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Voltammetric Study on the Transfer of Alkali and Alkaline Earth Metal Ions at the
Aqueous/Organic Interface Facilitated by Phosphine Oxides
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The transfer of alkali metal and alkaline earth metal ions (M?) from aqueous to nitrobenzene (NB) phases,
facilitated by mono-, bi-, or tridentate phosphine oxides (PO), was investigated in terms of the voltammetry
for the ion transfer across the interface of two immiscible electrolyte solutions. The complex formation of M?
with PO in the vicinity of the interface and the transfer process of M* were clarified based on an analysis of
the current-potential curves, while referring to information obtained from the synergistic ion-pair extraction of
M?(ClOy ), with PO. The stability constants of M?*~PO complexes in NB were evaluated based on the half-
wave potentials in the ion transfer voltammograms, and were related to the properties of M* and PO.

Both the solvent extraction? and voltammetry for
an ion transfer across the interface of two immiscible
electrolyte solutions®—'® (VITIES) concern a transfer
of ions between aqueous (W) and organic (O) phases.
Although, the ion transfer in the solvent extraction is
realized with the aid of the counter ion or chelating
agents, that in VITIES is realized by applying a po-
tential difference or current between two solutions; the
transfer of the objective ion can thus be elucidated by
VITIES without any influence of the counter ion. In
VITIES, the transferring ion can be specified from the
potential, in which the voltammogram appears, and the
number of ions transferred can be determined by the
current. Voltammetry also provides information con-
cerning such reactions occuring in the vicinity of the
interface.5—1%

Because of the unmatched advantages of VITIES (as
mentioned above) it has been applied to analyses of such
solvent-extraction processes as those of metal ions (M*?)
with 1,10-phenanthroline derivatives,®—*® dithizone,')
and 4-acyl-5-pyrazolones.'? The theoretical equations
used to express voltammograms for the ion transfer fa-
cilitated by neutral ligands have also been proposed
by Samec and Papoff,” Doe and Freiser,'® Matsuda
et al.,'® and Kakiuchi and Senda.'®

In the present paper the transfer of alkali and alkaline
earth metal ions from W to nitrobenzene (NB), facili-
tated by the phosphine oxide derivatives (PO) given in
Fig. 1, was investigated by polaragraphy at the elec-
trolyte solution dropping electrode,*® which is one of
the branches of VITIES. The chemical processes in-
volved in the synergistic ion-pair extraction of M? with
PO were elucidated while referring to the polarographic
results. In this regard, since PO are excellent synergis-
tic reagents in ion-pair or chelate extractions from the
view points of the strong complex formation with M?,
the low solubility in water and the weak affinity for HT,
various derivatives, such as those given in Fig. 1, have
been synthesized to obtain both improved selectivity

tPresent address: Department of Chemical and Biological
Engineering, Ube Technical College, Tokiwadai, Ube 755.

and extractability.!”*®

Experimental

Extraction of M* with ClO; in the Presence of
PO. The extraction was investigated under the follow-
ing two conditions; (1) the initial concentration of PO in
NB (c2p) is much greater than the initial concentration of
M? in W (). (2) ¢} is much greater than cpo. In an
experiment under conditon (1), a 10 ml aliquot of an aque-
ous solution (W) containing 10™° M (1 M=1 moldm~3) M?
and 103 M LiClO4 or NaClO4 was shaken for 1 h with 10
ml of NB containing 5x107° to 1072 M PO. In an experi-
ment under condition (2), a 10 ml aliquot of W containing
1 M perchlorate salt of M® was shaken with 10 ml of NB
containing 5x107°% to 1072 M PO. The shaking time had
been confirmed to be sufficiently long for equilibration to
take place. After phase separation by centrifugation, the
concentrations of M® in W and NB were determined by an
inductively-coupled argon plasma emission spectrophotome-
ter according to the procedures mentioned previously.!”

