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and which would maintain the temperature constant to fresh bath could be substituted for the depleted one rapidly 
within 0.1° were found adequate. In the event that equi- enough so that the sample tube did not warm, 
librium was not reached before the bath was nearly spent, a ST. LOUIS, MISSOURI 
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The effect of water on acid-base equilibria in acetic acid can be calculated quantitatively for titrations carried out potenti-
ometrically or with indicators. The equations 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. They predict that titration to an equivalence potential, which is independent of concentration of base, will be 
an accurate procedure. 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 
ti tration of bases in acetic acid . 1 - 6 With increas
ing water concentration the magnitude of the first 
derivative in a potentiometric t i tration of a base 
and the sharpness of the color change of an indica
tor in the region of the equivalence point de
creases. Furthermore 3 the potentiometric end-
point is found after the equivalence point, and the 
t i t rat ion error increases with the water content of 
the acetic acid. Water is a weak base in acetic 
acid, and it is possible to calculate quanti tat ively 
its effect upon ti tration curves in acetic acid7d 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 . 7 a - c 

Water reacts with perchloric acid to form hydro-
nium perchlorate according to equation 1. The 
equilibrium constant for the reaction as written, 
J^jH1OClOi 

H2O + HClO4 -7-» H3OClO4 (1) 

is 34.7b In order to account quanti tat ively for the 
effect of water over the entire region of a t i tration 
curve it is necessary to know the over-all dissocia
tion constant of water as a base, Kn1O, and the 
over-all dissociation constant of hydronium per
chlorate, .KH8OCIO4. One simple way of determin
ing these constants is to s tudy the change in hy
drogen ion concentration of a perchloric acid solu
tion as a function of the water concentration, using 
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a chloranil electrode as the hydrogen ion indicator 
electrode. Since the acetate ion concentration is 
negligible in such a solution, we can write 

[H+] + [H3O
+] = [ClO4-] (2a) 

From the expressions of the various equilibrium 
constants we find [ClO4

-] = K H C I O , C H C I O 4 / [ H + ] 
and [H3O+] = K H 2 O C H 2 O [ H + ] / K S . After rear
rangement, equation 2a may be writ ten as 

„ -K^-SHCIO4 CHCIO4 KS ,„, , 
CH!0 - ^ ^ o ~ ~ W+V ~ K^0

 ( 2 b ) 

The symbol C refers to the equilibrium concentra
tion of the species indicated by the subscript and 
K s = [ H + ] [ A c - ] . 8 From the stoichiometric con
centrations of perchloric acid and water added, 
_(CHcio.)t and (CH2o)t, respectively, and KtB>0Ci0i 

it is possible to calculate equilibrium concentra
tions of water and perchloric acid. Thus, if CH2O 
is plotted versus C H C I O I Z [ H + ] 2 , a straight line of 
slope KSK-BCIOJKH^O and intercept —Ks/KH2O 
should result. Such a plot of the experimental re
sults yielded a straight line, and Kn1O was cal
culated from the intercept using the previously de
termined value of Ks = 3.55 X 10 - 1 5 .7 c Kn3OOo1 

could then be calculated from the relationship 
.KfH,ocio4 = KHCio4KH2o/Ks/i:H8ocio4

7a'd in Which 
the dissociation constant of hydronium perchlorate 
is the only unknown. 

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+] + [H3O+] = [Ac -] (3a) 

the expressions [BH+] = K B C B [ H + ] / K S [H3O+] = 
KH2OCH2O[H+]ZK8 and [Ac - ] = K S / [H + ] to yield 

V ^ s H- -STBCB H- -^H2OCH20 

(8) The nomenclature used Io the present paper is the same as in 
the preceding papers in this series. 
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In the present paper we find tha t X H 2 O = 2.95 X 
1O -13. Thus when -ZTBCB is greater than about 
1O -12 and the water concentration is less than 
about 0.5 M, there should be no detectable water 
effect on the pK of the solution of a base. 

