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Equations are developed relating kinetic rate constants to acidity functions in aqueous solutions of strong acids. To
usc these equations it is necessary to know the general behavior of activity coefficients of cations and neutral molecules i

these media.
function of sulfuric acid concentration.

The Hammett I1; function,? defined by eq. 1,
has been successful in describing shifts in equilibria
of the type B + H+* = BH™ which are brought
about by variation of the ratio of a strong acid to a
polar liquid such as water or acetic acid. This
success is dependent on H, beiug a function only of
acid concentration and not of other variables such
as the structure of the base B.

Hy, = (pKsn+) + log (cs/ceut) = —(log au*) —
log (fa/feu+) (1)

A similar situation prevails in the case of the (
function,® which is defined by eq. 2.

Co = (pKw+) + log (crou/cr) = —(log am¥) +
log amo — log (from/fus) (2)

For reactions in which the transition state is
composed of the reactants H¥, Ay, Ay, . . ., eq. 3 is
the Bronsted form of the rate equation. The
terimns in the brackets will be constants at a partic-
ular concentration of sulfuric acid and will cor-
respond to the experimental rate constant, Eexp.
The logarithm of the expression for kexp can be com-
bined with eq. 1 to give eq. 4 after differentiation
with respect to 9, H.SO,. The symbol B repre-
sents the indicators used to evaluate the H, acidity
function.?

dea/dt = caens. . [R(faSfas. . . /f¥)an+] (3)
d log kexp/d %H:S80; = —d Hy/d %H.S0; + (4)
d log (faifas. . fer+/fef*)/d 9% H.S0,

In a similar way, eq. 5 can be derived for reac-
tions of the type of eq. 6. The symbol ROH repre-
sents the alcohols used to evaluate the C; acidity
function.?

d log kexp/d % H,S0,; = —dCO/d (5& H.S0, + (5)
d log (fa1fae. . fsoufe+/frouf*)/d % HSO0,
SOH + H* = H,0 4 S*

l + Ay, Ao, ...
products  (6)

rate-determining

Values of —dH,/d 9 H.SO4 and —dCo/d 9
H,SO, are known for several water-strong acid
media so that the principal barrier to applying eq.
4 and 5 is in the estimation of the last term in each
equation. The development of methods of esti-
mating these terms will be the concern of this
paper.

(1) Grateful acknowledgment is made of the support of this re-
search by a grant from the Petroleum Research Fund of the American
Chemical Society.

(2) L. P. Hammett, ‘‘Physical Organic Chemistry,'' McGraw-Hill
Book Co., Inc., New York, N. Y., 1940, Chapter 1X.

(3) N. Deno, J. Jaruzelski and A, Schriesheim, THis JoUrRNarL, T7,
3044 (1955).

For this purpose activity coefficients of three salts and fourteen neutral molecules have been measured as a
The method of applying these values is outlined.

Experimental

The activity coefficients of most of thie compounds were
determiined by measuring the solubility of the compound in
different concentrations of sulfuric acid at 25 & 0.1°. The
pure substance was chosen as the standard state unless other-
wise noted so that the activity coefficients were simply the
reciprocal of the concentration of the saturated solutious.
Since the solubilities were of the order of 1072 molar or less,
the value of the activity coefficient is probably a function
only of the sulfuric acid coucentration and in particular is
not a function of the concentration of solute. The log of the
activity coefficients were plotted against 9, H.SO, and the
slopes visually estimated to obtain values of d log f/d %
H,S0,.

The substances studied were both solids and liquids. An
excess of solute was shaken vigorously with the appropriate
concentration of sulfuric acid in a water-bath thermostated
at 25 £ 0.1°. The concentration of the solution was pe-
riodically measured until a constant value was reached.
This required several minutes for the liquids and several
hours for the solids. The saturated solutions were removed
from excess solute by carefully removing an aliquot with a
pipet. Centrifugation was necessary with some of the
liquids and the tetraphenylphosphonium and tetrabutyl-
ammonium? perchlorate solutions required filtrationu.

