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ABSTRACT

 EMF measurements were performed at 25°, 30° and 35°C on the cell:

vPt(S)/Li(S)/LiCl(solution in DMSO)/TlCl(s)/Tl(Hg)(z)/Pt(s),

. For concentrations up to 0.12 molal, the activity coefficients at each

. 4
temperature may be represented satisfactorily by Guggenheim's exten-

sion of the Debyé—Hﬁékel equation. The partial molal Gibbs free
energy, entropy and'enthalpy of transfer of LiCl from DMSO to water

have been caleulated to be -4.93 Keal/mole, +25.3 cal/°K-mole and +2.61

-Kcal/mole, respectively.

Paper presented at May, 1967, meeting of The Electrochemical Society,

Dallas, Texas. '
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Because of iﬁs high diéleétric constaﬁt.aﬁd'éfébility, dimethyl sulfoxide
has been of-interest as an.ionizing solveﬁt fof some time“(Table 1). Although
the chemistry of the solvent has béen the subject’of numerous investi-
gations, very few thermodynamic data are available for its solutions.

~ The only thermodynamic data which have been reported for electrolytic

3

)
7/

solutions in DMSO are some solubilitiesl’

» some acid-base equilibria
c A . . h,5,6
cryoscopic data on electrolytes in the solvent ", and the heats of
. : - ' 8
solution of several iodidesT. In addition, Cogley and Butler have
reported some qualitative thermodynamic results from measurements on
the cell to be described below.

The present work is based on EMF measurements on the cell:

Pt(s)/Li(s)/LiCl(solution_in.DMSO)/TlCl(s)/Tl(Hg)(ﬁ)/Pt(s). (1]

The pauciﬁy of informetion relevant to the behavior of inorganic salts,
and of .. reéctive metals in nonaqueous media, as well as the potén-
tial usefulness of the solveng in voltaic cells, and in'electro-éynthesis,
Justifies th;s choice; A halide system was chosen vecause of the low
solubility of other salts in‘the solvent medium for which a reference
electrode with a common anion could ve found. Previous work in this
laboratory established the advantages of the.thaliium amalgam~-thallous
chloride reference electrodeg. The nature of the feferencé electrode
restricted the choicg of the anion to chlorides, and the metal cation to
one of those'rather high in the oxidation potsntial series. The lithium
eleétrode was in pgrt selected because of the oppbrtunity to obtain
direét thermodynamic measurements.on a metal-metal ion couple which,
aiong with fhe other alkali and alkaline earth méﬁals, reacts spon-
taneously with most other ionizing solvent media. The potential usefulness

of a lithium electrode in galvanic cells was also considered.
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Table 1.1;-1;;

: elected;Phys1cal Propertles of DMSO g”l

S 78 13
| - 18. 58°
B Boiling p01nt = : 189 O C.
‘ f';Dlelectrlc conStant (25 C) .j.v 8. 05 B S
”._:1._'"‘ j; x“ ' f 11.0956 gm/cm ;.3& -l

Entropy of vaporlzatlon (189 C) "i 25 8 cal/mole- Klf{lt R
‘Dipole moment’ V“:&é':~’<vw-v‘. ;mw, 3.9 Debye’ -.,'f'_ffﬂ l12]

‘Molecular welght

o Meltlng p01nt

S =y R
"__Debye Huckel constant (25 c) R -B 57 (kg/mole)ff1
" | “(30%c) _jv’e 57 (kg/mole)?.
(35 c) 259 (kg/mole)”*v
Present work f% e
Eyperlmental b”.i:; .:ll';:.' l,_‘wﬁilal'

‘» .

The vacuum tlght pyrex cell constructed for thls purpose (flgure l)

: ”“ﬁi con51sted of flve anprox1mately 2 cm dlameter tubes arranged in. radlal ’.;”VF?L,7~-

. p031tlons,”each-connected to a central tubevby-6.mm glass tublng.

