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The limiting molar conductances, 4°, of sodium hydroxide were determined at 15, 25, and 40°C as a
function of the pressure up to 1500 kgf cm™2 (1 kgf cm™2=0.9807X10° Pa) from the conductances measured in a
dilute concentration range (1X1073—2X10"2M, 1 M=1 moldm™3). The excess conductances at an infinite dilu-
tion, A%, of the hydroxide ion, as estimated by [A°s(OH™)=4°(NaOH)—4°(NaCl)], were found to increase with
an increase in the pressure and temperature, as well as those of the oxonium ion, A°s(H3;0%). However, there was
a significant difference in the magnitude of A, itself, and a slight difference in the magnitude of the pressure
and temperature dependences of 1°s between hydroxide and oxonium ions. These results may be related to a
difference between the proton-jump mechanisms of the hydroxide and oxonium ions.

In our previous papers,'? the oxonium ion was
used as a probe to study the variation of the solvent
structure in hydrogen-bonded solvents with the pres-
sure, temperature, and ethanol content, since protons
are transferred through the hydrogen-bonded networks
in addition to the hydrodynamic migration, resulting
in a high mobility of the oxonium ion. The high
mobility of the hydroxide ion in aqueous solutions
can also be attributed to a proton-jump mechanism.
There is, however, a significant difference between the
proton-jump mechanisms of hydroxide and oxonium
ions. According to the theory of Conway et al.,? the
rate-determining step in the proton-jump mechanism
is a rotation of hydrogen-bonded water molecules as
dipoles near the ions, necessary to make possible the
next proton jump. In the case of the oxonium ion, the
driving force for the rotation is a repulsion between
the two OH groups facing each other as a result of the
proton jump in addition to an ion-dipole interaction.
The force causing the rotation arises principally from
an ion-dipole interaction in the case of the hydroxide
ion. This difference between the ions may be reflected
by the variation in their excess conductances due to a
proton jump with the pressure and temperature. So
far, only a few papers*~® have been published on the
conductances of alkaline solutions at high pressures
and at moderate temperatures. Here, the pressure and
temperature effects on the excess conductances of the
hydroxide ion are reported, and are compared with
those of the oxonium ion.

Experimental

Chemicals, Solutions, and Properties of Water. Conduc-
tivity water was prepared by passing distilled water through
a mono-bed ion-exchange resin; it was stored in a stainless-
steel tank under a nitrogen atmosphere. Its conductivity, kg,
was about 4.3X1077 Scm™! at 25°C and at 1 atm as is shown
in Table 1. Table 1 also summarizes such properties of water
used in the data analysis as the density, p,”® the static di-
electric constant, €,1%10 and the viscosity, n.1314

. The aqueous solutions of sodium hydroxide were pre-
pared by the same method as Darken and Meier.!® All the

Table 1. Physical Properties of Water as a Function
of the Pressure and Temperature, and the Corrrec-
tion Factors for the Cell Constant of the
Teflon Cell at 40°C

P P . n 107 ks .
kgfcm—2 gcm™3 cP Scm™1
15°C
1 0.9991 82.1 1.137 3.5
500  1.0208 83.9 1.113 44
1000  1.0405 85.6 1.107 5.5
1500  1.0584 87.2 1.119 7.1
25°C
1 0.9970 78.5 0.8937 4.3
500 1.0181 80.2 0.8865 5.4
1000 1.0372 81.9 0.8897 6.8
1500  1.0546 83.5 0.9034 8.7
40°C
1 0.9922 73.2 0.657 5.3 1.0000
500  1.0127 74.9 0.661 6.7 0.9871
1000 1.0312 76.5 0.676 8.4 0.9807
1500  1.0483 77.9 0.693 10.7 0.9758

dilute solutions of NaOH were prepared gravimetrically by
diluting. a stock solution (about 2X1072M) made from a
saturated solution at 0°C. The saturated solution was pre-
pared from the analytical-grade sodium hydroxide supplied
by Merck. The concentration of the stock solution was
determined by titration with oxalic acid solutions, using a
phenolphthalein indicator. The titrations were performed
with a micro burette; the reproducibility was about one part
in one thousand. The concentrations of the dilute NaOH
solutions at 25 °C and at 1 atm were determined by using the
densities, p(NaOH), of the stock solution and dilute solu-
tions, which were measured at 25°C and at 1 atm by means
of a digital vibrating densimeter (SS-D-200 twin-type) manu-
factured by the Shibayama Scientific Co., Ltd. The follow-
ing equation was obtained:

p(NaOH) = 0.9970, + 0.046,c, (1)

where p(NaOH) is in gcm™ and c is the concentration of the
solution in M. The above equation is in very good agree-
ment with the one described in Ref. 15. The concentrations
of the solutions at other pressures and temperatures were
calculated by assuming that the ratios of densities between
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Table 2. Molar Conductances (4/S cm2mol—!) at Various Concentrations, Limiting Molar
Conductances (4°/S cm2 mol-1), Ion-Size Parameters (4/A), and Standard Deviations
of A (64/Scm2mol-1) of NaOH in Compressed Water at 15, 25, and 40°C
P/kgfcm™2 A A° d oy
15°C
1.151%  3.079%  6.164®  9.248% 18.15%
1 204.3 202.2 200.6 199.4 196.8 207.4 3.3 0.15
500 208.4 206.3 204.7 203.4 200.8 211.6 3.2 0.13
1000 210.4 208.4 206.8 205.4 203.0 213.6 3.2 0.06
1500 2109 209.0 207.5 206.0 203.7 214.0 3.3 0.14
25°C
14219 22379  4.326°  8.597% 10.92°  14.03°  17.14%
1 245.6 244.8 242.9 239.8 238.6 237.5 235.7 250.4 2.4 0.26
500 249.2 248.3 246.5 243.5 242.5 241.1 239.6 253.9 2.6 0.22
1000 250.5 249.6 248.0 245.0 244.0 242.7 241.2 255.2 2.7 0.26
1500 250.3 249.5 248.0 245.1 244.2 242.7 241.3 255.0 2.7 0.31
40°C
3.522%  5.278Y 10.56®  14.10°  20.84%
1 309.0 307.0 303.7 301.4 297.6 318.6 2.5 0.52
500 309.2 307.1 304.2 302.5 298.8 318.3 2.9 0.59
1000 309.3 307.3 304.7 302.8 299.4 318.2 3.0 0.59
1500 308.9 306.6 304.3 302.3 299.0 317.4 3.0 0.64
a) Concentrations (1073 M) at atmospheric pressure.
the solutions under various conditions were equal to those of A=A — 82 + Ecloge + Je, @)

pure water under the corresponding conditions. All the
solutions were treated in a dry box under a nitrogen atmo-
sphere.

Apparatus. Two kinds of conductivity cells with lightly
platinized electrodes were employed: a glass cell (capacity, 10
cm?)18 at 15 and 25 °C, and a Teflon cell (capacity, 12 cm?)?
at 40°C. The resistances of NaOH aqueous solutions in the
glass cell did not change at 15 and 25°C for at least 5 h
required for one run. The resistances, however, increased
with time at 40 °C because of a reaction involving hydroxide
ions with glass. Thus, the Teflon cell was used, though it
has several disadvantages compared with a glass cell: the
walls are very tenacious retainers of gas-bubbles and the cell
constant varies greatly with the pressure. The cell constants
at 1 atm and at each temperature were determined from the
conductances of a 0.01 M KCl aqueous solution.1”"2®) They
were assumed to be invariant with the pressure for the glass
cell; for the Teflon cell, the correction factors, fP=Kce"/
KV, in which Keeu® and Keen(V are the cell constant at pres-
sure P and 1 atm respectively, were determined by comparing
the conductances of 5X1073 and 1X10~2 M KClI aqueous solu-
tions obtained by the glass cell with those by the Teflon cell,
as have been described in a previous paper.?) The values of
f®, thus determined, are also listed in Table 1.