The concentrations of potassium perchlorate and tetra-
butylammonium perchlorate were determined by analyzing
for perchlorate ion using the excellent procedure of Willard
and Perkins.® This involved treating a known volume of
the saturated solution with a sodium chloride solution and
then with a dilute aqueous solution of tetraphenylphospho-
nium chloride. The precipitated tetraplienylphosphonium
perchlorate was filtered, washed, dried at 110° and weighed.
The method was found to be unaffected by variations in the
sulfuric acid concentration from 0 to 109;.

The concentrations of tetraphenylpliosphonium perchlo-
ate in the different sulfuric acid solutions were determined
spectroscopically using measurements at 268 and 276 mg.
Above 809, sulfuric acid the salt was unstable so that the
data at 809 acid are of doubtful accuracy. Measurements
were made on the tetraplienylphosphonium perchlorate
solutions to show that there was no significant variation in
the extinction coefficients between 0 and 609 sulfuric acid.

The concentrations of the remaining compounds werc
determined spectroscopically. No correction was made for
variation of extinction coefficient with sulfuric acid concen-
tration. In two cases, chlorobenzene and methoxybenzene,
this variation was studied and found to be less than 59 over
the range of acid concentrations studied for each of these
two compounds.

The activity coefficients for acrylonitrile were determined
from distribution experiments between an alkane fraction
that was primarily pentane and the appropriate sulfuric
acid solution. The pentane was purified by shaking with
sulfuric acid until the absorption at 225 mu was negligible.
The concentration of acrylonitrile in the pentane was deter-
mined spectroscopically using data at 225 mg. The con-
centration of acrylonitrile in the sulfuric acid solution was
computed by difference. The solution of acryvlonitrile in
peutane was assumed to exhibit ideal behavior for the dilute
ranges studied and the standard statc was chiosen so thit
activity equaled the molar coucentration of acrylonitrile in
pentane. The activity coefficients were thus the concentra-

(4) Dr. R. P. Seward kindly supplied a sample of this salt.
(6) H, Willard and L. Perkins, Anal. Chem., 25, 1634 (1953).
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TaBsLE 1

SOLUBILITIES AND ACTIVITY COEFFICIENTS OF SALTS AS A FuncTION OF 9 HoSO4

Solubility (moles/1.}
I1¢

Log fEa'd d log f:l:/;iI %5 H9S04b
I

%% HaS0s le (X 109 111¢ 111 111
0.0 0. 1470 3.42 0.01023 0.832 3.467 1.990 -0.016 -0.018 -0.018
3.06 L1675 4.06 .01189 766 3.390 1.925 - .001 - .006 - .006
2.40 L1605 4.00 ,01100 .795 3.398 1.958 -+ .007 -+ .007 + .007
20.35 1360 3.62 .01033 . 866 3.440 1.986 + .012 - 002 .0
30.6 .1020 4.05 01136 L0991 3.302 1.945 - 012 - .009 - .010
40 .4 L0782 5.76 01638 1.107 3.239 1.786 - .009 - .023 - 020
50.4 0677 10,483 02945 1.172 2.979 1.531 + 004 - .030 - .030
60.2 L0668 24.0 06325 1.176 2.62 1.199 .0 - 043 — .042
70.0 .0661 72.0 ., 1993 1.180 2.14 (0.700)" .0 - 041 - .05
80.5 .0680 164.0 .3014 1.168 1.78 (0‘521)" — .003 - .027
90.5 .0965 1.016 - 040
96.7 L1785 0.748 —.040

¢ The activity of the solid at 25° was defined as unity so that the mean activity coeflicient (f=) was the reciprocal of the
concentration of the saturated solution. © If it is assumed that fx+ = feios, the values under I are also those for K+ and
ClO; -, the values under II are those for the tetraphenylphosphonium ion and the values under III are those for the tetra-
butylammonium ion. °I is potassium perchlorate; II is tetraphenylphosphonium perchlorate; III is tetrabutylammonium
perchlorate. 4 These values are inaccurate because the phase in equilibrium with the saturated solution was a liquid rich in
III and not solid III. Solid III was regenerated from this liquid phase on dilution with water.

