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tion of nitramide in D;O. The observed differ-
ence for the rate of mutarotation of glucose in
H;0O and D,O is accounted for mainly by the
change in the entropy term since §AH™ is zero
within the experimental error.

Recently, Stern, Johnston and Clark!? picture
two general cases covering the effect of a catalyst
on the reactant and the activated complex which
may lead to positive or negative catalysis. A
decrease in the energy of activation in passing
from one solvent to another is taken to indicate
that the catalyst has a greater tendency to com-
bine with the activated complex than with the
reactant and this effect is partly compensated by

(18) Hammill and LaMer, J. Chem. Phys., 4, 395 (1936).
(17) Stern, Johnston and Clark, J. Chem. Phys., T, 970 (1939),
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a decrease in AS*. This mechanism corresponds
to the explanation given previously that the in-
creased rate in passing to D,O is due to an equilib-
rium shift favoring the formation of the D-complex.

Summary

1. The rate of hydrolysis of ethyl orthofor-
mate has been measured at 14.977 and 35.008° in
ordinary water and in deuterium water.

2. The observed difference in the energy of
activation predicts a nine-fold increase in the
rate; experimentally the increase is about three-
fold. The entropy of activation is, therefore,
an important factor in determining the ratio of
the two rates.
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The Temperature Dependence of the Dissociation Constant of Deuteroacetic Acid

By FraNk Brescia,* Vietor K. LAMER AND FrReEDERICK C. NacHOD*

Introduction

Current investigations of the activation energies
for reactions involving deuteroacetic acid, for
example, the hydrolysis of ethyl orthoformate! in
ordinary water and deuterium oxide, require data
for the dissociation constants of deuteroacetic
acid which are comparable in precision with those
available for the protoacetic acid. Some pre-
liminary data for the dissociation constant of
deuteroacetic acid obtained on severely limited
quantities of solvent at 12.5°, 25° and 37.5° using
the quinhydrone electrode? indicated a possible
minimum, while the corresponding and well-
established constants for protoacetic acid® ex-
hibit a maximum. In general,* differences be-
tween the properties of the deutero and proto
compounds tend to become less important at
higher temperatures, since the differences in zero
point energies AE® of the two hydrogens deter-
mine the properties as an exponential factor, exp.
[AEY/RT]. Also, Rule and LaMer® have dem-
onstrated that the temperature coefficient of the

* Instructor, Chemistry Department, The College of the City of
New Vork.

(1) Brescia and LaMer, THIS JOURNAL, 60, 1962 (1938); bid.,
62, 612 (1940).

(2) Korman and LaMer, ibid,, 88, 1396 (1938),

(3) Harned and Embree, sbid., 86 1050 (1934);
Hickey, sbid., B9, 1284 (1937).

(4) Urey and Teal, Rev. Modern Phys., T, 34 (1035).

{8) Rule and LaMer, Trs Journar, 60, 1974 (1038).

Harned and

electromotive force of the cell Pt/QQH.-QQD
HCI-DC1 (H,0-D,0)/AgCl-Ag involving the
strong acid HCI-DCl is identical in pure H.O and
in pure D;O. It is questionable, therefore,
whether the temperature dependence of the two
weak acids should be opposite in sign.

The determination of the dissociation constant
of deuteroacetic acid at different temperatures
has, therefore, been undertaken, using the con-
ductance method.

Experilhental

The equivalent conductances of sodium acetate,
sodium chloride, hydrochloric acid and acetic
acid solutions have been determined at 14.36, 25,
35 and 44.86°, for a solvent whose deuterium con-
tent, Fp = S,/0.1079, where S; is the difference
in specific gravity of the solvent and of ordinary
water, was approximately 0.925. A vacuum tube
oscillator of the heat frequency type® and a Jones
bridge” were employed. The constants, 0.4481
and 0.7017, of the two conductance cells, designed
to be free from the Parker effect, were determined
at 25° by the method of Kohlrausch. The tem-
peratures were standardized with a Pt resistance
thermometer, B. S. calibration.