At concentrations of water greater than 0.5 Jl/ a 
decrease in hydrogen ion activity as measured elec-
trometrically has been reported in solutions of 
bases.4'5 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 BHClO4 .—In a 
partially neutralized base solution containing water 
the rule of electroneutrality is 

[H+] + [BH+] + [H3O
+] = [Ac"] + [ClO1-] (4a) 

Solving for the hydrogen ion concentration in 
terms of CB, CBHCIO, and CH2O using the constants 
-SJB, .K-BHCiO4 and Ks, equation 4b is obtained for 
the hydrogen ion concentration of a mixture of a 

TTT+, _ -KaV KBCB + A"BHCIO4CBHCIO4 V 
l-n. Jw — ^ ~ A 

A B C B 

that 

V KBCB 

K9, + -ZTRCB ~f~ -K-HjO CH2O 
(4b) 

base and its salt containing an equilibrium concen
tration of water equal to CH2O- Denoting [H+ ]0, 
(CB)o and (CBHCIOJO as the equilibrium concentra
tions of the various species in anhydrous solvent, 
and [H + ]w , (CB)W and (CBHCIOJW as the equilibrium 
concentrations of the various species in solvent con
taining an equilibrium concentration of water, CH1O, 
it follows from equation 4b tha t 

[H +] „ 

(CB)O I]KB(CBU + KBnc^iCBncioXWK, + K3(CB)0] 
(CB)W \ f A*B(CB)O + A -BHCIO 4 (CBHCIO 1 )OJI-KS + 

A"B(CB)W + A"H 2 OCH 2 O| 

(4c) 

In most practical cases the reaction BHClO4 + H2O 
<=̂  B + H3OClO4 can be neglected until close to 
the equivalence point. The larger the value of KB, 
the closer the equivalence point can be approached 
before we must allow for this reaction. Over the 
region where this approximation holds, (CB)W = 
(CB)O, (CBHCIOJW = (CBHCIOJO, 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 approached, we 
must distinguish between the various equilibrium 
concentrations in anhydrous and water-containing 
solvent. As a good approximation in this region, 
in both these solutions, -RJBHCIO4CBHCIOS is much 
greater than KBCB, KBCB is in most practical 
cases much greater than Ks and XH2OCH2O, while 
(CBHCIO4)W = (CBHCIOJO- Thus equation 4c sim
plifies to 

[H-] „ ( C B ] 1 

[H +]"„ (CB),-

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

(4d) 

(CBXV = (CuciOi)w + CH3OCIO4 + « (4f) 

where b represents the analytical concentration of 
base. Equation 4f can be written in a more useful 
form by using KtUl0Cl0t to obtain an expression for 
( C B ) w in terms of (CHCIOJW and CH2O as 

(CB),- = (Ci,cio4)»- (1 + K^>ocio,Cui0) + b (4g) 

Combining equation 4g with the expression for 
XfBHC10' yields the quadratic expression 

( C B ) 1 , 2 - 6 (CBJW 

(1 + A V W C I O 1 C H 2 O J 

A"fBHC10) CBHCIO4 = O (41l) 

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

[H+]. 

"[H+], 

b + y V + 4CBHCio4/A-t
B"c'"'' 

b ~ V i 2 + 4(1 + A-f
I!-ocio4CHao)(CBHC104/X'fBHCio4) 

(4i) 

gen ion concentrations depends on water content. 
This expression cannot be simplified further. 

Qualitatively it shows tha t the effect of water in
creases with increasing water content and decreas
ing values of b and of KB (or i£fB H C 1 0J. 

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 tha t the total water content of the sol
vent is initially 0.1 M and tha t it is unchanged dur
ing the ti tration. Table I lists pB.w and pH0 

values near the end-point in the titration with 
perchloric acid (no volume change) of 0.1 M and 
0.01 Jl/ B with PKB = 5.00 and of 0.1 M B with 
pK-B = 9.00. îVBHCiO1 is assumed to be 5.00 in all 
cases. The equations from which the values at 
and after the equivalence point are calculated are 
derived in the following section. From the an
alytical view point it is of interest to note from 
Table I tha t the effect of water (0.1 -1/) on the pR 
is negligible up to 99.9% neutralization in the 
titration of 0.01 M or more concentrated solution 
of a base with a dissociation constant of the order 
of 1O-5. In the titration of a 0.1 Jl/ solution of very 
weak base with a pK of 9.00 the effect of water is 
negligible until 05% neutralization. Upon further 
neutralization the water effect becomes more and 
more noticeable. However, since the break in po
tential at the equivalence point is very small, even 
in the absence of water, it is not necessary to con
sider the involved equation 4j in any titration of 
reasonable accuracy in which the end-point is de
tected by a potential or color change at or near the 
equivalence point. 

