanism. For ex-
ample, Salomaa and coworkers!! have shown how
difficult it is to distinguish between general acid ca-
talysis and specific hydrogen ion catalysis in mixed
solvents. It is also possible that some of Sneen’s
kinetic evidence in favor of ion-pair intermediates in
organic reactions,?® which was obtained mostly in
acetone—-water mixtures, is distorted by salt-induced
medium effects.

Data for Water—Organic Systems. In order to
facilitate the transformation from conditions of con-
stant Z; to endostatic conditions, we list certain re-
quired solvent properties for some common water—
organic solvent systems in Tables [I-V.

Because all transformations involve d In o/dZ,, it is
unfortunate that this is the least accurate of the solvent

Table II. Smoothed Data for the System Methanol Water, 25°
Con® —
ﬁ|p - 171;3 - Ep,zp, cal

oln (ﬁ/ﬁ) ﬁgp, Vgp, mol_1

z, In (fi/f2) 0Z, cal/mol mlmol  deg™!
1.00 —0.416 0.47 1756 3.15 —21.0e
0.97 —0.426 0.25 1479 3.14 —14.0
0.94 —0.431 0.05 1229 3.23 -9.6
0.91 —0.429 —0.20 1001 3.32 —-7.4
0.88 —-0.417 —0.54 796 3.29 —6.0
0.85 —0.398 —-0.79 602 3.19 —-5.0
0.80 —0.347 —-1.17 336 2.65 —-2.8
0.70 —0.211 —1.34 18 1.74 -0.9
0.60 —0.079 —1.33 -97 0.83 +0.9
0.50 +0.048 —1.19 —164 —0.15 2.1
0.40 0.157 —0.98 —-220 —0.92 2.3
0.30 0.243 —0.74 —290 —1.62 2.7
0.20 0.305 —0.50 —400 —-2.29 3.0
0.10 0.343 —0.26 —544 -3.21 2.1
0.05 0.353 —-0.13 —630 —3.58 1.7
0.00 0.356 0.00 —-719 —3.95 1.4

s The data in this column are at 27°,

Table ITI. Smoothed Data for the System Ethanol-Water, 25°
Cod” =
ﬁxp - Ve — Cp.2p; cal

d 1[1 ﬁzp, Vzp, mol-1

Z In(A/f)  (A/fdZ cal/mol ml/mol  deg™!
1.00 —1.324 —1.66 2400 3.87 —-39.2
0.97 —1.263 —2.35 2042 4.93 —-33.0
0.94 —1.185 —2.80 1536 5.93 —26.6
0.91 —1.097 —3.08 918 5.30 —18.6
0.88 —1.002 —-3.24 421 4.54 —11.7
0.85 —0.903 -3.32 96 3.64 —-5.7
0.80 —0.736 —-3.33 —140 2.39 -2.3
0.70 —0.412 —-3.12 —302 0.98 +2.0
0.60 —-0.117 —2.78 —282 —0.30 2.8
0.50 +0.143 -2.4 —236 —0.50 4.0
0.40 0.365 —-2.03 —174 —1.05 4.4
0.30 0.549 —1.64 —123 —1.67 4.1
0.20 0.694 —1.26 —100 —2.42 5.6
0.10 0.800 —0.87 —-167 —-3.27 7.0
0.05 0.839 —0.68 —250 -3.72 7.7
0.00 0.868 —0.48 —459 —4.17 8.4

(23) R. A. Sneen, Accounts Chem. Res., 6, 46 (1973).

Table IV. Smoothed Data for the System Dioxane-Water, 25°

dln ﬁ;p - ﬁ2p, 171” - Vzp,
Z In (fi/f2) (AIf)dZ,  cal/mol ml/mol
1.00 —1.705 —3.26 (1600)= 5.91
0.97 —1.607 —3.24 1430 4.81
0.94 —1.511 -3.21 1116 3.86
0.91 —1.414 -3.20 660 3.07
0.88 —1.319 -3.19 206 2.44
0.85 —1.223 —3.18 —170 1.97
0.80 —1.064 —3.18 -390 1.50
0.70 —0.744 —3.22 —500 0.60
0.60 —0.418 —3.32 —500 —-0.97
0.50 —0.078 —3.48 —500 —1.56
0.40 +0.281 -3.70 —475 —1.47
0.30 0.664 —3.97 —195 —1.15
0.20 1.077 —4.30 +50 —0.81
0.10 1.526 —4.69 450 —0.59
0.05 1.766 —4.91 436 —0.56
0.00 2.017 —5.14 (400) —0.57
< Extrapolated.
Table V. Smoothed Data for the System Dimethyl
Sulfoxide-Water, 25°
dlﬂ ﬁ;p —_ ﬁgp, I_/lp —_ Vzp,
A In (A/f2) (i/f))dZy  cal/mol ml/mol
1.00 3.176 12,22 4328 4.3
0.97 2.821 11.48 4019 3.1
0.94 2.487 10.78 3688 3.0
0.91 2.174 10.10 3335 3.7
0.88 1.881 9.44 2965 3.9
0.85 1.607 8.81 2564 3.0
0.80 1.191 7.83 1854 2.9
0.70 0.499 6.07 656 1.5
0.60 —0.032 4.60 —333 0.1
0.50 —0.430 3.42 —893 -0.9
0.40 —0.725 2.53 —1193 -1.5
0.30 —0.946 1.94 —1286 -1.9
0.20 —1.122 1.63 —1322 —2.1
0.10 —1.283 1.62 —1322 —-2.2
0.05 —1.366 1.72 —1300 —-2.2
0.00 —1.456 1.90 —1284 —2.3