Polarographic Measurement. The current-scan
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Fig. 1. Phosphine oxides used in the present work.
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polarograms were recorded using a polarographic cell re-
ported in the previous paper.>” The aqueous phase was
dropped upward into NB through a glass capillary of an
edged orifice. The apparatus (including the potentiostat,
galvanostat, function generator; X-Y recorder and the de-
vice for IR drop compensation) employed were similar to
those mentioned previously.*® Crystalviolet tetraphenyl-
borate (CV*-TPhB™~) was added to NB as the supporting
electrolyte (SE). In an experiment under the condition that
30>, NagSO4 was added to W as SE; in an experiment
under the conditon that cy>>c8o, the salt of M?, served as
SE.

The potential difference at the W/NB interface (AV)
was measured using a silver/silver chloride electrode and
a tetraphenylborate ion-selective electrode (TPhBE) set in
W and NB, respectively. The TPhBE gave the reference
potential,¥ which is the potential difference between W con-
taining 0.025 M Mg?*+(TPhB™~); and NB containing 0.05 M
CV*.TPhB~. The potential in the present paper refers to
an imaginary potential denoted as TPhE, in which the trans-
fer energy is equal to zero.*'?) The potentials of TPhBE at
25 °C referred to TPhE was 0.350 V at the W/NB interface.

All measurements were carried out at 254+0.5°C.

Chemicals. The procedure for preparing CV*-TPhB~
was identical to that mentioned previously.4) The purifica-
tion of NB was achieved by passing the solvent through
a column of activated alumina. Tetraphenyldiphosphine
P,P’-dioxide (TPDPDQ), bis(diphenylphosphinyl)methane
(BDPPM), bis(diphenylphosphinyl)ethane (BDPPE), and
tris(diphenylphosphinyl)methane (TDPPM) were prepared
according to previously described methods.!”2%)

All of the other chemicals were of reagent-grade quality.

Results and Dissussion

Extraction of M* with ClOj in the Presence of
PO. The extraction of M?* from W containing ClOg
to NB in the presence of PO can be expressed as Eq. 1,
since the concentrations of M? extracted in the absence
of PO were confirmed to be negligible. :

[Mz]w + Z[CIOZ]W + n[PO]NB
2 [M(PO);]nB + 2[ClO4 ]nB. 1)

Here, subscripts W and NB denote the respective
phases, z the charge of M?, and n the number of PO
complexed with M#. The ion-pair formations in both
W and NB were neglected in Eq. 1 because the dielec-
tric constants of W (e=78.54) and NB (¢=34.82) were
relatively large and the concentrations of M(PO)Z and
ClOy in NB were low.!®

The extraction constant (Kex) for reaction (1) is given
by

Kex = [M(PO);]ns[ClO; J&ip/[M?]w[ClO7 i [POlts. (2)
Rewriting Eq. 2, we obtain

log ([M(PO);]ns[ClO; |/ [M*Iw[ClOZ Jw)
= nlog [PO]ng + log Kex. (3)

The left-hand side of Eq. 3 can be obtained by substi-
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tuting the concentrations of M?* determined in W and
NB for [M?]w and [M(PO)Z]nB, respectively. Here,
[ClO5 ]nB can be estimated from the electroneutrality:
[Cl10; Ing=2[M(PO)%|ns. When the initial concentra-
tion of PO in NB is much larger than that of M?# in
W (8o>cd) a plot of the left-hand side of Eq. 3 vs.
log ¢} gives a straight line with a slope of n and an
intercept of log Key, since [PO]xp can be approximated
by 2. Under the condition that c3>>c8, the plot on
the left hand side of Eq. 3 vs. log {35 —n[M(PO)2]ns}
gives a straight line with a slope of n and an intercept of
log Kex, since [PO]ng is equal to {c2o—n[M(PO)Z]ng}-

Table 1 summarizes the n obtained from the slopes.
When Sq(=5x10"5—10"2M)>c)(=10"M), the n
for alkaline earth metal ions (M2*) with bidentate
BDPPM or BDPPE increased with an increase in the
ionic radii () of M2*. Although the m for Ca?* and
Sr2* with bidentate BDPPM were identical with those
with BDPPE, log K., for these ions in the extraction
with BDPPM were larger than those with BDPPE. By
employing tridentate TDPPM, the n (=2) were inde-
pendent of M?, and log K., for M?* increased with an
increase in r.

