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 ABSTRACT

Solubilities and conductivities of iqor'ganic’ salts in the cyclic

esters ethylene carbonate, propylene carbonate, y—butyfolact'one, and

.y-valerolactone have been studied. A number of common inorganic

salts were found to be highly soluble in all of these solv_énts. The
variation of solubility with the physical properties of the solvents is
discussed. Conductivity measurements have shown that a number of
salts investigated behaved as strong electrolytes. Certain solutions of
highly soluble inorganic salts were found to have high viscosities in
these solvents Such rél‘at'ively 1‘0W‘—me1ting covalent halidés as A1C1:3,
NbClS, and FeCl3 were found to be quite soluble. ‘

The solubilities and conductivities characterizing these
solutions conform to present-day concepts, and are explained in the
light of modern solubility theory.

Solutions of a variefy of salts were electroreduced, providing
further data for the characterizatién of these solvents. This stﬁdy
indicates that, in addition to those metals which may be obtained from
é.queous solutions, some of the highly electropositive. metals may- also
be electrodeposited. -

These solvents are characterized by high dielectric constants.,

low vapor pressures, relatively low toxicity, and high chemical stability,

“and are relatively nonreactive with anodically liberated halogens. Such

properties are desirable in an easily handled ionizing medium.



INTRODUCTION

General

Althoﬁgh the solvent powers of nonaqueous solvents have been
recognized for centuries, 1 investigations of electrochemical properties
of nonaqueous solutions were begun only in the latter part of the nineteenth
century. 2 Nona‘quefo'us electrolytes, parficularly orgAanic solutions, have
received more attention in recent years. Studies have been made on"
conductances, 3 traﬂsference numbers, 4,5 diffusion, 6 electrode potentials,
and on ionic species present in nonaqueous solutions. 8 Less quantitative
explorations have been made on the electrodepoéition of certain metals
not now obtainable by electrolysis of alq'ueous solutiorig.

"The pu;'pbse of this research was to investigate a group of
organic solvents with respect to certain of their electrochemical properties.
Ethylene carbonate, pr(;pylene carbonate, y-butyrolactone, and y-
valerolactone (see Fig. 1) were chosen because they promised to possess
many of the properties desirable for solvents used to conduct electro-

chemical reactions (see Tablell. They have high boiling points (low

.vapor pressures at room temperature) and high dielectric constants

(see TableI) as well as. vrelatively low toxicity and goo’d chemical
stability. Cyclopentanone and ethylene trithiocarbonate were also
included for purposes of comparison. .

It seemed desirable to study solubilities in these solvents and
to attempt to determine what relations exist between solubilities and
certain of their physicochemical properties. Other than scattered inr-
formation there has been a de</:ided lack of cha:acfei"ization of this group
in the literature.

In order to gain insight into what quecies may be present, -
studies were made of conductances of the various solutions. In ad&ition‘,

qualitative experiments were performed to determine whether certain

metals may be electrodeposited.




-5.

T-3
H|C.|C/N/H .
. \p..v.llno .
HuC.| .
| \C/H
r I
,
. H‘
HIM,IS//.
=W
HICllS\

MU-15599

Structural' formulas of selected solvents.

. Fig. 1.



TABLE 1

Physical properties of solvents studied®

Physical Ethylene Propylene‘ y-butyro- . y-valero- Ethylene Cyclé-'
constants  carbonate carbonate lactone lactone . trithio- propanone
o c e : carbonate .
Melting Point . 36.4 ~49.2 -43.53 31 34.5 -58.2
(°C) (10) (11) - - (12) - (13) (14) (15)
Boiling Point 248 241.7 204 205.9.- 117.5 at - 130.6
(°C) (10) (11) (12) 206.6 0.6 mm  (15)
. . (13) (14) Lo
Density of 1.323 1.183 1.1254 1.0518 1.48 at  .0.9480
Liquid at 40° at 40° at 25° at 25° 25° at 20°:
+grams ml™ ") 1.338 - 1.198 (12). (13) (14) (15) .
o at 25° at 25° : E ..
"Dieléctric - 89.12 64.4 39.1 . 58.8at  13.45
"~ constant . at 40° at 259 - at 20° 25° at 20°
_ Dipole ° 4.87D 4.33 D 3.00 D
moment (16) (17) (19)
Refractive 1.419 1.4209 1.4348 1.4301 1.4366
index - (10) . at 20° (12) (13) . (15)
Viscosity 1.955 '1.916 1.751 2.15
(centipoises) ~at 40° at 40° C at-25° C at 25° G-
2.547 2.530 , (13)
at 25° at 25° C

a . - . :
References to literature values are shown in parentheses.




Dielectric 'Pr‘operties
'We.may calculate the dielectric cAoAnStari'tﬂs of thesé solvents,
using the known values of-di'pole mofnents, "refra'cti..ve indices, and
molar volumes, by means of Onsager's equation

2
(e -eoo) (Ze.+e°°). 47 Nip

Z ) (1)

¢ (e *2)

where € is the diélectric constant, ¢ _is the dielectric constant é.t
infinite frequency, Ni is the number ofAmc‘)lecules per cms, B is.the
dipole. moment, k is Boltzman's constant, and T is the absollute
temperature, derived for polar 1iq1_ii,d Having spheriéal molecules.

We may also use an equation derived by KirkwoodZI'

'.'('6-600)(2..6.'*’600) 4TrNi ng

Z = KT - (2)

€ (e -+ 2)

o0

which is the same as the Onsager equation except for the parameter
Mg'" which is a measure of the hindrance of rotation of the polar-solvent
molecule. The paramete-r,‘ g, because it was theoretically de"rived,
may be calculated for those cases in which enou‘gh is known 'about the
structure of the liquid. It has been evaluated for water and some of
the lower aliphatic alcohols. 22

- By making the appropriate calculations from the known valucs
of dieiectric éonsta'nt, dipole moment, and molér volum'.e, and by
app_roximatir{g the dielectric constant at infinite frequency by the square

of the refractive index for visible light, we find the folloiwng values

for Kirkwood's g for the solvents listed:

Ethylene carbonate 1.19 at 40° C
Propylen'é carbonate . 1.04 at 25° C
y-butyroiac_tone 6.71 at 2.501 C
Cyclopropanone ’ 0.65 at 25° C
Acetone | 0.89 at 25° C

Water 2.1 at 25° C

€,



¢’

Molecules in which the charge distribution is exposed such as
those in hydrdgen-bonded liquids characterized by g values differing
from unity, can assume relative configurations in which there are
strong interactions. When the charge distribution is not exposed but
shielded as in nitrobenzene, such interactions do not take place and the
orientational correlations are not greaﬁ. 22 For liquids of this type,
the g value should be near unity .

The values obtained for g give an indication of the type of .
ascociation fouud in the liquids. Values of g greater than 1 indicate an
association such that the dipole moments of the molecules reinforce
each other, i.e., a head-to-tail association of the dipoles. Values of
g for water and the loweraliphatic alcohols lie between 2 é.nd 3. 23
Valuesof the parameter g less than unity are interpreted to mean that
an association has taken place that reduces the effective dipole moment,
i.e., a conﬁgurafion in which the dipoles orient in an antipérallel
manner such that their moments cancel. The values of the parameter
g found forl ethyl iodide, benzonitrile, and chlorobenzene lie between
0.65 and 0.70. 24 A

From the calculated g values we may conclude that the solvents
studied are somewhat associated. We would expect those solvents that

are more strongly associated to have a more exposed charge distribu-

tion and thus to solvate better with ionic solutes.

Chemical Stability

Ethylenefarbonate is decomposed slowijr at temperatufes
between 200 and 245° C in the absence of water or éatalysts. Above 125° C
alkalies, and acids to a lesser extent, cause rapid decomposition. At

100° C pure ethylene carbonate is 'stable in the pres,ehce of water, but

traces of salts such as sodium chloride accelerate its hydrolysis. At

this same temperature, alkalies or strong acid cause rapid hydrolysis.
Ethylene carbonate may be distilled rapidly at atmospheric pressure
with only slight decomposition. Acidic materials, such as zinc chloride,

aluminum chloride, or sulphuric acid at high temperatures will cause




appreciable decomposition of ethylene carbonate into carbon dioxide
and ethylene oxide. 1 _ |

The stability of prbleene carbonate is essentially the same
as that of ethylene carbonate. Propene oxide, pr’opionaldeﬁyde, allyl
alcohol and carbon dioxide have been found among the decomposition
* products, s Anhydrous propylene carbonate is relatively stable to
attack by halogens anodically liberatcd at a platinum electrode. The
‘color of bromine and iodine will persist [or days, indicating a slow
or negligible reaction rate. When ¢hlorides are electvolyzed, L’hlﬁl‘ilie‘
gas is readily evolved at the plalinum anode, indicating a moderate
reaction rate with the solvent. ‘

The products of decomposition of y-valerolactone at 202° C

‘are mostly polymerized material with the evolution of only a little gas.

Background Material

The ability of nonaqueous solvents to dissolve inorgahic' salts
has been known for a long time, but it was not until the 1attef part of
the Nineteenth Century that any attention was given to the electro-
chemical aspects of nonaqueous solutions.

Of the earliest workers in this field, many gave their attention
to the possibility of electrodepositing the alkall aud alkalinc earth
metals from solutions of their halides in a variety of solvents. Such
solvents as alcohols, pyridine, and acetone were employed. 26-31 As
this field was further explored, a greater number of salt-solvent
systems came under investigation. In 1910 electrodeposition of the
metais, zi‘vnc, copper, tin, l.ead, cobalt, and nickel from solutions
6f their salts in formamid was studied by Rohler. 32

_ Liquid ammonia as an electrolytic solvent also came under in-
tensive study during this period. During the interval 1895-1909,
Franklin and Kraus étudied solubilities, 33 metathetical reactions,

35, 36 and temperature coefficients of cond\'J.ctivity37 in

conductivities
liquid ammonia. Conductivities in liquid ammonia were also studied

by Smith in 1927. 38 Groening and Cady in 1926 studied decomposition

25
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voltages and over voltages in liquid ammonia, 39‘whi-1e the deposition
of metals was studied both by Audrieth and Ynter_na4o and by Taft and
. .B-a.rnurn41 in 1930 ‘

In the period 1922-1924 Muller and his co-workers studied the
electrodeposition of metals and the decomposition potentials of a large
‘variety of simple salts of metals in pyridine -solutions. .Because they
took special precautions to make their materials anhydrous,. they were
.able to diséharge' metals from solutions of their salts in pyridine where
others had failed, $27%7 4 |

P. Walden, one of the- most intensive workers in this field

during the first quarter of the century, studied electrical conductivity

and solubility in various nonaqueous solvents. His book, Elektrochemie.

