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SOME STUDIES IN TRE TRANSFERENCE OF IONS
IN ANHYDROUS ACETIC ACID SOLUTIONS

INTRODUCTION: ~ amphoterism in non-aqueous solutions.

It is a Well«known‘féct that zine hydroxide dis-
‘solves in an agueous solution of a strong base such as
sodium hydroxide. If the solubility is studled over a
| renge of concentrations of sodium hydroxide, it is ob=
served that if a sufficiently high concentration is used,
lthafsolubility éf zine hydroxide appears to decrease,
'Awith_incféasing concentration of SOdium hydroxiﬁe."The
solid phase which éeparates'out under these conditions
iz a compound having a formulai similar to NaHZnOa or
NagZnOp,with a number of moleculea of water of hydration.
Zine hydroxide is not the only hydroxide which behavas
in this manners fAnalogous reactions may be observed when
sodiun hydroxide solutions ére allowed to react with the
hydroxides of éluminum; chramium, lead; tin,'antimoﬁy,v
and perhaps many othersQ Reactions of this typé are ndt

vpeculiar to aqueous sysfems and in the liquid'ammonia

The follawing compound g have been isolated. NaHZnogeﬁng
t Foerster and Glinther, Z.+ Elektrochenm., 6, 301 (1899)%
NagZnOg «4H,0 [gricke, Z. AnOrg. Allgem. Chem., 172, 254
(1gza{f, and aHZnOe-éﬂgo (Couﬁriaan, Rec. trav. chim.,
32, 505 (1920



syetem we have an even greater number oﬁ examples of
thig pﬁencmenon.llln the water system only the Eases

of the metals which appear in the center of the electro-~
chemical series show this behavior in the presence of
strong hydroxides, while the metalvamides that form
compounds with potassium amide in liquid ammonia are
very numerous and are represented not only by the metals
that show this same characteristic in aqueoﬁé solutions,
but 3130‘63 sonme which_ara'&eeidedly electropositive.
Thus we have not only such compounds, as potassium
smmonozincate, Zn{NHK)g.2NHs, potassium ammonoplumbite,
PHNK.2NHs, and potassium smmonostannate, Sn(NK)p.4NH,,
but also salts like potassium.ammonolithiate,LiNK;.aNHa,
and potassium ammonosodiate, NaNKg.2NHg.

In scetic acid solutions, as well, this phenomenon
appears« Zinec acetatey shows a behavior with sodium
acetate solutions quite parallel to the reaction of zino
hydroxide with solutions of sodium hydroxide. The solu-

bility of zine acetate in sodium acetate solutions

4Franklin, J. Am. Chem. Socs, 35, 1455 (1913). |
gDavidson and McaAllister, J. Am. Chém. Soc.,52,519 (1950)



1ncreasas with increasing concentration of scdium

acetate until the ecmpound,Zn(CQHaﬁg)a-a&aG;H303¢4dCEHaOg,
appears as the salia.phase‘lnsteaa of unsolvatea_zine
acetate. Then the‘solubiiity of zine acetate deciééses
as the nonéentration of sodium acetate 1n¢re§ses fu?ther‘
Copper aaetate likewise dissolves in salutions of the
”strong bases, potassium, and gmmonium acetatesyy and in
the case of the latter, an addition compound of the
formula, CH(CQH303)?D4NH402H303f4H_ﬁgH§0g, has been
isolated. '

» In‘al% the cases mentipnéa above, we have examples
of’the’reaction of a strong baée upon a weasker one with
the formation of addition compounds which are either
'assnmed o exist iﬁ solution or whiech have been aatualiy
isolated. In xhe“aqﬁeéus system, this type of Teaction
is said to occur because of the amphateric natura of the
WQaker hases » In liquid ammonia, the fOrmation of the
oqmplex‘&mides is explained in‘the uame,mannerga -The
data for acetiec meid solutions are not as complétéfas in

the case of the water and ammonia systems, but if

sDavidson and Griswold, J. am. Chem. Soc.,53,1341(1931).

oFranklin, loca cita.



amphoterism is defined by the characteristic reactions

of which we have been speaking, the term cen éertain;y

be applied to designate phenomena of this sort in acetic
acid solutions as well as in agueous and other non-aqueous
systems. " ‘ '

In expiaining the acti@n of sodium hydroxide solu-
tions upon gzine hydroxide, 1t is usually assumed that
zine hydroxide is a weakly acidic gubstance and is there-
fore capable of dissociating not only aé a base:bﬁ% also
as an acld. The resction with sodium nydaroxide, on that
basis, would consist of the neutralization of the‘hyaroe
gen ions to form water and also in the formation of the
soluble salt of the zinefaciaa- If this hypothesis is
correct, there will exist in such a solution complexi
anions that are made up in part of zine and ere called
zincate or météllatel‘ions, in addition to the sodium and
hydroxyl ions which are presentr

A study of the nature of the anion present in this

system has been made, by determining the changes in

,The name metallate has been suggested as a general term

for all salts of amphoteric bases, regardless of the
system in which they appears
Fernellus and Bergstrom, J. Phys. Chems, 35, 741 (1931).

Kremann, Z. Anorge. Cnem., 33, 87 (1903).



concentration of zine around the electrodes caused by
an electrolysis of the solution in a transference cell.
The cpncéntration of zine was found to increase around
the anode, indicating that the énion contained zinc.

This is the only conclusive evidence that Wé have
for the existence of metallate ions in agueous solu~
tions, although the explanation for the behavior of all
emphoteric hydroxides in the presence of sodium hydrox-
ide 1s based upon the hypothesis that metallate ions
are present'in the solution.

