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and which would maintain the temperature constant to
within 0.1° were found adequate. In the event that equi-
librium was not reached before the bath was nearly spent, a
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fresh bath could be substituted for the depleted one rapidly
enough so that the sample tube did not warm.

St. Louls, MISSOURI
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The effect of water on acid—base equilibria it acetic acid can be calculated quantitatively for titratious carried out potenti-

ometrically or with indicators.

Theequations governing the shape of potentiometric titration lines of bases in acetic acid as a

function of water concentration have been derived and experimentally verified. These relationships have been used to
calculate the change in e.m.f. in the vicinity of, at and after the equivalence point for bases of different concentration and

strength.
an accurate procedure.

They predict that titration to an equivalence potential, which is independent of concentration of base,'will.be
The relationships determining the ratio of acid to basic color of an indicator base over the titration

range in water containing acetic acid also have been established and tested and used to predict the color change of p-naph-

tholbenzein (PNB) in a sodium perchlorate solution.

Water is an undesirable contaminant in the
titration of bases in acetic acid.!~® With increas-
ing water concentration the magnitude of the first
derivative in a potentiometric titration of a base
and the sharpness of the color change of an indica-
tor in the region of the equivalence point de-
creases. Furthermore® the potentiometric end-
point is found after the equivalence point, and the
titration error increases with the water content of
the acetic acid. Water is a weak base in acetic
acid, and it is possible to calculate quantitatively
its effect upon titration curves in acetic acid™ and
particularly upon the break in potential and the
sharpness of the color change of an indicator near
the equivalence point, using the various equilib-
rium constants for acids, bases and salts reported
in previous papers.’2—¢

Water reacts with perchloric acid to form hydro-
nium perchlorate according to equation 1. The

equilibrium constaut for the reaction as written,
K H:0C104

H,O + HCIO, == H,0CI0, )

is 34.™ In order to account quantitatively for the
effect of water over the entire region of a titration
curve it is necessary to know the over-all dissocia-
tion constant of water as a base, Km0, and the
over-all dissociation constant of hydronium per-
chlorate, Ku,oci0,, One simple way of determin-
ing these constants is to study the change in hy-
drogen ion concentration of a perchloric acid solu-
tion as a function of the water concentration, using

(1) J. B. Conant and N. F. Hall, TH1s Jour~aL, 49, 3047 (1927).

(2) (a) J. S. Fritz, Anal. Chem., 22, 1028 (1930); (b) J. S. Fritz
and M. O, Fulda, ¢bid., 28, 1837 (1953); (c) J. S. Fritz, ibid., 26, 1701
(1954).

(3) P. C. Markunas and J. A. Riddick, ¢bid., 24, 1837 (1952).

(4) C. W. Pifer and E. G. Wollish, ¢bid., 24, 300 (1952).

(3) A. H. Beckett, R. M. Camp and H. W. Martin, J. Pharm. and
Pharmacol., 4, 399 (1952).

(6) A. Anastasi, U. Gallo and L. Novacic, 7bid., 7, 263 (1955).

(7) (a) 1. M. Kolthoff and S. Bmickenstein, THIS JOURNAL, T8,
1 (1956); (b) S. Bruckenstein and I. M. Kolthoff, ¢bid., T8, 10 (1836);
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a chloranil clectrode as the hydrogen ion indicator
electrode. Since the acetate ion concentration is
negligible in such a solution, we can write

(H*] + [H:07] = [ClO,7] (2a)

From the expressions of the various equilibrium
constants we find [ClO;~] = Kucio,Cucio/ [H™]
and [H;0*] = KwuoCuo[H*]|/K, After rear-
rangement, equation 2a may be written as

(2b)

The symbol C refers to the equilibrium concentra-
tion of the species indicated by the subscript and
K, = [H*][Ac—].* From the stoichiometric con-
centrations of perchloric acid and water added,
(Cucio,)r and (Cmo)t, respectively, and K HiOCI0
it is possible to calculate equilibrium concentra-
tions of water and perchloric acid. Thus, if Cro
is plotted versus Cucio,/[H*]?, a straight line of
slope K Kucio,/Kmo and intercept —K/Kmo
should result. Such a plot of the experimental re-
sults yielded a straight line, and Ku,0 was cal-
culated from the intercept using the previously de-
termined value of K = 3.556 X 10137  Knocio,
could then be calculated from the relationship
K#0C0: = Kpeio Km0/ KsKuocio, >4 in which
the dissociation constant of hydronium perchlorate
is the only uuknown.