Effect of Water on Solutions of Pure B H C l O 4 . -
Equation 4i holds 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 

BHCIO4 B + HClO4 (4e) 
[It1 

IH-
1 

v''F+'A7'"°«a 'C„so 
(5a) 



Nov. 20, 1957 E F F E C T OF W A T E R ON A C I D - B A S E EQUILIBRIA IN ACETIC ACID 5917 

TABLE I 

CALCULATED VALUES OF £HO AND £ H W IN VICINITY OF THB 

EQUIVALENCE POINT IN THE TITRATION OF BASES WITH 

PERCHLORIC ACID» 

[H+] , = 

% 
N e u t r a l . 

90 
99 
99.9 

100 
100.1 
101 
110 

PKB = 3 . 0 0 
0 . 1 U Base 

PHo j iHw 

10.45 
9.45 
8.45 
7.16 
5.87 
4.88 
3.90 

10.45 
9.45 
8.46 
7.48 
6.51 
5.52 
4.54 

PKB 
0 . 0 1 . 
PHa 

9.94 
8.94 
7.95 
7.16 
6.38 
5.38 
4.41 

= 5 . 0 0 
M Base 

9.94 
8.94 
7.99 
7.48 
6.98 
6.03 
5.05 

PKB = 9 . 0 0 
0 . 1 M Base 
jiHo i>Hw 

6.48 
5.54 
5.20 
5.16 
5.12 
4.79 
3.90 

6.48 
5.68 
5.49 
5.48 
5.47 
5.30 
4.54 

" These data were calculated, allowing for dissociation 
of the various species into ions. pKnc\o> — 4.87; P-KBHCIO1 

= 5.00; pK3 = 14.45. Constant volume was assumed. 
(CH,o)t = 0.1 M. 

I t is of interest to note tha t the dissociation con
stants of the base, acid and BHClO4 do not enter 
into equation 5a. The reason is clear, when we 
consider the expressions for the hydrogen ion con
centration in the absence70 (equation 5b), and in the 
presence of water (equation 5c). 

From equation 5c it follows t ha t the effect of 
water on the pH of a salt is 

[H+]o = VKBCIOJC./KB 

I -STHCIO4 /-ST8 

V ^ B ( I + isT,H'oolo<CH!o) 

(5b) 

/ s « \ 
(,oc; [H-i 

independent of the salt concentration. This 
conclusion is also of practical importance in 
the potentiometric t i tration 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 BHClO4 is available. The po
tential of the indicator electrode in a solution of 
BHCIO4 gives the equivalence potential. When 
the potential in a solution of BHClO4 is known in 
pure acetic acid, the water content of the solvent 
can be calculated roughly from equation 5a. Such 
a simple determination gives a t least the order of 
magnitude of the water content and allows the con
clusion whether the solvent is suitable for a given 
t i tration. Some calculated values of pH.w and 
pHo are given in Table I. 

Effect of Water in Solutions of BHClO4 and 
HClO4 .—The rule of electroneutrality for a solution 
of a mixture of water, perchloric acid and a per
chlorate can be written 

[H+] + [BH+] + [H3O
+] = [ClO4-] 

neglecting acetate ion. Using the relationships 
[BH + ] = ^ B H C I O 4 C B H C I O 1 Z [ C I O 4 - L [H2O + ] = 

•KH,OCIO4CH,OCIO4/[ClO4 ] and [ClO4
-] = -&THCIO4-

C H C I O 4 Z [ H + ] , the expression obtained for the hy
drogen ion concentration for such a mixture con
taining an equilibrium concentration of water, 
CH2O, is 

.STHCIO1CHCIO1 

V J^HCIO 4 CHCIO 4 + -STHSOCIO4CHaClO4 + -STBHCIO4CBHCIO1 

(6b) 

Since XfHsOCiO1 = Ksao^wy/Kj^oao^. = 
[H3OClO4]Z[H2O][HClO4], equation 6b can be 
written as 

[H+]„ = 
-STHCIO4CHCIOJ 

V •STHCIO 4 CHCIO 4 
1 •+" - S T H 2 O C H 2 O / 

-ST, 
— f T ABHClO4C.] CIO4CBHClO1 

(Oc) 

We find the numerical value of Kn2o/Ks to be 83. 
Equation 6c cannot be simplified further. Neglect
ing ionic dissociation and'denoting w as the analyti
cal concentration of water and a as the analytical 
concentration of perchloric acid, we have the rela
tion 

CHCIO4 + CHSOCIO4 = a + CB 

Substi tuting for CH,OCIO4 from i£fHiOao4 g i v e s 

equation 6d as the explicit expression for the equilib
rium concentration of perchloric acid. 

a + CB 
CHCIO4 = (6d) 