Likewise, the exiatence of metallate lons in liquid
ammonia solutions was merely taken for granted until
véry recently, when it has épparentlyibeen definitely -
established by Detrick and Fernelius, who in an unpub-
lished paper; have reportcd‘that in the electrolyses of
liquid ammonia solutions of such salts as potassium
ammonocupriate, CulKy.3NHs, potassium smmonoaluminate,
AI(NHQ)QNHKaBNHa,‘and patassium emmonoplumbite,PbNK.NHg,
they have obtained quantitative deposits of the less
positivé metal on a platinum anode in the form of some

nitrogen compound.s

jPresented at the Indianapolis meeting of the Am. Chem.
Soce 3 April, 1931.



It appears therefore that if the'wcrd‘amphoteric
is to be given the most inclusive meaning, it may be
useﬂ}simply to characterize a base which is capable
of reacting with a stronger base to form an addition
compound. If we impose upon the concept of amphoterism,
the added restriction that if a soluble salt is formed,
the less negative metal must appear in the anion, then
the amphmtarié nature of a great number of compounds
becomes open to question.

As has been mentioned above, zinec acetate, which
is only slightly soluble in pure acetic acid, dissolves
readily in an excess of an acetic acia.501utinn of
sodium.acétate,.just as zind hydroxide dissolves in
aqueous sodium hydroxide solutions and as zinc amide
dissolves inuliquid ammonia solutions of potassium amide.
Copper acetate li@ewise“dfssolves in the presence of
potassium er“ammohium:acetate» In both of these cases
addition compounds are formed. Because,ofrthis analogy:
in chemical behavior the guestion arises whether or not
zine and copper acetates, which according to the first
ceriterion mentioned above, are to be regarded as em-
photeric bases, also have the property of forming

metallate ions. If that is the case, there should exist



in such a solution a complex enion which is made up in
part of ﬁhe métal,‘gopper, or zine, as the casé}might be.
In othar»wprds,’we might expect ﬁhat:the salt whieh is
present in solution,and which can be obtained as a solid
phase, ig the salt of an amphoteric base rather;ﬁhan a

double acetate.

OBJECT AND GENERAL METHOD OF ATTACK:

It seemed to be of interest, therefore, %o abttempt
to determine the ionic species present in such acetic
acid systems and by sofdoing to extend our knowledge, both
with respect to‘amphoterism'in‘general:and»tc thé ﬁroper~
ties of acetic acid,solﬁtions in particular. -This consti-
tuted thguqrigiéal dbjectiveJofrtﬁe present wprk; although
circumstances whioh:cduld.hardly have been foreseen caused
the plan to be somewhat modified as the work proceeded.

A defenmination\of ionic species may be undertaken
by verious methods, but the one which lends itéelf mdst
readily to the conditions of the case ls perhaps a study
of‘the results of electrolysis of the substance under
dbnsideration. ‘The reéults of the electrolysis may mani-
fest themselves in two different ways. In the work of
Detrick and Fernelius it was possible to obtain‘the‘depo—

sition of solid products at the anoda,'resulting‘from the



discharge of the snions On the other hand, the electrode
/reaction may not bring about the disaharge of the anion
in which we are interesteﬁ;and in that case the usual
Hittorf, method of determining transport numbers is
aveilables R | | |

By determining the cbncentration of the solution
surrédnding one or both eléctrodés;before and after
électrclysis, 1ﬁ is possible to ascertaln the direction
in which the metal, whose amphoteric nature we are study-
ing, is migrating. It Waa‘origihaily planned to emplcy
this method merely to determine the{direction of trang-
ference of the ion of’the'less‘eléctropOSitive metal in
oolﬁtions containing two acetates, but the resuita of
preliminary experxments ‘showed auCh marked peculiarities
of behavior that it seemed desirsble first to determine
quantitatively the migration ratios in a~number of
simpier systéms, eSpecially since n§~such determihations

for acetic acid solutions have been reported hithérfo;a

1Hittorf, Uber die Wanderungen der Ionen whBhrend der
Elektrolyse, 1853-1859. See 'also ﬂoyes and Falk, J. Am.
Chem. Socs, 33, 1436 (1911)

eTransference numbers in acetic acid solutlons have how=
ever been measured by Longsworth, Ph.D. Thesis, Univer~
sity of Kansas (1928), by the moving boundary method.

He concluded that the transference number of sodium ion

in sodium acetate showed no abnormality, that it changed
little with concentration, and that it approached 2 value
of 0.5 in dilute solutions. It is significant fo note

that in the method he used the existence of simple ions was
assumed and no actusl anaslytical measure of transference
was made.




PRELIMINARY EXPERIMENTS:

In early‘experimants it was determined that the
resistance éf‘the acetate solutions which we hoped to
use wés.SO high that an electromotive force even of the
vone hundred and ten volts of the D.C. line was'insuffi~

cient to secure appreciable transfer of material in a
| reasonable length of time. Tor this reason a trans-
former and rectifier capable of-delivering.six‘hundred
volts was obtained,and this enabled us to electrolyze
even the more dilute solutions qulte aatisfactorily;
At the low current densities which were used

(less than twelve hundredths of an ampere per sguare
decimeter or about ten milliam@eres;for the cell), no
.Tegular evolution of gas occurred atfxﬁe,anode and in
- meny cases no evolution of gas_whatsoevervwas observed
,at;thié‘electrode,_ﬂﬁt the cathode,hydrogen vas given
ﬁérfzin‘eachlinstanée.; ¥or this reason it appeared that
it would be preferable to study the changes of concentra-
tion around the anode,_since at that eiectrode there was
no. disturbance dﬁe to eonstant:stirring of the solﬁtion
 byfthewgas evolved. v§qme;@rial‘ruhs were méde using a
=solutionﬁcmpbéed}oféodium acetate, zinc acetate, and

,acetic acid and electrolyzing between élatinum electrodess
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In one of these runs where the concentration of zine
acetate was piactieally sﬁfficiant'to'saturaté‘ﬁhe"
soluticn;'a:deposit was obtained at the anode which

was shown by analysis to be zine acetate. At first
this was thought to be due to the discharge of an
anion ear:eéponding to the zincate ion in the water
system, - but the obsetVations could not be repeated and
later roughly quantitative measurements on similar solu-
tions indicated that zine migrated toﬁard the cathode.
In any case, it is difficult to determine just what
reaction occurs at.the anode in thesse solutions,lor,‘
for that matter, even in solutions of alkall acetatés
when electrolyzed under similar conditions. It seems
fairly certain that changes of a variable nature occur
at the anode. Inythe electrolysis of sodium acetatey,
for example, carbon dioxide, ethane, oxygen, methyl
acetata, and other substances are formed at the anode,
the relative quantities of which vary with current
density, concentration, and temperatures Becauge of
‘this uncertainty as to the nature of the anode reaction
at a platinum elegtrode, it seemed preferable to arrange

e cell with a known electrode reaction.