Under the condition that c)(=1 M)>cdq(=
5x1075—10"2 M), the n of M?* with BDPPM or
BDPPE were smaller than those under the condition
that co>c). The m for M2+ with TDPPM under
the condition that ¢;>>c3, were almost identical with
those for ¢35>>cl;. These results indicate that the sta-
bility constants for the complex formation reactions of
M(PO)% with another PO are not very large.

The distributions of M2t into NB with TOPO or
TPDPDO, and those of alkali metal ions with all of
the PO investigated were too poor to determine n and
log Kex.

Current-Potential Curves for the Facilitated
Transfer of M?*.  The facilitated transfer of M* by
a neutral ligand (L) in O has been understood through
EC and CE mechanisms™!? (cf. Fig. 2). Here, the EC
mechanism indicates an ion transfer from W to O, which

Table 1. Extraction Parameters for M(PO)Z

(k)
moldm~% PO® in NB Mgt Ca?* Sr’t Ba?t
1075 BDPPM logKex 48 7.7 63 89
n 30 3.0 40 50
BDPPE  log Kex 44 -0.6
n 3.0 4.0
TDPPM logKex 28 3.0 31 33
n 20 20 20 20
1 BDPPM n 20 20 21 19
BDPPE n 2.2
TDPPM n 1.8 19 19 17

a) Initial concentration of MZ? in aqueous phase.
b) Concentration of phosphine oxide, PO, in nitroben-
zene: 5x1075—10"2 M.
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Fig. 2. Mechanisms for the transfer of a metal ion

(M?) at the aqueous/organic (W/O) interface facili-
tated by a neutral ligand (L).

is an electrochemical reaction (E), followed by the com-
plex formation of M?* with L in O, which is a chemical
reaction (C) (Scheme 1). The CE mechanism involves a
complex formation of M# in W with L distributed to W
(C), followed by the transfer of an M*-L complex from
W to O (E) (Scheme 2). The transferred species (ML;)
may be complexed furfther with L, yielding MLZ.

Regarding Fig. 2, the constants for complex forma-
tions of M* or ML; with L and for the distribution
of L occurring at the W/O interface can be defined as
follows:

Bn = ML7]o/[M*[o([L]0)", (4)
B = MLyl /[M*[w ([LIw)?, (5)
Bo = [MLiJ5/IMLF]6([LIS) ™, (6)
and
Kpr = [L]o/[Llw, (7

where the superscript (%) indicates the concentrations
in the vicinity of the interface.

Considering that the transferring ions across the
W/O interface in EC and CE mechanisms are M* and
MLZ, respectively, the potential difference at the W/0
interface (A V) can be expressed as Egs. 8 and 9, based
on the Nernst equation:

(EC mechanism)

AV = Apyy + (RT/2F) In (IM7]5 /M), (8)
(CE mechanism)
AV = Ap, + (RT/2F) In ((ML7]5/[ML;Jw).  (9)

Here, ApYy and Ay, are the standard Galvani po-
tential difference for the transfer of M* and ML], re-
spectively, and R, T, and F have their usual meanings.

Equations 8 and 9 can be rewritten as Egs. 10 and
11, respectively, using Eqgs. 4 to 7:

AV = A + (RT/zF) In (IMLZ)5/IM*)Ww[L]6Bs)  (10)
and

AV = Apiyy + (RT/2F)
In ((MLZ]oKp/IM W ([L]6)"BpBo).  (11)

Voltammetry for Ion Transfer at W/O Interface with Phosphine Oxides
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An equation which can express the current-poten-
tial curve (polarographic wave in the present case) for
the transfer of M* facilitated by L in O has been
investigated based on Egs. 10 and 11 by serveral
authors™1%13:16) ynder the assumption of a reversible
transfer in which the rates of the ion transfer and
the complex formation are fast and, hence, the trans-
fer process is controlled by the diffusion of objective
species. This assumption seems to be reasonable,
since most of ion-transfer reactions reported so far are
reversible.*—"

Matsuda et al.'® derived general, but rather compli-
cated, equations for current-potential curves applicable
to both the EC and CE mechanisms. Simplified equa-
tions have also proposed as follows under the assump-
tion that the ion transfer reaction proceeds dominantly
by either the EC or the CE mechanism.