1 + .sr,H>ocl0'CH2o 

D e p e n d i n g o n t h e n u m e r i c a l v a l u e of KtBUCi0t 

t h e r e will b e a reg ion j u s t p a s t t h e e n d - p o i n t w h e r e 
t h e solvolys is of t h e sa l t is a p p r e c i a b l e , i.e., C B is of 
t h e s a m e o r d e r of m a g n i t u d e as a, a n d t h e q u a d r a t i c 
express ion o b t a i n e d b y c o m b i n i n g e q u a t i o n 6d 
w i t h ZfBHCio. y i e l d s 

(1 + jYfH30clo'CH2o)C2HCiO4 - aCncio, 
- CBHOiO1ASTfB11C10' = 0 (6e) 

E q u a t i o n 6e m u s t b e u s e d j u s t a f te r t h e e q u i v 
a l ence p o i n t t o o b t a i n t h e e q u i l i b r i u m c o n c e n t r a 
t i on of pe rch lo r i c ac id . F o r all p r a c t i c a l cases , 
CH 2 O = w in t h i s reg ion , a n d [ H + ] „ is o b t a i n e d 
u s i n g e q u a t i o n s 6e a n d 6c. 

As t h e a n a l y t i c a l c o n c e n t r a t i o n of pe rch lo r i c 
ac id is inc reased , t h e c o n t r i b u t i o n of t h e solvolys is 
of t h e p e r c h l o r a t e t o t h e e q u i l i b r i u m c o n c e n t r a t i o n 
of pe rch lo r i c ac id b e c o m e s m o r e a n d m o r e negl ig ib le 
a n d e q u a t i o n 6f m a y b e u s e d t o c a l c u l a t e CHCIO, , 
p r o v i d e d a « w. 

(6f) 
1 4- it.i:tH,oci. 

As the analytical concentration of perchloric acid 
approaches tha t 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 = CH,O + CH3OCIO4 and a = 
CHCIO, + CH1OCIO1. Thus on substitution of these 
expressions into Ktmocl0i, ^ j 1 6 quadratic expressions 
for CHCIO, and CH2O, equations 6g and 6h are 
obtained. 

CHCIO4 = 

(a - w - l/-gfH3°c'0<) + -y/(a + w + l/,gfH,ocioI 

2 
4aw 

CH2( 

<-a- 1/-STf11*0010') + V(a + w + 1/.K,H'°C10«)S _ 4 a ^ 

(6h) 
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Under the specified conditions (negligible sol-
volysis, a ~ w) it is necessary to use equations 6g 
and 6h in conjunction with equation 6c to obtain 
[H + ]w Equat ion 6c was found to represent 
accurately the effect of water on the pH of sodium 
perchlorate-perchloric acid mixtures. 

Quite generally it may be concluded tha t the 
effect of water upon the pH in the ti tration of a 
base with perchloric acid is negligible until close 
to the end-point, becomes marked a t the equiva
lence point, and becomes very pronounced with an 
excess of acid (for a few calculated da ta see Table 
I) . Pifer and Wollish4 described t i tration 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 BHClO4 .—In a previous section it has 
been shown tha t water has little or no effect on the 
concentration of both BHClO4 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 Kp11010* 
and Kiulcl0>. 

[I] = [Ib] = 1 = -gfBnCI0'CB 

1IHClO4] [IJ R ZfIHC10'CBHCio, (" 

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 BHClO4 with Slight Excess of B .— 
If a solution of BHClO4 contains water, a small 
amount of base, B, of analytical concentration b, 
and an indicator base, I, of analytical concentration, 
(Ci)t, we find in a manner analogous to equation 4f 

(CB)* = (CHcio4)»- + CH8OCIO, + [IHClO4] + b (8a) 

Substi tut ing the expressions, (CHCIO4)W = R/ 
XfIHCiO4 w h e r e R i s t h e r a t i o [ i a ] / [ i b ] , CHsocio4 

= KtH>oclo>RCH,o/Ki™a°' and [IHClO4] = 
(d)tR/(R + 1) into equation 8a and introducing 
CBHCIO4 from equation 7 yields equation Sb. 

