Journal of Solution Chemistry, Vol. 21, No. 9, 1992

Pressure and Temperature Effects on the Excess
Deuteron and Proton Conductance

Yuichiro Tada,! Masakatsu Ueno,?

Noriaki Tsuchihashi,' and Kiyoshi Shimizu'
Received January 22, 1992; Revised April 27, 1992

The limiting molar conductances A° of dewterium chioride DCl in D,0
were determined as a function of pressure and temperature in order o ex-
amine the proton-jump mechanism in detail. The excess deuteron conduc-
tances M(D*), as estimated by the equation [A3(D*) = A(DCIliD,0) -
A°(KClI D50)], increases with an increase in the pressure and temperature
as well as the excess proton conductance [A(H') = A°(HCU/H0O) -
A(KCl/H,0)]. The isotope effect on the excess conductances, however,
depends on the pressure and temperature contrary to the model proposed
by Conway et al.: M(H*)/ MY(D") decreases with increasing pressure and
temperature. The magnitude of the decrease with pressure becomes more
prominent at lower temperature, These results are discussed in terms of
the pre-rotation of adjacent water molecules, the bending of hydrogen
bonds with pressure, and the difference in strength of hydrogen bonds be-
tween D20 and H,0.

KEY WORDS: Deuterium chloride; heavy water; proton jump; excess
conductance; pressure and temperature effect; isotope effect

1. Introduction

The proton conductance has attracted many researchers since it
contains, in addition to the hydrodynamic migration, a special conduc-
tance mechanism which is related to the hydrogen-bonded structure of
solvent. It is considered that the special conductance mechanism, i.e.,
proton jump, is composed of two steps: (a) a water molecule adjacent to
an oxonium ion H;O" reorients so that it may accept a proton from the
H;0" ion, followed by (b) the proton in the H;O" ion jumps to the ad-
jacent hydrogen-bonded water molecule.®
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Gierer and Wirtz®” have measured the conductance of DCI in
D,0 at 5-95°C, and estimated the anomalous (excess) quantity with the
aid of the conductance of NaCl in D,O. They have shown that the
isotope effect on the excess conductance Az(H*)/AZ(D*) depends on the
temperature at low temperatures, while it becomes constant at high tem-
peratures. To explain these results, they have considered a two-step
mechanism based on Eucken’s model® of water association. However,
their treatment allows both two steps to be the rate-determining step.

Conway et al.® have shown, based on their model, that step (a) is
the rate-determining step for the proton-jump mechanism, and that the
excess conductance can be calculated from the equation

AR = (1/90lF
= (1/9)(f/P)IF

= (1/9%NP/m(f/P)IF M

where ® is the frequency of rotation of hydrogen-bonded water
molecules; P is the force on hydrogen-bonded water molecules due to
the H;O" (D;0%) ion; fis the extra force due to the applied field; m is the
mass of a hydrogen (a deuterium) atom; / is the distance a proton (a
deuteron) is transported by each transfer and rotation; and F is the

Faraday constant. @, = kVP/m refers to the frequency of rotation of
hydrogen-bonded water molecules in the absence of the applied field,
and corresponds to the reciprocal of the time required for water
molecules to rotate through 120°. Assuming that the values of %, P, f,
and [ for the D507 ion in D,0 are the same as those for the H;O* ion in
H,0, they have concluded that the isotope effect on the excess conduc-
tance is determined by the ratio of reciprocal square root of the mass be-
tween a hydrogen and a deuterium atom, namely