JHopfgartner, Monatsch., 32, 523 (191l1).



«1l~

- If the anode solution is to be taken for analysis,
the‘reaction.prOducts at the anode must not stir the
solution, and must have no effect on the solﬁti@n we
are electrquzing, either in changing’migrétion_ratios
or in meking analysés diffieult. In view of the faet
that a‘silvei~silVer chloride electrode had been used
in studying the hydration of ioms, we hoped to find an
electrode of this type that would work as satisfacto-
rily in acetic acid solutiohs. After zi#e amalgam‘had
been tried and’found to be,unsatisfactory, a merecury
anode proved to be the éolutian‘ef the problem. The
electrode reaction was found to consist in the quanti=-
tative oxidation of mercury to mercurous acetate,
whiéh formed in a layer upon the mercufy. fhat this
is the case in an electrode of this type wés demon=-
strated by the fact that in one run .91l grams of
mercury diSapﬁeared at ihe anode, while on the basis
of the current passed as measured by the copper écu-
lometer, »905 grams of‘mereury should have been trans-
formed to mercurous acetate. Further, the precipitate
of mercuroué acetate was dissolved in water, hydro~
chloric acid was added to precipitate the mercurous ion
aé calomel, and the solution was then filtered. The

filtrate failed to show a test for mercuric ion when it

iWashburn, J. Am. Chem. Soc., 3L, 322, (1909)
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was treated with hydrogen sulfiae. Thus there can be
no ﬂoﬁbt that the mercurous ion,and that ion only, is
formed at a mercury anode in an electrolysis of an
acetia acid solution under the conditions used.

The mereurous acetate was found to be sufficlently
insoluble in every acetate solutlon stuaied to obviate
the introduction of appreciable quantities of‘mercurous
ion into the solution; only a faint yellow csloration
could be obtainéd when the solution,which had remained
iﬁ‘contact with the mercurous acetate for several days,
was treated with hydrogen sulfide.

. The mereurywmerauraus acetate electrode could be
'ﬁsed without gassing up to current densities of eight-.
tenth; of an ampere per square decimeter or a current
of forty milliamperes for the cell. Even with this
inmproved type of electrode, because of analytical diffi-
eulties, further study of the sodium acetate- aino acetate
system did not promise to be profitablea It was there~
fore decided to study instead the smmonium acetate-copper
‘acetate system, in which case more asccurate methods of
énalysié'were available.

APPARATUS :
‘In the preliminary experiments a simble cell was

used which consisted of two concentric test tubes,'the



‘smaller one being held in place by means of a cork
stopper, and communicating‘with:the‘larger one by\méans
of a large hole blown in the side of the tube. The
eieetrodeS'were of platinum foil and were supported by
glass tubes which passed through holes in the s stopperss

- In the quantitative. experiments a special 06111 of
the Loeb-Nernst type was used (illustrated in Figure 1).
It consisted essentially of two large test tubes, one
longﬁr than the other, each fitted with a stopcock at
 the bottom and communicating with each other a few centi~
~meters from the top by means of a plece of glass tubing
of practically the same dimmeter as the tubes themselves.
In the longer leg of the cell was placed ahout thirty
grems of redistilled meroury, which served as an anode,
and the connection to this was made by means of a platinum
wire sealed through a glass tube. This glass tube also
| contéined‘mercury-and was held in placé by a two~holed
rubber stoppers The other hole of the stopper carried a
glass tube which was connected by a piece of rubber tubing
to a drying tube filled with granular calcium chloride.
’This arrangement allowed equalization of gaseous pressure
in the anode chamber, but prevented any possibility of

moisture entering the apparatus.

,The writer is indebted to Mr. Jesse Stareck for the
construction of this cell.
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The cathode was-a piece of platinum foil to which
connection was made;by means of a long, fine gauge
platinum wire‘thatnreache& from the bdttdﬁ of the
cathode chamber tc the top of the celle ' To prevent
exééssive stirring of the cathode and middle portions
of the solutions in thé‘cell; a funnel-like deflector
was. useds The larger end of this deflector waé‘placea
over the cathode while the smaller end passéd through
the one hole stopper at the mouth of the cathode com-
partment' 'ths deflector éakrie& the hydfogen 11berated
at the cathode to the mouth of the tube, where it es-
capéd thﬁough é drying tube filled With calcium chlorides
A smell hole in the deflector tube just above the sur- .
face of the liquid in the cathode compartment allowed
equalization of pressure in this pert of the cellngith'
‘the atmospheric preséuras’ The»piatinum wire leading
from the cathode was teken out througﬁ the end of the
deflector tube, to which was attached a short plece of
rubber tubings. The_ﬁire ﬁés passed between this piece
of rﬁhbet*%ubing'énd'the end of the drying tube with.
which the rubber tubing maééiqonnsctiont In thié manher
a glass platinum'seal was elimineted, and at the same
time direct contact of the contents of the cell with the

atmogphere was avolded.
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The source of current used was 3~Majestic'Bwbattery
eliminator which hed been rebuilt to aeliVBr approxi-
mately twice the ‘normal potentiale A type 280 Kenetron
tube rectified both phases of the hunareavand ten volt
alternating current. A choke coil and a pair of con-
densers of iarge capabity.were supplied for the pﬁrpdsé
of evening out the rectified current, but this refine-
ment was, of course, unnecessary in the work for which |
the rectifier wés here used. The maximum voltage ob-
tainable was approxxmately six hundred volts. The
voltage was adJusted to suit special cases by means of
a potential divider connected across the As C. input.