2ffn HCiO4 r i 
CBHCIO, = ^yHCiOl -^2 L^TfHciai + 

EFf^r + (Cl)t + 6 I (Rh) .KtiHcio4"
 ClI*° + i T + 1 'Rj 

The range in which expression Sb (instead of 7) 
must be used increases with increasing water con
tent, decreasing dissociation constant of base, and 
increasing concentration of indicator. As an ex
ample, in the t i trat ion of 0.1 M sodium acetate with 
perchloric acid, without volume change, using p-
naphtholbenzein as indicator (iTfTHCIOa = 10~5, (Ci)t 

= 1O -5 M) in acetic acid containing 0.2 M water, 
the term b/R is 24 times larger than the sum of all 
the other terms in the brackets of equation 8b at 
99.8% t i t rated. Hence, equation 7 may still be 
applied. In the t i trat ion of a weaker base, devia
tions from this simple equation are observed earlier 
in the t i t rat ion. 

Pure Solutions of BHClO 4 . -S ince b = O in this 
solution, equation 8c follows directly from 8b. 

XjBHClO4 ^ r 1 

CuHClO4 = ^-(IHC104 R L^1IHCIO4 ^ 

X1IHCiO4
 C H * ° + i T + r J ( ' 

This expression has been verified in tenth molar 
sodium perchlorate using ^-naphtholbenzein as indi
cator. For semi-quantitative purposes we make the 
approximation tha t the indicator concentration term 
in the brackets of equation 8c is negligible with 
respect to the other terms. We then obtain the 
simple bu t approximate expression, Sd, for the ef
fect of water on the color of an indicator base a t the 

1^-: = 1 ^ ( 8 d ) 

^o V 1 ~ + ^ 7 H 7 6 C I O 4 C H 2 0 

equivalence point. From comparison with equation 
5a it is seen tha t the ratio [I3]/[Ib] changes in the 
same way with water concentration as the hydrogen 
ion concentration does. 

Solutions of BHClO4 and H C l O 4 . - I t is possible 
to derive an expression for a solution containing 
a perchlorate and a small amount of perchloric 
acid, analogous to equation 8b bu t again the 
expression is involved. A simpler expression is 
obtained a t perchloric acid concentrations where 
the solvolysis of perchlorate is negligible, again 
assuming such low indicator concentration that 
[IHClO4] may be neglected. Under these condi
tions equation Se follows directly from the defini-

7? 1 

R^ = i + isrfH»oc'0'CH2o
 ( 8 e ) 

tions of i£fiHcio4 a n d K{
H*0cl0\ Equat ion Se has 

been verified in sodium perchlorate-perchloric acid 
mixtures using a-naphtholphthalein as the indica
tor. 

Equation Se 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 Lucas9 using 4-chloro-2-nitroaniline and 4-
chloro-2-nitro-N-methylaniline, Smith and Elliot10 

using o-nitroaniline and our work7b with p-naph-
tholbenzein substantiate the application of equa
tion Se to solutions of pure perchloric acid. 

Comparing the results obtained for Rv,-/Rp with 
[H + ]w/[H+]o over the entire t i t rat ion curve it is a 
fair approximation to say tha t both quantities are 
affected in the same manner by the presence of 
water. This conclusion could also have been 
reached by assuming tha t 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 
proportional to R. Thus, the removal of perchloric 
acid by reaction with water produces proportional 
changes in [H + ] and R. 

As an illustration Table II gives a few calculated 
data of the effect of water upon the sharpness of 
the color change of an indicator in the ti tration 

CU) H. Letnaire and H. J. Lucas, T H I S JOURNAL, 73, 5198 (1951). 
(10) T. I.. Smith and J. H. Elliot, ibid., 75, 3501! (1953), 
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of 0.1 M and 0.01 M base, pKn = 5.00, with per
chloric acid when the analytical concentration of 
water is 0.1. The numerical values of iff

IHci04 
were chosen such that Ro = 1.00 at the equivalence 
point and are given in Table II. The concentra
tion of indicator ( G ) 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 RO AND i?w IN THE VICINITY OF 

THE EQUIVALENCE POINT IN THE TITRATION OF A STRONG 

BASE, pK-& = 5.00, WITH PERCHLORIC ACID 

% 
Neutralized 

99.9 
100.0 
100.1 

0.1 M Base" 
Ra Rw 

0.01 M Base& 
RQ RW 

0.051 0.050 0.16 0.15 
1.00 0.48 1.00 0.48 

19.3 4 .5 6.0 1.5 
2.0 X 105. ^iC(IHClO1 = Q3 X 1 05_ 

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 Higuchi11 is of great practical use. In 
this method the end-point is found graphically by 
extrapolation of experimental data obtained in 
mixtures of BHClO4, B and I for which equation 
7 holds. If the initial concentration of the base 
is such as to require 5 ml. of standard perchloric 
acid to titrate the base and X ml. has been added, 
5 > X, we can write equation 9a 