2HN/AYDY) = Vmp/my = \2

High pressure®” and low temperature® studies on the proton

conductance are qualitatively in favor of the conclusion that the reorien-
tation of a water molecule is the rate-determining step in the proton
jump mechanism. A study of the isotope effect for the excess conduc-
tance at high pressure is expected to give more direct evidence for their
model. However, there are no reports on the isotope effect at high pres-
sure so far. Thus, we undertook the conductance measurement of DCI
in D,O under high pressure at various temperatures.
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Table I. Properties of Heavy and Light Water
PP 10°x> p¢ & P 10°k" p¢ m? e
D,0 at 5°C D,0 at 15°C
1 06; 11056 1982 85.6 1 115 11059 1435 81.7
500 0.6y 1.1321 1880 875
1000 0.7 1.1559 1.829 893
1500 0.8, 1.1772 1.839 91.0
2000 09, 1.1962 1.888 926
D,0 at 25°C Dy0 at45°C
1 08, 11044 1.097 781 1 12, 10979 0713 71.2
500 09, 11284 1.083 7938 500 14y 11210 0721 728
1000 1.0 1.1499 1.085 815 1000 15¢ 1.1418 0.734 743
1500 1.2, 11692 1.098 830 1500 1.8, 1.1609 0.750 75.7
2000 14, 1.1863 1.119 845 2000 2.1, 11786 0770 77.0
D50 at 65°C H,0 at 5°C
1 22, 1.0878 0509 649 1 06, 10000 1519 859
500 0.8, 1.0228 1452 87.8
1000 1.1 1.0433 1425 895
1500 14, 1.0618 1431 912
2000 175 10786 1.453 928
H,0 at45°C H,0 at 65°C
1 1.0, 09902 059 715 1 33, 09806 0433 653
500 13, 1.0106 0.606 732
1000 1.6, 1.0291 0.619 7438
1500 1.9, 1.0460 0.635 763
2000 22, 1.0617 0652 777

@ Units: kgf-cm2. ® Units: S-cm!. € Units: g-cm1. 4 Units: cP.

2. Experimental

2.1. Chemicals and Solutions

Heavy water D,O (99.8% D, obtained from CEA, France) was
distilled under a nitrogen atmosphere before use. Light water H,O was
purified by passing distilled H,O through an ion-exchange resin, and
kept under a nitrogen atmosphere. Their specific conductivities x, are
shown in Table 1. The properties of D,O and H,O used in data analysis,
such as density p,*? viscosity n,"**” and dielectric constant 2% are
also summarized in Table L.
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Deuterium chloride DC1 (100% D) in D,O solution was obtained
from Aldrich, and hydrochloric acid HCl and potassium chloride KCl
(superpure) were supplied by Merck. Potassium chloride was dried
above 130°C before use. The molal concentrations m (mol-kg?) of
DC1/D,O stock solutions were determined from the gravimetrical
analysis of AgCl precipitation® within an accuracy of £0.1%. On the
other hand, the molar concentrations c(M = mol-dm™) of HCI/H,0O
stock solutions were determined by measuring the conductances of the
dilute solutions at each temperature and by using the equation proposed
by Strong.?? All the solutions of definite concentrations were prepared
by the weight dilution of the stock solutions in a dry box under a
nitrogen atmosphere, and their molal concentrations were converted into
their molar concentrations by the use of the solvent densities because
the solutions were dilute.

2.2. Conductance Measurement

An acid-proof Teflon cell (capacity 12 cm®) having a membrane
thin enough to transmit the oil pressure was employed for DCl and HCl1
solutions, and a syringe-type glass cell (capacity 5 cm® was used for
KCl solutions. The cell constant at 1 atm and each temperature was
determined within an accuracy of £0.05% by using the conductance
data of a 0.01M KCl aqueous solution:®29 its value was 0.4383 cm™
for the Teflon cell, and 0.6107 cm™ for the glass cell at 25°C and 1 atm.
The cell constant of the glass cell was assumed to be invariant with
pressure. On the other hand, the cell constant of the Teflon cell varies
with pressure since Teflon is compressible. Thus, the cell constants of
the Teflon cell at high pressure were determined by comparing the resis-
tances of a 0.01M KCl aqueous solution obtained by the Teflon cell with
those obtained by the glass cell.