The Effect of Water on pH over the Entire
Region of an Acid-Base Titration Curve. Solutions
of Water and a Pure Base.—The pH of a mixture
containing water and another base, B, in acetic
acid can be calculated by substituting into the
electroneutrality rule equation 3a

[H*] + [BH*] + [HO*] = [Ac] (3a)
the expressions [BH+] = KpCp[H*]/ K, [HO+] =
Ku,0Cmo[H*]/Ks and [Ac~] = K, /[H*] to yield

[H+]w = Xs
V' Ky + KsCs + Kp0Caio

(3b)

(8) The nomenclature used in the present paper is the same as in
the preceding papers in this series.
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In the present paper we find that Ku,o = 2.95 X
10— Thus when KgpCp is greater than about
10— and the water concentration is less than
about 0.5 A, there should be no detectable water
effect on the pH of the solution of a base.

At concentrations of water greater than 0.5 1/ a
decrease in hydrogen ion activity as measured elec-
trometrically has been reported in solutions of
bases.®? At such high concentrations of water the
properties (dielectric constant) of the solvent
change and all equilibrium constants are affected
in a complex manner.

Solutions of Water, Base and BHCIO,—In a
partially neutralized base solution containing water
the rule of electroneutrality is

[H*] + [BH?*] + [H;OF] = [Ac™] + [ClOs7]  (4a)

Solving for the hydrogen ion concentration in
terms of Cs, Crucio, and Cr,o using the constants
Kg, Kgucio, and K, equation 4b is obtained for
the hydrogen ion concentration of a mixture of a

- KV KsCs + Kpucio:Crcios

H+],
(] KaCs

X

KgCs
Ks + KBCB + KHzoCmo

base and its salt containing an equilibrium concen-
tration of water equal to Cm,o0. Denoting [H*],,
(Cg)o and (Cpicio,)e as the equilibrium concentra-
tions of the various species in anhydrous solvent,
and [H*]w, (Cs)w and (Crucio,)w as the equilibrium
concentrations of the various species in solvent con-
taining an equilibrium concentration of water, Ch,o0,
it follows from equation 4b that

[H +} w o

(H*]o

(Cs)o _\/{KB(CB)W + Ksncio(Ceuciodw} { Ks + Kp(Cr)o}

(Co)w N {KB(CB)o 4+ Kprcio:(Crucioe}{ Ks +
B(CB)w + KuoCuwol

(4c)

In most practical cases the reaction BHCIO, 4+ H;0
2 B + H;0ClO4 can be neglected until close to
the equivalence point. The larger the value of K,
the closer the equivalence point can be approached
before we must allow for this reaction. Over the
region where this approximation liolds, (Cg)w =
(Ca)o, (Crucio,)w = (Caucio,)0, and water will have
hardly any effect on the pH. This has been verified
experimentally for sodium acetate~sodium perchlo-
rate mixtures.

When the equivalence point is approacked, we
must distinguish between the various equilibrium
concentrations in anlydrous and water-containing
solvent. As a good approximation in this regiou,
in both these solutions, Ksucio,Csucio, is much
greater than Kg(Cs, KgCs is in most practical
cases much greater than K and Ku,o0Cu,0, while

(4b)

(Ceucio)w = (Csucio,)e. Thus equation 4c sim-
plifies to
LH_T]_W = sl )
[E, = (Cow (d;

Neglecting ionic dissociation of the various species
in solution, it follows froin equations 1 and 4e

BHCIO, == B + HCIO, (He)
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that
(Coly = (Ciaciodw + Cuocioe + 0 (41)

where & represents the analytical concentration of
base. Equation 4f can be written in a niore useful
form by using K;1s0C101 to obtain an expression for
(Cp)w in terms of (Cucio,)w and Cu,o as

(Coiw = (Cuciogy 1 + KAWOCO(Cr0) + b (4g)
Combining equation 4g with the expression for
KBHCIO: yields the quadratic expression

(CB)w2 - b(CB,\JW -
(1 + K M:0C0:Cyy)
]CfBHClOA

Ceucio, = 0 (4h)

Substituting equation 4h into 4d gives equation 4i
which describes the way in which the ratio of hydro-

H Ty
(H*To
b + Vb 4 4Csacio,/ K E10s

b+ Vb2 + (1 + K100 Cr,0) (Carrcio,/ K PHC104)
(4)

gen ion concentrations depends on water content.