[I] 
[IHClO4] 

[Ib 

[Ia 

J^BHCIO1 S - X 

Jf[IHOlO) X 

which on rearranging yields 

1 = 1 1 JSTf1HCiQ4 [ ib] 

X ' S + S JiTfBHClO4 - [ i j 

(9a) 

(9b) 

Thus, a plot of l/X versus [Ib/Ia] 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 a-naphtholphthalein and the experimental techniques 
used have been described in previous papers in this series.7"~d 

An Eastman Kodak Co. sample of a-naphtholphthalein was 
purified by filtering a suspension in acetone, evaporating the 
filtrate to dryness and drying the residue in vacuo at 60°. 

All e.m.f. measurements 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 ^H of the various acetic acid 
solutions was calculated using the expression pK = (0.9095 
— £)/0.0591,7 c 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. Chetn., 28, 1506 
(1956). 

Experimental Results and Discussion 
Determination of Ku1O and KHSOCIO4.—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 e.m.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 in
creased the apparent pYL 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 an electro-
chemically inactive product. Stirring the solution 
resaturates the supernatant liquid with chloranil 
and re-establishes the equilibrium conditions for 
the chloranil electrode. A spectrophotometric 
experiment showed that there is a slow reaction 
between tetrachlorohydroquinone and acetic an
hydride in 0.1 M perchloric acid proceeding in at 
least two successive steps. 

FFECT OF 

( C H 2 O ) 1 , 
M 

0.000 
.043 
.155 
.256 

TABLE II I 

WATER ON THE pH 

E, 

0.7350 
.7180 
.6950 
.6786 

C*H20,& 
M 

0.000 
.0121 
.078 
.167 

OF 0.106 M PERCHLORIC AC 

CHCIO4 ,& 
M 

0.106 
.0752 
.0290 
.0152 

i?Hexp 

2.95 
3.24 
3.63 
3.91 

j^Hcalcd 

2.92 
3.16 
3.67 
3.97 

° Obtained using the saturated chloranil electrode. 
6 Equilibrium concentrations calculated using equations 
6g and 6h. 

When the data in Table III are plotted according 
to equation 2b the straight line in Fig. 1 is ob
tained. Using the value pKs = 14.45, we find 

Fig. 1.—Determination of ZvH2O according to equation 2b; 
intercept = -0 .012 ; slope = 1.82 X 10"7. 

from the slope and intercept of this plot, ^HCiO4 
= 4.82 and pKH,o = 12.53. Since î HaOCio* = 
K-aciOtKKto/KsKiitOciOu we obtain XH3OCIO4 = 
3.3 X 10"-5, using the known values of the other 
constants. The value of pi^HCio, obtained in this 
experiment differs negligibly from our previous 
value of 4.877c and we shall continue to use the old 
value in our calculations. 

The column labeled j5>Hexp in Table III represents 
the experimental value while the column labeled 
^HCaicd lists the values calculated with the aid of 
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equation 6b with CBHCIO, set equal to zero. The 
agreement between the experimental and cal
culated hydrogen ion concentrations is satisfactory. 

In the second paper in this series7b a value of 
pKn,o = 10.08 was derived from a spectrophoto
m e t r y investigation of solutions of £,£'-dimethyl-
aminoazobenzene (DMAAB) in water-containing 
solvent. Star t ing with the rule of electroneu-
trality, [IH + ] + [H2O

 + ] = [Ac-] and substi tut
ing into this from KH2O, K\l = [ I H + A c - ] [I] and 
KJ =_ [IH + ] [ A c - ] / [ I H + A c - ] , we obtained the 
expression 

_JJ] Kn2QCHSO _1 
[ I H + ] 2 ^ [ A 1 I A V " 

1 
[I] + Ai1AT1 (10a) 

A plot of [I]Z[IH + ]2 versus 1/[I] yielded a slope 
and intercept which permitted the calculation of 
KH2O and K1

1KA1. We have repeated this experi
ment several times with different batches of solvent 
containing varying amounts of water, and found 
tha t the numerical value of the intercept remained 
unchanged, bu t tha t the slope of this plot varied. 
No constant value of KH2O could be obtained. We 
at t r ibute 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 ot electroneutrality yields [ IH + ] + [H 3 O - ] 
+ [NH4

 + ] = [Ac - ] , and by means similar to tha t 
used to derive equation 9a we obtain 

[Ij _ [A-HjO CH2O + J^NHaCxHi] 

' [IH -+]2 ~ [A 1
1 Ad 1 m + K?K? (10b) 

Clearly, the presence of a basic impurity will not 
alter the intercept, bu t it will change the slope. 
Using the electrometric procedures described in the 
third paper of this series7" it was found tha t pKy;n, 
= 6.40, so tha t a concentration of ammonia on the 
order of 1-2 X 10~6 M 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 
DAlAAB. 