tion in peutane dividgzd by the couceutration of acrylouitrile TanLe I11
inn the aqueous sulfuric acid layer.
Table I summarizes the data on the solubilities of the SOLUBILITIES OF ORGANIC COMPOUNDS AS A FUNCTION OF §p

three salts studied.” A method for estimating d log f/d % H,S0,

H,S0, for several single ions is given in footnote (4) in Table —Solubilit ¢ CuHs- (Co

I. Table IT lists values of d log (fi/fz)/d 9 H2SO; for three % (CoHeg)s- ) Ho. CHeCHs (CoHes- Hoo-

pairs of cations as well as values for the single ion ROH,*. HaSO Csls CH; CsHsC1 OCH: OH CHOH COH
264 220 263.5 286 276 (e) (¢)

Table III summarizes the data on the solubilities of neutral

speecies.  Table IV summarizes the distribution data on rérd = 0 5.3
acrylonitrile. Table V lists values of d log f/d % H.SO. 2105 O'ém 0 g?)o 0 1'9? 0.4;{3 0:95 ;f; :‘3)8
for the nentral species studied as well as sonie computed from -0 646720 .69 345 .40 : :
the solubility data of Hammett and Chapman.b 12.40 532 520 549 245 362 1.57 4.5
20.35 432 .395 428 .189 358 1.12 4.8
L ~ Tamell . 30.6  .363 .326 .3%4 .176 0.87 5.0
VaLuEs o d LoG (fi/f2)/d GHaSO, FOR PA(IZRS or CaTIONS 40 4 .334  .357 .303 .168 0.90 7.0
o+ dlog Ui/79/d HBO feomss 505 332,405  .400  .198 1.24
S5 HeS04 FComs)aP + F(Cemayen * F(cmHa) N * TR 60.2 .334 .495 .400

0.0 0.004 0.004 0.000 70.0 .352 590 .490

5.06 .010 010 .000 0.055 80.5 .410 .66
12.40 .000 .00N .000 .042 90.5 1.2
20.3 T 2* b . .

0.35 '022 034 -004 'O‘?O ¢ The values listed in cach colummn except the last two
30.6 042 S04 -+ .002 067 are the optical densities of the saturated solutious at the
40.4 064 058 — .006 065 wave length (my) indicated under the formula of each coni-
50.4 068 068 000 068 pound. The wave length used was an absorption maximum
60.2 086 (R4 — 002 095 with all but diphenylmethane and methoxybenzene. The
o e o S ' ' 3 concentration in moles/liter could be determined by measur-
0.0 L082 .10 -+ .02 063 ing the extinction coefficient at the appropriate wave length
80.5 .048 .00 and dividing it into the optical deusity listed in the table.

“ The only assuniption required to compute these values ° - value of 0.910 was obtained at 85% H:SO,. °The
was that the activity coeflicients of the ions were independent  values in these two columns are the actual molarity of the
variables. ® Ref. 3. alcohol multiplied by 103 for diphenylmethanol and by 108

for triphenylmethanol. The saturated solutions were di-
Discussion luted with 979 sulfuric acid and the concentrations of the
o . resulting carbonium ions were measured spectroscopically.
ACtIVIty Coefficients of Molecules.—For the TFor diphenylmethanol, the data were measured at 442 niu

