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The liquid junction potential (ljp) between water and organic solvents was investigated by measuring the

emfs of cells with free-diffusion junctions of various electrolyte solutions.

In most experiments, the concentration

of the electrolyte on one side of a junction was kept much larger than that on the other side (¢ MX in S//¢’ M’X’
in 85 S or 8" is Hy,O and ¢ »¢’); thus the ljp was mainly determined by MX. The ljp may practically be express-

ed by the sum of Ej ;o (concn)(I), Ej ion (ion-solv.)(II), and Ej, so1v. (III).
I is the concentration term, which can be estimated approximately from the Henderson equation, and

species:

II is the term due to the difference in ionic solvations in S and S’.
The sum of IT and III for the case in which S=H,O is approximately equal in absolute value

solvent molecules.

I and II are contributions from ionic

III is the contribution from the transfer of

but opposite in sign to that for the case in which S’=H,0. The change of II with the anion X~ is in linear

relation with free energy of transfer of the anion from S to S’.
a linear function of the heat (or free energy) of solution of S into S’.

tion can be divided in two classes by the species of the cation M+:
The effect of the mixed bridge electrolytes and the mixed bridge

for such ions as Lit, Nat, Mg?*, and Ba?t.
solvents was also examined.

Because the problem of the liquid junction potential
(abbreviated ‘ljp’) between electrolyte solutions in
different solvents is of considerable importance in the
electrochemistry of non-aqueous solvents, many reports
have recently appeared concerning this problem.—19
According to Alfenaar, DeLigny, and Remijnse,?
the value of the ljp, E;, at such a junction as (A) can,
in principle, be estimated by carrying out the integration
of Eq. 1

¢MX in solvent S//¢’ M'X’ in solvent S’ (A)
J

1 s
Ej:——F—fs S e1duti, M

where ¢;" and u(i) are the reduced transport numbert)
and the chemical potential, respectively, of chemical
species i, and the sum extends over all species, charged
and uncharged, present at the junction. The reduced
transport number {7 is equal to #;/z, for an ion with
charge z; and transport number ¢;, while ¢ for an un-
charged species can be defined by nF/Q, where n is
the amount of substance of the uncharged species
transported across the junction when a quantity of
charge Q flows through the cell. Alfenaar et al.®
considered that E; can be expressed by the sum of two
terms, i.e., Ej ., which is the contribution from ionic
species, and E; ., which is the contribution from
solvent molecules:

Ej = Ej,lon + Ej,SOIV.y (2)
Eypen = = [ 32 Lduti @)
Jfon = —17_ S ions;l—— ”(1 ’ .
1 [s .
B, = =5 [, 5, 1100, @
S solvent

molecules

To carry out the above integrations, however, is
difficult because of the difficulties in getting enough
knowledge concerning ¢ and du(i), which actually
determine the ljp between different solvents. There-
fore, at the present stage, it seems important to get
detailed experimental information about the factors
influencing the ljp. An interesting approach from this

The change of IIT with the bridge solvent is also
The rate of the change with the heat of solu-
the rate for R,N* ions is just a half of that

standpoint has been reported by Cox et al.) But ex-
perimental results are still too scarce to elucidate this
problem completely.

In the present study, we have measured emfs of many
cells with liquid junction(s) between different solvents,
in order to learn how the ljp is influenced by the
solvents and electrolytes present at the junction(s).
A simple cell, which was constructed by using a dual
four-way stopcock, gave free-diffusion junctions and
was convenient for rapid, repeated measurements of
the emf. We also tried to correlate the results of
these emf measurements with the literature data of
ion-solvent and solvent-solvent interactions. For such
data, we mainly referred to the report of Parker and
his coworkers.%12)

If we carry out the integrations in Eqs. 3 and 4 under
the following simplifying assumptions

(i) ¢ is negligibly small compared to c,

(ii) the molar conductivity for each ion and ¢i for
each molecule do not vary throughout the boundary,
and

(iii) the concentration of each ion changes linearly
at the boundary, then we can get Eqs. 5—8 from Egs.
2—4

E; = Ej,ion(concn) + Ej ion(ion-solv.) + Ej so1v., (5)
RT AMX
Ej,ion(concn) = —P,—(tM«—tx-)ln;A—((M—,)—z),T, (6)
. 1