Nichtwassriger LYsungen,. 48pres-ents the results of his own research

(some of which had been previously published) al.dng with the results of
other workers. He gives a large amount of data on solubility, con-
ductivity, and electrodeposition from nonaqueous solutions.
During the 1930'e . W.. Pl_otnikow and other Rusgsian workecrs
. conducted extensive studies on binary systems of alkali halides and
aluminum halides dissolved in ethyl halides, benzene, toiuene;

49-81

nitrobenzene, and some of their mixtures. : Again, conductivity,

solubility, and electrodeposition studies were carried out with .these

-+ solutions. .

Starting in the 1930's, Audrieth and co-workers studied the
preparation of rare earth amalgamsby electrolysis of alcoholic
solutions of rare earth salts.:. They did not suceed in depositing any

82, 83

rare earth metals directly. Audrieth and co-workers also in-

vestigated the electrodeposition of metals from such solvents as
liquid ammonia, 40 glacial acetic acid, 84 and acetamid and formamid. 85
~ More recently there has been an ever-increasing amount of work done
in the field of nonaqueous electrochemistfy, with special emphasis on
electrodeposition of metals not obtainable from aqueous solutions.
Hurley and Wier investigated the electrodeposition of aluminum from

nonaqueous solvents. 86 They succeeded in depositing aluminum from
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a fused mixtur’e! of 'al‘uminum 'chloride and ethyl . pyridinum bromide,
both with and without added benzene or toluene. Other workers using

‘a bath similar to that of Hurley and Wier were able to obtain good
aluminum deposits up to 1 . mm thick, 87 Brenner and co-workers at

the National Bureau of:Standards have made extensive studies on the
-‘deposifion of such metals as aluminum, titanium, zirconium, beryllium,
and magnesium from various nonaqueous 'soivents. 97 88-93

Rccently many of the fundamental physicachemical properties

~of nonaqueous electrolytic solutions have also been subject to-investi-
gation, Sears and Da}w‘son, etral, have made numerous stiidies of con-
ductivities, transference numbers and diffusion coefficients in a_.
_variety of solvents including amids and N-substituted arhids.-94f 115
Schmidt and co-workers have made conductivity, viscosity, and '
* polarographic studies of solutions of various salts in ethylene -

116-118

diamine.: Griffiths, Lawrence, and Pearce have recently

studied the conductivity of electrolytes in nonaqueous and mixed
solvents: 1 1,9—'123‘

Knowledge of the electrochemical properties of nonaqueous
solvents has greatly increased during the past sixty years. Although
‘much of the first interest in nonaqueous solvents developed because
of the possibility of depositing the more active metals from them,
only a few nonaqueous (room-temperatﬁre) plating baths have been
used outside of the labwralury. The deposition of metals from non.
aqueous solvents is still of great interest. However, a greater

expenditure of effort has been made lately toward an understanding of

many of the physicochemical properties of such solutions.
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SOLUBILIJT Y THEORIES ‘

The free energy of solution, which determines the so,lu“bility,
results from the difference in free eriergy of theions in the crystal.and
in the solution. The free energy of the ion in solution will be deter-
mined by electrostatic properties and’ by the chemical properties of
the solvent. AThe électrostatic interactions will be influenced by dipole
moment and dielectric constant of the solvent, and by the size and the
- charge of the ion. 'The chemical interactions .wili be affected by the
' cha'fge distribution, the shape of the sollven,t»mol-ec'ul_e', and the avail-
ability of orbitals in the solute ions for coordination. |Of the many '
theories.and equations that have been used to pAre'dict'changes in
solubi-lity with variation of solvent, the majority are dependent only
: upon changes in the electrostatic properties of the solvent,

J. Hildebrand, in the f1rst edition of his monograph on solubﬂ-
ities, summarized a number of general factors relating to the solubility
‘of solid electrolytes. 1244' Of special note in his mention of the pro-
motion of solubility by solvation-caused by differences in acidic and
‘basic character of the solveat and solute. This has not been given
sufficient attention by many of the later investigatoi‘s‘.

‘Numerous relationships between solubility of ionic salts and -
various functions .of the dielectric constant of the solvent abpear in

the literature. The most commonly used relationship between solubility

and dielectric constant is:

- . : 1 : -
o log S = const, -.I-.coqst2 T ' (3)
where S is the solubility. Equation 3 is a simplified form of the
" equation originally proposed by Born‘ to calculate the free energy of

hydrat1on (AF) of ions enterlngamedlum of d1e1ectrlc constant € from

125
vacuum, ‘ o : .
2 2
: , N, .z e :
_ AV 1
AF _}—T,-(‘l'?)' T (4)
Here N is Avogadro's constant, z is the ‘charge of the ion, e is the

AV
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charge of the electron, and r 1s the radius of the ion.

Izmailov, Krasowvskii, Aleksandro.\c, -and .Vail also used this
relationship ' [Equ (3)] for the solubility of strong electrolytes in various
solvents. 126 They: c;btained'this equation by a consideration of the
effect of the solvent on thé activity coefficients. Izmailov previously
showed fhat"thé activity coefficient may be split into two:parts, one
- dependent upon the chemical properties, and the other a function of
thé electrostatic properties uf the solvent. 127 It was assumed that by
considering solvents with:similar chemical properties, the‘activity
coefficients, and hence. the solubility, -would depend only on the dielectric
properties .of the ‘solvent, - When they plotted data from the literature
for the solubilities of silver chloride, silver.bromide, silver -iodide,

strontium perchlorate, and.calcium perchlorate in water, and several
aliphatic élcohols,‘ to test this equation, they obtained reasonable
agreement.

- S+ A. Voznesenskiy and R.S. Biktimirov in their study of the
solubility of inorganic ‘salts' (calcium sulphate dihydrate and strontium
sulphate) in organic solvents (water, dimethylformamid, dioxane, and

. pyridine) and in.mixtures of these solvents -with water, used this same

28- obtained from Izmailov et al. 126 -and Born., 125 Be-

“ relationship, !
“"cause the four solvents-they used were of different chemical nature,
‘they ‘did not expeéct the equation to be applicable. The experimental
data confirmed this. However, they did find the equation applied to

. -solutions of calcium sulphate d1hydrate and tol strontium sulphate in p
dloxane and water mixtures over the range 0 to 50% dioxane. Dimethyl
formamld increased the solublhty of both salts in water; with solutions
- of stront1um sulphate the solub111ty curve contalned a maximum, hence
the solub111ty equation (Eq. (3)) could not be used. ' '

Ei Koizumi found this same equation to apply to the system

129

lead sulphate in aqueous acetone. He also studied the solubility of

. lead sulphate in va'ribus mixed solvents with the same dielectric constant
- and concluded that the solubility was not solely determ1ned by the

dielectric constant. 130
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Walden in his investigation of solubility in nonaqueous solvents

found the empirical relationship:
3 log € = const +log N, : (5)

where N is the mole fraction of the solute. As typical salts for such a
study he chose tetraethyl ammomurn iodide, tetramethYl ammonium
iodide, tetrapropyl ammonium 1od1de and tetramethyl ammonium
thiocyanate. These salts were chosen because the large size of the ions
would reduce the effects of solvation. Becaus,e of its srnaller size,
one would expect greater solvation effects in the -case of the lithium
ion. . For solutions of llthlu_rn chloride in water and the lower aliphatic
alcohols, Walden's relation is not followed. '

.Ricci and Dav1s emp1r1cally obtained the same equatwn (Eq. (5)).
They pred1ct log C =3 log e + const. where C is concentration of solute

131 The1r equatlon is based on the assumption that the

in moles/liter.
Debye-Huckel limitmg law will hold in more concentratéd solutiéns and on
the emp1r1cal assumptmn (observed for a number of solutions) that thc
mean activity coefficients of an electrolyte in 1ts saturated solution is
a constant 1ndependent of the solvent. ’

Cleaver 1nvest1gated the solubilitieés of some cis (flavo) and
trans (croceo) dinitrotetrammine cobalt (I11) salts (sulphate, iodate,
p1crate permanganate, and dinitro oxaldtodiammine cobaltate) in
water - dloxane " water-acetone, and water-ethanol in order to deter-
mine the variation of so_ldbility With'dielectric. constant in mixed

solvents. 132 He'then ,cor'nparied his results with two of the existing

25

‘theories of solubllity, the Born eqldu’ation 1 and the R1cc1 Dav1s

empirical equation, 131 which predict the var1at10n of the solub1l1ty
with dielectric constant. Cleaver found that the Born relationship was
apparently followed only in one systern, the flavo-sulphate, while for
the other systems the solubility at low dielectric constants was greater
than that predicted. Plots of the logarithm of solubility against

the logarithm of dielectric constant were generally linear, but at the

same dielectric constant the same salt in the three solvents showed
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différent solubilities, indicating specific solvent effects. The croceo
and flavo picrate had no regular change of solubility with dieléctric
" constant, but exhibited maxima and minima as sol'vent composition
A changed from pure water to pure organlc solvent.

Monk and Davis in their study on the 1nfluence of m1xed solvents
on the solub1l1ty of silver acetate gave data for its solub111ty in mix-
tures of water w1th ethanol acetone, and with dioxane. 133 They

found the function:

- log solubility-product constant = const‘1 ¢ + const, (6)

to l)e valicl. Monk also obs.erved this relationship for the systems in
which calcium, barium, ‘and lanthanum iodates were the solutes, and
‘the sol';/ents were water and water.mixed with methanol, ethanol, ace-
~ tone, propyl alcohol, . ethyl acetate, dioxane, ethylene glycol, or

- glycerol 134~ | | '

| The theurws that have been presented to cxplain the solub1l1ty
of ionic solutes in various solvents are: of only limited usefulness.
'Because of the important role played by spec1f1c chemical interaction,
those theories which 1nvolve some functmn of the d1electr1c constant
will only be vahd for a group of solvents of similar coordinating
Aab1l1ty., Water and the n-‘.al1phat1c -alcohols may have 51m1lar coordinat-
1ng propert1es Solubiliti'es of ionic salts in these solvents are a
smooth functlon of the dielectric constant. Solubilities in the five
solvents, ethylene carbonate, propylene carbonate, y-butyrolactone,
y-valerolactone, and cyclopropanone, are not a smooth function of the

dielectric constant.
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EXPERIMENTAL PROCEDURES

Purification of Solvents -

%
‘Propylene Carbonate

The material used-for making up the various solutions in this
investigation was.prepared by fractionating the solvent twice. . The
first fra,étionation was conducted at a pressure of 50 mm of mercury
and at a reflux ratio of 5:1. A small pQrtion containing low-boiling
impurities and a smaller amount of high-boiling impurities were dis-
carded. The total material rejected was about 5%.. The remainder
was refractionated at a pressure of 20 mm and a reflux ratio of between
15:1 and 25:1. The middle four-fifths of this Was_,retain_ed and used..