; The»quantity of electricity which was passed
through the cell was measured by means of a copper
coulometer made up according to standard specifications¢,
| The electrical circuit consisted of the electro-
lytic cell, the coulometer, a Weston three~ranga ammetar
and then, of course, thg output leads o$ thé rectifier,

as is shown dlagrammatically in Figure 1.

PREPARATION OF MATERIALS:
The anh?ﬂroua gcetic acid used was prepared\accora-

ing to the'method of Kendall and Gross., & C.P. grade of

4Cady, Principles of Electrochemistry (1927)
gKendall and Gross, J. Am. Chem. Soc., 43, 1426 (1921)



FIGURE 1.
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glacial acetic acid was redistilled, treated with the
required amount of acetic anhydride and refluxed5fdr
several dayss The resulting acid was distilled again
and this product, which was used in these experiments,
had a freezing point of 165 to 16.6° C..
The sodium acetate employed in these experiments

was a C.F. grade which was dehydrated for several ﬁays
at about 150 and then placed in stOppered bottles in a
desiccator' Its purity was verified by making up various
solutions of the salt in scetic acid and checking the
freezing points with values given in the literaturé;l

- The gzinec acetate was prepared by recrystallizlng a
C.P. hydrate from dilute acetic acid and heating this to
90° for several days: The resulting product was then
moistened with pure acetic acid and heated again at 85°
for about six hours, as described by Davidson and
Mcallister.p Analyses of the resulting produet averaged
QSsVO% for zine; the zine content calculated for
Zn(CQHSOP_}a is 35 65%.
| The ammonium ‘acetate was prepared by the methodg

described by the above investigators also. .Anhydrous

aKendell and Adler, J. Am. Chem. Soc., 43, 1470 (1921)
eDavidson and McAllister, loc. cite |
aDavidson and Mcallister, J. Am. Chem. Soc.,52,507 {1930)
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ammonia gas obtained from boiling liquid smmonia was |
passed over anhyarcus'aéetic'abié contained in an-
evaporating -dish oﬁei‘éada‘lime'in a vacuum desiccators
After this preliminary treastment had been cargiea on for
& day, the resulting product was pulverized and again
treated with ammonia gas for several dayss In following
this procedure it was possidble to0 obtain eithethhe‘neu~)
tral salt, NH,CoHsOs, or the acid salt, NH,CpHgOg.HCgpHgOge
It is not knowp whether variation in’temperatufe or’somé
other factor caused this unusual behaviors Since the
ammonium acetate concentration of all solutions used in
this eiperiment was determined5by’analysis;‘it‘Waslbf no -
‘importanee whether the salt uged for preparing7these
solutions was the acid or meutral salts

| The copper acetate was prepared as déscrih@d by’
Devidson and Griswoldsy The hydrate was recrystallized
from dilute acetic acid and then dehydrated at 90° until
analysis showed no water to be presents This required
about sixty hours. Samples of this product;=analyzéd by
thé élctrolytic method, averaged 34.96% of coppei; the

copper content of pure copper acetate is 35.00%.

sDavidson and Grisw01d,‘loc- cit.
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METHODS OF ANALYSIS:

The analyses of the sodlum acotat& solutions were
made by adding a slight’exoess of sulfuric acld %o the
sample, eﬁaporatingrélowly to drynéés,;fuming off the
exceSS»suifuric'acid; heating strongly-ovar Fisher
burneré,\ﬁnd finally Weighing as the sulfate.

The method of analysis used for sdlutions‘bf?sddium
acetaté#zina»acetate consiste& Qf‘first'cbhverting’the
mixed scetates to sulfates and'ﬁeighing them asyéuéh.~'
Then the zinc was determined by pstentiometric tltration
with patassium ferrOannide soluticn, ‘These analyses,
far some reason which could not be ﬁetermined failed ‘
“to give results as GOnsistent as was desired; this was |
one of the reasons for diacantinaing the study of these
solutionse | ,
| The analyseb for GOppcr were made by the iadimetrlc
method desoribed by Talbotsy

The analyses for smmonium acetate were made by
adding an excess.of baee to the solution and di«tllliug
‘the emmonia liberated into known quantities of standard

hydrochloric acids The quantity of ammonia was then

determined by back titratidn of the excess acid..

1Talb¢t, guantitative Chemical Analysis (1921).



Check analyses,were made in all cases except in a
few of the most dilute sodium geetate:solutions; ‘Thesge
duplicate énalyses_agreed to well within;the @rrﬁr 1n~;
 herentjin,the method used for determining transference.

MANTPULATIONS:

The experimental procedure in the use of the
apparatus may be given in a ﬂescription of a typical run.
About thirty-gréms of redistilled meréﬁry were
accurateiy weighed out and transrerréd t@ the longer leg
of the electrol#tic cell, which was to serve as the anode

compartment. The sOlutiqn,to be elecirolyzed‘WQs then
‘poured into the cell to a level only slightly,abmve.that
of the conhecting tube. The rubber stoppers, whioh were
fitted as described above, were then attached and,thef
electrical circuit completed. The eufrentvwas ad justed
to the_cofrect'vélue g@dlthe_apparatué,wasthen left
undisturbed‘until‘a sufficient quantity of“electricityv
’had passed. .This required from six hours,in some casés,
to about twenty-four hourg in the case of tha more dilute
gsolutions, where therresiétancefwas so high that a
current of only two or three milliamperes could Tlow.