The molar conductances A of DCl in D,O at 5, 25, and 45°C, and
those of HCl1 in H,O at 5 and 45°C were measured at six different con-
centrations in the range (1-7) mM as a function of pressure up to 2000
kgf-cm™? (lkgf-cm™? = 0.9807x10° Pa). Moreover, the conductance
measurement at atmospheric pressure was made for DCl and KCl in
D,O at 15 and 65°C, and for KCl in H,0 at 65°C to obtain the excess
conductance over a wide range of temperatures. The molar conduc-
tances A of DClin D,O and HCl in H,O were obtained without subtract-
ing the solvent conductivities because they are suppressed in the
presence of a strong acid, whereas those of KCl in D,O and H,0 were
corrected by subtracting the solvent conductivities. The molar conduc-
tances A were reproducible within an accuracy of £0.1% at 5, 185, 25,
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and 45°C, and +0.2% at 65°C. The details of the procedure and ap-
paratus for the conductance measurement at high pressure have been
described previously.®”

3. Results

Table II shows the molar conductances A of DCI, HCl and KCl
measured at various temperatures as a function of pressure and con-
centration. In order to obtain the limiting molar conductance A°, the
data on A in Table II were analyzed by the least squares method®® with
the aid of the Fuoss-Onsager conductance equation for unassociated
electrolyte®?

A = A°—SVc + Eclogc +Jc )

where ¢ is molar concentration(M) and S, E, and J have their usual
meanings. The values of parameters S, E, and J in Eq. (2), and those of
a standard deviation of A, G, are also listed in Table II. Table Il sum-
marizes the limiting molar conductances A° thus obtained together with
literature values.®*?7*3%) The present values of A°(DCI/D,0) at 1 atm
(208.2 and 312.1 S-cm®-mol” at 5 and 25°C, respectively) are in agree-
ment with the corresponding ones (207.8 and 312.4 S-cm*mol™) in the
literature,® though they used D,0 of 98.9% D in their experiment. No
high pressure data are available for comparison in this system. On the
other hand, the conductance of HCl in H,O at high pressures and various
temperatures have been measured by Hamann and Strauss,®%*” Ellis,®®
Home et al.,*” Franck et al.,*” and Nakahara and Osugi.“? The pres-
sure dependence of A°(HCI/H,0), Ag/AS, at 45°C agrees well with that
given by Ellis,”® but is much smaller than that by Hamann and
Strauss.®” The value of Ap/A$ at 45°C and 2000 kgf-cm™ is smaller by
about 2% than that of A, /A, (0.01 mol-kg™) estimated from the graph
in Ref. 40, and the value of Ag/A? at 5°C and 2000 kgf-cm™? is larger by
about 2% than that of Ap/A, (0.01M) calculated from the data in Ref.
39.

As shown in Table III, both A°(DCl/D,0) and A°(KCl/D,0) in-
crease with an increase in the temperature. However, the pressure
dependence of A°(DC1/D,0) differs from that of A°(KCl/D,0);@1343%
A°(DC1/D,0) increases with pressure at each temperature, while
A°(KC1/D,0) has a maximum against pressure, which qualitatively cor-
responds to the pressure dependence of the reciprocal of solvent vis-
cosity at low temperatures. Similar trends can be seen in the case of
light water.
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Table II. Molar Conductances and Parameters in Eq. (2) for DC1
in D70, HCI in H20 and KCl in D,O and H;0 as a Function
of Pressure at Various Temperatures

Pe A2 S E ] op

DClin D,0 at 5°C
2.000° 3.000° 4.000° 5.000° 6.000° 7.000°

1 2049 2043 2037 2032 2028 2025 7347 8675 2460 0.12

500 2182 2179 2175 2172 2166 2162 7602 8624 3496 020

1000 2280 227.1 2266 2263 2257 2256 77.09 8457 2930 0.3

1500 2347 2338 2328 2326 2318 2317 7673 8.60 1627 021

2000 2388 2379 2375 2372 2363 2361 7531 80.14 2200 0.8

DClin D,0 at 15°C
1.000° 2.000° 3.000° 4.001¢€ 5.000° 6.003¢
1 2581 2569 2563 2557 2549 2546 96771105 4116 0.12

