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Fig. 5. Acetate buffer in 0.1, 0.01, and 0.001M KCI. 1, 2, 3:
(Ey — Ep) = 2.3 RT/F log ky'/ki’ as a function of the total
acetate and acetic acid concentration. 17, 2/, 3’: extrapolation
of AK' = — log ki’ + /w1’ log ky' — \/up' (Eq. [2] and
[4]) to zero buffer concentration.
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Fig. 6. Phosphate buffer K2, in 0.1, 0.01, and 0.001M KCI.
Extrapolation of (Ey — Ep) = 2.3 RT/F log ky'/ki’ to zero
KCl and buffer concentration at three different buffer ratios;
— AV1°® = 24.0 cm3 mole—1.

we take the necessary data to extrapolate —AV; to
[KCI] = 0 on the \/uz scale as shown in Fig. 2.
—AV;° = 9.2 cm? mole~! in fairly good agreement with
the conductivity determinations (Table I) [8.8 cm?3
mole—!, Hamann (10)]. Data for formate buffer, treated
in the same way as the acetate buffer, yield —AV; = 7.4
cm® mole—1 (Fig. 2).

It is seen on this same figure that the curves for
acetic acid and formic acid, for acetate buffer and for
formate buffer, run nearly parallel with each other.

Phosphate buffer (2nd step).—In Fig. 6, the results
obtained for three different buffer ratios are plotted on
the \/u scale and the double extrapolation leads with-
out any difficulty to —AV;® = 24.0 em3 mole—1, which
is to be preferred to a preliminary estimate, 23.4 c¢m3
mole—1, published in 1962.

Density measurements predict —AV;° = 28.1 cm3
mole~1 (14) but dilatometric experiments by Linder-
strom-Lang and Jacobsen [see ref. (11)] give 24.1 cm3
mole—1,

Adenosine triphosphate and phosphorylereatine.—
Figure 7 indicates that —AV:° (24.0 em3 mole—1) is
the same in phosphate buffer and in ATP solutions at
pH = 7.0, the double extrapolation being done on the
\/m and \/ scales. A slightly smaller value is obtained
if both extrapolations are made on the \/u scale (dotted
line).

Figure 8 shows the corresponding results for phos-
phorylcreatine. —AV{° = 21.2 ¢m3 mole—1! and is con-
siderably smaller than the volume change observed for
phosphate buffer (K()) and ATP.
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Fig. 7. Adenosinetriphosphate in 0.1 and 0.01M KCI. Extra-
polation of (Ey — Ep) = 2.3 RT/F log ky'/ki’ to zero ATP con-

centration (\/m scale) and to zero KCI concentration (\/u scale);
—AV1° = 24.0 cm® mole—!. Dotted lines, both extrapolations

are made on the \/u scale.
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Fig. 8. Phosphorylcreatine in 0.1, 0.01, and 0.001M KCI. Extra-
polation of 2 (Ey — Ep) = 2 x 2.3 RT/F log ky'/ki’ to zero
phosphorylcreatine concentration (lower curves) and to zero KCI

concentration (upper curve); —AV:® — 212 e¢m3 mole— 1
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Fig. 9. Extrapolation of 2 (Ey — Ep) = 2.3 RT/F = log ky'/ki’
for carbonic acid (saturated solution) and (Ey — Ep) = 2.3 RT/F
log ky'/ki’ for bicarbonate buffer (HoCO3 sat. 4 0.02M KHCOj3)
to zero ionic strength; —AVi°® = 26.6 cm® mole—! and 25.5
cm3 mole—1, The circles on the upper curve represent average
values derived from 13 and 9 determinations in 0.01M KCI and
0.1M KCI respectively; the horizontal lines indicate the highest
and lowest values.

The AV values are calculated from readings at 500
kg em—2 because of the rather marked curvature of
the (E1 — Ep;) = f(p) curve.

Control analysis before and after a pressure run
failed to indicate any hydrolysis.

It is well known (12) that the pK(s) of phosphoric
acid in phosphorylcreatine is strongly affected by the
methylguanidinium group, its value being 4.6 instead
of 7.2. The difference observed for AV;° is related to
this phenomenon insofar as it is related to the ionic
solvation energy difference between H3POs and its
ester.