The current was adjusﬁed to a low enourh value so that
héating of the solution was avolded, no cohstant tempera=-

ture bath being used, since transference phenomena do not



show appreciable variation for small temperature changes.
The experimental temperatures varied with the room
temperéture‘and-ranged-frOm 20°Vto'50°‘0a; Enough elecé
tricity was passed to aeyosit on the average .05 to 15
&rams,of copper on the cathode in the coulometer.:

‘When the run was completed, the eircuit was broken
and the coulometer cathode irmediately washed and aried
for weighing. The stopecock in the cathode compartment
was then opened and the solutions from the cathode tube
and the connecting tube were withdrawn-sloﬁly,Vwithout'
disturbing the solution remaining in the cell. The stop-
cock in the anode compértment was then opened and the ,
total contents including the mercury, mercurous acetate,
and solution, were transferred to a weighed, stoppered
flask. This flask was weighed agein and then set aside
for a few hours in order to allow the mercurous aeetate 
to settle to the bottom of the flaske ~After this had
taken place, portions of the solution were decanted into
welghing bottles for analysis. Data were thus obtained
for calculating the net weight of the anode portion of
the solution in the cell.

RESULTS:
. In the‘qourse of this research, transference studies

were made on aéet1c acid golutions of sodium scetate and
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ammon ium aaetate over es wide a range of concentratiqna

- as qu praaticable.1

N A study was also made of the transference of copper
~and ammonium ions in solutions containing both eopper
and,ammonium aaetate¢ These studies were made over a
wide range of ammonium- acetate coneentrations while the
eancentration of copper acetate was held fairly constant.
In thié mggner the mole ratio; mole per‘cent~'ammonium
éceﬁate:}&01e'per centq cépper'acetaﬁe, was made to vary
greatlyu Xn every case a depoqit of copper appeared on
the cathode during electrclysis, while no trace of copper
acetate could be detected in the anade deposit.

1’ From the dataycbtained, it is not only poésible to
deﬂermine the direction of transfer for a givenvsubatance
in solution whenysubjeated to the influence oftan eléctric
current‘ but also it is possible to calculate the apparent
transport numbers for the cations whlch were assumed to
‘be present 1n the soluticn. In the copper acetate-ammo=-
nium acetate systems the calculations were based on the

supppsition that copper was present as a catlon.

4Studies in more dilute solutions were not possible
because of the extremely low condictance of the solutions.
On the other hand if the concentration of the solutions

is too high, the relative change in concentration during
electrolysis becomes so small that the precision of the
results is affectede However, solutions of sodium acetate
were studied practically up to the saturation point, and
values for ammonium acetate were determined through the
same concentration range.



A5 has been stated, in beginning this work it was
not the intention to study more than the airection‘of
transference, and for that reason the highest &egrae
of accuracy was not striven for; no temperature control
was used, nor was the middle portion analyzed to deter-
mine if any concentration changes had extended into
this region. The anode portion of the solution,which
was usually about thirty grams, represented about fért&
per cent. of the total capacity of the cell. By virtue
of the design of the cell, also, it is helieved‘that
the snode solution teken for analysis ineluded the total
changes in concentration caused by transferénca; Theée
conceﬁtraticn changes were in no case great enough to
cause marked changes in density and therefore no diffu-
sion effects from that cause were present. A4 Tun was
made on a copper‘sulfate solution in water to check the
operatién of the cell. The results agreed_well enough
with'qecepted values of the transference numbers for
such a solution to werrant the conclusion that there
was no constant error inherent in the apparatus or the
method used.

In view of these faects it is believed that‘the

precision obtained is as follows: The transport number
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of the cation in the sodium acetate at any concentration
can be expressed %o a precision of &.05. This precision
is representative of tha determinaﬁions in the other
systems as Well, except in the case of the copper
acetate»ammonium acetate solution having the highest
concentration of ammonium acetate. ~In this 1nstance

the transport number of the ammonium 1on is reliable
only to within £.06.

It should be mentioned fﬁrther that no aﬁtempt
was made to correct the a?parant transport‘nﬂmbeis for
possible solvation of the iens, as this would have in-
volved a. tremendous 1ncrease in experimental aiffi~
culties without commensurata inerease in the signifi*l
cance of the resultse |

.~ Method of Calculation:

In order to aémunstrate how the transference
numbers Were-caleuléted, itkseamsvdesirable ﬁo include
a,coﬁplete;data and caloulations for one trial. TFor
this purpose let us consider the data for one of the
runs on en emmonium acetate solution.

Wt. of Hg in anode tube - 23.75 gm.

Wte of Cu deposited in coulometer .0752

Total wt. of anode contents , 58.19
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Fram these data the following valuas were abtainea*
_Faradays of electricity passed...‘.... .00256
'ﬁt‘ of CgoHaOg fixed at anode«..see.es 14 gm.
Net wt. of anode solution (HCgHz0p + Nﬁﬁcgﬁémg)

| 58419 = (25.75 + +ld)ersovs 34,50

The analyses were as follows:

Per cent« NH ,CpHaOp in original voluticn »8 + 78
Per cent vNHﬁCgHEOE in anode solution '

o after electrolysis 8 68
from which the fgllawing values could readily be calcu*
lated: , '

Wt.~of NH¢CHgOg in anode portion after |
| | electrolysis  2s975 gm.
Wts of HORH30, in anode portion after
| | electrolysis ‘31.53,
Wte of NH,CpHs0p associated with BL.33 gms
HCaH0p in original eolution 3.010
‘wt. of Nﬁﬁchaog transferred from anode
! = e compartment #0385
Gram equivalents of NH$CQH303 transferred ;00045
Now if we assume that the‘solute‘is dissociated
simply into FH.* and GEHaOE lons and that the transport
number of the cation is 1-x, while that of the anion is x,



‘then for each faraday of electricity passed through
the c¢ell, the follmwing chenges oceur in the anode
campartment' | .