The procedure and the apparatus used here for conduc-
tance measurements at high pressures were the same as those
described in a previous paper.1®

Results and Discussion

Table 2 shows the molar conductances, 4, of NaOH
at various concentrations at 15, 25, and 40 °C as a func-
tion of the pressure. The molar conductances, 4, were
reproducible within £0.15%. The Fuoss-Onsager
equation of conductance for unassociated electro-
lytes:21,22)

where ¢ is the concentration (M), and S, E, and J have
the usual meanings, was employed to determine the
limiting molar conductance, 4°, at each pressure and
temperature. The limiting molar conductances, 4°,
thus obtained, are listed in Table 2, together with their
related quantities: the ion-size parameter, d, and the
standard deviation of 4, 6,. The present values of
A°(NaOH)/S cm?mol~! at 1 atm (207.4 at 15 °C, 250.4
at 25°C, and 318.6 at 40 °C) are larger by about (0.3—
0.8)% than the literature ones (205.6523 at 15°C,
249.332% and 248.85'% at 25 °C, and 317.66%% at 40 °C).
However, no high-pressure data are available for a
comparison. As is shown in Table 2, 4°(NaOH)
increases monotonously with an increase in the pres-
sure up to 1500 kgf cm™2 at 15°C; it then appears to
have a maximum at about 1500 kgf cm~2 at 25 °C, but
slightly decreases with pressure at 40 °C.

The limiting ionic molar conductances, A°, of the
hydroxide ion under various conditions were deter-
mined by Kohlrausch’s law regarding the independent
migration of ions, using the values of 4°(NaOH),
A°(NaCl),24-20 A°(KCl),?":28) and the limiting cation-
transference number for KCl, t°(K*);16:29-31 those of
the oxonium ion, A°(H30%), were also obtained from
the data on A°(HCl1).%33 The values of the A°’s of
hydroxide and other ions, thus obtained, are listed in
Table 3. Table 3 shows that the values of A°(OH") are
about 2.5-times larger than those of A°(Cl™) at each
pressure and temperature, and that compared with the
A%’s of other ions, A°(OH™) increases with an increase
in the pressure as well as A°(H30%), irrespective of the
pressure dependence of the solvent viscosity, although
the rate of the increase in A°(OH~) with the pressure
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Table 3. Limiting Ionic Molar Conductances (1°/S cm2mol~!) and Excess Conductances
(A°e/Scm?mol-1) in Compressed Water at 15, 25, and 40°C
P A° A°E
kgfcm—2 Na+ K+ Cl- OH- Hs;O+ OH- H;O+
15°C
1 39.7 59.7 61.4 167.7 300.6 106.3 240.9
500 39.7 60.4 63.9 171.9 3199 108.0 259.2
1000 39.7 60.5 64.9 173.9 330.0 109.0 269.5
1500 39.2 60.0 65.2 174.8 337.4 109.6 277.4
25°C
1 50.1 73.5 76.4 200.3 349.8 123.9 276.3
500 50.2 73.9 77.9 203.7 360.4 125.8 286.5
1000 49.5 73.3 78.9 205.7 367.8 126.8 294.5
1500 48.9 72.6 78.8 206.1 374.2 127.3 301.6
40°C
1 67.6 95.8 100.5 251.0 419.5 150.5 323.7
500 66.8 95.4 101.3 251.5 427.2 150.2 331.8
1000 66.1 94.4 101.1 252.1 434.2 151.0 339.8
1500 65.2 92.9 100.2 252.2 440.9 152.0 348.0

is much smaller than that in A°(H;O%). It is apparent
that these features are closely related to the proton-
jump mechanism of hydroxide and oxonium ions.
The excess conductance due to the proton-jump
mechanism, A°g, was estimated according to:

1°5(OH~) = 2°(OH-) — 2°(CI")
= A°(NaOH) — A°(NaCl), 3)