-_.The distillation column used for the purification of the propylene
carbonate, as. well as for the other‘ organic solvents used in this work,
“was.a gliss column 2.5 by 90 cm packed with 3/32-in glass helices.
The column was insulated with a silvered vacuum jacket, the outside
of which was electrically heated to a temperature slightly below the
working temperature of the column. "‘l‘he reflux ratio was controlled
by a stopcock. During vacuum fractionation, constant vacuum was
maintained by an electrical pressure-sensing element, relay, and a
solenoid valve between the system and the vacuum pump.

For subse-que‘nt analysis a special batch of propylene carbonate
was prepared. The solvent received from the manufacturer was first
dried by passing it through a glass crying column, .2.5 by 90 cm,
packed with type 4A molecular sieves.T The matefial was then frac-
tionally distilled at a pressure of 8 mm and temperature of 105° C.

The distilling - pot temperature was about 140° during the distillation.

“‘Received from Jefferson Chemical Co., Houston, Texas.

?Linde Air. Products Co. , 30 East 42nd.Street, New York 17, N. Y.
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'The'middle 4/5.of the distillate was collected in four fractions. The
refractive indices of these samples were determined and found to be
identical within a part in the fourth decimal value. * Two samples were
" analyzed using the heaf-of—fusion method, ¥ the apparatus -and techniques
‘of which have been described by Tunnicliff and Stone. 135 Sampte I
(the material as received .and only 4dried’ by passing through a glass
column containing molecular sieves) was found to contain 0.6 mole-
percent impurities and had a melting point of -55.4 C. Sample II
‘obtained at a reflux ratio of 30:1 was a center cut of the middle 4/5 of
the distillate obtained by fractionation of the dried propylene carbonate
as described above. This sample was found to contain 0.4 mole-per-
dent impurities. This sample had a freezing point of -55° c.b " The
low freezing point found suggests that a metastable crystalline phase,
formed b‘y the sample pretreatment befofe_ the melting data were taken,
may have interfered with the resiilts. No preaiction was made as to
what effect this would have on the purity values. -Other than the
possibility of the formation of a metastable state, as suggested, or
" the formation of solid solutions of propylene carbonate with an impurity,
no explanati(_)ﬁvis known for the difference in melting points. It seems
very unlikely that the distilled product could be of lower purity than V
the starting material. ' '

- The specific conductivity of .sample I was 1X 10°° @ em!
while that of sample II was 2 X 10_7 Q_l cm_lv. Sample I was analyzed

by the Karl Fischer method for water and was found to contain 0.036

136

- weight-percent water. Sample II contained less than 0.002 = .

>‘<Spence.r Refractometer #208-2, fefractive index nés =1.4196.

+Through the courtesy of Dr. Fred Stross, Shell Development Co.,

Emeryville, California.

§For "material from typical production' of purity greater than 98%,

the freezing point is -49.2 C. H
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weight-percent water, All the solvent as used for the experimental
-work contained less than 0.002 weight-percent water.

"Et}tylene Carbonate’

The startirig rnate'rialT was re-crystelized twice to eliminate a

’ portmn of the impurities and then vacuum fractionated at a pressure of

'50 mm. The middle 4/5 of the distillate collected between 152.5° and
152.8° C was used..

y-Butyrolactone

§

The solvent as recelved from the manufacturer was vacuum

" fractionated twice, first at a pressuré of 50 mm, and then at a.pressure

of 9 mm, The middle 4/5 of the distillate was retained and used. This

material had a refractive index 1. 4342 D‘25

y-Valerolactone

' . R .
The starting material . was vacuum fractionated at a pressure

of 20 mm. The middle 4/5 of the distillate was retained and used.

Ethylene Trithio Carbonate

" The material as received from the manufacturer T was flash

distilled at a pressure of approximately £ mm. The distilling-pot
temperature varied from 115° C. to about 12‘50 due to pressure fluc-

tuations. The vapor pressure of ethylene trithiocarbonate is —f,_—,mm at

117° ¢. 14

*__
“Water . was undetectable, but the limit of accuracy for the size of

sample and strength of reagent was about 0.002 weight-percent water.
TObtained from Jefferson Chemical Co. , Houston, Texas.
§Obtained ffotﬁ ‘Eas‘te.rn- Chemical Co..,, 34 Spring Street, Newark 2,
rom Easte: . pring Street, New:
N J.
** (' . ) * - N . .. ' ° N -
No. P 6123 from Eastman Kodak Co.,. Rochester 3, N.Y.

' -H-No; P. 6529 from Eastman Kodak Co., Rochester 3, N.Y.



-19-

Cyclopentanone

N D . L C
The starting material was fractionated at atmospheric pressure.

The middle 4/5 of the distillate which boiled at. 129° C and was
, collected at a reflux ratlo of 20:1 was used for the measurements
Analysis of this fraction by the Karl F1scher method indicated a water

content of less than 0. 002%

Preparation of Anh;)rdrous Salts

Magnesium bromide, CaBrZ, N1Br2, and BaBrZ were prepared
by' thermal dchydratlon of the hydrated salt undcr a otrcam of HBr gas
at atmospheric pressure at temperatures between 200 and 400 C for
4 to 8 hr, 137

Uranium chloride, TiBr,, AlCl;, FeCl:,’,'~ NbClS,- aLnd~ThC14
were obtained in an anhydrous state. :

‘ Reégent-gradeNaL “which was found to contain 3% water, was
effectively dehydrated under vacuum (0:1 to 1.0 p pressure) at:temper-
atures between 50° and 100° C. fhe standard procedure for all other
salts which do not hydrolyze with water was to dry them on a'vacﬁum
line (0.1 to 1.0 p pressure) as a precautlonary measure to remove
adsorbed water before use.

The purity and the sources of the various salts appear in

Appe adix 1.

o

sztained from Arapahoe Chemicals Inc., Boulder, Colo.‘ and also

as No. 2543 from Eastman Kodak Co., Rochester 3, N. Y.

+Water was undetectable, but the limit of accuracy for the size of

sample and strength of reagent was about 0.002 Weight-per.eent water.

»
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Physical Measurements

Viscosimetry
All viscosity measurements. were made by the use of Ubbelohde
&
suspended-level viscosimeters. 138 % .The approximate calibration

factors-}: of the three viscosimeters were 0.01, 0.1, and 1 respectively.
The viscosimeter with constant 0.01 was calibrated with.water

at 25° C and then compared to the one with constant 0.1 by the use of

. di-n-butyl pthalate. The viscosimeters with constants 0.1 and 1.0 were

compared with an 85% glycerol, 15% water mixture, The final calibra-

tion constants were 0.00974, 0.1063, and 0.938.' The value of the
viscosity of water at 25° was taken as 0.8902 centipoise. 139’ 140
Corrections for kinetic energy of flow were used as tabulated by

Ubbelohde .._1 38

Density Measurements

Densities were determined by weighing the solutions in

'calib'rat"ed 25-ml volumetric flasks. For our purposes this method

gave sufficient accuracy. Air buoyancy corrections were applied to

the density determinations.,

Solubilities

A water bath of 175 liters capacity was used asA a ,therrﬁoétat
for both solubility and conductivity measurements. The temperatufe
of the bath was controlled at 250 C £0.01. Saturated'solutions of the
various salts in thq_ solvents were prepared by agitation of 5 to 15 gr
of the salit \with apprpximately 75 ml of solvent in a specia‘l glass cell .

shaped in the form of an inverted T. (See Fig. 2). The solubility cell

* :
" Obtained from Arthur H. Thomas Co., West Washington Square,
Philadelphia 5, Pa, -
TKinematic viscosity equals calibration factor multiplied by

observed efflux time in seconds.
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MU-15600

Fig. 2. Solubility cell.
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was constructed with a size 35/20 ball joint' and cap, thus when fitted
with a ciamp this could be transferred when necessary through the
‘vacuum lock of the dry'box.»'< The solutions were made by rocking the
solubility cells with the horizontal section of the cell c‘om'pl.etely sub-
merged in the thermostat bath. Agitation was continued for & minimum
of three dalys, with longer periods for more viscous solutions.

In order to determine solubilities a weighéd portion of the
saturated solution was withdrawn and analyzed. The solubilities of
certain relatively nonhygroscopiclsaltvs were determined by vacuum
evaporation of approximateiy_l ml of saturated solution (it was found
that when the solutions were evaporated in air at 100° C, oxidation of
solvent gave relatively rl.on\}olatile p'roducts which gave high solubility
vélues,) ‘ o o . |

| The solubility of a majority of the salts was determined by
analysis by the use of accepted standard .metho&s. ¥ Others which
contained only traces of salts were analyzed by optical spectrometric

§

Inedauns, -

Conductivity Mea surements

Conductivities of solufions were determined with a. Wheatsone-

‘type bridge by'the use of an oscilloscope as a null-detecting instrument.

>kThe dry box is of a design developed at.the ,Lix)ermor.e Laboratory
- of University of California Radiation Laboratory. ‘Tl;le box, constructed
of steel, has two glove ports and an antechamber. The total enclosed
volume (about 350 liters) was dried by evacuation with an oil-diffusion

pump; and then filled with dry argon,
’!‘B.y Dr. Eugene Huffman's analytical group, University of California
Radiation Laboratory. ' ' '
§By Dr. John Conway's group, University of California Radiation

Laboratory.
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(See c1rcu1t in F1g 3 ) Smooth platmum electrodes were used in the
conduct1v1ty cells to fac111tate handlmg and el1m1nate need for frequent
| replat1n1zat1on It was recogmzed that the om1ss1on of plat1n1zat1on
can cause a small relatlve error in the conduct1v1t1es 141, 142 The
spec1ally constructed cells had cell constants of 1. 608 cm -1 and 0.04200
cm_l. (See Figs. 4and 5.) ' ' . ‘

o For the conductance concenfrahon curves the concentratmn
was varied experimentally by stepwise add1t1on of a solut1on containing
a known conc_entratlon of salt to a given we1ght .o‘f,pure solvent, or to

a more dilute solution of the same salt in the conductivity cell.

Dielectric Cunstants

The dielectric constant of propylene carbonate was détermined
at 100 kc, and that of ethylene trithiocarbonate at 50 kc ~ The results
appear in Table I B '

Electrodepos1t1on Experiments

The qualitative electrodeposition experiments were 'per‘for.med
in an H-shaped cell (Fig. 6). The cathode and anode compartrnent_s
were se,barated by a sintered-glass diaphrarn. Provision was made
- for magn.e'tic stirring of both sides. The two electrode chambers were
closed with ball joints which gave vacuum-tight seals. The cell, as
normally used, contained a total of 30. ml of solution. Unle‘ss other-
wise specified, platinum electrodes (0.06 mm thick) each of 3 cm

area, were employed.

*Measu'reme'nts were perforrrled hy William Ortnng at the 'Univer sity
of Califernia, using a wide-range capacitance bridge employlng the
best features of Cole and Gross, J. Sci. Instr.- 20, 252 (1949), and
O'Konski, J. Amer. Chem. Soc. 73, 5093 (1951).