;_iperlpheral compartments, whlle the central~tube servedvto‘lntroduce

“ff'the colutlons

: The‘solutionﬁdid'notgcome in”contact:With stOpcocks. In each eXperiegf;».b

*t=“nent,'twd-reference'electrodes'and three llthlum'electroées'werevusea}
JLLThe solvent (Ma heson, Coleman and Bell Spectrographlc grade) was

ﬂppurlfled by dlstlllatlon under_reduced pressure at 80 C The product

Z;was found to- contaln Less than_EO parts per mllllon water by Karl Flscher ; S

i;l:tltratlon and had a meltlng p01nt of 18. 58°

thnlum chlorlde (Baker and Adamson) was drled by reflux1ng thlonyl

STe e ot

nf:Reference electrodes and the counter electrodes (Ll) were ' placed 1n tbe l,f;f'--
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chloride over it for tw§ hours. 'The dried.salt'was'stored in a vacuum
dessicétof under an atmosphgre of dry argon.

The lithium metal (Lifhium Corporation of Ameriqa,'99.9%) was
obtained commercially and stored under oil. | |

. Solutibhs were made either‘ﬁyAdirecﬁ wéighing of solute.and solvent,
or by dilution of more concenpratéd solutions. The solgtions were pre-
pared and stored ih a glove béx under an atmosphere of dry argon. The
lithium electrodes were prepared by etching the surface in én Hél solu-
tion in DMSO, carefqlly'rihsing with solvent aﬁd then rinsing with a
portion of the solution to be used in the cell. The cell was assembled,
the solution introduced and the cell was removed from the glove box and
suspended in a grounded vater bath. Temperature‘was controlled within
$0.01°C.

On each céll fhe measuring procedure began fifteen minutes after
thermal équilibrium at 25°C had been attained. The measurements
were made with a Leeds and Northrup K-3 pofentiometer, using carefully
calibrated standard cells. The second set of measurements>at 25°C was
madé one hour'later_aﬁd'if there was iess than 0.1 m;}livolt difference
‘between the readings, the temperature was raised to 30°C,iand 35°¢C,
respectively, where the measurements were repeated{ The temperature was
then reduced to 25°C and another set of measurements were made. The
last measurement at 25°C always agreed within less than 0.1 millivolt
with the earlier measurgments at 25° if the temperature cyclg waé short;r
than twelve hours. The bias potential between the reference electrodes
was always leéé than 0.05 miilivolt, and for the lithium electrodes was

less than 0.1 millivolt.
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e thaliiﬁm-améigéms ué¢d in the preéent stﬁdies were all in £he
concehtration o£déf of 10-2 mole ffaction thalliu@;-_The_voltage of
the cell [1], Yé§v"¢orrecﬁed" to so0lid thallium métal!by'using the EMF
data Onvthallium amalgam'concentfation cells of Richards and.Danielslu;
Thé.relativé_pdténtials of‘thé amalgams.emplbyed éré given in Table§.2,
| 3,vand h. | | |

In Tablés 5, 6, and.T are given the-résults‘of the cell measurements

at 25°; 30%, and 35°C,.fespectively, in fhe First c@lumn is given the
molality of-iiCl in solution. The measﬁred gell véltage, E,‘and the |
amalgam are-liétedvin the second and third colﬁhn% ?eépectively. The
cell voltage “correctedﬂ £§ solid thallium, E', is given in the fourth
column. E' is félated,to the standardﬁéell potential and the soluﬁion

. concentration by

v =0  2RT o . ' ST
El= B - Vmna i | 2]
- ! : R ¢' . ( .
. where both 5° and T are unknowns. The usual arbitrary definition is