This expression cannot be simplified further.
Qualitatively it shows that the effect of water in-
creases with increasing water content and decreas-
iug values of b and of Kg (or K BHCIO:),

As an illustration some values of the effect of
water on the pH near the end-point are calculated
for three systems which are of practical interest.
We assume that the total water content of the sol-
vent is initially 0.1 7 and that it is unchanged dur-
ing the titration. Table I lists pHw and pH,
values near the end-point in the titration with
perchloric acid (110 volume change) of 0.1 Al and
0.01 M B with pKp = 5.00 and of 0.1 A/ B with
pKn = 9.00. pKpucio,is assunted to be 5.00 in all
cases. The equatious from which the values at
and after the equivalence poiut are calculated are
derived in the following section. From the an-
alytical view point it is of interest to note from
Table I that the effect of water (0.1 17) on the pH
is uegligible up to 99.99; neutralization in the
titration of 0.01 1/ or more concentrated solution
of a base with a dissociation constant of the order
of 10~%. In the titration of a 0.1 1/ solution of very
weak base with a pK of 9.00 the effect of water 1s
negligible until 957 neutralization. TUpon further
neutralization the water effect becomes miore and
more noticeable. However, sinice the break i po-
tential at the equivalence point is very small, even
in the absernice of water, 1t is not necessary to cou-
sider the mvolved equation <4j in apy titration of
reasonable accuracy i1 which the end-point is de-
tected by a poteutial or color change ot or near the
equivalence point,

Effect of Water on Solutions of Pure BHCIO,.-—
Equation i liolds generally and is applicable to a
pure salt solution where b = 0. For such a solution
equation 4j can be greatly simplified and we find

[Ty 1

[H ],y V1A K00, Oy
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TaBLE 1

CaLcuLaTED VALUES OF pHo AND pHw IN VICINITY OF THE

EQUIVALENCE POINT 1IN THE TITRATION OF BASES WITH

PERCHLORIC ACID?

pKB = 5.00 pKB = 5.00 pKB = 9.00

% 0.1 M Base 0.01 M Base 0.1 M Base
Neutral, pHo pHw pHa pHw ¢Ha pHw
90 10.45 10.45 9.94 9.94 6.48 6.48
99 9.45 9.45 8.94 8.94 5.54 5.68
99.9 8.45 8.46 7.95 7.99 5.20 5.49
100 7.16 7.48 7.16 7.48 5.16 5.48
100.1 5.87 6.51 6.38 6.98 5.12 5.47
101 4,88 5.52 5.38 6.03 4.79 5.30
110 3.90 4.54 4.41 5.05 3.90 4.54

@ These data were calculated, allowing for dissociation
of the various species into ions. pKucio, = 4.87; pKsaucio,
= 5.00; pK, = 14.45. Constant volume was assumed.
(Crpo)e = 0.1 M.

It is of interest to note that the dissociation con-
stants of the base, acid and BHCIO4 do not enter
into equation 5a. The reason is clear, when we
consider the expressions for the hydrogen ion con-
centration in the absence’ (equation 5b), and in the
presence of water (equation 5c¢).

From equation 5c¢ it follows that the effect of
water on the pH of a salt is

[H+]o = vV KuciolKs/Ks (5b)
- Kacio/ Ks _
[H+}w = KB(]. I KfHaOCIO‘CHgO) (OC)
independent of the salt concentration. This

conclusion is also of practical importance in
the potentiometric titration of bases with per-
chloric acid to the equivalence potential. This
potential is independent of the concentration of
the salt at the equivalence point both in the ab-
sence and presence of water. When using this
method of end-point detection it is not even neces-
sary to determine the exact water content of the sol-
vent, if some pure BHCIOy is available. The po-
tential of the indicator electrode in a solution of
BHCIO, gives the equivalence potential. When
the potential in a solution of BHCIO, is known in
pure acetic acid, the water content of the solvent
can be calculated roughly from equation 5a. Such
a simple determination gives at least the order of
magnitude of the water content and allows the con-
clusion whether the solvent is suitable for a given
titration. Some calculated values of pHw and
pHyare given in Table I.

Effect of Water in Solutions of BHCIO, and
HCI104.—The rule of electroneutrality for a solution
of a mixture of water, perchloric acid and a per-
chlorate can be written

[H*] + [BH*] + [HO*] = [ClO,"]

neglecting acetate ion. Using the relationships
[BH*] = Kgsucio,Csrcio,/[ClO~], [H07] =
Kn,0c10,Cu,0c10,/[C1O;~] and [ClO,~] = Kucio,
Cucio,/[H*], the expression obtained for the hy-
drogen ion concentration for such a mixture con-
taining an equilibrium concentration of water,
Cu,0, is
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[H+}w =
Kncio.Cacio,
v/ Kacio:Cactos T+ Kzoc10,Caac104 + K13130104C3130104)
(6b

Since KHOC0: =  KyucoKmo/ KmocioKs =
[H,0C10,4]/[H:0][HC1O,], equation 6b can be
written as
[Hﬂw =

Krci10,Crc10,

1
‘¢KHCIOACH01O43 -‘:{;Ii?@;‘ + Ksuci10:CsrC104
(6e)

We find the numerical value of Ku,o0/Ks to be 83.
Equation 6¢ cannot be simplified further. Neglect-
ing ionic dissociation and' deaoting w as the analyti-
cal concentration of water and a as the analytical
concentration of perchloric acid, we have the rela-
tion

Cucios + Caocios = a + Cs

Substituting for Ch,ocio, from K FOCO gives
equation 6d as the explicit expression for the equilib-
rium concentration of perchloric acid.