neutral molecules, the data in Table V demonstrate aud an extinction coefficient of 10464 was used in the cal-
that d log f/d 9% H,SOs; was remarkably inde- culations. The corresponding values for triphenylmethanol
pendent of structure from 0-609 sulfuric acid. Wwere4slmuand10%%.
This result was obtained despite considerable
variation in size and functional groups of the neu-
tral molecules. Also the values of this function
i 9
\1e(1)‘f20§.rna’111,}ligseniesraig Z;Zérrlnger?te tv::iig —fc_}?éogrizﬁ mett andoChva}')ma.n6 present an unusual situation
Setschenow parameters’ that have been found for 12 60-90% sulfuric acids. Values of d log f/d
acueous solutions of strong acids. From 60-90% %H2SO4 range from —0.03 to —0.14 (Table V).
sulfuric acid, d log f/d 9,H,S0, for benzene and This unusual result was discussed by H. and C.,
chlorobenzene remain in the range 0 to —0.03 and who presented spectroscopic and cryoscopic evi-
(6) 1,. P. Ilanunett and 1, Chapman, Tuis JourNaL, 66, 1282 1.1?nce to show that the sharp {ncreases in solubil-
(1934). ' ities were not due to protonation of the carboxyl
(7) F. A. Long aml W. I'. McDevit, Chem. Kevs., 61, 119 (1952). group.

this result probably prevails for other non-polar
solutes.
The substituted carboxylic acids studied by Haiu-
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TaBLE IV
VALUES FOR THE ACTIVITY COEFFICIENTS OF ACRYLONITRILE
FROM DISTRIBUTION EXPERIMENTS

Molarity of CHy==CH—CN¢ Activity
1b I1%

coefficient ¢

%% Pentane Aqueous Pentane Aqueous in aqueous layer
HsSO0, layer layer layer layer 11
0.0 0.122 0.049 0.224 0.108 0.40 0.48
5.06 L118 L0563 .218 114 .44 .52
12.40 .114 .056 .208 .125 .49 .60
21.5 .109 .062 .197 .135 .57 .68
27.6 .104 .067 .193 .139 .64 .72
38.7 .110 .061 .200 .146 .65 .66
25.5 .127 .044 .240 .092 .34 .38
60.3 .130 .041 .256 077 .31 .30

¢ The coucentration in the pentatte layer was determined
spectroscopically using data at 225 mu. The extinction co-
efficient for acrylonitrile at 225 mu was 1.58. The concen-
tration in the aqueous layer was determined by the differ-
ence between the initial and equilibrium concentrations of
the acrylonitrile in pentane. ? The initial concentration of
acrylonitrile in series II was about twice that in series I.
This had an appreciable effect on the activity coefficients as
shown in the last two columns. The data in column I are an
average of 2 or 3 runs in which the maximum deviation from
the average was 59%,. The data in column II were more er-
ratic. The maximum deviation from an average of three
runs ranged from 5-129,. The values of d log fron/d %
H,SO, which appear in Table V are based on the data in
column I. ¢The activity coefficients were the concentra-
tions in the aqueous layers divided by the concentrations in
tlie pentane layers.
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The qualitative solubility data support such a hy-
pothesis.
/O~
Va
CaH(,"'N

O— —HO

In summary, the nitro compounds and carbox-
ylic acids, which contain two oxygen atoms in 1,3-
relation, have appreciable values of d log f/d
< H,SO, from 60-1009, sulfuric acid and it is ad-
visable to estimate the value of the last term in
either eq. 4 or 5 when such species are involved.

Activity Coefficients of Jons.—The ionic activity
coefficients in eq. 4 and 5 appear as the ratio of
the activity coefficients of two cations. Although
it is generally not possible to evaluate activity
coefficients of single ions without rather tenuous
assumptions, the ratio of the activity coefficients
of two cations can be determined with no assump-
tion other than that the activity coefficients of cat-
ton and anion are independeut variables. The
values of four such ratios appear in Table II for a
range of concentrations of sulfuric acid.

It was anticipated that these cation activity co-
efficient ratios would have a limited set of values
for certain characteristic types of cation structures.
Support for this concept is already apparent in

TaBLE V
VALUES oF d Log f/d 9H,SOs FOR NEUTRAL MOLECULES AT 25°

% HiS04 = 0 5 10 20 30
Benzene 0.02 0.02 o0.01 0.01 0
Diphenylmethane .03 .03 .02 .01 0
Chlorobenzene .02 .02 .01 .01 0
Methoxybenzene .02 .02 .02 .01 0
2.Phenylethanol .02 01 0 0
Diphenylmethanol .02 .02 0.02 0.01 0
Triphenylmethanol .01 .01 0 0 -0.01 =—
Acrylonitrile .007 .007 .007 ,007 O -
2-Methyl-2-butene® .01 .01 .01