(A) Current-Potential Curve Based on the EC
Mechanism under the Condition That cf>c?;.
The following equation for the curve was derived!® as
Eq. 12 by considering that the transfer of M# is con-
trolled by the diffusion of M?# in W because of the con-
diton of ¢f>>c:

AV = AgRy +(RT/2F) In {1/Ba(c2)"}
+(RT/zF)In (Dm/Dwrn)*/?
+(RT/2F)In (v+,0/7+,w)
+(RT/zF)In{I/(IL — I)}, (12)

where Dy and Dy, are the diffusion coefficients of M*
in W and MLZ in O; y4  is the mean activity coefficient
of a salt in o phase, I the instantaneous current and I,
the limiting current. The activity coeflicient of neutral
L was taken as unity.

By defining the half-wave potential (AVy/3) as AV
at I=IL/2,

AVijz = Apl+(RT/2F) In (1/Bn)
+(RT/2F) In (Dm/Dwwn)"?
+(RT/2F) In (v+,0/7&w)
—n(RT/zF)Inc). (13)
(B) Current-Potential Curve Based on the EC
Mechanism under the Condition That c§;>cD.
Samec and Papoff” proposed the following equation in

which the transfer reaction is controlled by the diffusion
of L in O:

AV = ApY+(RT/2F) In (1/Back)
+(RT/2zF)1n (ST /SmLn)
+(RT/2F)1n (v+,0/7v+,w)
+(RT/zF)In{I/(IL — I)"}, (14)
with
Su = KF(z/n)D/*m¥/*t}/® (15)

and
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SmLa = KF(z/n) D2 m2/3tY/®, (16)

Here, K is the Ilkovié constant, Dy, the diffusion coeffi-
cient of L in O, m, the mean flow rate, and t3 the drop
time of W.

Further,

AVijz = Ap%+(RT/2F) In (1/Bnc)
+(RT/2F)In (Dmya/DL)*?
+(RT/zF)In (y£,0/v+,w)
—(n—1)(RT/2F)In(c)/2).  (17)

(C) Current-Potential Curve Based on the CE
Mechanism under the Condition That c{>>c%;.
No equation under this condition has been proposed.
By referring to the procedure used to derive Eq. 12,
and considering that the transfer is controlled by the
diffusion of M* in W, the following current-potential

curve under the condition that ¢?>>c); can be derived
from Eq. 11:

AV = ApliLy +(RT/2F) In {KB, /BpBo(cl)"}
+(RT/2F)1n (Dy/Dwvwn)*/?
+(RT/2F)In (v+,0/v+,w)
+(RT/2F)In {I/(L - I)}. (18)

Here,

AVijz = Apiuwp + (RT/2F) In (KB /By o)
+(RT/2F)In (Dm/Dwwn)"?
+(RT/2F)In (v£,0/v+,w)
—n(RT/2zF)In &. (19)

(D) Current-Potential Curve Based on the CE
Mechanism under the Conditon That cf;>c?.
Doe and Freiser!® derived the following equation as-

suming the CE mechanism and a transfer process con-
trolled by the diffusion of L in O:

AV = A, + (RT/2F) In (KB /BoBoct)
+(RT/2F)In (S{/SwLn) + (RT/2F)1n (v+,0/7+,w)
+(RT/zF)n{I/(L, — I)"}. (20)