Eyon(ion-solv.) = ——— S Aus' (M¥) —x-SAw% (X)),

(7)
1 .o
Ej,solv. = _'—tgsAﬂs (S)y (8)

F

where SAuS’(M+), SApS'(X-), and SAu®'(S) represent
changes in standard chemical potentials of M+, X~, and
S, respectively, on crossing the boundary from S to S’
in the process which actually determines the ljp.
Equations 6 and 7 are similar to those recently reported
by Gaboriaud.®) In obtaining Eq. 8, we consider that

E; .1y, receives its chief contribution from the solvent
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molecule S which is transported from S to S’ with the
transfer of electrolyte MX. As is apparent from Egs.
5 to 8, when condition (i) is satisfied, the effect of M'X’
appears only in the term Ej,  (concn) and the ljp
should be almost independent of the species of M'X/,
provided that ¢’ and A(M'X’) are kept constant. In
the present study, we carried out most experiments
in cells in which condition (i) is satisfied, after confirming
experimentally that the above prediction actually holds. *

By the help of the above simplified equations, we
could find some correlations between the ljp and the
literature data of ion-solvent and solvent-solvent inter-
actions. In this report, we present the results obtained
concerning the water-organic solvent junctions. De-
tailed results concerning the Ljp between different
organic solvents will be reported elsewhere.

Experimental

Reagents. The preparation and purification of all
tetraethylammonium and tetrabutylammonium salts used in
this study were carried out by the conventional procedures.
Tetramethylammonium perchlorate was obtained from the
Nakarai Chemicals Co., Ltd., and was a product for polaro-
graphic use. Anhydrous silver perchlorate and lithium per-
chlorate, both obtained commercially, were used after drying
at 70 and 200 °C, respectively, under a vacuum. An-
hydrous sodium perchlorate was prepared by recrystallizing
from a hot aqueous solution and was dried at 200 °C under
a vacuum. All the other reagents were of analytical reagent
grade.

Dimethyl sulfoxide (DMSO), N,N-dimethylformamide
(DMF), propylene carbonate (PC), and acetonitrile (AN)
were purified following the methods described in Ref. 13.
Nitromethane (NM), acetone (Ac), and methanol (MeOH)
were of analytical reagent grade and were purified by distil-
lation.

Apparatus. For emf measurements, the cell shown
schematically in Fig. 1 was constructed by using a dual
four-way stopcock obtained from the Kyowa Seimitsu Co.,
Ltd. This stopcock is the one used for high speed liquid
chromatography; its liquid path is made of Teflon and has
a bore of ] mm. By turning the stopcock to the position of
Fig. 1(A), each of the three compartments of the cell is filled

Cell for emf measurements.

Fig. 1.

* An example of such an experiment was that the emf
of the cell, Ag/0.01 M AgClO,, 0.1 M Et,NCIO,(AN)//0.1 M
Et4N0104(AN)J/(10—3 M Et4NX(AN)J/2/0.1 M Et,NCIO,(H,O)
//0.01 M AgClO,, 0.1 M Et,NCIO,(H,0)/Ag, was constant
within several millivolts even when the anion X~ was changed
from Pic~ to ClI=. 'When compared with the large emf changes
of cell III with the anion X~ (Fig. 4(C)), this result may be
regarded as a confirmation of the above prediction.
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with an appropriate solution. The stopcock is then turned
to the position of Fig. 1(B), which results in the formation
of sharp liquid boundaries (free-diffusion junctions) at J; and
Jso. The emf of the cell is established soon after turning the
stopcock and remains constant within ==1mV for a few
minutes. After the measurement of the emf, the stopcock
is turned back to the position of Fig. 1(A) and the solution
in each compartment is renewed. Then, by turning the
stopcock to the position of Fig. 1(B), the emf can be measured
repeatedly. The ljps obtained with this cell were reproduc-
ible within #+1 mV. The emf was measured with a voltmeter
with an input impedance of 10! ohms. All measurements
were carried out in a room thermostated at about 25 °C.