MU-1560l

Fig. 3. Circuit diagram of conductivity br1dge showing:
1000-cycle tuned amplifier

conductivity cell _
decade resistance box, General Radio Type 602-M,
nscillator, Hewlett- Pac&ard type 200C
norizontal input to oscilloscope
oscilloscope - RCA type 155A

slide wire, Leeds and Northrup type 4258
isclating transformer, 1:1, 600 Q

vertical input to oscilloscope

variable capacitance box..

X <m0 a0
3
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MU-15602

Fig. 4. Conductivity cell, showing:
a. tungsten lead to electrode
b. platinum eleEérode

c. caps, size -3
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5.

SECTION AR

MU-15603

Conductivity cell, showing:
b. grounded electrodes and nickel lead-in
c. shielded lgad-in
d. cap, size-xx
e. mixing charnber
f. platinum electrodes.
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MU-15604

Fig. 6. Electrolysis cell showing:
magnetic stirrer '

platinum' electrode
platinum lead

ball joint, size =S¢

- tungsten lead-in ,
sintered-glass diaphragm
connector. :

W e R0 T
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SOLUBILITY AND CONDUCTIVITY DATA

‘ The most recent extensive compilation of solubilities ofAinorganic‘
salts in nonaqueous solvents was made by Walden in 1924. 48 He gave
both qualitatiire and quantitative data for a large variety of solvents.
More recently Seidel has given some data for the more common

-sol\‘}ent solute cornbinations 143 Solub1l1t1es for a-more limited

number of solvents have been g1ven by Audr1eth and Klemberg 1'44

There are no pubhshed quant1tat1ve solub1l1t1es for the solvents
ethylene carbonate, propylene ‘carhonate, y- butyrolactone, Y- valero -
lactone, ethylene trithio carbonate or cyclOpropanone except for the
data appearing in Jefferson Chem1cal Co.'s Techmcal Bulletms for
ethylene carbonate and propylene carbonate.. 10, 11 , h

The solubilities of sal_lts in. propylene carbonate, the results of
this work, are compiled in Table II. Solubilities in the other solvents
' studied appear in Table IIL |

In the solution of lead iodide and potassium iodides (composition
of solid phase’(s) unknown, but solution was not satura't_e'd with respect
to PbI ) the mole ratio of K:Pb was 0 748:1. The presence of poly-
nuclear complexes of lead is 1nd1cated by this ratio, because lead
iodide is insoluble in propylene carbonate.. The solution probably
consists of potassium ions, PbI3— ions, and polynuclear lead iodide
complex ions. In aqueous solutmns at 25° C potassmrn iodide is
always in excess “of lead 1od1de when the sohd phases are KI and
double salt or when the phases are PbI and double salt.

The viscosities and deunsities of a number of typ1cal solutions

.were determlned and their values appear in Table Iv.

Effect of Impurltles on Solub1lrl

Cadmium iodide is quite soluble and forms a viscous solution
in propylene carbonate that has not been spec1ally purified (purity >
98%, as received from the manufacturer but subsequently dried. )

14

"The solub111ty in carefully pur1f1ed prOpylene carbonate is low !

(0,166 g/ 100 g solvent). Potassium iodide has virtually the same




TABLE II-

Solubilitié'fs and ..-coridu‘ctivitiés of various a.nhydrou:s:sahlts in propylené ca"irbohnat‘ea
Salt : Temp. Solubility . ) Method for Specific ., 1000« /moles
. : o T T determiring - ‘coanduct- ~ per 1
("C) . gr/100g . moles/100g solubility Civity solvent
. -, solvent . solvent. ‘ S g oo

Group I Metals

5 5

-1.91 X 10~
4

Li€l 25 . 0.003 7.7X10° . :
299X 10°% - 0.247

LiBr - .25 = 2l.12 10.243
Ll 25 . 18z . 0.1365 |
NaF . . .25° 2% 100t 5 x107% - ic ) .
NaCl 25 ~2x10°. 3 x107' ' ¢ . . 1.56X10
NaBr - =25 008 . - ~0.008 e TLrsx0tt 2
"Nal ¢ 25, " 16.63 - . 0011 L L 58 X100 625
NaOMe 25 il o o s
NaBH, - - 25 . - ‘i
NaySiF, 25 ¢ i
NaSO,NH, 25 . = i s
NaBF, 25 . 1.02 = - -0.00935. ... °
KC1 25 7 ~0.002° : 4 X 107°
_KBr - 25 - 07 - . 6 X 10°% -
KI - 25 - 10 00223 L e
KI 40 42 0.0206 © - e
KBF 25 18 ©0.0012 e
CuCl, 25 12 8.7x107%

CuBr2 25 4

o w

o
o

2

® 0 w0 a8 00 .

. 21.8

336

30
23.6
33.3
19

7 X107
06 X 10
48 X 10°
41X 107
71X 10°
.9 X 107
.07 X 10

.03 X 10° 9.7

o 0

O O 0O W Ww o

.14 6.2 X 10" e

Un
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TABLE II (cont'd)

Solubilities and conductivities of various anhydrous salts in propylene carbonate@

Salt * Temp Solubility Method for  Specific 1000 «/ moles
‘ (OC) gr/100 g moles./ 100 g determining conduct- per 1
solvent solvent solubility ivity solvent
' (x)
Group II Metals
' MgBr, 25 . v.s. q
' -4 -5
CaCl, 25 ~0.06 5 X 10 c 2.26 X 10 5
CaBr, 25 149 0.0745 h 3.32x 107* 0.530
Ca(BF,), 25 1.44 . 0.00678 e 202X 107> 35.6
BaBr,. 25 . 0.0232 0.000780 h - 3.98 X 10'5 6.1
ZaCl, 25 72.0 . 0.528 h 7.18 X 10°° 0.0163
CdCl, 25 i q
) . . -3 -5
CdBr, 25 0.12 ~  4.5X 10 k 3.94 X 10
car, 25 0.166 = 4.5¢Xx107° h 4.00 x 107° 1.1
. Cd(SO;NH,), 25 i q
Hgcn ! 25 21 | 0.078
Group IIl Metals
AIC1, 25 v, s.
All3 ‘25 v.s.
Actinide Series :
ThCl, 25 1.25 0.00334 . :h 2.1 x10°% 7.48
| 4

ucl, 25 3.89 - 0.0102 h

8.79 X 10~ 10.1

-og-



TABLE II (contid)

Solubilities and conductivities of various anhydrous sa’ts in propylene carbonatea

- Salt Temp Solubility ) Method fo> . Specific 1000 - x/moles
. (OC) gr/I00 g moles/T00 g determining conduct- - per 1
solvent solvent solubility ivity - solvent

(x)

Group IV Metals

., TiCl, 25 i q
‘Ti:BIF’4 25 V. s. q
(Til, 25 i q
SuCl, 25 i o g
:‘«,Sn.Cl4 25 26.70 0.102 h low o
PbCl, 25 ~0.0006 2% 1078 c ~5 X 1077 ,
PbBr, 25 ~0.04 L TIX 19:: 4.73°X 10'2 -
_Pbl, 25 ~7 X 10 ~2X 10 h 2.3 xX10°°
IR e T R
Group V Metals ,'
. MpCl, 25 . ~85 0.315 ¢
izg‘liatzgt} 6.023 0.0224 h ~s7ixa07t 1.65
BiCl, 25 24.41° 0.0774 h 1.86 X 1077 0.0318
Group VII Metals ‘ ' ‘
MnCl, = 25 <0.03 2x107% ok 6.5 X10°°

MnBr 25 32.28 h



TABLE II (cont'd) .

Solubilities and conductivities of various anhyd_foiissalts in propylene carbonate®

Salt Temp _Solubility - Method for  Specific. 1000 «/moles
: gr/100 moles/100 g determining conduct- per 1
solven solvent, solubility ivity solvent
y ().
Group VII'Metals (cont'd) '
Same, not o . , ' a3
s_at,ura,te’d} 19 ’ 0.089 e . 2.6X 10 ‘3.5
Group VI Metals -
FeCl3 25 . V.S, q
‘ ,FgBrZ 25 . .8 q
F"eIZ.': ' 25 v.s. : q i
CoCl, 25 0.0845 6.5% 10°% h 1.74x 107% 28
NiCl, 25 i : k <107®
NiBr, 25 0.1 5 x10°% X 1.39 x 107%

®Key to solubility and conductivity tables:

q Qualitative observation - K - Estimated from conductivity
v.s. " Very soluble o e Analyzed by vacuum drying of
s Soluble ‘ solution | - :
. h Analyzed by Dr. Eugene Huffman's
sl. s. Slightly soluble . group, University of California
i. Insoluble Radition Laboratory
c Analyze< by Dr. John Conway's

group, University of California
..Radiation Laboratory

3*

Estimated

A .




TABLE III

‘Solubilities of anhydrous salts in solx}ents structurally related to propylene carbouate? ;

1000 x/moles

Salt Temp Solubility Method for Specilic
‘ (OC) gr/100 g " moles/100 g determ:ining conduct- per 1
- solvent- solvent solubilizy? i(vi):y solvent
' ’ K
Solvent: ethylene carborate
zacl,'® 40 33. 0.242 |
HeCL,'® 40 49 0.181
KcNs e 40 s
KMnO4 16 40 s . oo
,. v
16 [
chr207 40 s
Cu(Br)Z‘lj6 40 ]
Nal . - 40 37.60 0.251 h 1.1 x 1072 4.38
NaBr 40 10.31 0.0030 e 9,46 X 10°% - < 36
CaCl, 40 0.2 2x107? k 8.66 X 107°
KI 40 11.16 0.0671 e 150X 1074 26.8.
Solvent: y-butyrolactone_ .
NaBr 25 0.23 0.0022 e 4.29x 1074 24
KI 25 12.5 0.0755 e 1.34 x 1072 21.2°
Nal 25 58.15 0.388 h 7.56 X 107> 2.34
25 0.05 4x107* e 1.38 X 107°

~Ca.(;l2




" TABLE TII (cont'd)

_.‘i-iSdlﬁbi}ities of anhydrous salts in solvents structurally related to pr_c‘pylene‘carbonat:ea

.. Salt Temp Solubility _ Method for " Specific 1000 «/moles
: (QC) gr/100 g : moles/100 g determining - "conduct- - ""per 1
solvent solvent solubility?® ivity solvent
(«)
Solvent: . y-valerolactone _ ,
Nal 25 . .30,03° . 0.200° . h. 5.47=x 107" 3.3
KI - 25 ' 4.24 0.0255 o+ h Co457x10°% . 215
Solvent: ethylene trithiocarbonate o
S = w
" "Nal 40 < 0.006 - | ' c '
KI . 40 < 0.02 . c
cuBrLZ' 40 s L '
C;d,I,‘2 - 40 sl. s.
Solvent: éy_cloptentanoné
Nal 25 260 0173 - . h y .
 KI 25 - 0.43 0.0026 e Le9x107t 7

_aSymbols.are same as those in footnote a of TableA.AII.