properties listed in the tables. The Redlich-Kister
method?¢ for smoothing and testing the thermodynamic
consistency of vapor pressure data yields an analytical
function for the excess molar free energy, GE = RT-:
(Z:In fi + Z, In f;). Differentiation of this function
with respect to Z; then yields In (£i/£) and hence In o™
with fair accuracy. A second differentiation yields d
In (fi/f;)/dZ, with much reduced accuracy, and thence
d In &M/dZ, via eq 28. (It would be useful if a more

dina™ _ dlIn (fi/f) 1
dz,  dz, + (28)

Z\Z,
direct differential method of measuring d In a*/dZ, for
mixed solvents could be devised.)

When d In (fi;f)/dZ: is negative, a further test of
thermodynamic consistency is that d In o/dZ; must be
positive. This rather stringent test was not met by
available data for the system zert-butyl alcohol-water. ?*
However, even when this test is fully met, the accuracy
of d In a™/dZ; is likely to be poor when d In ayx/dZ: is
much smaller than 1/Z,Z,.

The data for the system methanol-water in Table II
are based on the following sources: In (fyf) and its

(24) O. Redlich and A. T. Kister, Ind. Eng. Chem., 40, 345 (1948). i
(25) J. Kenttimaa, E. Tommila, and M. Martti, Ann. Acad. Sci.
Fenn., Ser. A2,93,1 (1958).

Journal of the American Chemical Society | 96:2 | January 23, 1974



derivative with respect to Z,, from the compilation of
Katayama;?® enthalpy data, from Bertrand, et al.;®
relative molar volumes, from densities reported by
Carr and Riddick;? heat capacities, from concordant
specific heats reported in the International Critical
Tables (ICT) and by Ivin and Sukhatme, 28

The data for the system ethanol-water in Table III
are based on the following sources: In (fi/f;) and its
derivative with respect to Z, from Hansen and Miller;?®
enthalpy data from Bertrand, et al.;% densities and heat
capacities from the ICT. For both methanol-water
and ethanol-water, A»* and C,..* have been measured
directly at Z; = 1.00 by Arnett, et al.% Values ob-
tained in that work are in satisfactory agreement with
values listed in Tables IT and III.

The data for the system dioxane-water in Table IV
are based on the following sources: 1n fi/f,, its derivative
with respect to Z;, and enthalpy data, from Goates and
Sullivan;3! partial molar volumes, from Hovorka,
etal.??

The data for the system dimethyl sulfoxide-water in
Table V are based on the following sources: In (fy;f), its
derivative with respect to Z;, and molar volumes, from
Kenttimaa and Lindberg;?? enthalpy data from Rallo,
etal.3*

Thermodynamic calculations!® and interpolations,
when required, were made by standard methods.

Solvolysis of terz-Butyl Chloride. To illustrate the
transformation of solvent effects to endostatic condi-
tions, we shall examine kinetic data for the solvolysis
of tert-butyl chloride in ethanol-water mixtures. The
transformation of neutral-salt effects to endostatic con-
ditions has already been described. 11

The solvolysis of tert-butyl chloride in water—ethanol
mixtures provides a classic example of nonideal mixed-
solvent effects. Accurate rate constants and activation
enthalpies were reported by Winstein and Fainberg
(WF)® in 1957 and have served as the basis for many
subsequent discussions. However, WF did not mea-
sure AH¥ at a uniform temperature. Some of their
values (for Z; > 0.76) refer to 12.5°, others (0.76 >
Z; > 0.26 and Z; = 0) refer to 37.5°, while still others
(Z, = 0.146 and Z, = 0.062) refer to 62.5°. 1In 1969,
Robertson and Sugamori (RS)? reported new data for
the water-rich range (Z; > 0.7), with the aim of eval-
uating not only AH¥ but also AC,*. They found that
AH ¥ is quite temperature dependent: AC, ¥ is consis-
tently negative and reaches an extreme value of —136
cal/mole deg at Z; = 0.925. It is clear that AH*
should be examined at a uniform temperature.