Nitrobenzene? .01 .01 .01 0 0 -
Benzoic acid® .02 .02 .02 .02 0.01
Phenylacetic acid? .01 .01 .02 .02 .01
2.Nitrobenzoic acid” .03 .03 .02 .02 .01
4-Nitrobenzoic acid” .01 .01 .01 .01 .01

40 50 60 70 75 80 85 90
d log f/d % HsSOq

0 0 0 0 —-0.01 -0.02

0 —0.01 —0.01 —0.01

0 0 0 - .01 - .02 — ,02 -0.03 -0.02
0 —0.01
—0.01 —0.02

.03

012 - .012 -0,012

.02 - .02 — .03 - .03 - .03 - ,03

0 0 — .01 - .05 - .07

0 —0.01 - .02 - .04 — 10

9] 0 - .01 - .03 —- 06 - .07 — .11

0 —0.01 - .02 - .05 — .05 — .08 -— .14

¢ Computed from the data of R. W. Taft, Jr., E. Purlee and P, Riesz, which were measured at 30° (TH1s JOURNAL, 77,

899 (1955)).

A similar situation exists for nitrobenzene. The
data of Hammett and Chapman® do not extend be-
yond 80%, sulfuric acid. However, semi-quantita-
tive experiments showed that nitrobenzene ex-
hibits a very sharp increase in solubility from 80—
97% acid. The solubilities expressed in 9} nitro-
benzene were < 19, in 859, acid, 29% in 90.59
acid, 509, in 93.8% acid and 899 in 96.79, acid.
Thus nitrobenzene and 96.7%, acid were miscible
from 0-899, nitrobenzene, These large solubilities
cannot be due to protonation since spectroscopic
and cryoscopic data showed that nitrobenzene is
less than 19 protonated in 979, acid.® It is en-
tirely possible that these sharp changes in solubil-
ities are due to as yet unknown equilibria. For
example nitrobenzene might form a stable CgH;-
NO:»H2504 species represented by structure I.

(8) J. C. D. Brand, J. Chem. Soc., 997 (1050); L. P. Hammett, J.

Chem. Phys., 8, 644 (1940); R. J. Gillespie and D. J. Millen, Quart.
Revs., 2, 292 (1948),

® Computed from the data of Hanimictt and Chapman (ref. 6),

Table II as evidenced by identical values for d log
(fe*/ficamnp™)/d %H:SOs and d log (fx*/f-
(C:HyNT) at all acid concentrations studied.
Bartlett and Arnett® suggested that the categories
may depend on the effective electrical field that
acts on the solvent. Thus ions in which the
charges are well shielded from the solvent such as
the tetrapheunylphosphonium ion and tetrabutyl-
ammonium ion will fall into a single category.
Small unshielded ions and perhaps ions containing
an unshielded charge on the periphery of an or-
ganic moiety would comprise two other categories.

As data become available it will be possible to
estimate d log (Jeation/f*)/d 9 H,S0, values in eq.
4 and 5 by choosing values for ions structurally
similar to the cation and transition state under in-
vestigation.

Nature of the Transition State.—Equations 4 and
5 are not only useful in identifying the composition

(9) Contributed in discussions,
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of the transition state, but in favorable cases they
can yield information regarding the type of bonding
in the transition state. The method can most
easily be explained by reference to the particular
case of the pinacol rearrangement.

Two extreme structures can be envisioned for the
transition state. In I, the rearrangement is a con-
certed process in1 which there is very little lengthen-
ing of the C-O bond in the transition state. In
III, the carbonium ion forms in a rapid reversible
equilibriunt followed by a rate-determining rear-
rangenient of the carbonium ion. With I, the
kinetics would fit eq. 4 and the last term, which
would contain (faycof8u/fBf*), would be negli-
gible. The values of d log f/d %H.SO, for glycol
and B would cancel (in 0-609, H.SO,) and the
transition state is so like a protonated base that its
term would cancel that of BH .