The preparation of the salts, acetic anhydride,

(8) Baker and LaMer, J. Chem, Phys., 8, 406 (1935),
(7) Dike, Rev. Sci. Instruments, 8, 370 (1031).
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constant boiling deuterochloric acid (DC1), puri-
fication of the water, and the details of the semi-
micro technique have been described.®

Calculations.—The maximum equivalent con-
ductances, Ao, for the strong electrolytes in H,O—
DO were calculated from the measured equiva-
lent conductance, A, using the equation

(%»)Hzo = (%2)1),0 (1

derivable from the Onsager equation and shown to

TABLE 1
SUMMARY OF VALUES OF Ac AND Ay FOR NaCl ix H,O
AND D;O AT DIFFERENT TEMPERATURES
Solution concentrations; B-15, 0.01088 M; B-16,
0.01887 1.

Temp., Solu-
°C. tion

44.86 B-15 174.54 168.83 144.8 149.7

Av.
H:0 H20 D20 D20 D20
Ao A A Ao 4, %av. dev.,

B-16 165.21 141.4 149.4 149.6 0.1
35.00 B-15 150.26 143.79 121.1 126.5

B-16 140.86 118.1 126.0 126.3 .2
25.00 B-15 125.63 118.39 98.72 104.8

B-16 116.16 96.33 104.2 104.5 .3
14.36 B-15 99.44 92.75 76.29 81.79

B-16 91.05 74.36 81.21 81.50 .36

TaBLE 11
SuMMARY OF VALUES OF Ac AND Ap; FOR HCl anp DCl
AT DIFFERENT TEMPERATURES
Solution concentration: B-17, 0.03707Mf; B-18, 0.01860

Av,

TEE S ARO aEO 200 Dhg
44.86 B-17 551.5 518.95 385.5 409.7

B-18 526.13 391.7 410.6 410.2 0.1
35.00 B-17 488,7 464.3 343.0 361.0

B-18 470.8 348.2 361.4 361.2 .06
25.00 B-17 425.0 401.97 296.2 313.2

B-18 407.37 300.3 313.3 313.3 .02
14.36 B-17 357.2 339.30 243.3 256.1

B-18 343.74 246.3 256.0 256.1 .02

TaBLE II1

SUMMARY OF VALUES OF Ac AND Ay FOR SODIUM ACETATE
IN H;O aAND D;O AT DIFFERENT TEMPERATURES, 0.02026 M

T%né?., Azizo Az{zo Aemo Ao1),0
44 .86 128.83 115.80 100.5 111.8
35.00 110.22 98.64 83.20 93.0
25.00 91.36 81.24 66.99 75.8
14.36 71.30 62.73 50.98 57.9
Chittum sd LoMert
AYeCt 104.8 at Fp = 0.937
ADOA: 285.9at Fp = .93
Ku X 108 0.608 at Fp = .93

(8) LaMer and Chittum, THis JoUur~aL, 88, 1642 (1936); Chit-

tum and LaMer, ibid., §9, 2425 (1937); references 1 and 6.
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be of satisfactory accuracy.® The ratios (A./A,)m0
were taken from the ‘“Int. Crit. Tables.”’!?
The measured A, values and the calculated A,
values are shown for sodium chloride, deutero-
chloric acid, and sodium acetate in Tables I, II,
III, respectively. The A, values for deuteroacetic
acid are given in Table IV. The measured Ac
values for the deuteroacetic acid and the dissocia-
tion constants, Ky, calculated by the equation

"2
Ky = 52 @

are shown in Table V. C; = « (1000)/A,, « is the
specific conductance of the solution, and C is the
stoichiometric concentration of the acid.

TABLE IV
SUMMARY OF VALUES OF Ay FOR DAc AT DIFFERENT
TEMPERATURES
Temp., °C. APAe
44 .86 372.4
35.00 327.9
25.00 284.1
14.36 232.5
TABLE V
SuMMARY OF Ky VALUES AT DIFFERENT TEMPERATURES,
Fp = 0.925

Solution B-19, 0.03238 M; B-20, 0.12114 M; B-21,
0.04530 M, B-22, 0.07290 M.

Temp., verage

A
Ky X 10% Kym X 108

°C. Solution % a.d.