Results and Discussion

Emf Measurements of Cells I and II. Emfs of cells
I and II were measured by changing solvents S; and
S, and electrolyte MX:

Ag/10-* M AgClO,, 1M NaClO,(S,)//I1M NaClO4(Sl)v{/l
jl
0.1 M MX(S,)//10-3 M Et,NCIO,(S,=S; or H;,O)/£5 X
J2 J

10~ M AgClO,, 5% 10-3 M Et,NCIO,(S, =S, or H,0)/Ag
Cell T#*

aq SCE//3M NaCl(S;=H,0)//0.1 M MX(Slezo)u{/2
i1 J1
103 M Et,NCI1O,(S,)//5x 103 M AgClO,, 5x103 M
j2

Et,NCIO,(S,)/Ag Cell 11

where S; in cell I was MeOH, AN, PC, DMSO, or
DMTF, S, in cell IT was H,O, MeOH, AN, PC, DMSO,
or DMF, and MX was Me,/NCIO,, Et,NCIO,, Pr,-
NCIO,, Buy,NCIO,, LiClO,, NaClO,, Mg(ClO,),, Ba-
(ClOy),, Et,NPic, Et,NI, Et,NBr, Et,NCI, or Et,NNO;.
The measured emf values were corrected for the ljps
at j;, js, and J;, which were calculated by using the
Henderson equation (Eq. 23 in Ref. 14) and the conduc-
tivity data.!® The corrected emf values are shown in
Tables 1 and 2. The change in corrected emf values
with the change of MX corresponds to the change in
the Ijp at J,. In Table 3, the values of AE(I)=][cor-
rected emf(S,=H,0)—corrected emf(S,=S,)] for cell
I and AE(IT)=[corrected emf(S,>*H,0O)—corrected
emf(S,=H,0)] for cell II are tabulated. If we con-
sider that E;  (concn) for the case in which S,*S;
is nearly equal to that for the case in which S,=S,
(see Eq. 6), then we can think that AE(I) and AE(II)
are mnearly equal to [E, ./, *(S;=H,0)—E, /,,*
(Se=S8,)+Ej,pn(ion-solv.) +E; ., ] for cell I and
[Esg/agt(Se = HyO) —E, /s p* (S; = H,y,0) + Ej 4, (i0n-
solv.)+E; . .1,.] for cell II, respectively. Though both
AE(I) and AE(IT) changed considerably (sometimes by
more than 200 mV) with the change of MX, it is
interesting to note that, for most kinds of MX used, the
absolute values of AE(I) and AE(II) for the case in
which S; for cell I and S, for cell II were the same
organic solvent agreed with each other within several
millivolts. Because, in this case, E,/,,+(S;=H,0) and
E\g/ag+(Sy=38,) for cell I should be equal to E,,/,,*-
(8;=H,0) and F,,/,,+(S;¥H,0) for cell 1I, the

**  M=mol dm3.
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TaeLe 1. CORRECTED EMFs OF cELL I (in mV)

785

S S,
MX
MeOH AN PC DMSO DMF MeOH AN PC DMSO DMF
S,=S,; S,=H,0

Me,NCI1O, (—39) —18 —48 —77 —71 (—131) 173 —246 184 0
Et,NCIO, (—38) —22 —51 —83 —77 (—157) 140 —273 172 —17
Pr,NCIO, —47 —31 —63 —95 —85 —191 110 —303 148 —47
Buy,NCIO, —54 —37 —70 —103 —91 —213 91 321 134 —66
LiClO, —52 —31 —70 —100 —92 —164 179  —227 141 —38
NaClO, —46 —26 —65 —97 —84 —130 200 —204 155 —16
Mg(ClO,),* —68 —45 —-77 =112 100 —176 172 —234 128 —50
Ba(ClO,),* —66 —45 —-81 —113 102 —158 181 —234 135 —48
Et,NCI —26 —21 —45 —87 —77 —203 17 —427 38 —162
Et,NBr —29 —21 —44 —87 —75 —193 46  —397 73 —127
Et,NI —33 —22 —50 —88 —76 —173 87 —344 122 —77
Et,NNO, —32 —23 —54 —90 —78 —181 64 —374 97 —103
Et,NPic (—23) —10 —34 —73 —63 (—94) 185 —222 218 32

* The correction was made by assuming that
theses show that the solubility of MX was less than 0.1 M.

the ljp at J, is equal to that for MX =LiClO,.