1l gram equivalent of acetate ion is 1ost by the

solution in;the formation of solid mercurous
acetate, | | .

l~xAgram'equivalent of cation is exported,

x gram equivalent of anfon is imported.
Thus the net loss for the anode solution is 1-x gram
equiValant Qf'tﬁé salt. This numher, l~x, is also the
transport number of the cation. ’ | |

Further, if we assume that dissociation follows
the simple course mentioned above, it is poSsible to
détérmine the transport number of the cation; but since
this assumption is not necessarily trué,'the ndmber 80
obtained is better designated as the apparent transport
number. In the'eXample given, +00045 gram equivalent
of amnm cnium acetate was transferred by 00236 f&raday
of electricity; the apparent transport number for
smmonium ion is thérefore 0.19.

' The results which have been obtained are given

in the following tables:



TABLE 1.

SODIUM ACETATE

Concentra-

Concentration

0
035 wte. %

. Copper | Transference| Apparent
tion of : of anode solu~ deposited | of sodium transport
original Trial tion after - in . . | acetate from| number of
solution electrolysis ~eoulometer | anode com~ |  cation

- (Wt %) : partment
.99 mole % or I © 1.355 0208 gn. | =~.004 gn. -.08
1.341 wte % II 1.351 0680 | -.003 | =a02
| S 111 1.342 20170 o 0
IV 1.342 «0176 0 o
, ot =-.03 avge.
2.76 mole % or I 369 L0592 .017 [T 51
 5.06 mole % or I 6462 1279 066 .20
6.80 wt. % I 668 0716 +048 26
’ ‘ . . - N " «23 avge.-
7.02 mole % or I 9.25 0755 040
9

w2l

"5?’



TABLE 2.
AMMIONTUM ACETATE

8.62

Concentra~ Cdncenﬁration Copper ~ Transference Apparent
tion of Trial | of anode solu~ | deposited of ammonium | transport
original tion after in acetate from | number of
solution electrolysis coulometer anode com= . cation
B (Wt %) ‘ partment
.835 mole % or I 1.08 +0789 gm. -002 gm- .01
1.07 wte % IT 1.04 0 1.058 010 C .04
[ : C . s +03 &’Vge%
1.84 mole % or I 2428 .1533 .025 07
2.35 wte % IT 2.33 «1076 .008 =03
Ly e ‘ : i <05 avge.
3.23 mole % or I 4.00 -0701 .032 «19
4.10 wt. % II 4.02° -0844 .027 .13
ey o +16 avges
6.97 mole % or T 8268 .0752 .035 .19
8.78 wt. % Ir »1175 061 .21

=20 avge.




TABLE 3;
AMMONIUM ACETATE - COPPER ACETATE

Conecentration Mole ration Copper | Transference from Apparent trans-
of original NH,CoHg0z: Trial| deposited | anode compartment | port number of
| _csolution (Mole ¢) Cu(CgzHg0z) 4 in cou- Cu{CprHgOp)d NHLC H,0, cation
culCeHg0z) g NH.CoH50, lometer o | cu'™™ | NH.T
-214 © 2808 3.78 I 01042 gmo -089 gm- nOls F2a1 R0 «23 204
’ ; II .1119 2083 | 011 «26 | 04
IIT »1379 088 - v ‘ - #22 :
5 i o «83 «04 avges
<300 - 2.68 8.95 I «1438 099 | .015 24 | 04 A
I t1545 - «Q77 2020 ‘20 <06 )
: : 20 «05 avge.
.4 8.50 19.3 I | .1818 073 .06 IS TN G Ve
: 44@ II .2112 .072 — .12 —_
' III 0683 —_— =02 S — S12
‘ . - =13 13 avge
- .202 10.83 37.0 I | .0976 024 »088 208 »37
~ II | .0956 .022 +100 208 | .43
2 o «08 «40 avges
«346 223 643 I +1203 0086 — <02 —_—
o : IT 1194 013 —_— +04 —
. «03 avges




DISCUSSION OF RESULTS: sSodium acetate and emmonium

acetéte solutioﬁs

In the case of both of these salts, as the solu-
tions become more concentrated the transport number of
the cation increases and tends to appreach 8 “nofmal“
value, if we compare it with values for transport num-
bérs which are obtained iﬁ qquemus‘syétems.“The data
for sodium and ammqnium{aeetstes-aré g@own'graphically
in Figure 24 ‘ﬁhiST£éﬁéénéy of the %réﬁspb§£ nQﬁbér to
increase from a very small value in dilute solutions to
& normal value in concentrated solutions is quite unlike
‘the behavior of solutions of most 'salts in water, where
the trénsport &oes not vary greétly with canceﬁtfation.
Further, the fact that in the most dilu%e_solutidn'bf
sodium acetate, the apparent transpoﬁt number of the
kcétiohﬂaésumes é‘sligﬂtiyynega£i§é value is particularly
anomalous« In aqueousvsolutions marked abnormalities
are of@inarily attributed to thé fcrmaticn of complex
ions: In cadmium iodide éolutiohé, for instanée, the
transport number of~the cadmiwa ion decreases with in-
creasing,dbncentratipn until it réaches a negative vélue
in tha‘most concéntratea éolutions; and this aﬁnormal

behavior has been explained satisfactorily by assuming



FIGURE 2.
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that the more concentrated solutions contain the complex
anion, C4I,"" , as if,the dissociation occurrea,as‘
follows: G

2 Cdl, = cd** + cd1,~"
- If the migration ratid of fhis complex anion 1s greater
than that of the cation, electrolysis will result in an
inerease in the concentration of cadmium around the anode
and a éacreaée around the cathodes The same change in
congentration may be explained without assuming a larger
transport for the anion, if we suppose the formation of
an anion of even greater degree of complexity. It would
be possible, for- instance, to have the follawing type
cf dissociation.