LiCx
adopted: the activity coefficient of lithium chloride approaches unity"
as the concentratioh.d?ﬁthium'chléride appfoaches zero. The limiting -
equation proposed by Guggenheiml3.is employed to facilitate extrapolation

to infinite dilution, i.e.,

‘1
o z'}z |I2
WY = e T+ 2B m . - [3]
LiCl, ! +_I§ Licl "Licr - :
_ Here, a = Debye—Hﬁckel constant,
. . 1 2
‘I = ionic strength = = Zi ms
, o , T
BLiCl'= constant, independent of molality. .
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fFrqm;[Q]g‘

]

7. BLiClm 7

The functlon E 1s llsted in the ;1fth
oWumn of Tables 5, 6 and T

[

By constructlng a plot of E° vS‘m,Taccofding ﬁo-equation [h]} one:

shoula obtaln =5 stralgh* llne. Extrapola 1ng to m.—*O one can obtain

E a.nd uhen Y

:_ﬂf_f‘} - L Cl’ for other concentrablons at whlch the cell FMF is

measured




Relative Potehtidis of Thallium Amalgams at 20°C.

LT .
mole fraction Tl

9.6T‘x>10-3v>_
19.32 x 1073
1.035 x 10°°
0.7l x 1070

Relative Potentials of Thallium Amalgamsfat 30°C.

- mole fraction 712

3

9.67 x 1077

9.32 x 1073
1.035 x 1072
9.TL x 10—3

1 |

Relative Potentials of Thallium Amalgams at LO°C.

: . a
mole fraction TL

3

9.67 x. 10

1 9.32 x 1073

1.035 x 1077
9.71 x 1073
1 ,

2

» ' - T—.

Table 2.

Amalgam

EoNoow

Teble 3.

~ Amalgam

Foow e

Table L.

- Amalgam

oo oW e

a.

T

Calculated using molecular weights based on C

Absolute volts. -

SP

N
-0.00107
+0.00193

+0.00012

 +0.14690

e?

,o_
-0.00107
+0.00199
+0.00012

+0.15091

Sb

0

-0.00111

+0.00203
+0.00012

- +0.15483

12

= 12.000.

" UCRL-17686
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6féﬂlPM&ﬁmlM%QMam&sdﬁchf'

" m(moles/kg)

S¥Ef§61£é)"3 *fAmélgah . fE'(volﬁs):";;j:EO'(volts) ‘;_ep.”
' ' | .32h51° 1 |
?37255f l”’_
39819
ootk ﬂfg u
M106T
k3T
Shob3k
k3054
Ah233t
b2z
.u7388,e 3
Lolk2g
.52080 %
.52575 .
. 52610
53236
53739,
55601 - .
L5Eu3E
56797
.57133 -
57907
59643
, .59913 -
TTESS ‘ - 2.62758
STT662 el 262965
9l 2 2.6seeh -

;h73ﬁi[1?fﬂl_
‘su69T. |
SSOTL
5606k
et
573
57932 -
59230
,59110;3}4
.62266E[;1j, ,
;6&319T1;~;"'{
66970
67465
.67500v'_;: 
.67933-  .
.68L36
f70h9lA:; ;;‘
7131
TL687 -

. 71830
7260k
.Th3k0
.Th803

.25398
26L1T .
26722
.26825%
.26843"

I“Q:87877f2y3
30177 "
sy
12450
.12213 *
;08863 ?
08775
L0752
05821 1
05821 -
.02821
.01775;: : ;;
L00988
L0089L T
0083y
oors
.00677{ v:' %
.o0ks6.
.06383 v1.f?¢
.00356
.00332°
.00275»»1;Q..
00190 ' -
.00L78
.00089
IOOOBAélﬁ%Q:;v
.000ks5 |

.26915*5_v
.26956™

*

L2705k

27182 .;f"jlwl’_
27180 7

2TLL5 .
27075 F
27099

27060 .
.26958 ,'
.26900

D O D 0D R R FEW O W W W
ST SR R R I T S O I R R RS R R SR R S R S T S S R AN

.26288
.26208 .

i
-t
i
T,
1
i
i

TR T VI O T S ST ST VI SR VR VR S S MR ST ST R S ST U R I VI SRR S
oD e

ST T U S SO S S SR TS S O WSO S N ST NS N SR S N S N SR O S ST N SR ST N S N SN ST RN

0O 0 00 0 0 0 0000 00000 0.0 6.0 oo o oo o

- Data used in least squares analysis. .