The data to be analyzed are listed in Table VI. The
upper part of the table lists the data of RS at a uniform
temperature of 25°. The lower part lists comple-
mentary data by WF: In k is at 25° and AH¥ is mea-
sured at, or corrected to, 37.5°. (Required values of

(26) T. Katayama, Kagaku Kogaku, 26, 490 (1962).

(27) C.Carr andJ. A, Riddick, Ind. Eng. Chem., 43,692 (1951).

(28) A. A.1vin and S. P. Sukhatme, Indian J. Technol., 5, 249 (1967).

(29) S. Hansen and F. A. Miller, J. Phys. Chem., 58, 193 (1954).

(30) E. M. Arnett, W. B. Kover, and J. V. Carter, J. Amer. Chem.
Soc., 91, 4028 (1969).

(31) J. R. Goates and R, J. Sullivan, J. Phys. Chem., 62, 188 (1958).

(32) F. Hovorka, R. A. Schaefer, and D, Dreisbach, J. Amer. Chem.
Soc., 58, 2264 (1936).

(33) (a) J. Kenttdmaa and J. J. Lindberg, Suom. Kemistilehti B, 33, 98
(1960); (b) ibid., 33, 32 (1960).

(34) F. Rallo, F. Rodante, and P. Silvestroni, Thermochima. Acta,
1, 311 (1970).
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Figure 3. SuAG¥ and 61AG, ¥ for solvolysis of tert-butyl chloride
in ethanol- water mixtures at 25°.

Table VI. Solvolysis of ter-Butyl Chloride in Ethanol-Water
Mixtures at 25° @
dln &/ —In

Zy dz; —Ink ko AHFY AH, ¥t AC,Fc AC,o*F¢
1.000 14.4 3.514 3.514 22.58 22.58 —83 —83
0.925¢ 15.1 4.618 6.43¢ 20.01 21.61 —136 —166
0.899¢ 17.3 5.023 7.50 19.47 21.05 —116 —151
0.846¢ 19.9 6.145 9.87 19.36 19.65 —49 —-72
0.750¢ 14.9 7.824 11.61 21.04 19.07 —34 —32
0.765 15.2 7.796 11.52 20.76 19.17
0.684 12.0 9.002 12.16 21.67 19.47
0.582 10.0 10.218 12.11 21.90 20.24
0.448 10.0 11.590 11.89 22.34 21.50
0.265 10.0 13.309 12.16 22.75 22.62
0.146 10.6 14.552 13.02 24.08 24.01
0.062 11.6 15.461 14.13 24.96 24.87
0.000 13 16.269 16.27 26.13 26.13

e Data in upper half of table due to RS;® data in lower half of
table due to WF.4 ® kcal/mol; data in lower half of table refer to
37.5°, ccal mol~! deg~i. ¢ Computed from the density of the
mixed solvent, ¢ Sample calculation: In ky = In & — [In a*-
(dIn k/dZ)/(d In e™/dZ)]. In o = 1.372; dln k/dZ; = 15.14
(by numerical differentiation of data in column 3); dln aM/dZ;, =
11.48 [eq 28. Value of d In (£/£:)/dZ, by interpolation of data in
Table III].

AC, ¥ are taken from, or extrapolated from, the work of
RS.) The transformations to endostatic conditions
(In k, and AH,¥) were made using formulas listed in
Table I. Required data for the ethanol-water system
were obtained by interpolation from Table III. A
sample calculation is given in a footnote to Table VI.
The free-energy functions 6yAG* and éuAG,* are
based on water as the reference solvent (definitions are
given in eq 29) and are shown graphically in Figure 3.

3wAG* = —RT In (kM/kV) (29a)
3uAG.* = —RT In (k.*/k.") (29b)

AH* and AH,, ¥ are compared in Figure 4.