TABLE IV
Viscosities of*selected soluzicns
Solvent Solute "« So_ubility Temp Kinematic Density Viscosity
(moles/100 g (OC)- viscosity (g/m1l) (centipoise)
solvent) ‘{centistokes)
Ethylene 40 "1.478 1,323 1.955
carbonate '
Propylene 40 1.620. ©1.183 1.916
carbonate '
Ethylene 25 1.904 1.338 2.547
carbonate B ; -
(super-cooled) : A
Propylene 25 2.111 1.198 2.530
carbonate o .
y-butyrolactone * 25 1:556 4};1254 - 1.751
Propylene KI 0.022% 25 2.588 1.2277- 3.177
carbonate o o ' B
Propylene - Nal 0.111 25 7.175 '1.336 9.5858
carbonate - SR o
Propylene LiBr 0.243 - 25 62.73 1.372° 86.07
carbonate , : :
Propylene ZnCl, G.528 25  1084: 1.602 - 17367
carbonate . o
Propylene K1 1 yC.0875 1572 298.8
carbonate {P&ﬂzf \9.124 25 o 1.901 S

-ge- .



solubility in solvent of both purities (3.65 g and 3.71 g/ 100 g solvent,
for impure and purified solvent respe-ctiy,ély). Because the impurities
in the impure solvent are unknown, one can only speculate as to the

reasons for this different behavior.

Salt-Induced Solvent Decomposition

The solution of a number of inorganic salts in propylene car-
bonate appeared to cause its decomposition. A slow pressure build-up
over solutions of CaBrZ, and MgBr2 evidenced the decomposition of the
solvent. This reaction was further characterized by a distinct change
in odor. Magnesium and calcium bromides were probably acting as
Lewis acids and were coordinéting to the carbonyl carbon of propylene
carbonate, consequently causing the bond between the secondary carbon
and the oxygen adjoining it to cleave. A strong coordination was ‘
fur.ther evidenced by inability to electrodeposit these metals (see page
59). This cleavage I;e sulted either in the formation of propéne oxide
and carbon dioxide, or possibly the formatio_n of propionaldehyde and’
carbon diox'id.e. Because this decomposition as characterized by
pressure build-up and odor change was not evident for solutions of
LiBr, MnBrz, ZnClZ, and BiC13, it therefore may have been a result
of the specific combination of alkaline earth ion with bromide ion.
Zinc chloride and aluminum chloride are known to cause the decompo‘si-
tion of prbpylene carbonate into propehe oxide and carbon dioxide at
elevated temperatures. |

A nearly saturated solution of aluminurh chloride reacted
more rapidly; a darkening of the colorless solution was noticeable
after several hours. A ferric chloride solution reacted slowly and
formed an insoluble precipitate. ' Uranium tetrachloride, niobium
pentachloride and stannic chloride solutions gradﬁally darkened after a
number of weeks. It is likely that these salts also coordinated ,
strongly to the solvent molecule and caused its slow decomposition.
UCl

4
solvents such as methyl alcohol, ethyl alcohol, and acetone.

is known to dissolve irreversibly in certain oxygen containing
145
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DISCUSSION OF SOLUBILITY

. By examination of the table of solubility of inorganic salts in
propylene carbonate (Table II), we find -that,' as could be expected, the
relatively low-melting covalent salts are quite soluble.

. Great differences of solubility exist between various salts, all
of whic.h are relatively soluble in.water., . Consider sodium and potassium
hallides,. the iodides being the only ones that are really soluble. Peacock,
Schmidt, Davis, and'.Sch.aap have proposed that this enhancement of
solubility (in amine solvents) may be due to solvation of the iodide ion
by expansion of its outer valency shell. 8 The possible formation of such
complexgs; hOj\':vever, has not been investigated. The much larger
solubility of iodides .as compared with the other halides (and most other
salts) is probably due in part to their low lattice energies.

.We may split up the free energy of solvation of gaseous ions

into two parts: the first is an electrostatic term due to the separation of
ions in a dielectric medium; the second is due to specific chemical in~
teraction between the jons*and.the polar-solvent molecules. 127

. The electrostatic part of the free energy can be approximately

evaluated by the use ‘of the Born equation:‘lz'r)
NszzeZ- 1 ‘ - )
AF = - AY . ). (4)

2r €

Verwey in his calculations of free energies of hydration of ions applies

~the Born equation only to the ion with its first solvation shell in its in-

- teraction with the test of the solvent. In‘ this calculation the macroscopic
dielectric constant of water is used. The enervgy-of interaction of the ion
with its first hydration shell is bas_ed':on the interaction between solvent
"dipoles and the ion,; obtained with fhe help 6f a detailed consideration of
the structure of liquid \vavat:er° 146. The iox; dipole interaction will be en-
hanced by solvents having larger dipole. moments, by ions of higher
C;hargé density, and by a more exposed charge diétribution in the solvent

molecule.
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Coordination between ion and solvent will be increased by
differences in acid-base character between the solvent molecule and
the 1ons A "small”_ solvent molecule W111 promote a greater amount
of coord1nat1on and a greater 1on—d1pole interaction because. of greater
number of molecules that may surround a given ion in solution.

It is generally true that the greater the difference between the
.. lattiee~energy and.the énergy of solvation of a salt, the greater the solu-

- bility will be. = Higher solvation_."energies will in general be. favored by
ions of high c‘l'iarge density (which:also increases the lattice energy),
_a solvent of high dielectric constant, greater.separation of charge in
‘the solvent molecule, and by greater specific chemical interaction
between the ion and solvent.

.- The cyclic esters studied will solvate cations to a-much.larger
degree than anions. The carbonyl oxygen with its relatively high negative
charge and exposed position will :solvate. cations without great difficulty.
The positive end. of the solvant's dipole will, .howevér, be spread over
. a number of atoms and will be much less accessible than in the case of
' water w'hich, in contrast, because of"the-exposed charge distribution,

. solvates both anions and cations to comparable degrees.

In water all the sodium halides are.soluble. This is because
the increase in .lattice energy in going from iodide to fluoride is 1arge1y
compensated by a correspondmg gain in the solvent-anion interaction.
With the solvents studied, and many other organic solvents, such.is not

"the case.. Because the an1ons are less solvated, in going from iodide to
fluoride the increase in the lattice energy is not compensated

by a corresponding increase in the anion solvation. Hence

those sodium halides with high lattice energies are insoluble. A With

sodium and potassium only the iodides have a low enough lattice energy
to be. apprec1able soluble in the solvents studied. ‘

Consider solub111ty relations for the salt potassium iodide in
the solvents studied (Table V). In arranging the solvents studied
in order of their solvent power for potassium iodide, we find the

.order (based on mole fractions): y-butyrolactone >:ethylene
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~Table V .

Comparative: Solubilities of Nél ;and.KI ..in Seleqtéd.éolvents

Solvent | , ) - Tergperature € ., .Solubility
‘ o ("C) - g/100g solvent Mole fraction
| Nal  KI Nal  KI

Ethylene Carbonate , 40 89.12- 37.6 - 11.16 0.180 0.0557
Propylene Carbonate 25 64.4 16.83 3.71 0.103 0.0223
y-butyrolactone . - - .25 -39.1 58.15 :.712.5 0.250 0.0607
:y-valerolactone -~ . . . . 25 30,03 - 4.24 0.171 0.0247
Cyclopropanone - . : 25 13.45 26.0 - - 0.43 0.128 0.0022

Ethylene trithiocarbonate - .. .25

. 58.5

<0.0065. <0.021 .
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carbonate > y-valerolactone > propylene carbonate >> cyclopropanone >>
ethylene trithiocarbonate. If solubilities were. solely determined by |
dielectric constant we would have predicted the following order:
ethylene carbonate > propylene Carbonate-> ethylene trithiocarbonate >
'sz.-butyrolactone > y-valerolactone > cyclepropanone. It is seen that the
effect of the dielectric constant; although a significant factor, is -
overshadowed by other pfoperties of the solvents.

The fact that y-butyrolactone and ethylene carbonate dissolve
comparable amounts of Nal, KI, and NaBr, in spite of its much lower
dielectric constant may be explained by a consideration of the charge
distribution and bond moment of the carbonyl group. In y-butyrolactone
a greéter separation of charge and a greater bond moment for the car-
bonyl group are attained. The methylene group adjacent to the carbonyl
group in y-butyrolactone has a much higher positive charge on it than |
either of the methylene groups in ethylene carbonate. The stfuc’cural
formulas. of the solvents under consideration appear in Fig. 1.. The
value of Kirkwoods g for y-butyrolactone (discussed on pages 7 and 8)
which diverges further from unity than the values of ethylene and
.propylene carbonates gives support to the belief that.y-butyrolactone
possesses a more exposed charge distribution. Thus with y-Butwrolactone
there will be a stronger ion+dipole interaction or strongez; coordination
with both positive and negative ions of an ionic solute. If an ethylene
‘carbonate molecule is coordinated to a positive ion by its carbonyl
oxygen, one would expect the negative charges on the two ether oxygens
to repel subsequent molecules, or to limit the number that will coordinate.
In contrast, y-butyrolactone has in the position corresponding to these
.two oxygens, one methylene group which bears a positive charge, and one
negative oxygen.. Thus one would expect less repulsion of succeeding
solvent molecules as they are attracted to a positive ion. This effect
will also contribute - to a greater solvation of ions by y-butyrolactone than
by ethylene carbonate.. The comparable solvent propertieé of y-
valerolactone and propylene carbonate may also be explained by the

abeve reasoning. Ethylene carbonate and y-butyrolactone are better
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solvents (for -KI and Nal) than the solvents in ‘which-a methyl group
" has beén substituted| :Becatis_e. of the very close. similarity between the
substituted and unsubstituted-solvents, the major effect is probably
" due totheé difference in dielectric constant caused by the increase in
size of the substituted solvents.. With cyclopropanone the major effect
appears to be its low dielectric constant.. In spite of its high dielectric
- constant ethylene trithiocarbonate does not dissolve sodium or potassium
iodide. It .is probably-a poor solvent for these solutes because of the
lack of coordination between sodium or potassium and sulphur. Oxygen
is known to be the donor atom for nearly all of the complexes of the
light metal ions (Periodic groups IA, IIA, IIIB, IVB) which seldom
coordinate wilh sulphur. 14-7 The alkali halidee are also known to be in-
soluble in'liquid hydrogen sulphide (dielectric constant is 10.4 at -607C). 148
This lack of coordination with sulphur’is due to its larger size, as com-
pared with oxygen, which greatly decreases the electrostatic attraction
between cations and this solvent. Because cadmium and copper are expected
to coordinate with sulphur as the donor atom, 147 it is not surprising
that cadmium iodide and ‘cupric'bromide are soluble in ethylene tri-
“thiocarbonate. - -

'With sodium iodide as the solute, the order of the solvents
from greatest to least solubility is y-butryolactonc, -ethylene carbonate,
y-valerolactone, cyclopropanone, propylene carbonate, and ethylene
trithiocarbonate.. All of the compounds, with the exception of ethylene
trithiocarbonate, are relatively good solvents for Nal. ‘'here is little
. apparent dependence. of solubility on the dielectric' constant. Ethylene
.trithiocarbonate is probably a poor solvent for this solute for the same
. reason that it.is a ppor solvent for potassium iodidé; that is, because of
lack of coordination with sodium ion. .