44 .86 B-19 0.610

B-20 .609

B-21 .605

B-22 .611 0.609 0.3
35.00 B-19 .622

B-20 .622

B-21 .617

B-22 .623 .621 .3
25.00 B-19 .613

B-20 .613

B-21 .609

B-22 .615 .613 .2
14,36 B-19 .605

B-20 .605

B-21 .603

B-22 .607 .605 .2

The accuracy of these measurements is indi-
cated by the agreement of our A, values for so-
dium chloride, Ay value for HOAc-DOAc, and
our dissociation constant value at 25° with the
corresponding values of previous work at the same

temperature:
Korman and LaMer?

e, m, f, This paper conductance
........... 104.5 at Fp = 0.925
........... 284.1 at Fp = .925

0.613 at Fp = .925

0.612 at Fp = 0.917

(9) LaMer and Chittum, ¢bid., 58, 1642 (1936).
(10) *’Int. Crit, Tables,” Vol. VI, pp. 230-248.
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The excellent agreement between the conductance
and e. m. f. data at 25° is not obtained at other
temperatures. In the preliminary work on acetic
acid,? the various precautions necessary to estab-
lish that the quinhydrone electrode had not de-
teriorated over the period of time that was re-
quired to obtain electrode equilibrium at a second
(later) temperature were not realized as fully as
in the later work on HCL.®

0.0000 /—Qr*‘ +‘Prafaacef/c A;/d
/ ) 8 Deutercocetic Acid
i * \
i 0.0080 5
g / \
-
 ottal LA
x4 0.0160 |
x \
=]
] 1\
0.0240 ‘
| il
-10 0 +10 +20
(t - 8).

Fig. 1.—Protoacetic acid, +; deuteroacetic acid, @.

Kp was determined by extrapolating the dis-
sociation constant Ky observed in the mixed
waters (HyO-D;0) to Fp = 1 with the equation!!

_ Cmo/ (KD Cmo]
Ku = Kp [1 + 3.76 —CHDO 1+ 3.76 K——M Cavo
(3

In equation (3), Kp is the dissociation constant
of the deuteroacid; Ky, the dissociation constant
of the protoacid. Ky values (converted to the
classical dissociation constant) at the different
centigrade temperatures { were calculated from
the equation.

log Knt — log Kpm = — p(¢t — 6)? 4

Ky 1 is the maximum value of Ky which occurs at
the characteristic temperature #; p is a constant.

The Ky and Kp values and their ratios are given
in Table VI.

TABLE VI
SuMMARrRY OF Ku, Kp, aNp Ku/Kp AT DIFFERENT
TEMPERATURES

Temp., °C. Kg X 10% Kp X 10¢ Ku/Kp
44.86 1.74 0.545 3.19
35 1.81 .555 3.26
25 1.84 .548 3.36
14.36 1.83 .540 3.39

(11) Brescia, THIS JoURNAL, 60, 2811 (1938).
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Discussion

As was expected, the temperature dependences
of Ky and Kp follow the same general type of
parabolic curve as shown in Fig. 1. Kp how-
ever, passes through the maximum at a higher
temperature than Ky. Thus, the characteristic
temperature 6 is about 22° for protoacetic acid
and about 31° for deuteroacetic acid. The ratio
of Kyg/Kp, Table VI, decreases with increasing
temperature so that the two values probably ap-
proach each other at higher temperatures.

The data for K for the range of temperatures
investigated may be represented by

log Kp. + 52550 = —4.5 X 10-5(¢ — 31.08): (5)

with an accuracy of 19;. The corresponding
equation for protoacetic acid, over the same tem-
perature range, is

log Kuy + 4.7348 = —4.5 X 1075(¢t — 22.09) (5a)
A plot of equations (5) and (5a) is given in Fig. 1
in which it is seen that the resulting curves for
each acid are superimposable. This behavior is
quite general for weak protoacids,® and shows
that p is the same for deutero- and protoacetic
acids.

The differences of the heats, free energies and
entropies of dissociation of the deutero- and proto-
acetic acids, corresponding to the exchange proc-
ess
HOAc(H:0) + D*(D;0) 4+ OAc—(D;0) =

DOAc(D;O) + H*(H,0) + OAc~(H,0) (6)
where the solvent involved!? is inclosed in paren-
theses, have been calculated (Table VII). The

TaBLE VII
D1rFERENCES OF HEATS, FREE ENERGIES, AND ENTROPIES
OF DIssoCIATION, CORRESPONDING TO THE THERMO-
DYNAMIC PROPERTIES OF THE EXCHANGE PROCEss (6)

Subscript D refers to deuteroacetic acid; subscript H to
protoacetic acid.