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 

r OF W. 

' oncn. of 
wate r , 

M 

0.010 
.28 
.56 

1.1 

ATER 

TABLE IV 

ox THE pH OF A SOLUTION' OF 0. 

SODIUM ACETATE 

pHexp 

10.62 
10.63 
10.65 
10.69 

f> Healed 

10.66 
10.66 
10.66 
10.66 

acetic acid. The da ta of *Hcaicd- were calculated 
from equation 3b, using ^.KNSAC = 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 

the solvent and may result from a different rate of 
change of the various equilibrium constants with 
increasing dielectric constant, a change in E0 of 
the chloranil electrode, and /or a change in the 
liquid junction potential. 

Effect of Water on the pK of a Mixture of B and 
BHClO4 .—As stated in the discussion of equation 
4b the pK of a mixture of 0.0760 M sodium acetate 
and 0.0431 M sodium perchlorate (pKNaCiO1 = 
5.48) should also be independent of water concen
tration and be given by the same 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 

EFFECT OF WATER ON THE pK OF A MIXTURE 0.0760 -1/ ix 

SODIUM ACETATE AND 0.0431 M IN XaClO4 

Concn. of 
water , 

M 

0.01 
.28 
.56 

^ H ex p 

10.02 
10.05 
10.11 

P Huilcd. 

10.05 
10.05 
10.05 

Effect of Water on the pB. of Pure BHClO4 

Solutions.—Table VI illustrates tha t equation 5a 
accounts quanti tat ively for the difference in p H 
in anhydrous and water-containing solutions of 
pure sodium perchlorate. 

TABLE VI 

FECT OF WATER ON pH OF 0.109 M SODIUM 

SOLUTION 

(Initial water concn. = 0.026 1 
T o t a l wa te r 

concn. (pHw — pHmz 

0.0260 0.00 
.0399 .05 
.0536 .09 
.0810 .15 
.1094 .20 
.193 .27 

PERCHLORATE 

M (H cell technique)" 

.)cxp (PHw — ^Ho.a26)calcd 

0.00 
.05 
.10 
.15 
.20 
.29 

ApH = 0.5 log(l + A f
H>0 + c l o ' "CH so)/(l + A, H * 0 t c l 0 «- X 

0.026) 

Effect of Water on the pH. of a Mixture of 
BHClO4 and HClO 4 . -F ina l ly , in Table VII we 
compare the experimental and calculated pYS. 
values for, respectively, solutions containing 0.1 M 
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 pli values and the values cal
culated using equation 6c. 

Effect of Water on [L]ZfIb] in a Solution of Base 
and BHClO4 .—We have found tha t in a solution 
of anhvdrous acetic acid containing 0.079 M urea, 
0.059 M urea perchlorate and 5 X 10"6 M P N B , 
[Ia]Z[Ib] is unaffected by adding water up to con
centrations of 0.3 M. This result is in agreement 
with our conclusion in the theoretical section. 

Effect of Water on [I3]Z[Ib] in Pure BHClO4 

Solutions.- -The effect of water on the color of an 
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TABLE VII 

EFFECT OF WATER ON THE pB. OF M I X T U R E S OF SODIUM 

PERCHLORATE AND PERCHLORIC ACID 

(CHOIO,)t. 
M 

0.0462 
.0462 
.0462 
.0462 
.0462 
.0989 
.0989 
.0989 
.0989 
.0989 

( C N iC104)t. 
M 

0.104 
104 
104 
104 
104 
0889 
0889 
0889 
0889 
0889 

(Cmo) t, 
M 

0.0948 
.164 
.234 
.373 
.527 
. 0560 
.0815 
.109 
.138 
.165 

TABLE VIII 

plloip 

3.84 
4.04 
4.25 
4.51 
4.63 
3.31 
3.42 
3.53 
3.63 
3.73 

^Healed 

3.83 
4.07 
4.23 
4.45 
4.60 
3.29 
3.42 
3.53 
3.66 
3.76 

EFFECT OF WATER ON THE COLOR OF PNB IN 0.104 M 

SODIUM PERCHLORATE 

CPNE = 2.96 X 10"5 M 

Total water 
concn. 