DClin D,0 at 25°C

1.002¢ 2.001€ 3.001° 3.999¢ 5.000° 6.002¢
1 3083 3069 305.8 3050 3043 303.7 1213 1339 461.8 0.25
500 3181 3164 3157 3148 3138 3132 1214 1294 4188 0.17
1000 3258 323.8 323.1 3223 3208 3205 1202 1245 3196 0.30
1500 331.1 329.1 3284 3274 3260 3255 1184 1201 2477 027
2000 3347 3326 3320 3310 3296 3288 1159 1154 1920 031

DCl in D,O at 45°C
1.001¢ 2.002¢ 3.000° 4.000° 5.000° 6.113°
1 4117 409.6 408.0 4067 4057 4047 1773 1887 6168 025
500 419.8 417.0 4156 4144 413.1 4119 1742 1803 4717 021
1000 4256 423.0 421.1 4200 4186 4172 1704 1725 3282 0.17
1500 4292 4266 4250 4236 4219 4209 1663 1650 2706 0.17
2000 4320 429.2 4276 4263 4247 4239 1620 1583 2760 0.25

DClin D,0 at 65°C
1.008° 2.000° 3.000° 4.009° 5.006° 5.997¢
1 5073 5038 5022 5001 4987 498.0 2392 2484 839.1 033

HClin H,O at 5°C
1.009° 1515 2.018° 3.027° 4.036° 5.046°
1 2950 2942 2936 2927 2916 2910 1014 1252 2560 0.09
500 3107 3097 309.0 3083 3073 3061 1039 1231 2114 022
1000 3219 3207 3200 3195 3185 3174 1046 1202 2717 0.28
1500 3295 3284 3279 3270 3259 3251 103.8 1165 2322 0.14
2000 334.8 3336 3329 3322 3309 3300 1023 1126 1430 022
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Table II. Continued
P A S E ] ot
HCl in H,0 at 45°C
1.006° 1.509° 2012¢ 3.019° 4025 5.030¢
1 5445 5425 541.1 5388 5368 5350 2237 2529 3960 O.11
500 5522 550.6 549.1 546.6 5448 5432 2184 2364 4043 O.11
1000 5595 557.6 556.4 5539 5522 5503 213.0 2279 3523 013
1500 5640 562.0 5608 558.8 557.1 5552 207.2 2170 4265 020
2000 5670 5657 5646 5625 560.1 5589 2017 2074 3806 027
KClin D,0 at 15°C
0.8515¢ 1.001¢ 2.000° 3.002¢ 4.002¢ 5.001¢
1 9638 9605 9540 9478 9422 9391 5901 2578 73.66 0.07
KCl in D,0 at 65°C
0.8030° 1.003° 2.001° 3.001° 4.000¢ 5.000°
1 2390 2383 2357 2342 2325 2313 1709 4799 6201 0.15
KCl in H,0 at 65°C
0.6006° 0.8007° 0.9955° 2.000° 3.005 4.001¢
1 2774 2757 2750 27123 2706 2689 1985 8286 109.8 0.41

4 Units: P, kgf-cm? A, S-cm2-moll.

bStandard deviation of A (S-cmZ-mol1).
¢ Millimolar concentrations (mM) at atmospheric pressure.

Table III also shows that the value of A°(DC1/D,0) is several

times larger than that of A°(KC1/D,0) at each pressure and temperature,
indicating that a special mechanism works in the migration of the D;O"
ion in D,0. Here, we estimate the excess deuteron conductance in D,O,
AE(D%), by Eq. (3) in analogy with Eq. (4) for the excess proton conduc-

tance in H,O, AZ(HY).
Ag(D) =
and g(H") =

i

A%(D;07/D,0) ~ A°(K*/D;0)

A°(DC1/D,0) ~ A°(KC1/D,0)

A°(H;0"/H,0) - A°(K*/H,0)

A°(HC1/H,0) — A°(KC1/H,0)

3

)

In Egs. (3, 4), the translational mobilities of the D;O* and H,O" ions are
approximated by those of the K* ion in D,0 and in H,0, because their
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Table ITI. Limiting Molar Conductances of DCI, HC1 and KCl
in D,0 and H,O at Various Pressures and Temperatures