Temp,, AHp— AHm, AFp— AFm, ASD— ASH,

°C. cal, cal. cal./deg. Ks
14.36 308.6 697.6 -1.3 0.530
25.00 329.2 717.7 -1.3 .526
35.00 349.2 724.0 -1.3 .513
44,86 368.9 733.6 -1.1 .504

chemical equation (6) is obtained by subtracting
equation (6b) from equation (6a)
HOAc(H:0) H+(H,0) + OAc~(H,O) (6a)
DOAc(D;0) = D+(D;0) + OAc—(D:0) (6b)
The AH for deuteroacetic acid decreases more
slowly with increasing temperature than the corre-
sponding function for protoacetic acid. Also,

(12) See reference 13 for the importance of including the solvent.
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AF for the dissociation of DOAc increases more
rapidly with the temperature than does AF for the
dissociation of HOAc. On the other hand, the
entropy differences are constant. Thus, the
greater increase in Kp with increasing tempera-
ture is due to the greater increase in AHp over
AHy. Since AFp — AFg equals — AF for the
exchange process (6), the reverse reaction, as ex-
pected, is favored on increasing temperature.
The values for K, the equilibrium constant for
the exchange process (6), calculated from AFp —

AFy, are given in Table VII. Also
O0AHD O0AHg _
o J)p ~ \3T Jp = 2C

for process (6) is sensibly independent of tem-
perature and equal to 2.0 cal. deg.~' mole™™.
Noonan and LaMer,!* who made a careful study of
the e. m. {. of the cell without transport

D, | DC1 D,;0
H, | HC1 H,0
over a wide range of deuterium solvents, found
that AC, for the process
1/;H, + DCI{D,0) = ¥/:D, + HCI(H,0) (7)
is also very small if not zero.

The almost zero value of AC, in these exchange
processes results from the fact that ions of the

AgCl-Ag

(13) Noonan and LaMer, J. Phys. Chem., 43, 247 (1939); LaMer
and Noonan, THIS JoURNAL. 61, 1487 (1939).
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same valence type and almost identical chemical
properties are involved in these equilibria. The
partial molal heat capacity of an ionic species is
determined primarily by its net charge and only
secondarily by its internal constitution, 4

Summary

1. The equivalent conductances of sodium
chloride, sodium acetate, hydrochloric acid, and
acetic acid have been measured at 14.36, 25, 35
and 44.86° in a solvent whose deuterium fraction
is 0.925. From these data, the dissociation con-
stant of deuteroacetic acid at Fp = 1 is calculated
at corresponding temperatures.

2. The dissociation constant of deuteroacetic
acid follows the Harned-Embree equation and

passes through a maximum at 31°; protoacetic
acid at 22°,

3. The ratio Ky /Kp decreases with increasing
temperature.

4, The differences in the heats, free energies
and entropies of ionization of the deutero and
proto acids have been calculated. AC, for the
exchange process HOAc(H.0) + D+(D,0) +
OAc—(D,O) = DOAc(D,O) + HTH.0) +
OAc—(H,0) is sensibly zero; AS is sensibly con-
stant and equal to —1.3 cal. deg.—! mole—.

(14) Rossini, Bur. Standards J. Research, 4, 313 (1930); 7, 47
(1931); LaMer and Cowperthwaite, TH1s Journatr, 55, 1004 (1933).
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Electrostatic Effects on Ionization Constants

By Victor K. LAMER AND FrRaANK BrEscIa*

In a recent paper, E. C. Baughan' derived on
the basis of theoretical suggestions of Gurney,? the
equation

AHrp = AH, + ¢ 1/Dr [1 4+ ol

oT Ir @
for the heat of ionization AH; of a weak acid of
the electric charge type HA + H,0 > H;0+ +
A—, as a function of the temperature T, on the
assumption that the electrical work involved in
creating the electric field is adequately expressed
by the well known formula of Born

e2 /1 1
C = = — —
_ 2 \r+ + r—
* Instructor, Chemistry Department, The College of the City of
New York.
(1) E. C. Baughan, J. Chem. Phys., T, 951 (1939).
(2) Gurney, sbid., 6, 499 (1938).

where ¢ is the elementary electric charge, 7+ and
7— are the radii of the cation and anion, and D
is the dielectric constant of the solvent,

AH, may be regarded either as the heat of
ionization in a medium of infinite dielectric con-
stant where no electrical work would be involved,
or as the heat effect if there were no separation of
electric charges in the dissociation process.

Since AH is zero at the characteristic tem-
perature for which the dissociation constant is
a maximum, equation (1) may also be expressed
as

AHp = ¢ [l/DT (1 + Taé“TD -

1/De (1 + o béx}@)] (1a)