. Several generalizations concerning the effect of different solutes
in these solvents rriay be noted. - With the alkali halides increases in
solubility in the series K, Na,. and Li are due to the relative gain in
solvation energy compared with lattice energy as the cation size decreases

(in prépylené carbonate solubility of iodides are €.0223, 0.111, and. 0.136



' and 0.0223; and for lithium salts 7.7 X 10~
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4

-4 - Lk
respectively, and bromides 6X 10 , 8 X 10 3, and 0.243 respectively ).

. . The same is true of barium and calcium (solubilities of their bromides

4

- x
in propylene carbonate.are 7.8 X'10 " and.0.0745 respectively ). )

_Solubility-also increases in the series Cl, Br, I for sodium, potassium,

and lithium salts (solubilities in propylene. carbonate for sodium salts
are 3x 1077, 8x 10°3, and.0.111; .for potassium salts 4 X 10°°, 6 x 10”
> 9.243, and 0.1365

S
respectively ), lithium bromide being, an exception. ,Potassium and

4

. sodium borofluorides are intermediate in solubility between the bromides

and iodides,. From the data, no multivalent ions appear to exist in
propylene carbonate solutions, with the possible .exception of calcium ion

in Ca(BF,),.

“Moles /100 grams solvent.

)
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CONDUCTIVITIES

No previous éor{ductancé studies have been reported for the
. solvents propylene carbonate’ and y-butyrolactone. in order to detgrmine
the eéluivalent conductance,. the conductivity of several 'salts in these
solvents was obtained as a function of concentration:” The values ob-
taiﬁed-for the equiValent conductance at infinite dilution, and the ob-
-served and calculated.Onsager limiting l_aw' slopes -ofAthe Kohlrausch plots
“are'presented in Table VI.. From the Kohlrausch plots (Figs.7, 8, and
.9) it is seen that for the -systems sodium iodide—propylene carbonate
| and pota;ssiufn,iodide;‘y=butyrolactoné the éurve of equivalent con-
ductance versus square'root of concentration approaches the Onsagér
limiting law from abbyé, while in the system potassium iodide—pro-
pylene carbonate the approach is from below the Onsager limiting law.
."The curve of a completely dissociated electrolyte would approach
. asymptotically from above, while that of an incompletely dissociated
electrolyte would approach.asymptotically from below the limiting law. 149
For potassium iodide that portion of the Kohlrausch plot lying

below a concentration of 0.017M may be adequately represented by a
straight line. . The equivalent conductance-at infinite dilution, -).0, .was
evaluated.at zero concentration by means of the Shedlovsky extra-
polation(Fig. 10). 150

- The degree.of dissociation, a, of potassium iodide in propylene
carbonate at a concentration of 1x10=2_lyi_was approximated by means of

the equations: >L

_A_ =a . (-7)

A - . | 3 r A -
N, =A, -(A +_on)\/F . (8)

Where A is the equivalent conductance, A' 'is hypothetical equivalent

and

conductance if all of a weak electrolyte had i'oniz-_-e’d, A and B are constants
-of the Onsager equation, and A  is the equivalent conductance at infinite

. dilution. A value of 0.98 was found; indicating little association td form
ion pairs. - :
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Table VI

Conductance Data at 25 C
Solvent - Salt N, Onsager Observed
slope slope
Propylene carbonate KT 3l -32.3 -37
Nal .28 =316 -27
y-butyrolactone KD 46 -66 '- -54
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Fig. 7. Kohlrausch plot for potassium iodide in propylene
carbonate. '
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L Fig. 8. Kohlrausch plot for sodium
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Fig. 9. Kohlrausch plot for potassium iodide in Y-
butyrolacyone. '
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Fig. 10. Shedlovsk& extrapolation for potassium iodide in
propylene carbonate solution. '
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Fig. 11. Shedlovsky extrapolation for sodium iodide in
propylene carbonate solution.
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" The Kohlrausch plot for sodium iodide in propylene carbonate
may be adequately represented by a straight line up to concentrations
of 0.01 M (Fig. 8). The value of A, Wwas obtained by the Shedlovsky
_extrap'olation As with potassium iodide in propylene carbonate, the
curve could not be represented by a stra1ght line’ (F1g 11).

The conduct1v1ty data for potassium . iodide in y- butyrolactone
were plotted in a Kohlrausch plot. (Fig. 9). The curve may be re-
presented by a straight line between 0.0025 and 0.0225 M. Because of .o
erratic results in the data no further refinements were made in the
extrapolatmn to 1nf1n1te dilution. The solut1ons when mixed developed
the color of iodine; therefore the erratic results may have been due .in
part to chemical reaction. | -

Thus we see that certain ionic salts are. essent1a11y completely
ionized in two of these solvents. For these salts one would expect the
>solvent ethylene carbonate to behave like prepylene carboﬁate because
of its h1gher dielectric constant and chem1cal s1m11ar1ty v-
valerolactone should behave comparably to y-butyrolactone However,
because of the lower dielectric conéstant of y—valerolactone, some ion
- association may occur. - '

Equivalent conductivity of many of thel saturated solutions were
calculated and appear in Tables II and III. Examination of this data (With
that of Table VI) indicates that in propylene carbonate solutions, NaBr,
Nal, NaBF4, KCl1, KBf, KI, and KBF a-re highly jonized. In their
saturated solut;ons, CaCl 2 BaBrZ, CdI ThC14, UC14, ZnC14,

CuBr BiCl 39 NbCl are only partly 1on1zed Cobalt chloride and
Ca(BF4) appear to behave as uni-univalent electrolytes Because of
the increased viscosity of many of the more highly soluble solutions it

is difficult to state w1th_accuracy whether the salts--LiBr, CaBrZ,
ZnCl,, and MnBr

2! 2
ionized in ethylene carbonate, y-butyrolactone, and y-valerolactone, but ..

--are highly ionized. Potassium iodide is highly

not in ‘cyclopentanone, where it is only partly ionized. Sodium bromide

is highly ionized.in its solutioné in ethylene carbonate and y-butyrolactone.
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ELECTRODEPOSITION

Introduction -

Because. only about 30 of the 70 known metallic elements have
been deposited from' aqueous solution, electrochemists have turned
their attention to nonaqueous electrolyte-solute systems. Both organic
compounds that are liquid near room temperature and. fused inorganic
salts have been employed as solvents. We:will consider only Lho_be organic
solvents (also ammonia)'tnat are liquid_ at temperatures less than 100°C.

Three groups of metals have received the greatest amount of
research. . Experimental work in the earlypart of the century on the
electrodeposition of metals from nonaqueous solutions ‘concerned
rnainly the very electropositive metals such as potassium, lithium,
and calcium. The electrodeposition of aluminum from organic plating
baths has received.the attention of many ilnvestigator's in the past
quarter century. More recently the deposition of certain transition
metals, such as t‘itaniurn, zirconium, and moIdeenuxxl; has been of
special interest. Because of the corrosion resistance of these metals,
the ability to dep051t them in thin films on base metals would be very
desirable. _ -

Certainly many metals such as the alkali and alkaline earth
metals cannot be electrodep051ted from aqueous solution because it is
1mpos sible to reach a high enough potent1a1 to discharge these metals
. before hydrogen preferent1a11y evolves, Some other metals are not

deposited. from aqueous solution, although, from therrnodynamic con-
: sider'ation, one would expect them to be deposited. _

A very large number of solvent-.so'lute combinations have been
tried for the electrodeposition of various metals. Many of these attempts
failed completely, and many of those that were reported as being
successful produced only small amounts of deposrc largely contaminated
with metal compounds and unidentified organic residues. Frequently
the authors did not report such 1mportant data as current densities,
composition of deposits, solvent-—decomp031t1on products., and hydrc-
dynamic conditions. Only a few authors appear to have made relatively

systematic studies.
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Alkali Metals

The alkali metals may be deposited »fzjorh a large variety of
solvenfs, the only requirements appérently being that the solvent not
réa’ct too quickly with the metal and that one be able to reach high

- enough potential for the electrodeposition, ‘i. e, the solvent should not
be reduced at a lower potential. Alkali metals have been deposited from

44,30, 28,152 . 153 o 154
.propyl amine, ethylene diamine,
30, 155

acetone, 30,29 and POC13. 156

pyridine,
alcohols,

Alkaline. Earth Metals

Wood and Brenner succeeded in obtaining electrodeposits of
beryllium (9 5% pure) and beryllium alloys containing boron or aluminum
from éthyl ether solutions of such solutes as dimethyl beryllium,
beryllium chloride, beryllium borohydride, and beryllium alimino-"
hydrideo 9 .

Magnesium has been deposited by electrolysis of Grignard.
reagent, 157 Putnam and Kobe obtained '"nearly pure'' magnesium by
the. eiectrolysis of a 20% solution of magnesium perchlorate in ethylene
diamine, 1541'; Connor, Reid and Wood described the electrodeposition
of magnesium and magnesium alloys from various organic baths. They
‘reported metallic deposits composed of 90% magnesium and 10%boron
obtained from an ‘ethevr solution of MgBr, and.LiBH,. ) Although these
deposits could not be built up from a bath containing MgBrZ, AlBr3,

. and LiAlH,, it was possible to get thick-deposits of an alloy (7%
magnesium=—93% aluminum).