Here,

AVijz = Apin, + (RT/2F) In (KB /BpBocik)
+(RT/2F)In (DyLn/Dy)"?
+(RT/2F)In (v+,0/7+,w)
+(n — 1)(RT/2zF)1n () /2). (21)

In Egs. 12, 13, 14, 17, 18, 19, 20, and 21, ion-pair
formation is neglected, since the dielectric constants of
W and NB are large and the concentration of ions in
NB are low.!® '

The I, for reversible ion-transfer polarograms under
the condition that ¢)>>c{; and ¢{;>>c? can be expressed
as follows based on the Ilkovi¢ equation:
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IL= KzFDII\,Iﬂme/até/ecM (> ) (22)

and

IL= KzFDi/zmg/até/scL/n (h>c). (23)

Reviewing the above-mentioned equations for the cur-
rent-potential curves and AV, for transfers of M* un-
der various conditions, we notice the following: (1) The
plots of AV;/; vs. log & give straight lines with slopes
of 59.2n/zor 59.2(n—1)/z mV under the condition that
ey or cYi>cf, respectively, both in the EC and
CE mechanisms. (2) Logarithmic analyses of the po-
larograms give straight lines with sopes of 59.2/z mV,
irrespective of n under the condition that ¢?>c{; or
c>c? with n=1. When c{;>>c? and n>1, however,
the logarithmic analyses of the polarograms in both EC
and CE mechanisms do not give straight lines, and the
polarograms vary depending on n. The shapes of the
polarograms in both the EC and CE mechanisms are
identical. (3) If we assume the transfer mechanism to
be EC, the overall stability constant 8, in O can be
evaluated from A V; /5 using Ap}y, since Ap}; for many
M?# have been reported. If the transfer proceeds by CE
mechanism, however, it is very difficult to obtain in-
formations concerning complex formations in W or O,
since A(p%,ILp are hard to estimate.

Polarogram for the Transfer of M? at the
W/NB Interface under the Condition That
o> Curve 1 in Fig. 3 illustrates the resid-
ual polarogram at the interface of W containing 0.05 M
Na,SO4 and NB containing 0.05 M CV*T.TPhB~ and
1072 M BDPPE. The final rise and the final descent
correspond to the transfer of Nat from W to NB and
that of CV* from NB to W, respectively. Polarograms
2, 3, 4, or 5 were recorded by adding 10~* M of Ca2* to
W and 2x10~3, 5x1073, 1072, or 2x10~2 M of BDPPE
to NB, respectively. The limiting currents (I) were
proportional to the concentration of Ca%t in W over
the range between 5x1075 and 5x10~* M and to the
square root of the height of the aqueous solution reser-

J10sA
-02 0 02

AV/V vs. TPhE

Fig. 3. Polarograms for the transfer of Ca?* from an
aqueous solution containing 10~* M Ca?* and 0.05
M Na3SO4 to nitrobenzene containing BDPPE and
0.05 M CV*.TPhB~. Concentration of BDPPE: (1)
0, (2) 2x1073, (3) 5x1073, (4) 1072, and (5) 2x1072
M.
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voir, while I;, were independent of cgpppg. Logarithmic
analyses of the polarograms (AV vs. log{I/(IL—1D)})
based on Eq. 12 or 18 gave straight lines with slopes
of 2943 mV. The characteristics of I, and the polaro-
graphic waves suggest that the transfer of Ca?* from
W to NB facilitated by BDPPE is controlled by the
diffusion of Ca2?* in W.

Although AV, in polarograms 2 to 5 were indepen-
dent of cca, AV, shifted by about 90 mV to become
more negative when the concentration of BDPPE was
increased by 1 order, i.e., AV}, were +0.069, +0.033,
+0.008, and —0.018 V vs. TPhE when cgpppr were
2x1073, 5%1073, 1072, and 2x10~2 M, respectively.
Hence, n in the complex Ca(BDPPE)2* was estimated
to be 3 according to Eq. 13 or 19. The n agrees with
that obtained in solvent extraction under the condition
that c3pppr>ch-

Assuming a transfer of Ca?t by the EC mechanism,
log B3 was estimated to be 18.4 based on Eq. 13. Here,
the Ap2, used was 0.354 V* vs. TPhE, and 1 were
those reported?!?? for W containing 0.05 M NaySO4
and NB containing 0.05 M CV*.TPhB~. The D¢,
in W was 6.5x10~% cm?s~!, obtained from I;, based
on Eq. 22 and substituting I, my, t3, and cc,. The
Dca(sDPPE)3 Was estimated to be 1.1x107¢ cm?s™! un-
der an assumption described later.