TaBLE 2. CORRECTED EMFS OF CELL II (in mV)

Values in paren-

MX >

H,O MeOH AN PC DMSO DMF
Me,NCIO, 378 471 186 572 117 307
Et,NCIO, 361 480 196 585 104 298
LiClO, 372 477 158 526 127 316
NaClO, 386 467 154 530 138 320
Mg(ClO,),* 359 462 138 524 117 305
Ba(ClO,),* 363 455 136 520 119 308
Et,NCl 355 525 323 734 226 434
Et,NBr 353 512 288 704 189 398
Et,NI 354 488 248 653 142 348
Et,NNO, 359 506 272 682 167 376
* The correction was made by assuming that the ljp at J, is equal to that for MX=LiClO,.

TasLe 3. AE(I) ano AE(II) (in mV)*
Organic solvent
MX MecOH AN DMSO DMF
———— ——tee—
AE(D) AE(IL) AEI) AEID) AEI) AEI) AEI) AEID)  AED  AEQD)

Me,NCIO, (—92) +93 +191 —192 —198 +194 +261 —261 +71 —71
Et,NCIO, (—119) +119 +162 —165 —222 +224 +255 —257 +60 —63
Pr,NCIO, —144 — +141 — —240 — +243 — +38 —
Bu,NCIO, —159 — +128 — —251 — +237 — +25 —
LiClO, —112 +105 +210 —214 —157 + 154 +241 —245 +54 —56
NaClO, —84 +81 +226 —232 —139 + 144 +-252 —248 +68 —66
Mg(ClO,), —108 +103 +217 —221 —157 +165 + 240 —242 +50 —54
Ba(ClO,), —92 +92 +226 —227 —153 4157 +248 —244 + 54 —55
Et,NClI —177 +170 +38 —32 —382 +379 +125 —129 —85 +79
Et,NBr —164 +159 +67 —65 —353 +351 +160 —164 —52 +45
Et,NI —140 +134 +109 —106 —29%4 +299 +210 —212 —1 -6
Et,NNO, —149 +147 +87 —87 —320 +323 -+ 187 —192 —25 +17
Et,NPic (—=171) — +195 — —188 — +291 — 495 —

*  AE(I)=[corrected emf(S,=H,0)—corrected emf(S,=S,)] for cell I and AE(II)=[corrected emf(S,H,0)—
corrected emf(S,=H,O)] for cell II.
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Ej.ion(concen.)

E; ion (concn.)T
E E; ion (ion-solv.) Ejion (ion=solv.)
+Fjcane. E FEj .
org. solv. H.0 H.0 org. solv.
(¢ MX) (¢'M'X’) (¢ MX) (c'M'X")
Cell 1 Cell 11

Fig. 2. Schematic representation of the ljp at J, in
cells T and II (¢>¢').
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Fig. 3. AE(I) (O) and —AE(II) (@) as the function
of H20A,8(X-). Organic solvent is given along each
line. X- on each line are, from right to left, Cl-
Br-, I-, Cl1O,;~, and Pic~. (Plots for ClO,~ and Pic~
are not given when the values of H:0Au8(X-) are
not available.)

above results seem to show that the absolute values of
E; on(ion-solv.)+E; . for cells I and II agree with
each other within several millivolts. (We found that
similar relations can be obtained at any junctions
possible between such organic solvents as MeOH, AN,
DMSO, and DMF.1®) This situation is illustrated
schematically in Fig. 2. Probably it would be reason-
able to consider that the above statement holds for
each E; .. (ion-solv.) and E| ...

In Fig. 3, the values of AE(I) and AE(II) at various
water-organic solvent junctions with Et,NX as MX are
plotted as functions of the free energies of transfer of
X~ from H,O to organic solvent S, B:°Ax5(X-). For
H0Au8(X ), we referred to the values of Ref. 12 which
were obtained under the extrathermodynamic assump-
tion of ¥:°AxS(Ph,Ast)=":Au%(Ph,B-). Excellent
linear correlations are always obtained between AE