Patten and .Mott obtained electrodeposits of Strontium from
solutions of its salts in acetone. 158 Barium has been electrodeposited

from Ba(Cl_O4)Z in 2-ethoxyethanol (cellosolve). 159
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Rare-Earth Metals

. Several of the rare earths have been obtained as amalgams by
4 electrodepomtmn from alcohohc solutlons by the usé of a mercury
"cathode 82 ‘Rare- earth depos1ts conta1n1ng only 50% metal have been
i obt:a1ned by cathodic reduct1on of solutions of their salts in ethylene
d1am1ne and monoethanolamme 1()ODeposus have also been reported

from solut1ons of rare- earth n1trates in ethylene d1am1ne
Alurninuin

A number of workers have obtained electrodepusils of alu-

vnunum using AlBr3 and A.1C13 as solutes alone or in combination with

'alkah halides and sueh solvents as ethyl brom1de "md benzene. 49, 53 161164
Aluminum dep051ts described as brlght and adherent have been obtained
from an aluminum chlor1de=am1ne-ethy1 ether system 165 166 Menzel
reported having obtained aluminum deposits from baths consisting of
aluminum chloride and xyle'.ne‘.'167 I;eposits of aluminum have also
occurred by electroreduction of solitions of aluminum Grignard
cornpound in dry ethyl ether. 168 Ziegler found that solutions of
" alkali-metal methyls or sodium fluoride in aluminum alkyls may be
used for the deP‘osition of aluminum. 169 Accord1ng to Hurley and

Wier alum1num may also be depusrted from a fuscd mixture of ethyl
| pyr1d1n1um bromide and Al1Cl

86,170 .’ 3
or toluene. Safranck, Schichner, and Faust reported the

aud from this. mlxturc plus benzene

deposition of dense strong ductile aluminum 0.65 to 1.0 mm thick
from plating baths similar to those of Hurley and Wier. 87 One may

) also obtain electrodepos1ts of alum1num although only partly adherent,
from a bath con51st1ng of aluminum bromide dissolved in a tetraalkyl
ammonium bromide at 100°C. 168 Smooth ductlle ‘and coherent deposits
of aluminum may be obtained from an ethereal solution of A1C13 and
.LiH. This process was developed at the National Bureau of Standards

and is used commercially, 88,92
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Metals Obtainable from Aqueous Solution

Many of the common metals that are easily reduced. from
aqueous solution can also be obtained in nonaqueous solvents.

Zinc and cadmium. Zinc and cadmium have been obtained by electro-

" deposition from a large i}ariety of nonaqueous solvents such .as‘liquid

“amri'qonia,én’ 40 ac’e.tone,'”l’ 172 formamid at lOOOC,. and acetamid at
100°C. 8> Zinc has also been deposited from pyridine solution.” >
Tin, bismut‘h, antimony and arsenic. Tin, bismuth, antimony, and

arseénic have been obtained from solutions of their chlorides in acetone 58

81,173 Tin has been deposited from solutions

in formamid and acetamid at 100?, 85 and from liquid -ammonia.

and in glacial acetic acid.

" The iron transition metals. In aqueous solution the iron metals are

~ deposited with high irreversibility from many of their salt solutions.

Iron, nickel, and cobalt have been obtained from a wide variety of
solvents, . Cobalt and nickel have been deposited from liquid ammonia, 41,40

85

' aé well as formamid at 1000C, and acetamid. at ,IOOOC. Iron has

been deposited from pyridine45' and acetone, 128

Silver and copper. As one would expecf because of their ease of re-

duction, silver and copper have been obtained from many solvents.,
Chromium. The deposition of chromium has also been reported from
nonaqueous solutions, 174 More effective deposits have been obtained
from solutions containing chromium 11 compounds than from those
containing chromium VI compounds. Of the solvents tried, formamid,
acetamid, and an acetonitrile—ureé mixture were most satiéfactory.
Less satisfactory were acetic acid and ethanolamine; dimethylformamid

and acetonitrile gave little success.

Transition Metals Unobtainable from Aqueous Solutions

‘Because of the desirable properties that electrodeposits of
certain of the.transition metals (Ti, Zr, Ta, W, etc) possess,: much
effort has been expended on attempts to electrodeposiAt them. Lowenheim
has reviewed the electrodeposition of the less common metals, and

includes many references for the deposition of these metals from
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nonaqueous solvents, 175 Seéin and Holt have reviewed and critically
examined the published literature concerning the deposition of
tantalum. They found they were unable to electrodep051t tantalum from
any of the described baths or from numerous other aqueous and non-
~aqueous solutions. 176 Brenner and co-workers have brleﬂy reviewed
the ,el'ect.rodepos.ition of t,‘itanium and zirchonium from aqueous and non-
aqueous fn_edia and concluded that these metals had not been deposited
up to,'the timel of their work?3 , | A
. kxploratory investigations uf the depusition of titanium by
Sherfey and Senderoff at the National ‘Bureauv of Standards in 1951-
- 1952 indicated that it cannot be deposited successfully from solutions
of titanium halides in any of the many sowenr_.s tried. .Solveots con-
sidered included aromatic hydrocarbons; halogenated hydrucarbons,
..alcohols, ethers, acetone, acids, , a.min__es am1des, nitrides,
organometallic solvents, and several inorganic compounds 93.
Recently = A. Brenner and co-workers at the National Bureau

of Standards succeeded in electrodepositing titanium and zirconium
alloys from solutions of their tetrachlorides in conjunction with
~aluminum ‘b'orohyd‘ride, aluminum chloride, and lithium hydride in
ethyl ether solutions. Alloys containing up to 6% titanium and up to
45%: .zirconium were obta1119ed the rest of the alloy being mostly

3

aluminum and .some boron.

Electrodep051t1on of Metals from Solutions of their Salts
in Cychc Esters '

The‘electroréductmn experiments were undertaken as they
were believed to be one of the simplest kinds of reactions that could
be advantageously employed in cha‘rac’teriziﬁg a new solvent, Al-

" though quite qualité.’tive in nature, they provide information concerning
' species present and indicate the range of metals that may be electro-
deposited from propylene carbonate solutions. Because of the
similarity between propylene :carbonate and ethylene carbonate,the

results are also expected to apply closely-to ethylene carbonate
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solutions.. Somewhat similar results are expected.to apply to the lactones
that were studied. . The experimental procedure and equipment used was
that desc_ribred on page 23 .

Lithium was obtained by .electrolysis from a saturatea solution
of lithium bromide. Metal was deposited with only slight evolution of
gas at current densities as low as 1 ma/cmz° The electrodepoéition
of the lithium distorted the electrode (0.06 mm thick) and-caused it to
‘curve convexly toward the side on which the electrodeposition was
taking place.,

By the electrolysis of a solution of sodium iodide in unpurified
propylene carbonate containing about 0.2% water and.0.5 to 1% of
organic impurities, metallic sodium was not obtained. Small amounts
of sodium were produced after the addition of anhydrous AlCl3, From
the same quality of propylene carbonate small amounts of sodium were
obtained from NaLB]:T‘4 solution, By the electrolysis of a solution of
sodium iodide in carefully puried propylene carbonate no deposit was
obtained.at current densities up to 3 ma/cmz, but a light grey 1a$rer of
sodium was deposited at a current density of 10 rria/crn‘Z with the evolu-
tion of a small amount of gas.

Potassium. was not obtained.at current densities up to 5 ma/c:r'n2
from a saturated solution of potassium iodide in propylene carbonate,
but was produced at a current density of 20 'ma/cmz, again with the
evolution of a few bubbles. b

. Sodium and potassium were also successfully deposited from
other cyciic esters.. A solution of sodium iodide in ethylene carbonate
was electrolyzed at a temperature between 40° and-6.0?, . Although no
deposit was obtained. at current densities up to Z«ma/cmz, a powdery
deposit was electrodeposited at a current density of 15 ma/cmz,
Electrolysis for a short time at a higher current density gave enoughA
_sodium to produce a yellow flame when the electrode was immersed in
water. Metallic sodium was also obtained from a saturated.solution
of sodium iodide in y-valerolactone. A greyish crystalline depdsit

. 2 . . o
was produced at a current density of 30 ma/cm®, but none was obtained
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~at 3 ma/cmz. Only gas evolution was observed.at the cathode when
eneugh water was added to make its concentration 0.75% and the

solution §vas eleetrolyzed at 50 rria/cmz. With a saturated solution of
potassium iodide 'in y—vé.lerolactone only relatively small amounts of
potassium were preduCed at current densities between 40 and 100 ma/cmz.
A few gas bubbles were observed.

No deposit of magnesium occurred when a solution of magnesium
bromide in propylenc carbonate was electrolyzed at current densities
up to 35 ma/cm . In one case a small amount of gelatinous precipitate
appeared on the cathode. A few bubbles were also observed on the
cathode. .

Solutions- of calcium bromide in propylene carbonate, some
of which had been treated with calcium hydride, were electrolyzed
- at current densities up to 50 ma/cmz, "No conclusive evidence of
metal deposition was obtained. Significant bubble formation at the
cathode was not observed during electrolysis except when 0.5% water
was added to the catholyte. | ' ‘

No deposition of aluminum was produced from AlCl3 solutions
in propylene carbonate at current densities up to 125 ma/cm.z. During
electrolyS1s some bubbles were observed on the cathode.

From an ~40Y% saturated solution of zinc chloride in propylene
carbonate, a grey crystalline adherent deposit of zinc was obtained at a

current density-of 5 ma/cmz. b

Cadmium was obtained at low current dens1t1es from solutions of
cadmium iodide in both propylene carbonate and y-butyrolactone.

Metallic iron was produced by electrolysis of - '

a solution of ferrous iodide in propylene carbonate; deposits were
obtained at current densities less than 30 ma/cmz. From a solution

of manganous bromide in propylene carbonate, manganese electro-
deposited in the form of dark nodules at a current density of 5 ma/cmz.
Cobalt was obtained as a nonuniform, moderately adherent deposit
when a solution of cobaltous chloride in propylene carbonate was

electrolyzed at a current density of 4 ma/cmz.
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. Titanium was ;iot obtained elec_trblyticall? from a solution of
.‘TiBr4 in propylene carbonate at current densities .up to 32 ma/cmz.,,
" nor from thé solution resulting when sodium borohydride reacted with
a solution of TiBr, in propylene carbonate.
. A solution of niobium pentachloride was electrolyzed without
deposition at current densities up to 7 ma/cmz,. Niobium penta-
chloride in solution was reacted with sodium borohydride in propylene
‘carbonate.. The resultfn'g solution, virtually a nonconductor, was
electrolyzed at current densities of 1 irna/cm2 without éppar'ent succesé. ‘
. Electrolysis of a propylene ca‘rb.o,nate. solution of UC 14 gave
-no evidence of depositing metal at current densities up to 15 ma/c‘mz.
. Electrolysis in the presence of potassium iodide or sodium chloride
'~ apparently gave only traces of the alkali metals. '
. Bismuth was obtained . from a solution of biémﬁth.trichloride in
propylene cérb'onate by electrolysis at a current density of 1 ma/ci’hz.
. The deposit was matte black and easily burnished to a metallic luster.
. From the viscous and saturated (or nearly so) propy’lene.car—
bonate. solution of lead iodide and potassium iodide', ‘(mole ratio
Kl:Pb_.IZ

iodide per 100 g of solvent was prepared. When this solution was

= 0,738:1) a less viscous solution containing about 20 g lead

electrolyzed.at a current density of 2 ma/c'rn2 by the use of a platinum
cathode, a deposit of lead was obtained.on widely sp.ac':ed nuclei, . Th(; ‘
distance between the nuclei varied .from about 1/10 mm .to 1 mm.
_Electrolysis of a propylene carbonate solution of stannic
chloride . at current densities up to 6 rr‘la/cm‘2 gave no evidence of

metal deposition.
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_ Discussion of Elebctrodepbs{ti'ox'i from Cychc Esters

