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ELECTRICAL CONDUCTANCE OF LiBr IN ACETONE
AT HIGH PRESSURE AND 25°C

By Izumi ISHIHARA

The electrical conductance of LiBr in anhydrous acetone was measured at 25°C up
to 5000 kg/cm?*, The limiting equivaleat conductance A" and the ion-pair dissociation
consiant Ky were determined by the Shedlovsky method: 4"=192 2-1. cm?- equiv.™),
Ka=2.36 x 104 mole/! at atmaospheric pressure.

The closest approach distance of the ion pair, a, calculated by the Fuoss equation
increases slightly with pressure. The volume change with the dissociation, 11",
is —25¢m3/mole. Both g and 4V, suggest that this ion pair would be considerably
solvated.

Introduction

The dissociation constants of some salts in acetone at high pressure have been investigated
by a few authors. Ershov ¢ e/, investigated the dissociation of KI in acetone in 19599, Some tetra-
alkylammonium iodides were studied by Adams and Laidler in 1968 and the effects of pressure
and temperature were discussed*3), Now we have measured the electrical conductance of LiBr in
acetone to investigate the dissociation constant and ion-solvent interaction at high pressure, and
obtained A° and K, by the Shedlovsky method. Furthermore the ionic Walden products, the ionic
solvation numbers and the closest approach distance of the ion-pair were calculated to make some
suggestions about the states of the ions and the ion pair. LiBr is aften added in solution in the study

of the complex ions, so the pressure effect on the dissociation of LiBr will be useful.

Experimental

The pressure vessel is similar to the one described in the previous paperd). A jacket was at-
tached to control the temperature at 25==0.02°C by circulating liquid paraffin. Pressure generated
up ta 5000 kg/cm® was calibrated by inserting 2 manganin wire gauge and the inaccuracy of pressure

was =2%. The conductance cell made of teflon® was fixed to the bottom plug of the vessel. The
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+ lkg/cm?=0.9307 x 105Pa
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2) W, A. Adams and K. ], Laidler, Can. J, Chent., 46, 1977, 1929 (1968)
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platinum electrodes were slightly coated with platinum black. The cell constant at atmospheric
pressure was determined by using 10~*M aqueous solution of KCI® and the pressure effect on the
cell constant was corrected for the compression of tefion?. The resistance of each solution was
measured twice by the conductivity outfit of Yanagimoto Co. Ltd. (model MY-8). The ultra pure
reagent LiBr - (1~2)HO supplied by Merck was heated at 130~140°C for about 8 hr to make this
salt completely anhydrous. The spectroscopic grade acetone (Nakarai Chemicals Ltd.) was distilled
after mixing with molecular sieves (Linde Product 4A-1/16) for a day®. The specific conductance
& of the solvent was (1.6~3.2)x 107 &'« em™L,

Results and Discussion

The equivalent conductance .1 of the electrolyte is given by
A=10"x—£7)/C, (1)

where « is the specific conductance of the solution and C is the concentration in equiv./! which was
corrected by the compression data of acetone by Bridgman?®. The dissociation constant Ka and the
limiting equivalent conductance .4 were determined from the Shedlovsky equation!® with com-
puter analysis:

LIANSZ)=1 A" +CAS(Z)f +*] Kq A", (2)

MZ)={Z[2+(1 + Z2[4)1/2}%, (3)

Z={8.204 X 105.4° [(D°T)3/2 - 52.50/ 3 (D T2 (C A)N/2f "% 2 (4)
and

a=SZ)Al 1", (5)

where y°, D°. T. f« and or are the viscosity, the dielectric constant of pure acetone, the tempera-
ture, the activity coefficient, and the degree of dissociation, respectively. In order to compute the
viscosity of acetone at high pressure y'p at 25°C. the lollowing equation was emploved. using the
data of Bridgman! ;

7" =Cy exp(E/ RT), (6)

where Cy; and the activation energy £ were independent of temperature?. The viscosity at atmo-
spheric pressure " p=1 was cited from literaturel?). The dielectric constant of acetone at hign pressure
L, was estimated by the Tait equation. '
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7) C, E. Weir, J. Res. NBS, 53, 245 (1954)