- a + C@ -
T 1+ K000

Depending on the numerical value of KBHCIO
there will be a region just past the end-point where
the solvolysis of the salt is appreciable, i.e., Cg is of
the same order of niagnitude as g, and the quadratic
expression obtained by combining equation 6d
with KBHCIO yields

(1 + KH¥OC0(Cyy0) C3uci00 — aCrelo,
— Cprela/K@BHCIOC = 0 (Be)

Equation 6e must be used just after the equiv-
alence point to obtaiu the equilibrium concentra-
tion of perchloric acid. For all practical cases,
Cu,0 = w in this region, and [H*]y is obtained
using equations 6e and 6c.

As the analytical concentration of perchloric
acid is increased, the contribution of thie solvolysis
of the perchlorate to the equilibrium concentration
of perchloric acid becomes more and more negligible
and equation 6f may be used to calculate Cucio,,
provided o << w.

Crcio, (6d)

a
1 + wKHOC0;

As the analytical concentration of perchloric acid
approaches that of water, it is necessary to allow for
the decrease in the concentration of water by the
formation of hydronium perchlorate. Neglecting
ionic dissociation, w = Cu,0 + Cuocio, and a =
Cucio, + Cu,ocio,, Thus on substitution of these
expressions into K;H:0Cl0« the quadratic expressions
for Cucio, and Cm,, equations 6g and 6h are
obtained.

Crcioy = (6)

Cucioq =
(@ — w— 1/KM0C00 4 /(g T w  1/K0000T = fimo
2
(6g)
CHzO =
(w — a — 1/KM0C100 + /(g + w + 1/KH:001092 — dau
2

(6h)
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Under the specified conditions (negligible sol-
volysis, @ ~ w) it is necessary to use equatious 6g
and 6h in conjunctiou with equation 6¢ to obtain
[H*]s. Equation 6e was found to represent
accurately the effect of water on the pH of sodiumn
perchlorate~perchloric acid mixtures.

Quite generally it may be concluded that the
effect of water upon the pH in the titration of a
base with perchloric acid is negligible until close
to tlhe end-point, becomes marked at the equiva-
lence point, and becomes very pronounced with an
excess of acid (for a few calculated data see Table
I). Pifer and Wollish* described titration curves
of asterol dihydrochloride with perchloric acid in
acetic acid containing different concentrations of
water. The results are easily accounted for on the
basis of derivations in this section.

Effect of Water on the Color of Indicator over the
Entire Region of an Acid-Base Titration. Solutions
of B and BHCIO,;—In a previous section it has
been shown that water has little or no effect on the
concentration of both BHCIO; and B in their
mixtures until very close to the equivalence point.
Hence a reasonable concentration of water has no
effect on the color of an indicator base in such mix-
tures. Under these conditions equation 7a is
obtained directly from the definitions of KBHCI0
and K;IHCIO:,

W L) L KOG
[IHCIOs] [l = R  KHCIO«(Cypcio,

However, close to and after the equivalence point
there is a pronounced effect since the water will
compete with the indicator base for the perchloric
acid. The effect of water on the color of the indica-
tor can be calculated quantitatively.

Solution of BHCIO, with Slight Excess of B.—
If a solution of BHCIO,; contains water, a small
antount of base, B, of analytical concentration b,
and an indicator base, I, of analytical concentration,
(Cr)t, we find in a manner analogous to equation 4f

(Ce)w = (Cuciodw + Cigocios + [THCIOs] + & (8a)

Substituting the cxpressions, (Cucio)w = R/
K{HCI0: where R is the ratio [la]/[Is], Cmocio,
= KHOCIOR(Cy o /KAHCIOw and  [IHCIO,] =
(C1)eR/(R 4+ 1) into equation 8a and introducing
Cgucio, from equation 7 yields equation 8b.