. 7 B :
The- alkah metals were readily obtained by electrolysls from

, solutmns of thelr halide salts in propylene carbonate, but the alkahne
earth metals were not deposited under like conditions.. The free .
.energies of formation at 25° of .CaB'r°2
.the value for the free energy of formations of LiBr, Nal, and KI. On

and MgBr, are almost twice

. this basis one would expect that because the.alkali metals can be de-
posited from propylene carbonate solutions of their salts, calcium and
.magnes1um -will also be deposited.. The nondeposition of magnesium and
.calcium may best be explained by the existence of a high overvoltage
for metal deposition. . Aluminum, which.one would expect to be deposited
at a lower potential than Li, Na, or K on the basis of its free energy of
. formation, is not deposited. This also is due-to-a high overvoltage for
process of metal deposition. If reduction of ions of titanium, niobium,
uranium, and tin of higher valence. to, species of lower valence
proceeds more rapidly than the reduction of species of higher valence
-to metal, no deposition of metal will be observed until all of the high-
‘valence species has been reduced. In the exploratory electrodeposition
experiments, only a small fraction of the metal ions present could
- have been reduced to .a lower valance state. _IfAr,eduction. to the metal
proceeds through an intermediate lower valence state, electrodeposition
will not occur if any step in the procesAs”has so high, an acfivation
potential thaf the solvent would be destroyed first,. For ‘tvin éither of
these possibilities may be true. In aqueous solution deposition of tin
doubtless passes through the divalent state. The reduction from tin
(IV) to tin (II).is irreversible, but the reduction from tin (II) to metal
is reversible. 7

. A. Brenner divides the metallic elements into two groups:
‘(1) those which may be electrodeposited from aqueous solution,
. and (2) those which cannot be so electrodeposited. This latter
group he further subdivides into two groups depending upon the cause of

the inability to be deposited from aqueous solution. . In the first group,
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_aqueous solutions with special reference to the electronic structure
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. the inability to be deposited.stems from being unable to reach a high

enough electrode potential toddeposit the metal because of hydrogen

evolution; in the second a high activation potential in the electro-

- deposition process prohibits a deposition that otherwise would be

91

To the first subgroup belong lAithium, sodium, potassium,
magnesium, c.':alcium, and possibly aluminum and beryllium. The
alkali metals may be electrodeposited from a rather large variety of
organic solven‘és in which the hydrogen is more tightly'bound. than in
water,

To the second subgroup probably belong molybdenurh,’

.tantalum, niobium, zirconium, hafnium, vanadium, tungsten, and
.titanium. Estimates of the electrode potential of molybdenum and

.tungsten in aqueous solution indicate that it should be thermodynamiéally

91

possible to electrodeposit these metals from aqueous solution.
Brenner concludes that the prime factor which determines

whether a solution will conduAct or whether a metal can be deposited

from it io not thc diclectric constaut of Lhe sulvenl or the crystal

structure of the'compound, but the chemical nature of the solvent and
solute combination. An example is the case of the aluminum hydride
plating bath. The two components AlCl3 and-LiAlH4 when dissolved

separately in ether give a poorly donducting solution, but when they

-are mixed the result is a good conductor which gives good deposits

upon electrolysis. To form a plating bath, a loose complex must

form between solute and solvent. The solution will not be a conductor

if a complex does not form. . However, if tﬁe complex is too stable
conductivity may occur, but not metal deposition.. Ethyl ether was

found to be tHe best organic éolvent for the deposition of the metals which

Brenner et al. have studied (Mg, Be, Ti, Al, and Zr)., Only-a few of

. the many conducting solutions obtained with.a variety-of”organic solvents

91

yielded metal on electrolysis.

. E.H. Lyons has investigated the deposition of metals from
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178-181 ~He concludes that only

of complexes that exist in solution. '
‘those metals that form outer orbital c:omplexes182 will be reversibly
-deposited from aqueous solution.. Those that form inner orbital com-
plexeslsz’ will in general not be deposited, -or will be deposited only
with a high degree of irreversibility (high overvoltage).from.aqueous
solution. . S '
Lyons and Parry list Ti, V, Zr, Nb, Mo, Hf, Ta, W, Th, Pa,
and U as forming only inner orbital complexes. 183 In view of this it
is not surprising that in aquoous colutions these metals cannat he
deposited. We may assume that in propylene carbonate solutions
because of a high activation energy for deposition resulting from an
inner orbital configura’cion.-, the solvent is decomposed before the A
melal is deposited at a finite. rate.

. These qualitative electrodeposi"cion studies have shown that these
solvents-ethylene carbonate, propylene carbonate, y-butyrolactone,
: afnd..y-valerolactone— are promising as ioﬁizing media for carrying
out electrochemical reactions. The need for further study of several
aspects of electrodeposition is indicated. . A detailed . and quantitative
investigation of the deposition and solution of metals in these solvents

‘would be desirable, as would be a study of the oxidation and reduction

products of the solvent itself.
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SUMMARY

"1“he five-membered cyclic esters, ethylene carbonate,
propylene carbonate, y=-butyrolactone, and y-valerolactone, have been
characterized.as solvents for électrochemicalreactions. . They posséss
" the following desirable properties: .low vapor pressures, relatively
low toxicity, high chemical stability, high dielectric constants, and
-high solvent power for certain ionic salts. In addition, they are
relatively nonreactive with anodically liberated halogens. Such
. properties are de'sirable in an easily handled nonaqueous ionizing
medium,

The solubilities and coriductivities of saturated solutions of a
large number of both covalent and ionic inorganic compounds were
determined. Of the ionic halides, thé bromides and iodides were
found to be the most soluble,

The variation of solvent power of the solvent was discussed’
with reference tothe solvent variables, dielectric constant, solvent’
size, dipole momént, and charge distribution. . Contrary to pre-

- dictionscof many solubility theories, the solubility of ionic salts was
not found to be a smooth function of the dielectric constant. As could
be expected, a number of relatively covalent halides such as FeC13‘,
AlC NbClS,.

A study of the dependence of conductivity upon concentlration%

13, and.'I‘_iBr4 were found to be quite soluble,

indicated that certain alkali halides behave as strong electrolytes

in both propylene carbonate and y-butyrolactone. - Further studies of
solubilities and conductivities in these solvents seems desirable, both
with reference to additional solutes and. the use of these solvents with
various substituted groups.

The electrolysis of a variety of inorganic compounds further
characterized these solvents as ionizing media. In addition to many
of those metals that are reducible from aqueous solutions, certain
of the very electropositive elerments (Li, Na, and K) were also de-

posited.
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Because these solvents possess good -solvent power for a great

number of other organic compounds, they may-also prove very useful

for the preparation of organic éomp’ounds,by the electrolysis of suitable

soluble intermediates. With further investigation these solvents may

- prove to be advantageous for the electrowinning of pure metals or the

_plating of protective films. It is unfortunate that although a great

deal of work has been done in aqueous systems, so little has been’
done in nonaqueous solutions. It is believed that studies in solvents
other than. water will facilitate the better understanding of electro-

chemical processes in aqueous solutions.
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U APPENDIX I
Symbols and Abbreviations:. :

COn-staht-of\On:s:ager. eq.ii'ati‘onz S e

‘constant of Onsager Vequa.ti’on

concentration moles/liter :.

. Debye units : .. . ...

molar

mole. fraction

Avagadru's number

number of molecules per cm’
solubility

degrees Kelvin

electronic charge

Boltzman's constant

refractive index, D line at 25°C
radius of ion

charge of ion

équivalent conductance .
equivalent conductance at infinte dilution

hypothetical equivalent conductance if all of a weak
electrolyte had ionized

used in Shedlovsky extrapolation defined by Eq. (8)
ohm

degree of dissociation

dielectric constant

dielectric constant at infinte frequency

specific conductivity

-dipole moment

numerical constant for a given equation
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.APPENDIX II

Sources and.Purity of Salts

~Salt : Pur,ity ‘ J A Source
B,iCl3 . Reagent. . Baker and Adamson
:CaBr, . ZHZO» Reagent - General Chemical Division
CaCl, Reagent = ' - Allied: Chem. and Dye Corp.
: C'dClZ . Z-‘Z-HZO' ‘Reagent. -, New York, N.Y.
CuBrZ : "Reagent . ‘ '
KBr ‘ Reagent:
MnCl, . 4H,0 Reagent
NiCl, . 6HZO Reagent
NiBr, _C.P.
: K].3F4 - :Tech.
. CdI, ~Reagent J.T. Baker: Chem. Co.,
. snCl, ' ~ Phillipsburg,. N.J.
- AICl, C.P.
C. P.

A CuC_Al2 . 6,H20
‘ Gu’ClZ . 2H,0

> C. P

‘KCl1 C. P

. LiCl C. P

NaCl Cc. P
C.

NaF
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'. APPENDIX II (cont'd)

A

Squrces and Purity of Salts

§a1£ o S . .Pu;i,t}; : ‘source
LiBr Reagent . Matheson, Coleman, and
e : .Bell Diwv,

The -Matheson. Company, Inc.
East Rutherford; N.J.

J4

’.-MnDr-Z . 4I1,0 ' Pu'riﬁ'ed -Fisc};er Scl:ie;qtifié Co.
Nal . c.Pp. " Pittsburgh, Pa.-
‘ NaOMe . ) Pure ) |
v C&(RF4)2 o ' Technical L Kawecki Chem. Co.
: . P.0O. Box 57

Bayértown, 'P'a...

: "Na'SiFéf cor T Technical Braun-Knecht-I—Ieimann Co.

. San Francisco, Calif.

PbBr, ‘ Pure Eimer and Amend
S New York, N.Y..
: Feij*Z ' o Powers-Weightman-
' ‘ "Rosengarten Co.
. Philadelphia, Pa.
. BaB'rZ . xHZO - V Amend Drug and Chemical. Co.

- 117-119 East 24th St.

Lil Pure New York 10, N. Y.
i
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APPENDIX II (cont'd)

Sources and Purity of Salts

Salt - Purity ' : Source

FeIZ Mallinkrodt Chem. Works
KL . o Reage;it St, Louis and New .York

Na.BH4 Obtained through the

NbCl courtesy of Stauffer

5 o Chemical Co.

-TiBr4 . Richmond, Calif.

{TiCl, |
TivI2

:NaBr - Reagent - Merck and Co. Inc.
ZnCl, C L | - .C.P. - Rahway, N.J. :
NaBF : City-Chemical Corp.

. ThCl, : S - 132 West 22nd St.
| New York 11, N.Y.

UcCl A.D. Mackay Inc,
. 198 Broadway

‘New York, N.Y.
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