GF

.26930° - L
.27055x - _v#i,;«
omiset o

;2716h* L.*;ﬁ[§;f3°5

emisT oot
.2rore.

26849 ‘:;‘;{:f o

.25358»;3if,}‘“”-ﬂw'
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O O O O O O O O O O O .0 O O O . O O O O O

- 30177

.02821
. 00938

. 00383
.00357

.00190
.00178

. 00084

Data used in .least squares analysis.

.16389 . |
.12k50
.12213
-07592 -
.05821
.05821

. 00768
;oo677;
.00ks6 -

.00275

00089

. 00045 -

ISR ST ST SR SR U RO S S R S S S ST S S S S S S

E(volts) "
.52102
- 54550
. 55880
55951
.57825
-59156 -
-59039
.62241
67002
.67988
68495
-70393
.71222
.T1765
.T2716
TLLTT
.7h936
-T7639
77798
.80111

:Table‘6.v

Amalgam

SN N DN HE DYDY E W EW W W

QST VI I VI VR VR S I S S I ST O ST T SR ST S R

_ E' (volts)

. 3690k

- 39471
L0682
L0753
JL27h6
-43958
L3960
Lm162-
. 52110
- 53096
. 53604
- 55501
256330
. 56674
. 57824
-59585
-598L5
L627hT
.62906
.65219

RN NP N ND D P D D VP VP NV NV NV D D D NV D D D

© Results. of Cell Potential Measurements at 30°C. .

,m(moles(kg)

.26291"
.26378"
.26L4g2”
.26L9gl™
265917
.26576
.26575
.26488
.26489
.o6LTh
.26478
.26352
.26315
.26226
.25661
25529
24679

UCRL-17686

%' (volts)
.25885

.26154"
.26296"

Rt
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U Table T. -

. Result§ of Cell Potential Méasurements at 35°C. ~

v.”'imﬁmoles[kg)l;l;_:E(Qol£S): ff Amalgan .»;f:Ef(vélfS)fbszor(volts)rg;w’ -
3 7 2.25310

*

+36550 ...
30148
BO3TT
RICHIT S
doh7e
L3676
13689
L6939
LS1TS2
;53032
53581
(56313
.56578
.57823
.59611"
-59781 .
62769 -
-62933
e.65270

51986
Lsiheg
55773
'558u2if37¥} "
STTNT,
59072 -
5896k -
;522iﬁﬁf: )

U jOf3OlT7uL ; %f;
.16389
.12450 B
12213
o
05821 L
.05821.7 ¢
;o281

5.
2 .25581
2

2

2

2

2

e .
.00988 . 2.67039". -
| 9

2

2

2

2

2

2

2

.25726"

2577t
.25810" ﬁ"»'v
.25902%

-25915"°

.26ol3*

25989

23987 .

.25950

.25879

25878
25Th7
25683 -
25603 .- et
.2&637';:".54Q“7'
.2hsis
23982

Fw W o ow

L00768 T . 2.68038 - -
L006TT - ~2.68587
.00383 239
L00357 o 2.71865
.00275Tpirﬁ o ;72829 . M?gf
00190 . 2.THEAT L
00178 1 2.75068
00089 27T,
[0008k © [ 2.77939