8) R. L. Mecker, F. E. Critchfield and E. T. Bishop, Anal. Chem., 34, 1510 (1962)

9) P. W. Bridgman, Proc. Amer. Acad. Arts Sci., 49, 3 (1913)
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1/Dy’ =1/ D p=1=Alog{(B+P)/(B+1)}, (7)

where A and B are constants; AD%p=,=0.2377'9, D*y=1=20.7019 and B=755.7bars!® at 25°C. The
viscosity 7° and the dielectric constant D® used are given in Table L. .4 with its experimental errors
and A° together with the literature values 4°,—12.16.17.18) are listed in Table 2. The curve of .1 »s.
C42 is shown in Fig. t.

It is important to seperate .f° into the cationic and anionic limiting conductance so that we
may get insight into the ion-solvent interactions, The limiting ionic conductances A (Li*) and 2*(Br~)
can be estimated from A", by using the limiting transference number at each pressure {°p, and neg-
lecting its pressure dependence :

£ (Li¥) =t p o (Li* )= pm(Li)] {47 p =1 (Li* )+ A pmy(Br)} =0,386, (%)

where the values of i"p=1(Li*) and 2°,=1(Br~) were cited from the literature!®, 72.8 and 113.9 27! .
cm® - equiv.”t, respectively. The obtained values of A",(Li*) and 1°,(Br~) are also given in Table
2. To determine the efiective radius of the lithium ion, Robinson-Stokes’ method was applied. The
Stokes radius of the ion rg is defined by the Stokes-Einstein equation,

te=|zeF [bmy"A°(Li%), (9)

where z, € and F are the ionic valence, the electronic charge and the Faraday constant, respectively.
The effective radius of the solvated ion r. is obtained using r, as follows:

Fre.=1ry 'fx-_q, (10)

where fr_g is called as the Robinson-Stokes correction factor!®, Just as in the case of water solvent,
Jr-s of the ions in acetone was read from the plot of fu-s vs. r. for tetraalkylammonium iens which

Table | 3" and D" of acetone at 25°C

P (kg/fcm?) 7" x10° (poise) n
1 3.040 20,70
280 +.730 2263
1950 6.899 24.10
2910 | 9,085 25.09
4030 12..7 26,02
4970 | 15.59 26,70

13) B. B. Owen and S. R_ Brinkley, Phys. Rev., 64, 32 (1943)

14) A. A. Mayott and E. A. Smith, “Table of Dielectric Canstants of Pure Liquids”, NBC Circular,
514, Aug. 10 (1951)

15) W. A. Adams and K. ]. Laidler, Can. J. Chem., 45, 123 (1967)

16) L. G. Savedoft, J. Amer, Chem. Soc.. 88, 664 (1966)

17) D. Dobos, “Electrochemical Data”, Elsevier Scientific Publishing Company, Amsterdam-Oxford-
New York (1975), p. 89

18} H. Ulich, Trans. Faradey Sec., 23, 388 (1927)

19) R, A. Robinson and R. H. Stokes, “Electrolyte Solutions”, 2nd ed., Butterworth and Co. Ltd,
London (1959), p. 120-126
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are assumed to be little solvated in acetone. Fig. 2 shows the curves for tetraalkylammonium ions
in water by Robinson and Stokes!®, and in acetone based on the literature valuesiz.2) (Table 3).