K B1cio, 1
Crucio, = 7,100 R? l:]?f_lﬁi'o] +
K 0010, (C)e b
K [FCI0, Cinmo + R+ 1 + R:I (8b)

The range in which expression 8b (iustead of 7)
must be used increases with increasing water con-
tent, decreasing dissociation constant of bagse, and
increasing concentration of indicator. As an ex-
ample, in the titration of 0.1 3 sodium acetate with
perchloric acid, without volume change, using p-
naphtholbenzein as indicator (K;HC0: = 103, (C1)y
= 107% {) in acetic acid containing 0.2 3/ water,
the term &/R is 24 times larger than tlie suu1 of all
the other terms in the brackets ot equation 8b at
99.89% titrated. Hence, equation 7 may still be
applied. In the titration of a weaker base, devia-
tions fron1 this simple equation are observed earlier
inn the titration.
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Pure Solutions of BHC10,—Since & = 0 in this
solution, equation 8c follows directly from 8b.

K (BHCIO, 1
Crucios = X100, : I:Kflﬁmo., +
K H0C104 (Co)s
K—fIHCIOﬂ CHzO + R+ 1 (80)

This expression has been verified in tenth niolar
sodium perchlorate using p-naphtholbenzeiu as indi-
cator. For semi-quantitative purposes we make the
approximation that the indicator concentration term
in the brackets of equation 8c is negligible with
respect to the other terms. We then obtain the
simple but approximate expression, 8d, for the ef-
fect of water on the color of an indicator base at the

Ry 1

Ry = VT F Rimo0oiCry

(8d)

cquivalence point.  Froin comparison with equation
5a it is seen that the ratio [I.]/[Is] changes in the
same way with water concentration as the hydrogen
ion concentration does.

Solutions of BHCIO, and HCI1O,—It is possible
to derive an expression for a solution containing
a perchlorate and a small amount of perchloric
acid, analogous to equation 8b but again the
expression is involved. A simpler expression is
obtained at perchloric acid concentrations where
the solvolysis of perchlorate is negligible, again
assuming such low indicator concentration that
[IHCIO4] may be neglected. Under these condi-
tions equation Se follows directly from the defini-

Re . 1
Ry — 14 KHOCI0:4(y0

tions of K{HCIO: and K H:0C0«  Equatiou Se has
been verified in sodium perchlorate—perchloric acid
mixtures using «-naphtholphthalein as the indica-
tor,

Equation 8e also represents the way in which
water affects the color of an indicator base in a
pure solution of perchloric acid. The data of Le-
maire and Lucas® using 4-chloro-2-nitroaniline and 4-
chloro-2-nitro-N-methylaniline, Smith and Elliot?
using o-nitroaniline and our work™ with p-naph-
tholbenzein substantiate the application of cqua-
tion e to solutions of pure perchloric acid.

Comparing the results obtained for Rw/R, with
[H*]w/[H*]o over the entire titration curve it is a
fair approximation to say that both quantities are
affected in the same manner by the presence of
water. This conclusion could also have been
reached by assuming that the perchlorate ion con-
centration changes negligibly on the addition of
water. Under these conditions the hydrogen ion
concentration is proportional to the equilibrium
concentration of perchloric acid, which is in turn
proportionalto R. Thus, the removal of perchloric
acid by reaction with water produces proportional
changes in [H*] and R.

As an illustration Table IT gives a few calculated
data of the effect of water upon the sharpness of
the color change of an indicator in the titration

(8c)

(9) H. Lemaire and H. J. Lucas, Tuis Journar, T3, 5108 (1951).
(10) 'T. 1.. Smith and J. H. Elliot, <bid., T8, 3565 (1853).
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of 0.1 M and 0.01 M base, pKg = 5.00, with per-
chloric acid when the analytical concentration of
water is 0.1. The numerical values of KHCIO«
were chosen such that R, = 1.00 at the equivalence
point and are given in Table II. The concentra-
tion of indicator (Ci)t is assumed to be negligibly
small. In order to keep the indicator error small,
it is recommended that the smallest concentration
of indicator be used which will still permit a distinct
observation of the color.

TaBLE II

CALCULATED VALUES OF Ry AND Ry IN THE VICINITY OF
THE EQUIVALENCE POINT IN THE TITRATION OF A STRONG
Basg, pKp = 5.00, wiTH PERCHLORIC ACID

% 0.1 M Base® 0.01 M Based

Neutralized Ro Rw Ro R
99.9 0.051 0.050 0.16 0.15
100.0 1.00 0.48 1.00 0.48
100.1 19.3 4.5 6.0 1.5

o KIKECIOw = 0.0 X 105, b K HICI04 = 6.3 X 103,

When titrating weak bases the effect of water in
the solvent may become so large that a visual end-
point cannot be detected with desirable accuracy.
Especially under these conditions the ingenious
method for the detection of the end-point recently
proposed by Higuchi!! is of great practical use. In
this method the end-point is found graphically by
extrapolation of experimental data obtained in
mixtures of BHCIO4, B and I for which equation
7 holds. If the initial concentration of the base
is such as to require .S ml. of standard perchloric
acid to titrate the base and X ml. has been added,
S > X, we can write equation 9a

[ Keos - X g
[[HCIO,] [l.] K{uCio, — X 2
which on rearranging yields
1 1 1 K e [1p)
X T8 T 5K (L] (9b)

Thus, a plot of 1/X versus [Iv/I.] has an intercept
which is the reciprocal of the number of ml. of acid
at the equivalence point. An important charac-
teristic of such a plot, not pointed out in the
original work, is that it is relatively insensitive to
the presence of small amounts of water in the sol-
vent.