Jae
.000k5 . 2.80276

00 000 0 0 0 0 0.0 00 0 0.0 o
DD DD N DD DN DD N o
S T S S S R S R N R S R S S R o

B S VR O S S S S S

ta used in least squares analysis.. -
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EO is plottéd.ve:sus.molalify in fiéurés;2,73 ana h. The EMF-s
of the cells were f§ﬁhd to be well behaved for concentrated solutions
of-lithium,chloride;  As the concentration is decreased, the function
Eot.becOmes a linear function of molality. The sharp decrease of EO'
. at éoncehtrations below 2 x lOé2 molal was quite unexpected. This be-
ha&ior qould hqt be explained by random scatter of data; thé decrease
rersisted af ail three temperatures. Several independént sets of solutiohs,
made by_both'metﬁods, were used and the data ;as found +o be‘reprédu—
cibie and not due to errors in solutions concentration. A reaction in the
cell could not have caused this behavior because the cell voltage was
éoﬁstdnﬁ over the period of the temperature cycle;‘ After twelve hours
“' £he lithium electrodes became aiscolbred, and thé cell ﬁotential began
to.decrease steadily due to ﬁhe reaction 'm
Li(s) + TiCl(soln) —~T1(s) + Lic:L_(solnj . - [s5)
The unexpected decrease o} Eo, occurred in solufions where the con-
centration of Lill was'aéproaching‘that of T1Cl. The solubility product |
of T1Cl in dimethyl sulfoxide ist’x 10_7.8 Since TlCl must be kept away
from the lithium electrode, where it will react, a concentration gradient
of T1Cl. exists in the cell. The éell_poﬁential will be lower than
‘expected when the;e is diffusion of the sparingly soluble salt froh the
reference eléctrode; At hiéher concentrations of LiCl, it would be
-expected that-the nonuniform concéntration aistribution.would b¢ of no
.- effect, and the effect should become greater as the solution.concentratioﬁ
_ of LiCl decréasés. The departure of the potential from the linear eiten-.
" sion of the line obtained by least squares £it of the data at higher
cqncentrations can:be, to'a good approximation, explained by quantitative

consideration of the effect of diffusion of TlCllS.
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Extrapolation of HNF Daba bo Infinite Dilution at 25°C.
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With une foregoing con51derau10n 1ﬁ mind, the extrapolation %o
infinite dilution was made by fitting a least squasres llne to the data
in the linear region._ The results of the data analysis is Summarized in
Tablé_8. From these results were calculated AG A° and AS° for the |
cell reaction. These thermodynamlc functions are given in Table 9.

The same calculations may be carried out for agqueous solutions. The
quantity AGO for the transfer at 25°C, |

LiCl(soln in DMSO,Y,=1) + 55.55 moles E,0 = LiCl(soln in HEO,Y+=1)

~+ 12.799 moles DMSO | . TS
is found to be |

£GO = -4.93 keal/mole .
The entropy of transfer at this temperature‘is calculated to be +25.3
cal/°K—ﬁole; after cbfrecting for the difference in partial molal volume
of the two solvents.

Activity cbefficients were determined as a function of concentration

at the neasured temperatures. Activity coefficients obtained from the

smoothed data are given in Table 10 at rounded concentrations.

Table 8.

Standard Cell Potentials at 25°, 30° and 35°C.

T(°K) o .Eo(volts) | [ Cl(kg/mole)
298.15 2.27234 £ 0.00045 0.325 * 0.0L0
303.15 2.26665 = 0.00072 0.298 = 0.052.,
308.15 + 2.26083 % 0.0006k4 0.286 * 0.04s5
Table 9.
AGO, As® and Ah for the Reaction:
T+=1

Li(s) + T1C1(s) + 12.799 moles Dwso<—-Llcl(soln in DMSO) + Ti(s)
T7(°k)  £6°%(kecal/mole)  AS(cal/°K-mole)  AH° (kcal/mole)

293.15 - -52.5402 -26.5 -60.31
303.15 -52.271 -26.5 - -60.3L
308.15 - -52.136 -26.5 -60.31
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- Taple T0. .