The latter was applied in the calculation of re(Li%).
The ionic Walden product, W=4";", can be expressed by the modified Stokes equation2

(11)

where C, is the hydrodynamic parameter which is a function of r.., The Walden products of both

W=i'y =izeFjCecr.,

20) M, J. McDowell and C, A. Kraus, J. Amer. Chemn. Soc., 73, 3293 (1951)
21) M. Nakahara, K. Shimizu and J. Osugi, ¥ipbon Kagaku Zasshi (J. Chem. Soc. Japan, Pure Chem, Svell),
92, 785 (1971)
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Table 3 Jjr-s of tetraalkylammonium ions in acetone at 25°C

ion Iy re fr-s
(CsHe) N 91,29 2.96 1.35
(CaHp)yN* 78.31) 344 1.31
(C.Hg);l\‘ 67,1 4.02 1,23
(CsHy)N* 58,50 461 115

a) From ref. (12)
b) From ref. (20)

Table 4 Walden product of each ion at 25°C

P(kg/em?) | X7i(LiY) 17(Br)
1 0.225 0.358
880 0,241 0.383
19350 i 0.245 0.390
2910 0.246 0,391
4030 0.251 0.400

4970 | 0.262 0.416

ions increase with pressure (Table 4).

The solvation number of lithium ion, #(Li*) is calculated as follows :
R(Li*)=(4/ 37 {rs"(Li*)—re*(Li*)} [V et (12)

where r.(Li*) is the crystal radius of lithium ion (0.60 A2)) and V..*b¢! is the molecular volume of
acetone in the solvation shell. Two trials (i) and (ii) were made in the estimation of Vac®®*" to cal-
culate #(Li*) as follows.

(i) If VqoB8e" could be assumed to be equal to the molecular volume of the bulk acetone Vi, at
each pressure, it was calculated by the compression data of Bridgman® and V.. at atmospheric
preseure and 25°C#). These results are given in Table 5 as trial (i). The approximation of this
method being taken into account!®. it is reasonable to regard that the solvation number to change
scarcely with pressure @ the average value is 3.2.

(ii) If the acetone molecule in the shell could be assumed to be compressed ultimataly, I, 8
might be regarded as almost independent of pressure. The bulk acetone at 20°C is compressed by a
factor of about 0.76 at 8000 kg/cm® and it freezes at higher pressure. So. V,.®**" was assumed to be
less than Vae by a factor of 0.75 at atmospheric pressure and 25°C and estimated to be 92 A*/mole-
cule. The solvation number 4(Li*) seems to decrease with pressure as given in Table 3 as trial (ii).

In the trial (i) which gives #(Li*) would be almost independent of pressure, Viae™" and the

22) L. Pauling, “The Nature of the Chemical Bond”, Cornell University Press, Ithaca (1960)
23) J. A. Riddick and W. B, Bunger, “Techniques of Chemistry”, vol. 2. Organic Solvents, 3rd Ed,,
Wiley-Interscience, New York etc, (1970)
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Table 5 re(Li"), Vac and £ (Li*) at 25°C

P (kg/em?) re(Li") Vac{A/molecule) byk{:};l) (i) by"'l.(r];a:l)(ii)
1| 4ee 123 34 16
880 445 115 3.2 40
1950 ‘ 441 109 3.3 39
2910 L 44l 105 3.4 39
4030 {434 102 34 3.7
4070 4.2 99.3 3.2 34

pressure dependence would be overestimated in view of the electrostriction, The trizl (ii) gives the
diminution of A(Li*) with increasing pressure, but this seems to be rather difficult to consider the
meaning because the solvation energy increases with pressure. The assumptions in calculating the
solvation number being taken into account, it would be rather hard to get definite conclusion, but, if
the acetone molecule in the shell could be assumed not to be in the bulk or crystalline state but in
the intermediate one, two trials would be regarded to be both extremes and the solvation number
would lie between two extreme values. So it could be concluded that the solvation number would
not change so much with pressure in acetone as in the case of some aqueous electrolyte solu-
tions5. 242,

In the pressure range examined. ro(Br-) is 2.29~1,97 A which is smaller than that of any
tetraalkylammonium ions in Table 3. so that fn_s of bromide ion can not be obtained without the
extrapolation of Fig. 2. Thus the calculated values of KBr~) is less reliable than A(Li*) though it
would be small. The trials (i) and (ii) as used in the case of lithium ion give the solvation number
of bromide ion, #(Br~)=0.9 and 1.} as average, respectively,

To study the state of the solvation of the ion pair, the closest approach distance of the ion
pair. a, was calculated from the Fuoss equation®?,