Experimental

The preparation of the various reagents with the excep-
tion of e-naphtholphthalein and the experimental techniques
used have been described in previous papers in this series.’2—d
An Eastman Kodak Co. sample of e-naphtholphthalein was
purified by filtering a suspension in acetone, evaporating the
filtrate to dryness and drying the residue iz vacuo at 60°.

All e.m.f. ineasureinents were made at 25.0° with the
chloranil (saturated tetrachloroquinone-saturated tetra-
chlorohydroquinone) electrode as the hydrogen ion indicator
electrode and the modified acetic acid—calomel electrode as
reference electrode. The pH of the various acetic acid
solutions was calculated using the expression pH = (0.9095
— E)/0.0591,7c where E is the e.m.f. of chloranil electrode—
calomel electrode cell. The chloranil electrode potential
has the same algebraic sign as E.

(11) T. Higuchi, C. Rehm and C. Barnstein, Anal. Chem., 28, 1506
(1956).
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Experimental Results and Discussion

Determination of Ku,0 and Ku,ocio.—The pH
of a tenth molar perchloric acid solution containing
varying concentrations of water was determined
and the results are listed in Table III. The
anhydrous solution was prepared by adding a slight
excess of acetic anhydride to the solution containing
0.043 M water and permitting several hours to
elapse before measuring the ean.f. It was found
that the apparent pH tended to decrease slowly
with time even though all the water had been
removed. Rapid stirring of the cell contents inu-
creased the apparent pH to 2.95, but on standing it
decreased again. Stirring the solution again raised
the pH to 2.95. We attribute this effect to an acid-
catalyzed reaction between acetic anhydride and
tetrachlorohydroquinone to produce au electro-
chemically inactive product. Stirring the solution
resaturates the supernatant liquid with chloranil
and re-establishes the equilibrium conditions for
the chloranil electrode. A spectrophotonetric
experiment showed that tliere is a slow reaction
between tetrachlorohydroquinone and acetic an-
hydride in 0.1 M perchloric acid proceeding in at
least two successive steps.

TaBLe III
ErFECT OF WATER ON THE pH OF 0.106 A/ PERCHLORIC ACID
(CHfIO)c. E

CH20,b CHClo4,b
M M

V,& pHexp pPHealed
0.000 0.7350  0.000 0.106 2.95 2.92
.043 L7180 .0121 L0752 3.24 3.16
.155 .6950 078 .0290 3.63 3.67
. 256 .6786 .167 .0152 3.901 3.97

@ Obtained using the saturated chloranil electrode.

b Equilibrium concentrations calculated using equations
6g and 6h.

Wheu the data in Table I1I are plotted according
to equation 2b the straight line in Fig. 1 is ob-

tained. Using the value pKs = 14.45, we find
v.e
0.1+
C, A
H,0 .
0.0
! 1 1 I
2 c 4 3 8
HC104 X 10-5
[+
Fig. 1.—Determination of K11,0 according to equation 2b;
intercept = —0.012; slope = 1.82 X 107,

from the slope and intercept of this plot, »Kucio,
= 4.82 and pKmo = 12.53. Since K HOCI0: =
KucioKn,0/KsKnoci0, we obtain Kmocio, =
3.3 X 1079 using the known values of the other
constants. The value of pKucio, obtained in this
experiment differs negligibly from our previous
value of 4.877¢ and we shall continue to use the old
value in our calculations.

The column labeled pHexp in Table 111 represents
the experimental value while the column labeled
pHeatea lists the values calculated with the aid of
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equation 6b with Cpucio, set equal to zero. Tle
agreement between the experimental and cal-
culated hydrogen ion concentrations is satisfactory.

In the second paper in this series™ a value of
PKm.o0 = 10.08 was derived from a spectrophoto-
metric investigation of solutions of p,p’-dimethyl-
aminoazobenzene (DMAAB) in water-containing
solvent. Starting with the rule of electroneu-
trality, [IH*] 4+ [H,O*] = [Ac~] and substitut-
ing into this from Ku,0, Kil = [IH* Ac~]/[I] and
K4l = [IH*][Ac~]/[IH*Ac™], we obtained the
expression

(1] - KapoCro 1 + 1
[IH ]2 (KTR 2 [1] KiK.