[Vol. 51, No. 3

and ®:°ApS(X-), as can be expected from Eq. 7. (If
E; ;o1 is independent of X, the change in AE can be
considered to correspond to that in E,,  (ion-solv.).
Because the molar ion conductivities of the anions other
than picrate are nearly equal to each other,'® f,+
and t5- in the present case may be considered to remain
approximately constant, irrespective of the species of
X-.) The slopes, however, change with the organic
solvents: the slopes are between 14 and 15 mV/(kcal/
mol) for AN, DMSO, and DMF, but ca. 17 mV/(kcal
fmol) for PC and ca. 25 mV/(kcal/mol) for MeOH.
According to Eq. 7, the slopes in Fig. 3 for such organic
solvents as AN, DMSO, and DMF correspond to
ty- of about 0.3;, which seems to be smaller than that
expected from the conductivity data (f4->0.6).1%
Therefore, the linear correlation in Fig. 3 cannot be
regarded as in quantitative agreement with Eq. 7.
The larger slopes for PC and MeOH cannot be explained
from the conductivity data. Though the mechanism
determining these slopes cannot be elucidated from the
present study, it may be that Au(X~) and/or ¢4~ expected
from the literature data are effective only partially
in the processes which determine the ljp.

The change in E; with the cations of MX is somewhat
more complicated and will be discussed in the next
section.

Emf Measurements of Cell III. The emf of cell
III was measured by changing the bridge electrolytes
and solvents:

Ag/5% 10~ M AgClO,, 5% 102 M Et,NCIO,(S;=AN)//
i1
10-3 M Et,NCIO,(S,=AN)//0.1 M MX(S,)//10-3 M
J1 J2
Et,NCIO,(S,=H,0)//5x 10-* M AgClO,, 5x 103 M
j2

Et,NCIO,(S, =H,0)/Ag Cell TII

where S; was AN, PC, NM, Ac, DMSO, or DMF,
and MX was Et,NCIO,, Me,NCI1O,, Pr,NCIO,, Bu,-
NCI1O,, LiClO,, NaClO,, Mg(ClO,),, Ba(ClO,),, Et,-
NPic, Et,NBF,, Et,NI, Et,NBr, Et,NCI, or Et,NNO,.
The results are summarized in Fig. 4. Solvents S, are
designated on the abscissa at the corresponding emfs
of cell III, in which the bridge electrolyte is 0.1 M
Et,NCIO,.

Figures 4(A) and 4(B) show that the emf for each
bridge electrolyte changes approximately linearly against
the abscissa, and that the slopes of these straight lines
can be classified according to the bridge cations in two
groups, i.c., one for tetraalkylammonium ions and the
other for such cations as Lit, Nat, Mg?**, and Ba?t.
The slope of the second group is just twice that of the
first group.*** In Fig. 4(A) the values of AAH,=
SSAHSL(S,) —S2AHS2(S;) obtained from Table I in Ref.
5 are also plotted against a similar abscissa (here,
SSAHSL(S,) represents the heat per mole of transfer
of S, from S, to S;). A good linear relation is observed
for all aprotic solvents used as S; (¢f. Ref. 5).

When the bridge solvent S; in cell IIT changes, the
ljps at both J, and J, may change. From Egs. 6 to 8,

*%*% A gimilar phenomenon was also observed when
picrates, instead of perchlorates, were used as MX.
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Fig. 4. Emf of cell IIT and AAH, (see text).
M+: 1 Et,Nt; O MeN+; ® Pry,N*+; © Buy/N+; @
(C) for MX=Et,NX. X-: 1 ClO,~; O Pic—;

(A) and (B) for MX =MCIO,.
Nat; @ Lit; © Ba?*t; and @ Mg?+.

® BF,;~; O I-; O NO;,~; @ Br—; and @ Cl-.

the sum of the ljps at J; and J, can be expressed by the
sum of the following three terms:

E;,ion(conen) gy43) = 0, 9)

E.i ,ion (ion'SOIV') (J1+32)

_ -—%[tu*SIAuSZ(M+) —tx-SIALS?(X)], (10)

EJ »801v. (J1+J2)

1
= I ARS) ~FAS)] = ieAAe (1)

If these simplified equations may be assumed to hold
in cell ITI, the change of the bridge solvent (S;) affects
only the term of E; ;. (5142, 2nd the emf of cell III
is expected to change linearly with the change of AAu,=
[33ASL(S;) —S2Au®2(S,)]. Here, the following rela-
tions have been found by Cox et al.:® SAp:0(S)=
(SAH®:°(S)+3 kcal mol-1)/2 and SAuA¥(S) =SAHAN(S)
/2, where S denotes an organic solvent. Therefore,
the good linear correlations in Figs. 4(A) and 4(B)
between AAH, and the change in emf indicate that
Eq. 11 is, at least qualitatively, a reasonable representa-
tion.! Here we must point out that, as was found by
Cox et al.,%) the change in SAx¥:°(S) is generally much
larger than the change in SAuA¥(S). Thus, most of the
change in emf of cell III with the bridge solvent
should be attributed to the change in E| ., at J,
(water—organic solvent junction). This has been con-
firmed experimentally from the investigation of the ljp
between different aprotic solvents.16)