Ky=(3000/ 47 Na*)exp{ —iz*-z"|e*[(aDKT)}, (13)

where /¥ and k are Avogadro's number and the Boltzmann constant, respectively. The results are
shown in Table 6. a seems to increase a little with pressure. The values of @ of the ion pairs Li* -
Cl- and Li- - I~ are 1.59 A and 4.05 A at atmospheric pressure, respectively, when the values of Ky
from literature® are substituted in Eq. (13). Li* « Cl- is regarded as the contact ion pair and Li* -
1~ the separated one. Li* - Br— would be in the intermediate between these two'®). As a increases
with pressure, the ion pair Li* « Br~ can be regarded to be more separated at high pressure.

The ion pair Li* - Br~ dissociates as

Li* - Brr=—Li*+4Br-. (1)

24) M, Nakahara, K. Shimizu and J. Osugi, This Journal, 40, 1 (1970); M. Nakahara and J. Osugi, thid.
45, 69 (1976)
25) R. M. Fuoss, J. Amer. Chem. Soc., 80, 5059 (1958)
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Table 6 Dissociation constant Kq and the closest
approach distance of the the ion pair, a,

at 25'C
P(kg/em?) | Ku(mole/h a(A)
1 ! 236 % 10°¢ 2,29 (2.35)*

880 6.30x 10 2,28
1950 1.32% 107 2.30
2910 2.17 % 1073 2.33
4030 3,40 x 103 2.3F
1970 457 x 107 240

# Sum of the crystal radii

Fig. 3 Dissociation constant of LiBr in ace-
tone at high pressure and 2:°C

Il
0 1600 2000 3000 4000 5000
Pressure (kg/cm?)

__9 L i 1

The volume change accompanying the dissociation is formulated?6) by
AV =~ RT(GnK/3P)p+ AvRT§ (14)

where R is the gas constant, gy the change of the number of molecules on both sides of equilibrium
(I) and 3 the compressibility of acetone. The plot of K, against pressure is shown in Tig. 3. 3 is
calculated by the Tait equation. i. ¢, 3=Ca/(B~+ )}, where B and Cg are the constants. B introduced
in Eq. (7), Cs=931% 10715, Asthe result, 4Vy°=— 25 cm®/mole at atmospheric pressure. The
values of 4V*; of Me,NI, Et,NI and #-Pr,NI in zcetone were reported by Adams and Laidler
to be —27#2, —t71 and — 1521 cm®/mole, respectively. at 26.6°C and atmospheric pressured),
The volume change of Li* - Br™ is comparable with that of Me,N*.T~
The volume change 4V is expressed by the partial molal velume of each species

AV =V (Li")+ V*(Br)— V (Li* - Br-). (15)

If we assume that the partial molal volume of each species is given by

26) S. D. Hamann, “Physico-Chemical Effects of Pressure”. Chap. 8, Butterworths Scientic Pub,,
London {1957)
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‘?G=iwlm.+ ‘-fn--l. (16)

where Vi, is the intrinsic partial molal volume and V°,, is the partial molal volume due to elec-

trostriction, and if V°;,, is approximated as,
V21 Li* « Bro)=ViaLi*) 4+ Vil Bro), (17
we can get
AV =TV (Li*)+ V°o(Br=)— V°.(Li* - Br-). (18)

By the electrostriction theory, the volume change of the ionic equilibrium is estimated by

V= —(Nz%e*/ 2nD*XaD[oP), (19)

where N is Avogadro's number and r is the ionic radius. Using the values of ri(Li*)and ri(Br-) which
were given by Pauling? to be 0.60 A and 1.95 A, respectively, the value of V°,; of each ion can be
calculated, and V¢ (Li*)+V . (Br-) is obtzined to be —108 cm®/mole which is much more
negative than the experimentally determined volume change, 4V°,. So, ¥V u(Li* - Br~) would be
rather largely negative. This would suggest that Li* - Br~ is a considerably solvated ion pair as
discussed in terms of the closest approach distance.
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