A plot of [I]/[IH*]? versus 1/[1] yielded a slope
and intercept which permitted the calculation of
Ku,0 and K;itKql. We have repeated this experi-
ment several times with different batches of solvent
containing varying amounts of water, and found
that the numerical value of the intercept remained
unchanged, but that the slope of this plot varied.
No constant value of Ku,0 could be obtained. We
attribute the previous erroneous result to the pres-
ence of traces of a strong base, probably ammonia,
in the solvent used in the older experiments.
With a trace of ammonia as the basic impurity, the
rule of electroneutrality yields [IH*] + [Hs;0~]
-+ [NH:*] = [Ac~], and by means similar to that
used to derive equation 9a we obtain

L [KewChpo + KyeCsml
[TH*]2

(10a)

+ (10b)

1 1

[KIK:]? [ " KK
Clearly, the presence of a basic impurity will not
alter the intercept, but it will change the slope.
Using the electrometric procedures described in the
third paper of this series™ it was found that pKxu,
= 6.40, so that a concentration of ammonia on the
order of 1-2 X 10~¢ A{ could account for the values
of the slopes reported previously. This trace of
ammonia is far too small to alter any of the other
results and does not change the value we have re-
ported for the over-all dissociation constant of
DMAAB.

Effect of Water on the pH of Solutions of a
Pure Base.—Table IV gives the pH in the presence
of water in 0.125 M sodium acetate solutions in

TaBLE IV

EFFECT OF WATER ON THE pH OF A SOoLuTION OF 0.125 A/
SODIUM ACETATE

Comnen. of
water,
M pHexp pHealed
0.010 10.62 10.66
.28 10.63 10.66
.56 10.65 10.66
1.1 10.69 10.66

acetic acid. The data of pHcaica. Were calculated
from equation 3b, using pKwaac = 6.68. As ex-
pected water has no significant effect, although
there is a distinct trend toward slightly higher pH
values when the water concentration becomes
greater than 0.5 M. The latter effect is un-
doubtedly caused by the change in the nature of
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the solvent and may result from a different rate of
change of the various equilibrium constants with
increasing dielectric constant, a change in E° of
the chloranil electrode, and/or a change in the
liquid junction potential.

Effect of Water on the pH of a Mixture of B and
BHC10,—As stated in the discussion of equation
4b the pH of a mixture of 0.0760 M sodium acetate
and 0.0431 M sodium perchlorate (pKwnacio, =
5.48) should also be independent of water concen-
tration and be given by the saine expression as in
the anhydrous solvent. The results in Table V
are in agreement with this postulate. Again, the
tendency toward higher pH values is observed at
higher water concentrations.

TABLE V

ErrFECT OF WATER ON THE pH oF A MIxXTURE 0.0760 1/ 1~
Soprum ACETATE AND 0. 0431 37 1x NaClO,

Conen. of
water,
M pHexp pHealed,
0.01 10.02 10.05
.28 10.05 10.05
.56 10.11 10.05

Effect of Water on the pH of Pure BHCIO,
Solutions.—Table VI illustrates that equation 5a
accounts quantitatively for the difference in pH
in anhvdrous and water-containing solutions of
pure sodium perchlorate.

TABLE VI

Errrct oF WATER oY #H 0F (0. 109 M Sop1tM PERCHLORATE
SoLUTION

(Initial water conen. = 0.026 3/ (H cell technique)

Total water

concen. (pHw — pHops)exp (pHw — pHonzs)ealed

0.0260 0.00 0.00
.0399 .05 .05
.0536 .09 .10
.0816 .15 15
L1094 .20 .20
.193 .27 .29

ApH = 0.5 log(l 4+ KMU0C0 Cro)/(1 4 K l0+00: X
0.026)

Effect of Water on the pH of a Mixture of
BHCI10, and HClO,—Finally, m1 Table VII we
compare the experimental and calculated pH
values for, respectively, solutions containing 0.1 3/
sodium perchlorate and 0.1 and 0.05 M perchloric
acid in the presence of different concentrations of
water. Excellent agreement was found between
the experimental pH values and the values cal-
culated using equation 6Gc.

Effect of Water on [I.]/[Is] in 2 Solution of Base
and BHCIO,—We have found that in a solution
of anhydrous acetic acid containing 0.079 3/ urea,
0.059 Af urea perchlorate and 5 X 10—% 1/ PNB,
[Ia]/[Is] is unaffected by adding water up to con-
centrations of 0.3 17, This result is in agreement
with our conclusion in tlie theoretical section.