3 cal, = ca"* + ca,,xe"“
In this ecase, if the migration ratios of the two ions
are equal and if they are the only ions present, the
apparent ﬁransport number of the cadmium ion, based on a
study of concentration changes, would have a nabative
values In the first case, using the same assumptlon for
the dissociation of the double molecule, the trénsport
number of the cation would appear to be zero. ' |

Tt is not unreasonsble t0 suppose that some similar

phenomenon may occur in acetic acid solutions,‘alﬁhough
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the change of the transport number of the cation with
concentration in these cases 1g in the opposite direction
to that observed for the aqueous cadmium lodide solutions;
that is, it becomes increasingly "abnormal® with decreas-
ing concentrations

Correlation of transference data with

other properties of the solutions

A comparison of the observed freezing point curves

with the curve which would be-obtained if both the solute
and solvent were assumed ideal, gives us at least some
insight in the state of affairs existing in the solutions.
In the case of the alkasli ascetates, there are two factors
which mighit be expected to cause the observed values to
fall below those of the ideal curve. The sgolute is evi-
dently ionized, since the solution conducts electricity.
If ionization were complete and if the lons behnaved as
perfect solutes,, the freezing point would be depressed
almost twice the normal amount, the effective mole frac-

tion of the solute heving been practically doubledg

1A rigorous treatment of these freezing point curves,
from the point of view of thermodynamics, would be ex~
tremely complex and would not fall within the scope of
this thesis. It is well known that solutions containing
ions, especially when the dielectric constant of the
solvent is low, deviate very greatly from ldeal behavior,
but the gualitative conclusions which are here drawn
would hardly be invalidated by thisg fact.




Likewise solvation is known to oceur (since golid gol~
vates have been i1solated), so0 that some solvent molecules
are, in effect, deprived of thelr ability to act as
solvent, and in this manner the mole fraction of the
solute is increased and the freezing point should be
depressed more than the normal amount. Although both of
these factors are involved in the cases under considera-
tion, it should be noted that in dilute solutions, the
effect of disscceiation is by far the most important.
Figure 3 gives the ideal freezing point curve for
acetic geid as well as the curves plotted. from observa-
tions of freezing points of sodium acetate and ammonium
acetate solutions. 1In calculating the values for the

ideal curve, the following equation, was used:

mx-g (k- §)

Known valuessof ¢ and Tp were substituted in the
equation and the temperature T calculated for various

values of X«

1X represents the mole fraction of the solvent, ¢ is the
molar heat of fusion of the solvent, R is the gas content,
1:99 cal., Ty is the ambsolute freezing point of the sol-
vent, and T, that of the solution.

2Q = 2780 cal. Physikaliasch-Chemische Tabellen,
Ty = 16.5° + 273° Lendolt Bdrnstein.



The data from which the ideal curve was plotied
are as follows:

Mole % base 0 1 3 5 10

Temperature,°C. 16.5 15.9 14.7 13.5 10.3

The ebove values were obtained on the basis of
single molecules of acetic acide There is evidence,,
however, that acetic acid is associated, even in the
vapor state, at these temperatures, and for that reason
the caleculations were also made on the assumption that
acetic acid is dimolecular. The values thus obtained
are identical with those given above, up to a concen~
tration of five mole per cent., when the calculation
based on double molecules gives a temperature only six-
hundredths of a degree higher than the value given in
the table. This difference is negligible, as far as
our digcussion herse is concerned.

From a congideration of Figure 3, it is at once
apparent that we are dealing with a state of affairs
far different from that existing in water solutions and
that anything like complete dissociastion, even in dilute
solutions, is quite improbable. The curve for sodium

acetate is only very slightly below the ideal curve,

4Turner, Molecular Association, p.53, Longmans, Green & Co.
London (1915)
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throughout the concentration range plotited, while that
of ammonium acetate rises above the ideal curve for an
interval+. As has been shown above, both of these sub-
stances might be expected to give freezing point curves
lying decidedly below the ideal position. How ean the
fact that the curves agpproach the ideal curve so closely
be explsined, In view of the facts of solvation, and
especially of dissociation?

If we conslder the fact that association of solute
molecules in solution would lower the mole fraction of
the solute, we can explain the abnormally small lowering
of the freezing point of acetic acid shown by both of
these solutes. If we consider also that transference
studies of both ammonium and sodium acetate solutions
in acetic acid give sbnormally small values for the
transport number of the cation, we can clarify the
matter by formulating the hypothesis that the associlated
solute molecule can dissociate in some such manner as
cadmium iodide dissociates in water solution. Thus for
sodium acetete we might suppose the following dissocia~
tion to teke place:

2 NaCpHgOp = Na* + Na(CpHz0p)p"™



The passage of an electric current through g
solution contalning the above ions, providing the two
types of ions migrated at nearly the same rate, which
does not seem unlikely on the basis of the work of
Longsworth,y would result in practically no transfer-
ence of sodium acetate from the anode portion. A
transport number calculated on the basis of supposed
transference of the simple ions would have an abnormal
value comparable to those which have been experi-
mentally obteined in this work. It seems therefore
that on the basls of what little evidence is available,
an agsumpiion of associated molecules of sodium and
ammonium acetates in acetic acid, which undergo disso=-
ciation in some such menner as indlcated, affords the
only consistent explanation of the experimental facts
regarding these substances.p It is difficult, however,
to see why the abnormality should be greater in dilute
than in concentrated solutions, when all our experience

with aqueous systems would lead us to expect the opposites

sLongsworth, loc. eits

2Webb, J. Am, Chem. Soce, 48, 2263 (1926), after con-
slderation of the freezing points of dilute solutions

of godium acetate in acetie acld from the viewpoint of
the Debye-Hlickel theory, came to the conclusion that

the hypothesis of complete dissociation into simple ions
was probably untenable in this case.