P A° A° A° A°
(kgf-cm?)  (DC/D,O) (HCYH,0) (KCI/D,0) (KCI/H,0)

5°C
1 208.2 2983 74.19% 94,274
500 221.6 314.1 78332 98.0v54
1000 2313 325.2 80.49% 100.14
1500 238.2 3329 81.134 100.6%
2000 2423 338.2 80.714 100.14
15°C
1 261.0 362.0° 98.02 126.1¢
25°C
1 312.1 427.54 124.2¢ 149.9f
500 321.9 439.94 126.5¢ 151.8/
1000 329.6 44874 127.3¢ 15227
1500 335.0 455.44 127.0¢ 151.47F
2000 338.6 459.69 125.8¢ 149.28
45°C
1 4173 5518 180.9" 212.4%
500 4252 559.5 181.1% 2123k
1000 431.1 566.6 180.1* 21117
1500 434.8 570.8 178.3% 208.8"
2000 4373 574.1 175.8% 205.7%
65°C
1 514.5 667.00 243.9 281.7

@Ref. 31. YRef. 22. ¢Ref. 32. 4 The values of A°(HCI/H,O) at 25°C are recalculated
by adding the solvent conductivities to those in Ref. 33. ¢Ref. 34. FRef. 27.

& Extrapolated value obtained by expressing the data of A® up to 1500 kgf-cm-2 in Ref.
27 as quadratic equation of pressure. k Ret. 35.

ionic sizes are similar. Table IV shows that both AZ(D*) and AZ(H") in-
crease with pressure and temperature. However, the rate of increase in
the excess conductance with pressure and temperature is larger in D,O
than in H,O. That is, Ag(H")/AZ(D") decreases with increasing pressure
and temperature. The magnitude of the decrease with pressure becomes
more prominent at lower temperature, and the decrease in
AR(H")/A5(D*) with temperature is gradually slower at higher pressure.
Such changes of Ag(H")/Ag(D") with pressure and temperature suggest
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Table IV. Pressure Dependence of the Excess Conductance
and the Isotope Effect at Various Temperatures

1(°C) P (kgf-cm™®) Ag(D") ARHD)  ARHN/AZ(DY

5 1 1340 204.0 1.52,
500 1433 216.1 1.50

1000 150.8 225.1 1.49;

1500 157.0 2323 1.48,

2000 161.6 238.1 1.47,

15 1 163.0 240.9 147
25 1 187.9 277.6 147,
500 1954 288.1 147,

1000 202.3 296.5 1.464

1500 208.0 304.0 1.46,

2000 212.8 310.4 145

45 1 236.4 339.4 1.43¢
500 244.1 347.2 1.42,

1000 251.0 355.5 1414

1500 256.5 362.0 141

2000 261.5 368.4 1.40,

65 1 270.6 385.3 142,

that AZ(H")/A2(D") depends not only on the ratio of reciprocal square
root of the mass between a hydrogen and a deuterium atom, but also on
other factors which will be discussed in the following section.

4. Discussion

4.1. Pressure and Temperature Dependence of the Excess
Conductance

First let us consider the pressure and temperature dependence of

% in the framework of the model proposed by Conway et al.® One of
the important factors in Eq. (1) is the force on hydrogen-bonded water
molecules due to the H;O* (D,0%) ion, P which is derived from the
gradient of the potential energy curve for the rotation of a water
molecule adjacent to the H;0" (D;0%) ion. The value of P depends sub-
stantially on the potential energy at the initial state of the rotation, which
arises mainly from the repulsion between opposed OH (OD) bonds
[OH-HO (OD-DO)] and between the H;O' (D;0%) ion and the un-
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Fig. 1. Variation of the activitation energy for the excess conductance and the dielectric
relaxation rate with temperature at 1 atm. o, lE(D*'); o, Z,g(H*); ., 1;}(D20); =,
1 (H0).