Effect of Water on [I.]/[Is] in Pure BHCIO4
Solutions.—~The effect of water on the color of an
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TaBLE VII
ErrecT OF WATER ON THE pH OF MIXTURES OF SODIUM
PERCHLORATE AND PERCHLORIC ACID
(CHC104)t. (CNaClOg)t. (Cra0)t.
M M M P Howp pHealea
0.0462 0.104 0.0948 3.84 3.83
.0462 .104 .164 4.04 4.07
.0462 .104 .234 4.25 4,23
.0462 . 104 373 4.51 4.45
. 0462 .104 .527 4.63 4.60
. 0989 . 0889 . 0560 3.31 3.29 ) ) 1
- | L -
. 0989 . 0889 L0815 3.42 3.42 05 0 15 20 25
. 0989 . 0889 .109 3.53 3.53 Ch.o
. 0989 . 0889 .138 3.63 3.66 2v.
0989 . 0889 165 3.73 3.76 Fig. 2.—Effect of water on R of a-naphtholphthalein in
a mixture 0.029 M in perchloric acid and 0.10 A/ in sodium
TasLg VIII perchlorate; slope = 13.2; intercept = 0.33.

EprecT OF WATER ON THE CoLOR OF PNB 1N 0.104 I/
SODIUM PEFRCHLORATE
Ceyp = 2.96 X 1073 M

[THCI1O04]/ [I]ealed. for K NaClod =
2.40 X 108 2.6 X 108

Total water

cornen. [THCI1O04]/ [I]exp

acetic acid solution containing 2.96 X 10—° M
PNB and 0.104 M NaClQ; is given in Table VIII.
Using equation 8c, we have found excellent agree-
ment between calculated and experimental data.
Effect of Water on [I.]/[I,] in a Solution of

0.0315 1.03 1.10 1.04 BHCIO4 and HClO,—TUsing e-naphtholphthalein
0500 .04 1.02 93 as the indicator, the effect of water on an acetic acid
. 0685 .89 .03 .89 solution 0.029 M in perchloric acid and 0.10 M in
.106 .78 .82 .78 sodium perchlorate was determined. It follows
.180 .67 .69 66 directly from equation 8c that a plot of 1/Rw
.328 .54 .54 .52 versus Cm,o0 should be a straight line of slope

¢ The value of K;¥*C10: g5 calculated from our earlier data
is 2.40 X 10%. However, as the last column shows using a
value of 2.6 X 10® gives much better agreement with ex-
periment. The uncertainty in the formation constant of
sodium perchlorate is large enough to justify the use of the
higher value.

K HOC04/ Ry and intercept 1/Rp. Such a plot is
given by Fig. 2 and yields a value of KH:0CIO«
equal to 39, in satisfactory agreement with our
earlier value of 34.
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The vapor phase photolyses of di-t-butyl, di-iso-butyl, and di-sec-butyl ketones are made in full mercury arc light. The
rates of formation of the products are determined in experiments at several temperatures, light intensities and ketone
concentrations. Product analyses are made by mass spectrometry and vapor partition chromatography. The data sug-
gest the importance of the primary processes: [(CH:);C],CO + Ay — (CHp)sC + COC(CHy)s; [(CH;):CHCH,],CO +
hy — (CH,);CHCH, + (CH;):CHCH,CO, [(CH;),CHCH,],CO + hr — C;H; + CH;COCH,CH (CHj)s; [C.HsCH (CHj)],-
CO + hy — CszCHCHs + CzHaCH (CHs)CO, [C2H5CH(CH3”2CO + hV —_ C2H4 + C2H5COCH(CH3)C2H5 The ratios
of the rate constants for the disproportionation reaction, 2C,Hy — CH;s + C,Hj, (1), and the combination reaction, 2-
C.Hy — CsHis (2), are derived for the different butyl radicals. At temperatures near 100° the ratios of &;/k are; t-CyH,,
4.59; iso-C4Hs, 0.418; sec-C.Hs, 2.27. If the values for k, for the different butyl radicals are near equal then the dominant
factor which determines the rate constants for (1) is the number of abstractable hydrogen atoms which can be removed from

the radical to form a stable olefin product.
transition state involved in reaction 1, CJHs—H-C,H,.

Several studies have been made of the dispro-
portionation reaction 1 and the combination re-
action 2

2R —> RH + (R-H), olefin (1)

2R —>» R-R 2
for the ethyl, n-propyl and isopropyl free radicals.
A correlation has been noted between the structure
of the radical and the relative rates of the reactions
1 and 2.2~11  Averages of the best published esti-
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Ohio State University, 1957.
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Presumably this number is directly related to the probability of formation of the
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