Conductance datey for sodium acetate solutions
in acetic aseid are available over a wide range of con-
centration. These data are plotted in Figure 4, the
equivalent conductaence in mhos as the ordinate, and the
logarithm of the volume in cubie centimeters which con-
tains one gram equivalent, as the absgcissa. In going
from a concentrated solution the equivalent conductance
approaches a minimum rather sharply and then rises
slowly as the dilution is continued.  This fact is not
significant in itself because this type of curve is
qulte characteristic of non-aqueous solutions. However,
it is of interest to note that the zero transference of
sodium ion in sodium acetate solutions first appears at
about the same concentration as that at whieh the
equivalent conductance approaches a minimum. This point
is indicated by means of an arrow in the graph.

It 1s impogsible to explain this relationship with
our scant knowledge of such solutions, but the point is
brought up as further evidence of the peculiar behavior
of solutions of acetates, at least in this concentration

rangee Longsworth, emphasized the anomaly of the fact

sHopfgartner, Physikalisch~Chemische Tabellen,Landolt-
Bdrnstein.

glongsworth, locs clte
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that the transport numbers in such systems, which he
had determined, were apparently normal, in spite of
the very irregular course of the conduectivity curve.
The present work tends to show that the transport
numbers, 100, have abnormal values.

It is evident that any attemp»t t0.calculate. the
degree of dissociation of these solutes from condue~
tivity date by the classical method of "Arrhenius would
be quite futile, since such calculation is based on the
assumption that the mobilities of the ions are inde-
pendent of concentrations The marked variation of the
transference numbers with concentration seems to Iindi-
cate that not only the apparent mobilities, but even the
composition of the ions,may change greatly with concen-
trations. O©On the other hand, it appears that the newer
theories of interionic attraction, based upon the hypo~
thesis of complete ionization, would be equally inade=-
quate to deal with tho cases here deserlbed, where some
sort of ilonic assoelation is evidenily present.

The effect of smmonium acetate upon
the transference of the copper ion.
Copper displays amphoteric properties in both

aqueous and non~aqueous systems, as has previously been
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pointed out in this paper. 1In the acetic acid system,
copper acetate dissolves readily in the presence of a
strong base such as ammonium acetate or potassium
acetate. In the case of ammonium acetate solutl ons,

a s80lid salt appears, which has the formula,

NH.) 2Cu{CpoHp0p) ¢+ 4HCpHa0p, if we write it as the salt
of an amphoteric base. The solution of copper acetate
ogeurs without the appesrance of the copper ammonla ion,
which we observe when copper hydroxide dissolves in
ammonivm hydroxides This point of similarity suggested
a study in the acetic mecid system to determine, if
possible, the nature of the substances that are formed
in solutiones It was expected that the copper would
appear as a component of the aenion and therefore, in
the migration experiment, that the concentration of
copper would inerease around the anodes Thls seemed
particularly likely at high ratios of ammonium acetate
to copper acetate, in view of the common occurrence of
such "abnormsln" transference in aqueous solutidons under

similar conditions.,

MeBain and Van Rysselberge, J« ime Chem+ Soce, 50, 3009
11928) and 52, 2336 (1930}, By the use of a large | exoess
of gnion such ss sulfate, furnished by potassium sulfate,
a metal«like megnesium, may be caused to migrate toward
the anode during elactrolysis of agqueous solutions,



The results, given in Table 3,show that in no case
was there a transfer of copper towards the anode, and
it was only in the presence of a very large excess of
ammonium acetate that the transfer of copper towards
the cathode was decreased to such an extent that one
might suppose that copper appeared in-a complex anion.
This decrease in the transfer of copper may well have
been due to the difference of concentration of the
copper acetate and the ammonium acetate. Assuming
equal dissociation, the current should distribute it~
self between the copper and ammonium iong, in some re-
lation to the relative concentration of each base
present. In order to determine whether or not a simple
relationship occurred between the trangport numbers of
ammonium ion and copper ion and the mole ratio, mole
ver cent. amnonium acetate: mole per cent. copper ace~
tate, these quantities were plotted on opposite coordi-
nates in Figure 5. It is evident that no simple re=-
lationship existss

One interesting point thet may be observed in
Figure § is the unequal distribution of the current
between the copper and ammonium ions. It might be

expected that the ammonium acetate would be far more
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highly dissocliated than copper acetate. However, at
the mole ratio of twenty, for instance, the apparent
transport numbers of the copper ion and the ammonium
ion are the sames In other words the copper ion appears
to carry the same quantity of electricity through the
solution as twenty times its quantity of ammonium ion.
The values for the apparent transport numbers of
both copper and ammonium ions are plotted against mole
per cent. of ammonium acetate in Figure 6. The change
of transport number of copper lon is almost a siraight
line function of the ammonium acetate concentration.
This supports the statement mede previously, accounting
for the. déereasing transference of copper on the basls
that 1t is o phenomenon depending mainly upon change in
concentration and not upon any change in ionic species.
These experiments, therefore, give no evidence of
the presence in these solutions of an anion containing
coppers In view, however, of the highly anomalous
nature of the conductance phenomena in this solvent
even in solutions of single salts, it can hardly be
concluded that the existence of such ions is definitely

disproved by these datae



FIGURE 5»
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FIGURE 6.
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SUMMARY:

l. A method has been worked out for determining trans-
port numbers in scetic acid solution by the Hittorf
method.

2 The transport numbers of the cations in solutions of
ammonium acetate and sodium acetate have been determined
over as wide a range of concentrations as possible. The
transport numbers of these cations were found to decrease
with decreasing concentration and to have abnormally
small values in dilute solutions.

3. The effect on the transport number of copper, of vary-
ing greatly the mole ratio of the two salts, in mixed
solutions of ammonium and copper acetates, has been
studied.

4. The abnormal behavior of the freezing point curve of
strong bases in acetic acid, the irregularity of the con-
ductance-concentration curve, and the unusual values Ob-
tained for transport numbers, have been pointed out and
discusseds The suggestion has been made that these abe
normalities may be partially explained on the basis of
molecular and:lonic sssociatlon.

5+ No evidence for the existence of copper in g complex
enion in the presence of a strong base in acetic acid
has been obtained. However, the existence of such an ion

has not been definitely disproved.