In deriving Eq. 8, we assumed that solvent molecules
which are transferred across the boundary with the
bridge electrolyte determine E;,,,. The fact that
two classes of straight lines with a simple slope ratio
(1 : 2) are obtained might be an indication that solvent

t The results in Fig 4 show that f§ in Eq. 11 has
negative values.

molecules are really carried across the junction with
the bridge electrolyte and that the number of the
solvent molecules determines the lLjp. It is difficult,
however, to understand why the slopes are the same
for all tetraalkylammonium perchlorates, on one hand,
and for the perchlorates of Lit, Nat, Mg?t, and Ba?¥,
on the other hand, even though there exist considerable
differences in ionic mobilities and solvations among
the cations in each group.

We showed in Table 3 that the difference of AE
between such bridge cations as Lit, Nat, Mg?+, and
Ba?* is relatively small. The results in Fig. 4(B) also
show that these cations behave in approximately the
same way. Similar phenomena have also been ob-
served at junctions between different organic solvents.1)
Cox et al®) tried to attribute this small difference in
ljp among these cations to the compensating effect
of two factors, the free energies of transfer of cations
and their mobilities. We would rather consider, how-
ever, that it is because the contribution from these
cations to E; (ion-solv.) is actually relatively small.
This can be supported by the following reasoning:
Parker and his coworkers#:®) considered that, when the
bridge electrolyte is 0.1 M Et,NPic, the value of E; ;-
(ion-solv.) is generally small. If this is correct, the
ljp of cell III with 0.1 M Et,NPic as the bridge electro-
lyte may be considered to be small when AAH, becomes
+3 kcal/mol, because AAg, is then approximately zero
and E;,, may also be expected to be small. From
Fig. 4(C), the emf of cell III with 0.1 M Et,NPic
bridge electrolyte is ca. 140 mV at 123 mV of the abscissa
at which AAH,=+3 kcal/mol. We find from Fig.
4(B) that the emfs of cell IIT with such bridge cations
as Lit, Nat, Mg?*, and Ba?*t are also near 140 (*15)
mV at AAH,=+3 kcal/mol, a good coincidence with
the above emf value (here the contribution from the
perchlorate ion may be considered to be relatively
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emf, mV

50 1 1 1
0 0.25 0.50 0.75 1.00

xx- (lines 1—5)
xy+ (lines 6, 7)
Fig. 5. Changes of emfs of cells IV and IV’ with the

molar ratios of the mixed bridge electrolytes.
Lines 1—5 are for cell IV and lines 6 and 7 for cell
IV’. X-=Br- and Y-=CIlO, for lines 1(O), 2(@®),
and 3(®), X-=Br~ and Y-=Pic~ for lines 4(©) and
5(D), M+=By N+ and N+=Nat for line 6(0), and
M+=Li+ and N+= Nat for line 7((). Solvent S,
is AN for lines 2, 4, 6, and 7, H,O for line 1, and
DMEF for lines 3 and 5.

small). A similar coincidence between the emf of the
cell with 0.1 M Et,NPic bridge electrolyte and those
with 0.1 M bridge electrolytes of the perchlorates of
these cations was observed at AAx,=0 also in the
case in which MeOH, instead of H,O, was used as
S, in cell II1.19)

The effect of tetraalkylammonium ions on the ljp
at water—organic solvent junctions was considerable,
as is shown in Table 3. When these ions were used
as the bridge cations in cell I1I, the emf decreased with
the increase of the cationic size, as can be expected
from Eq. 10 (Fig. 4(A)). But quantitative study is
difficult because the available data concerning the free
energy of transfer of these ions is insufficient.

Figure 4(C) shows that the effect of bridge anions
on the emf of cell IIT is quite large. If we consider
the emfs of the cell in which the bridge solvents are
AN, DMSO, and DMF, we find that the emf changes
linearly with the bridge solvents, with slopes approxi-
mately equal for all bridge anions, and the lines shift
to smaller emf values from picrate to chloride ions.
Because SApAY(X-) is smaller than SAp¥:°(X-), most
of the change in the emf with the bridge anions corre-
sponds to the change in ljp at J, (see Fig. 3). When
the bridge solvent was PC or NM, however, deviations
from linearity occurred, especially with halogenide and
nitrate ions, as can also be expected from the results
in Fig. 3.