The solvolysis of tert-butyl chloride in ethanol-water
mixtures is usually thought to proceed by an SNI or
ionization mechanism?-3 with a transition state,
(CH;);C3- - - X%, resembling a tight ion pair.
Hughes, Ingold, and coworkers3® explain the striking

(35) C. K. Ingold, “Structure and Mechanism in Organic Chem-
istry,” Cornell University Press, Ithaca, N. Y., 1953, Chapter VII

(36) E. Grunwald and S. Winstein, J. Amer. Chem. Soc., 70, 846
(1948).
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Figure 4. AH¥ and AH, ¥ for solvolysis of rert-butyl chloride in
ethanol-water mixtures at 25° (Z; > 0.75) and 37.5° (Z; < 0.75).

increase of In k with Z; by an essentially electrostatic
theory in which the charge separation in the transition
state is promoted by the change to a more polar solvent
medium. However, analysis of Henry’s law con-
stants®® and heats of solution® of tert-butyl chloride
showed that this is only a partial explanation. In
water-rich mixtures (Z; > 0.7) the characteristic medium
effects on AG* and AH¥ are due largely to medium
effects in the (CH3);CCl ground state, rather than in the
transition state.3®% On the other hand, in alcohol-
rich mixtures (Z; < 0.2), the characteristic medium
effects on AG™ and AH¥ are due largely to medium
effects in the transition state, % and it has even been
suggested that there is a change in reaction mechanism.?¢

Our thesis in this paper is that quantities measured at

(37) (a) E. M. Arnett, P, M, Duggleby, and J. J. Burke, J. Amer.
Chem. Soc., 85, 1350 (1963); (b) E. M. Arnett, W. G, Bentrude, J. J.

Burke, and P. M. Duggleby, id., 87, 1541 (1965); (c) E. M. Arnett,
W. G. Bentrude, and P. M. Duggleby, ibid., 87, 2048 (1965).

constant Zi, such as 8yAG™* and AH¥, are inherently
complex because they include changes in the relative
partial molal functions of the solvent components, and
that their variation with Z, gives accordingly a dis-
torted picture of the underlying solvent effects. The
distortion is removed by transforming the functions to
endostatic conditions.

Returning to the solvolysis of ferz-butyl chloride, the
plot of 6yAG™ vs. Z;, (Figure 3) is an approximately
straight line which gives no obvious indication of the
changeover in the medium effect, from being dominated
by the ground state to being dominated by the transi-
tion state. On the other hand, dwAG, ¥ is a sigmoid
function which shows marked changes in both water-
rich and alcohol-rich mixtures and only minor changes
in between. The plot of AH* vs. Z; (Figure 4) is quite
complicated, with a marked hump near Z; = 0.87; the
plot of AH,* vs. Z; is simpler, with the hump being
transformed into a broader minimum.

Data for AC, ¥ are available only for water-rich mix-
tures and are a complex function of Z;. Transforma-
tion to AC, ., * (Table VI) does not lead to any obvious
reduction in complexity.

Concluding Remarks

It is clear from the preceding examples that trans-
formation to endostatic conditions causes some func-
tions of Z; to become simpler, while others (such as
duAG ¥ in Figure 3) become more complicated. How-
ever, in each case the transformed relationship should
be easier to interpret, because of the exact analogy of
endostatic functions to corresponding functions in one-
component solvents. With more experience, and with
the availability of more accurate data for the required
transformations, one may hope that the analysis of
endostatic relationships will give a sharper insight into
solvation effects.

Orientation in Base-Promoted g-Elimination Reactions.
Effects of Base Strength and Size

Richard A. Bartsch,*! Karl E. Wiegers,2 and Donna M. Guritz

Contribution jrom the Department of Chemistry, Washington State University,
Pullman, Washington 99163. Received July 27, 1973

Abstract:

Orientation in 8-eliminations from 2-iodobutane promoted by a wide variety of oxygen, nitrogen, and

carbon bases in dimethyl sulfoxide has been determined. By the use of linear free energy relationships, a funda-
mental control of orientation by base strength and the level of base complexity necessary for the onset of steric
effects are demonstrated. Sensitivity of orientation to base strength is dependent upon the first atom of the base,

decreasing in the order, oxygen > nitrogen > carbon.

long-standing controversy concerning the relative
importance of base strength and size in deter-
mining orientation for olefin-forming elimination re-

(1) Address correspondence to this author at the Department of
Research Grants and Awards, American Chemical Society, 1155 16th
St., N.W., Washington, D. C. 20036.

(2) National Science Foundation Undergraduate Research Partici-
pant, 1972.

actions has recently been resolved.®* Fundamental

(3) R. A. Bartsch, G. M. Pruss, B. A. Bushaw, and K. E. Wiegers,
J. Amer. Chem. Soc., 95, 3405 (1973).

(4) Froemsdorf and Robbins have earlier reported a qualitative rela-
tionship between orientation observed in eliminations from 2-butyl
tosylate induced by six oxyanion bases in DMSO and the pK.’s of the
oxyanion bases in water which suggested that orientation could be
significantly affected by base strength alone: D. H. Froemsdorf and
M. D. Robbins, J. Amer. Chem. Soc., 89,1737 (1967).
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