C C ¢
P o
C—C— = C -G

! | :
OH OH,* Ol OH, OH
I I 98!

By an analogous argument, with III the kinetics
would fit eq. 5 with a negligible last term.

In the case of II, eq. 4 would be applicable but
the last term would become important. As the
transition state became more and more like a car-
bonium ion, d log (fsr™/f*)/d %HsSO. would be-
come appreciable and approach the value of d log
(from,t/fr¥)/d 9,H.S0; at extreme stretching of
the C-O bond. In 0-509 sulfuric acid where d
log amn/d %H:SO; is small, d log (from:"*/fr*)/d
ToH:S0, is just the difference between —dCy/d
(%1{2804 and —df.{o/d (70H2804 The result is that
as the transition state varies from I through II to
IIT in a series of glycols, d log k/d 9H,SO; can be
expected to change continuously from values equal
to —dHo/d 9%H,S04 to values equal to —dC,/d
CoHeSOy.

Hammett-Zucker Hypothesis.2*—For reactions
in which the transition state has the composition
(A'H,O-H™), eq. 7 can be derived from the Bron-
sted rate equation. Hammett and Zucker®

dlog £/d T H.80, = d log C}{;,o*'/(l %HZSO4 4
d log (fafmo+/f*)/d BH:80s (7)

(10) 1. Zucker and L. P. Hammett, Turs JoUrNAL, 61, 2701
(19349).
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found that the last termi iun eq. 7 appearcd to be
negligible for several reactions believed to be of this
type. This result has been widely used!! as a
means of determining the composition of the trausi-
tion state and in particular to decide whether water
was or was not present.

It is our interpretation that the values of the last
term in eq. 7 are more a function of the structural
type of the ionic transition state than of its com-
position. Thus it is somewhat coincidental that
most transition states containing a water molecule
have the charge of the ion unshielded from solvent
so that d log f/d % H.SO, for H;O~ and the transi-
tion state approximately cancel (fa usually makes
a minor contribution). However, cases cau be e1n-
visioned in which the charge is well embedded i1 the
trausition state and the last term in eq. 7 will be-
cowne itmportant despite the presence of water in the
transition state. In such cases the value of d log
(fmot/f*)/d %H.S0, will approach d log (fx*/
feaet)/d SH:S0, and thus the value of d log
k/d 9,H,S0, can approximate that of —dH,/d
CeHSO0.,

Acidity Functions.—For the bases used to
evaluate H;, calculations based on the data of
Hamuett and co-workers!? showed that d log
(fsr*/fs)/d JoH,SO, did not vary generally by
more than 0.01 unit at any particular concentra-
tionn of sulfuric acid. The data in Table V show
that d log f/d 95H,S0; for neutral species does not
generally vary more than 0.02 unit from 0-60%
acid. We can thus conclude that d log fru*/d
9H.SO, also does not generally vary with struc-
ture by more than 0.02 unit in this region. This
couclusion applies only to the BH™ structures
used to evaluate H,. Thus in the 0-609 acid rc-
gion the success of the H, and (p acidity functions
is at least in part due to the invariance with struc-
ture of d log f/d Y,H,S0, terms for B and BH* in-
dependently and for ROH aund R¥ in the case of
Co. It is an open question whether a more precise
invariance arises from the ratio fea*/fs than for
fer™ and fB separately.

UNIVERSITY PARK, Pa.

(11} F. A. Long, ef al., tbid., 72, 2367, 3692 (1950); 78, 3326 (1936);
J. Phys. Colloid Chem., 85, 829 (1951); R. W. Taft, Jr., Tr1s JOURNAL,
74, 5372 (1952): R. P. Bell, A. L. Dowding and H. A. Noble, J. Chem.
Soc., 3106 (1953).

(12) L. P. Hammett and A. Deyrup, THIS JourNAL, 54, 2711
(1932); L. P. Hammett and M. Paul, ¢bid., 66, 827 (1934).