Use of a Salt Bridge Consisting of Mixed Electrolytes or
Mixed Solvents. Salt Bridge Consisting of Mixed
Electrolytes: The emfs of cells IV and IV’ were measured
by changing the ratio of the mixed electrolytes in the
salt bridge. The results are represented in Fig. 5.

Ag/5x 102 M AgCIO,, 10 M Et,NCIO,(AN)//10-* M

i
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Fig. 6. Changes of emfs of cells V and V' with the
mole fractions of mixed bridge solvents.
Lines 1—4 for cell V.. M+: 1(Q) EtNt; 2(©)
Bu,N+*; 3(O) Nat; and 4(@) Li*. Lines 5 and 6
for cell V. X-: 5(@) CIO;~; and 6((]) Br—.

Et,NCIO,(AN)//0.1xM Et,NX-0.1(1—x)M Et,NY(S,)//
gt J2
102 M Et,NCIO,(H,0)//5X 103 M AgClO,, 102 M
j2

Et,NCIO,(H,0)/Ag Cell IV
Ag/10-2 M AgClO,(AN)//0.1x M MCIO,=0.1(1—x)M
J1

NCIO, (8,10 M AgClO,(H,0)/Ag Cell IV
Lines 1—3 were obtained for cell IV in which X-=
Br-, Y-=ClO,, and solvent S; was AN, H,O, and
DMTF, respectively. All these lines were straight. Be-
cause the molar conductivities of Br- and ClO,~ are
approximately equal in all the solvents concerned, this
linear relation is what can be expected. If X-=Br-
and Y-=Pic~ in cell IV or M+=Bu,N+ or Li+ and N+
=Nat in cell IV’, there exist some differences between
the molar conductivities of X~ and Y~ or M+ and N+.1%
But the changes of emfs with the molar ratio of the mixed
electrolyte were also almost linear, as shown by lines
4 to 7. This can be understood if we consider that
the relations xAgy,nx/[%Agtinx -+ (1 —%) Apeny] vs. x and
xMycio,/[xAxcio,+ (1 —x) Axcio,] vs. x are almost linear
even when there exist some differences in molar
conductivities.

Salt Bridge Consisting of Mixed Solvents: The results
in Fig. 6 were obtained by measuring emfs of cells
V and V' for various ratios of the mixed bridge solvents.

Ag/5x 103 M AgClO,, 102 M Et,NCIO,(AN)//102 M
jl
Et,NCIO,(AN)//0.1 M Et,NX(AN+DMF)//10-2 M
J1 J2
Et,NCIO,(H,0)//5x10-3* M AgClO,, 102 M
j2

Et,NCIO, (H,0)/Ag Cell V
Ag/10-2 M AgClO,(AN)//0.1 M MCIO,(PC -+ DMF)//
J1 J2

10-2 M AgClO,(H,0)/Ag Cell V’
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When M+ in cell V' was Et,N+ or Bu,N*, the emfs
changed almost linearly with the mole fraction of
the solvents. But deviations from linearity occurred
when M+ in cell V' was Na*t or Lit, and X~ in cell V
was Br— or ClO,~. To predict the effect of the mixed
solvents is rather difficult. Besides the effect to the
solvent component of the ljp, E ., the effect of the
preferential ionic solvation by one of the mixed solvents
must be taken into account. In the cases of Fig. 6,
lines 3 and 4, the deviation from linearity seems to be
due to the preferential solvation of DMF to the bridge
cations (Nat and Lit).

In the present report, we have examined in detail
how the ljps between water and organic solvents are
influenced by the solvents and electrolytes present at
the junctions and found that some of the influence can
be correlated, at least qualitatively, with the literature
data concerning ion-solvent and solvent-solvent inter-
actions. The influence at the junctions between water
and organic solvents is much larger than that at any
junctions possible between such organic solvents as
MeOH, AN, PC, DMF, and DMSO.'® Therefore,
we must take this influence carefully into account
when we measure emfs of cells involving water-organic
solvent junctions. The results in the present report
will be of use in such cases.
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