favorably oriented dipole of the adjacent water molecule. Therefore, the
value of P is affected by the O-O distance between the H;O* (D;0) ion
and the adjacent water molecule. As the O-O distance increases in the
model, P diminishes and the frequency of rotation in the absence of the

applied field, kVP/m, becomes small if k is kept constant. However,
when the applied field acts, the net rate of rotation down the field as es-

timated by kVP/m(f/P) becomes large, and consequenily, A§ obtained
from Eq. (1) increases. X-ray studies,**** molecular dynamics
simulations,“**? and a raman spectral study“” have shown that the
nearest O-O distance between water molecules (2.89 A at 1 atm and
25°C ) decreases a little with pressure (0.0014-0.01 A per kbar,
0.05-0.35% per kbar) and increases with temperature (0.012-0.037 A
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per 20°C, 0.4-1.3 % per 20°C). Therefore, the increase in A§ with pres-
sure cannot be explained in terms of the change in the O-O distance
with pressure, if the variation with pressure of the O-O distance between
H;0* (D;0%) ion and adjacent water molecules is parallel to that of the
nearest O-O distance between water molecules. As shown in Table IV,

£ at atmospheric pressure increases with temperature by about 36- 40%
from 5 to 25°C and by about 22-26% from 25 to 45°C . To explain such
increases in Ag by the use of the model, it is necessary that the O-O dis-
tance should increase by about 5% on the average at 20°C intervals.
The O-0O distance, however, does not increase as much as shown above.
Hence, another factor must be considered to explain the experimental
results.

In the model of Conway et al.,” a particular initial configuration
of H;0* (D;0%)-H,0(D,0) system is assumed, i.e., the linear arrange-
ment of opposed OH (OD) bonds. No net activation energy is required
for the reorientation of a water molecule, once this kind of configulation
has been set up. However, as shown in Fig. 1, small activation energies
E, as estimated by

E, = —-R[0InAz/d(1/T)lp ®

are necessary for the reorientation of a water molecule, though smaller
activation energies for A§ than for the dielectric relaxation rate T4“® can
be surely ascribed to the repulsive effect acting between the H,;0*
(D,0%) ion and adjacent water molecules. Before perceiving the strong
field, hydrogen-bonded water molecules will have begun to rotate by a
cooperative reaction of proton jump. An activation energy for the
proton jump will be associated with this pre-rotation of the water
molecules, and will be related to the energy to break the hydrogen bonds
between water molecules.

The pre-rotation of water molecules shortens the time required for
water molecules to rotate to receive a proton (a deuteron). It is es-
timated by the calculation that A7 increases by about 30% if the
hydrogen-bonded water molecule has already rotated by 10° when the
neighboring water molecule receives a proton (a deuteron). The pre-
rotation will be promoted with increasing temperature. Thus, a large in-
crease in A with temperature would be ascribed to this pre-rotation.

X-ray studies,“**) molecular dynamics simulations,***® and a
raman spectral study®” have also shown that hydrogen bonds between
water molecules tend to be distorted and bent with pressure. The bend-
ing of hydrogen bonds in addition to the pre-rotation would reduce the
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angle through which hydrogen-bonded water molecules adjacent to the
H;0* (D;0%) ion have to rotate, and would shorten the time required for
water molecules to rotate. If the angle of bending is assumed to be 3°
on the average at 2000 kgf-cm™, Ag is estimated, based on the model, to
increase by about 11%, which is in agreement with the rate of increase
in A(H") at 25°C obtained in this experiment. In the case of D,0, the
angle of bending is expected to be about 3.5° at 25°C and 2000
kgf-cm™, which corresponds to a 14% increase in A2(D*). Thus, the in-
crease in Ag with pressure would be ascribed to the bending of hydrogen
bonds with pressure.