0.0315 
.0500 
.0685 
.106 
.180 
.328 

[IHClO1]/[I ]exp 

1.03 
.94 
.89 
.78 
.67 
.54 

[IHCIO.V [Uualcd 
2.40 X 10» 

1.10 
1.02 

.93 

.82 

.69 

.54 

for 
2 

K NaCl 
6 X 1 

1.04 
.93 
.89 
.78 
.66 
.52 

o The value of JiTfN'a010» as calculated from our earlier data 
is 2.40 X 108. However, as the last column shows using a 
value of 2.6 X 10s 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. 

4.0 

3.0 -

2.0 -

Fig. 2.—Effect of water on R of a-naphtholphthalein in 
a mixture 0.029 M in perchloric acid and 0.10 M in sodium 
perchlorate; slope = 13.2; intercept = 0.33. 

acetic acid solution containing 2.96 X 10~5 M 
PNB and 0.104 M NaClO4 is given in Table VIII. 
Using equation 8c, we have found excellent agree
ment between calculated and experimental data. 

Effect of Water on [Ia]/[Ib] in a Solution of 
BHClO4 and HClO4.-Using a-naphtholphthalein 
as the indicator, the effect of water on an acetic acid 
solution 0.029 M in perchloric acid and 0.10 M in 
sodium perchlorate was determined. It follows 
directly from equation 8c that a plot of l/i?w 
versus CH1O should be a straight line of slope 
Kf

H»oclOt/R0 and intercept 1/R0. Such a plot is 
given by Fig. 2 and yields a value of XfHiOCiO4 
equal to 39, in satisfactory agreement with our 
earlier value of 34. 
MINNEAPOLIS, MINNESOTA 

[CONTRIBUTION FROM THE MCPHERSON CHEMICAL LABORATORY, T H E OHIO STATE UNIVERSITY] 

The Disproportionation and Combination Reactions of Butyl Free Radicals1 

BY JOHN W. KRAUS AND JACK G. CALVERT 
RECEIVED J U N E 28, 1957 

The vapor phase photolyses of di-i-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 spectrometrv and vapor partition chromatography. The data sug
gest the importance of the primary processes: [(CHs)3C]2CO + "hv -* (CH3)3C + COC(CHs)3; [(CH3)2CHCH2]2CO + 
hv — (CH3)2CHCH2 + (CH3),CHCH2CO, [(CHs)2CHCH2]2CO + hv ->- C3H6 + CHsCOCH2CH(CHs)2; [C2H6CH(CH3)I2-
CO + hv - * C2H6CHCH3 + C2H6CH(CH3)CO, [C2H6CH(CH3)I2CO + hv -* C2H4 + C2H6COCH(CH3)C2H6. The ratios 
of the rate constants for the disproportionation reaction, 2C4H9 -* C4H8 + C4H10 (1), and the combination reaction, 2-
C4H9 "T* C8Hi8 (2), are derived for the different butyl radicals. At temperatures near 100° the ratios of ki/k2 are: /-C4H9, 
4.59; iso-C4H9, 0.418; SeC-C4H9, 2.27. If the values for fe 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. Presumably this number is directly related to the probability of formation of the 
transition state involved in reaction 1, C4H8-H-C4H9 . 

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, ^-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~u Averages of the best published esti-

(1) Presented in part before the Division of Physical and Inorganic 
Chemistry, 131st Meeting of the American Chemical Society, Miami, 
Florida, April, 1957. Taken from the thesis of J. W. Kraus submitted 
in partial fulfillment of the requirements for the Ph.D. degree, The 
Ohio State University, 1957. 

(2) F. E. Blacet and J. G. Calvert, THIS JOURNAL, 73, 061 (1951). 

mates of ki/h at 25° for the various radicals are: 
(3) M. H. J. Wijnen and E. W. R. Steacie, Can. J. Chem., 29, 1092 

(1951). 
(4) (a) C. R. Masson, THIS JOURNAL, 74, 4731 (1952); (b) S. G. 

Whiteway and C. R. Masson, ibid., 77, 1508 (1955); (c) J. Chem. Phys., 
25, 233 (1956). 

(5) R. W. Durham and E. W. R. Steacie, Can. J. Chem., 31, 377 
(1953). 

(6) H. T. J. Chilton and B. G. Gowenlock, Trans. Faraday Soc, 49, 
1451 (1953). 
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(1954); (b) Can. J. Chem., 33, 1062 (1655). 
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(1955). 
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