* Activity Coefficients of Lithium Chloride at 25%; 30° and 35°C.

e T 71-:1 S
moles/kg [T psr T 5pr 35>

0005 _‘,._»__-0,152' 0.160 o 0.165
0010 . . 0.220 . 0.230 ' 0.230.
05 ozro o o2rs 0275
"‘”o;oéejxl*fsi 10.306 elf,;ff—o.3lo',f“h'“},0:310
S 0u025. 00335 004339 0.3k0
L 0.0300 ,J“-0?360l,”?i 0.3k 0.365 R
_'f;fb{035'n}%f_f':04383h: £T,l,.0;385l_l F¥t370-392 -? -
O.0M0 Gk ooy o.Mk
L0.0MsT o2 0.k23 0 v 0.h30
7000500 oukko L Toukkos L QubkT
00060 L 0k0 070 0TS
j ?fo;oao o ogsll . 0.520 L ouses
.J?b.loo'ﬁflfflﬂhQISMBf ';?f _O 56Oh*$df>lffo’565. ‘ e
"?O;lEOff'f"f,o,Sggf' i e 592l . ,'T'o.6OO ;;l_iﬂl :

The behav1or of the act1v1ty coefl1c1ent of LlCl 1nd1cates that

I’ilt is 2 completely dlssoc1a+ed salt 1n very dllute solutlons We'-.-"f“

: *f,arrlve at thls 1nterpretat10n from the value of BL Cl whlcnvls positive,l; B
as 1nraqueous solutlonsm ln aqueeus solutions, a negative. value’of B
'7is interpreted asian'ihdicatiOn of ion-pairingl8. Although the magni—-

.t ude of B 1n dlmethyl sulfoxide is larger than in water, we attach:

: ‘ I Cl
~hfiyffvf'*“less 51gn1f1cance to the magnluude than to the s1gn Furtber 1nterpreta-_'u
‘.:f tlon must awalt further data on otner electrolytes in dlmethyl sullox1de. e

The act1v1ty coeff1c1ents fron the present study (25 ) are COns1s—'-l

L tently nlgher than tnose reported oy Dunnett and Casser (18 .5 ) obtalned e
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from fréezing.point_depression-stﬁdiesu. According to our measurements,
correction for temperature would increase the discrepancy. Analysis of
the results of Dunnett and Gasser according to the method suggested by

% :
Brown and Prue 16, vields a value of B -2.11. The reasons for the

TiCl

disagreement. with the present study are not understood. It seems possible
that traces of water may have caused anomalous freezing point readings in

-

the dilute solutions, those most important for the determination of BLiCl

Also the velue of the cryoscopic constant (4.36) used by Dunnett and

Gasser is subject to question. This value reported by Lindberg, Kenttamaa,

1T

and Nissems, is based on cryoscopic measurements on solutions of benzene

in' dimethyl sulfoxide, but the most dilute solution used was 0.88 molal.

If one used the cryoscopic constant of Skerlak, et alE, i.e., 3.97, for
the above analysis, the value of BLiCl becomes positive. The value of .

3.97 is also consistent with the data of Lindberg, et al.

According to the present results the free energy and entropy'of
- transfer of LiCl.from dimethyi sulfoxide to water are in the direction
one would predict.from the relative dielectric constant of the two sol-
vents. -Calculations of the dielectric éonstant effect according to the
Born equation do not account quantitatively for the free energy and
entropy of transfer. Similar conclusions were reached for several other
solvents by Strehiow}9. The heat of transfer of LiCl from DMS0 to HQO
is caleculated to be +2.61 kcél. This may be compared to the recent
meaéuremenﬁs oflﬁhe héats of tranéfer of several lodides from DMSO to’
#0!

order df +10 kecal.

s for which the heats of transfer, as expected, are larger - in the

' ' 10
In these calculations we used for the dielectric constant h9.15_ R
18.55°C as the melting point of the solvent™, 1.1000 g/em3 for the

densitylt, and 4.3617 for the molal crycscopic constant. '
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