Carbonic acid and bicarbonate buffer.—QOur previous
determinations of AV; for carbonic acid in 0.1M KCI
(1) gave values as high as 31.0 and 32.3 ¢cm3 mole—1,
but only 22.8-23.9 cm? mole—! for the bicarbonate buf-
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fer (values corrected for the asymmetry due to KCIl
when 0.1M HCI is used as reference half-cell). Density
data (6) predict 29.0 cm3 mole—! and conductivity data
give 26.5 cm3 mole—1 (13).

Experimental difficulties were encountered especially
with carbonic acid solutions, the pH of which shows
long-term instability under pressure. The curves giv-
ing (E1 — Ep) = f(p) were constructed from readings
taken immediately after quick pressure steps separated
by long intervals.

The same problems were met with at the start of
the new determinations. Later, however, it was found
that stable readings can be obtained provided the
silicone oil used in the glass electrode cell is saturated
with COs; as well as the aqueous solutions and the
cell filled from pipettes where the gas phase is pure
COs. These precautions limit the possibility of COs ex-
changes between both liquid phases and the escape of
CO; in the pressure bomb or elsewhere.

The circles on the upper curve of Fig. 9 correspond
to the average value of, respectively, 9 and 13 deter-
minations in 0.1M KCI and 0.01M KCI saturated with
COs.

Extrapolation at \/u = 0 gives —AV;° = 26.6 cm?3
cm—3 in agreement with the conductivity experiments.

Bicarbonate buffer containing 0.02M KHCO; was
tested in the same way. The results show very much
less dispersion, are in reasonable agreement with our
previous determinations, and yield on extrapolation
—AV;° = 25.5 cm3 mole—1,

Extrapolation at zero buffer concentration was not
tried in this case because of the difficulty of maintain-
ing the buffer ratio constant. The effect of HyCO3 on
log K,'/Ki’, however, is small (5) compared to the
effect of the ionic strength, so that it seems safe to
extrapolate.

Discussion

Table I summarizes the AV;° determinations made
with a glass electrode cell compared with the data
from density and conductivity measurements.

The agreement with conductivity data is fairly good
for acetic, formic, and carbonic acid, but the value
found for H3PO4 from emf measurements is about 2
em3 higher. It should be noticed that HsPOy4 is highly
dissociated in diluted solutions which means relatively
small pH shifts for large ApK’ changes when pressure
is applied. This makes AV calculations much more
sensitive to experimental errors. The AV found for
phosphate buffer K1) is in close agreement with the
conductivity determinations, but this might be fortui-
tous since we notice that systematically AV values for
buffers, from pH measurements, are smaller than the
values obtained for pure acid solutions.

The difference is much larger than possible experi-
mental errors: 0.9, 1.8, 2.0, 1.1 cm3 for acetate, formate,
phosphate K(1), and bicarbonate buffer, respectively.

The difference is identical with Na or K salts. This
practically eliminates the possibility of an error due to
asymmetry in cation composition between the cell com-
partments since the reference half-cell always contains
KCIl except for the experiments in 0.001M KCI where
the effect of KClI is negligible. However, the cell can-
not be made symmetrical with respect to anions.
Though it seems rather unlikely, these could be ad-
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sorbed on the glass membrane and cause errors in the
buffer measurements.

pK values are difficult to determine with precision
when dissociation is appreciable and it is known that,
for example, the data for phosphoric acid K¢, buffer
at different buffer ratios extrapolate to different values
of log K depending on the choice of the function to
estimate the activity coefficients (17). It can however
be shown that a change of the activity coefficients used
to calculate mpy shifts both K, and K; and has but
little effect on log K,/K; for phosphoric acid, phos-
phate buffer K(i), and formic acid. For acetic acid,
acetate buffer and formate buffer my is small except
at very high dilutions and can be completely neglected
for carbonic acid and bicarbonate buffer.

The fact that the observed differences exist even at
infinite dilution eliminates as explanation all the
effects which affect the activity coefficients: ionic asso-
ciations, uncomplete dissociations, salting in and out
effects, etc., unless one admits that some of these ef-
fects only disappear at extreme dilutions where emf
measurements become impossible.

More experiments on, for example, acetate buffer,
covering a very wide range of buffer ratios, perhaps
will throw more light on this unsolved problem.
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