where the translational mobility of the OH™ ion was
approximated by that of the Cl™ ion since their sizes
are similar. There is only one literature data compared
with the present values. The present values of
A°5(OH~) at 25 °C shown in Table 3 are a little larger
than those obtained by Hamann and Strauss* from the
equation: [A°’g(OH~)=4°(KOH)—A4°(KCl)}; their values
are 123, 124, and 125 S cm?mol™! at 1, 1000, and 2000
atm, respectively. As is shown in Table 3, A°s(OH")
increases with the pressure and temperature as well as
A°g(H30%), as estimated by [A°s(H;01)=A1°(H;0%)—A°
(K*)), and the rate of the increase in the relative excess
conductance, A°g®/A°sY, with the pressure becomes
larger with a decrease in the temperature as is shown
in Fig. 1. These results qualitatively correspond to the
pressure and temperature dependences of the reorien-
tational relaxation time of water molecules studied by
the NMR method,?¥ and those of the dielectric relaxa-
tion time.3® That is, the rotation of water molecules is
accelerated by an increase in the pressure and/or
temperature; at lower temperatures it is more acceler-
ated by the pressure. Molecular dynamics simula-
tions36:37 have suggested that the hydrogen bonds
between water molecules become more distorted in
compressed water. The things mentioned above con-
firm the proton-jump mechanism of Conway et al.®
which proposes that the rate-determining step in the
proton-jump mechanism is the rotation of hydrogen-

bonded water molecules near the hydroxide or the
oxonium ion.

From Table 3, the contribution of the proton-jump
mechanism to the conductance of hydroxide and oxo-
nium ions, A°s/A° can be calculated; the average
values of A°s/A° are about 0.63 at 15°C, 0.62 at 25°C,
and 0.60 at 40°C for the hydroxide ion, and 0.81 at
15°C, 0.80 at 25°C, and 0.78 at 40 °C for the oxonium
ion. The difference in 1°s/A° between the ions is about
0.18 at each pressure and temperature. Table 3 also
shows that the values of A°s(OH™) are about (0.40—
0.47)-times those of A°g(H3;0%). These results would
suggest that there is a significant difference between
the proton-jump mechanisms of hydroxide and oxo-
nium ions. The driving force for rotation is a repul-
sion between the two OH groups facing each other as a
result of the proton jump in addition to an ion-dipole
interaction in the case of the oxonium ion. In the case
of the hydroxide ion, the driving force arises princi-
pally from an ion-dipole interaction owing to a proton
deficience of the OH™ ion. Conway et al.®) have shown
from their model that the average hydroxide ion-
dipole force is approximately 1/4-times the total force
causing the rotation in the oxonium ion case, and that
since the time of the rotation is inversely proportional
to the square root of the driving force, the excess con-
ductance of the hydroxide ion is about 1/2-times that
of the oxonium ion; this can be seen in Table 3.

When the pressure and temperature dependences of
A°g were examined in greater detail, it was found that
there is a slight difference between the hydroxide and
oxonium ions regarding the rate of the increase in the
relative excess conductance with the pressure and
temperature (Figs. 1 and 2). The pressure dependence
of the relative excess conductance of the hydroxide ion
was smaller than that of the oxonium ion, while the
reverse tendency was found regarding the temperature



3726
T T T
L , -
&
/
/
/
110 / 1
/
/ ~
y e
Ve
:u.l
x
,.\
< 1.05
w
=
1.00
| ] 1
1 500 1000 1500
P/ kgf cm™2
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conductances of the OH~ and H3zO% ions at various
temperatures.
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Fig. 2. Temperature dependence of the relative
excess conductances of the OH~ and H3O™ ions at 1
atm and 1500 kgf cm—2.

@®: OH-, O: H:0+.

dependence. The apparent activation volume for A%,
AV*=—RT(3InA°c/dP)r, at 1 atm and at 25 °C is about
—0.9 cm®mol™! for the hydroxide ion and —2.0
cm?3 mol~! for the oxonium ion, and the values of AV*
for both ions decrease with a decrease in the tem-
perature. The apparent activation energy for A%,
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E*=RT%dInA°s/dT)p, at 1 atm and at 25 °C is about 11
kJ mol~! for the hydroxide ion and 8.9 kJ mol~! for the
oxonium ion, and the values of E* for both ions
decrease with an increase in the pressure. The differ-
ence in AV* and E* between hydroxide and oxonium
ions may be based on the difference in the proton-
jump mechanism between the ions; however, a more
thorough interpretation of the results shown in Figs. 1
and 2 would require more detailed microscopic infor-
mation concerning the structure and the potential-
energy profile of the nearest hydration shell around
the ions in dilute solutions at high pressures and over
a wide range of temperatures. Neutron diffraction3®
and computer simulation studies concerning these sys-
tems are, therefore, hoped to be extended to high
pressures.
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