As discussed above, the increase in Ag with pressure and tempera-
ture is dominated mainly by the pre-rotation of water molecules com-
bined with the bending of hydrogen bonds rather than the variation of P
with pressure and temperature. In the model of Conway et al.,® the
time required for water molecules to rotate, i.e., the reciprocal of @ in
Eq. (1), corresponds to that for water molecules to rotate through 120°.
However, taking into consideration the pre-rotation combined with the
bending of hydrogen bonds, the time, @y in Eq. (1), should be corrected
by subtracting from 120° the angle through which water molecules pre-
rotate as we calculated in this section. Thus, we recommend the use of
the alternative parameter, fx; = (0g)ae Which is the actual frequency of
the rotation of water molecules in the absence of the applied field, in-
stead of wgn Eq. (1)

AR = (1/9Y%a(fI P)IF
= (1/9)(®0)act (f/ P)IF ©)

where t.q = (@o)ai means the actual time of reorientation of water
molecules.

4.2, Isotope Effect on the Excess Conductance

X-ray studies>* have also shown that the nearest O-O distance
between D,O molecules is identical with that between H,O molecules,
which will derive a conclusion that the isotope effect on AgZ,
AE(H")/A8(D"), does not depend on the temperature and pressure accord-
ing to the model proposed by Conway et al.® As shown in Table 1V,
however, Az(H")/Ag(D") becomes large gradually as both temperature
and pressure decrease. One of the factors for the discrepancy between
the results obtained from the experiment and the model is the difference
in the strength of hydrogen bonds between D,O and H,0: Computer
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simulations“” have shown that smaller orientational fluctuations make
the hydrogen bonds more linear and stronger in D,O than in H,O on the
average. Several properties of D,O and H,0%? indicate that D,O is a
more structured liquid than H,O, especially at low pressures and tem-
peratures.

If the reorientation of a water molecule adjacent to the H;O*
(D;0%) ion begins with the pre-rotation of a water molecule, the D,O
molecule has to break stronger hydrogen bonds than the H,O molecule
in this step. As shown in Fig. 1, the E, value at 1 atm decreases with in-
creasing temperature, and is a little larger for AZ(D*) than for A(H") at
low temperatures. The £, value, averaged between 5 and 45°C, also
decreases with increasing pressure, that is 10.5 and 9.4 kJ-mol™ at 1
atm, 9.4 and 8.4 kJ-mol! at 1000 kgf-cm™, and 8.9 and 8.1 kJ-mol™ at
2000 kgf-cm™ for AY(D*) and AZ(H"), respectively. The difference in E,
between D,0 and H,0 is apparently large at low temperatures and pres-
sures. A large activation energy makes it difficult for water molecules
to rotate. Therefore, it is expected that the angle of the pre-rotation of
water molecules is smaller in D,O than in H,O at lower temperatures

and pressures, where the value of A3(H*)/A2(D") exceeds V2 as shown in
Table IV. However, an increase in the temperature and pressure
weakens the hydrogen bonds more effectively in D,O than H,O and
diminishes the difference in the strength of hydrogen bonds between
D,0 and H,0. Thus, the angle of the pre-rotation including the bending
of hydrogen bonds would become almost the same between D,0 and
H,O at higher temperatures and pressures. Under these conditions, the
time required for water molecules to rotate depends only on the square
root of the mass of a hydrogen or a deuterium atom, and AZH)/AZ(D

becomes V2.

5. Conclusion

A study of the pressure and temperature effects on the excess
deuteron and proton conductance has given detailed experimental sup-
port for a modified version of the Conway model. It has been elucidated
that i1 is important to take into consideration the pre-rotation of water
molecules and pressure-induced bending of hydrogen bonds to explain
the temperature and pressure dependence of Az, As for the isotope ef-
fect on Ag, the experimental results at high pressures and temperatures
are in good agreement with the model proposed by Conway et al.

[AEE"Y/AXD*) = V2], while at low pressures and temperatures
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AS(HY)/A(DY) exceeds V2. This discrepancy at low pressures and tem-
peratures is ascribed to the difference in strength of hydrogen bonds be-
tween D,O and H,0. The hydrogen bonds are stronger in D,O than in
H,0, but an increase in the pressure and temperature diminishes the dif-
ference in strength of hydrogen bonds between D,O and H,0, which

makes AZ(H*)/A(D") approach V2.
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