Although various polarograms were examined em-
ploying Li*, Nat, Mg2?*, Ca?*t, or Sr?t as M? and
BDPPM, BDPPE, or TDPPM as PO under the con-
dition that co>>cY;, well-defined waves were not ob-
served, except for the Ca?t /BDPPE system mentioned
above, since the addition of PO made the potential win-
dow of the residual current narrow.

Polarogram for the Transfer of M? at the
W/NB Interface under the Condition That
Ar>c®o. Curve lin Fig. 4 illustrates the residual po-
larogram obtained at the interface between W contain-
ing 1 M MgCl, and NB containing 0.05 M CV+.TPhB~
in the absence of PO. By adding 2x10~* M BDPPM,
BDPPE, or TDPPM into NB, the respective polaro-
grams 2, 3, or 4 were obtserved. The anodic waves are
attributable to the transfer of Mg2?* from W to NB, fa-
cilitated by PO. The I, in polarograms 2 and 4 were
proportional to the square root of the height of the wa-
ter reservoir and cpo in the range from 2x1074 to 1073
M. These results suggest that the transfer reactions in-
volved in these polarograms are reversible, even under
the condition that ¢;>>cPq.

The AV, with BDPPM, BDPPE, TDPPM,
TPDPDO, and TOPO are summarized in Table 2.
Here, the differences between A V; /5 for the transfer of
Mg?* from W containing 1 M MgSO, to NB and those
from W containing 1 M MgCl; (about 45 mV) were at-
tributable to the ion-pair formation of Mg+ with SO2~
in W, which is not negligible (the formation constant is
reported®® to be between 135 and 174). The ion-pair
formations in W are negligible®® for all salts investi-

Voltammetry for Ion Transfer at W/O Interface with Phosphine Oxides
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1

Fig. 4. Polarograms for the transfer of Mg?* from an
aqueous solution containing 1 M MgCl, to nitroben-
zene, NB, containing PO and 0.05 M CV*.TPhB™.
(1) residual polarogram without PO in NB. (2)
2x10~* M BDPPM, (3) 2x10~* M BDPPE, (4)
2x107* M TDPPM in NB.

gated in the present work, except for those comprising
dication and dianion, such as MgSQy4, when cg, is 1
M.

Comparing AVy/; at a definite cpo, AVyjp with
BDPPM was 120 to 150 mV more negative than those
with BDPPE, irrespective of the kind of M#, thus indi-
cating that BDPPM facilitates the transfer of M* more
remarkably than dose BDPPE, though both BDPPM
and BDPPE are bidentate ligands. The AV, with
tridentate TDPPM were more negative than those with
bidentate BDPPM when M2+ were of large ionic radii,
such as Sr?* and Ba?*. However, AV} /5 with TDPPM
were less negative than those with BDPPM when M2+
was of small ionic radii, such as Mg?* and Ca2*.

The AV, for the transfer of cations facilitated by
PO shifted to negative linearly with an increase in
log cpo, as shown in Table 2. Table 2 also summarizes
the n obtained from the slopes of the plots of A V7 vs.
log cpo using Eq. 17 or Eq. 21.

Logarithmic analyses of polarograms 2, 3, and 4 in
Fig. 4 did not give straight lines. Curves 1, 2, and 3
in Fig. 5 are current-potential curves for the transfer of
M2 from W to O containing 2x10~* M PO, which were
calculated according to Eq. 14 or Eq. 20, and assuming
n as being 1, 2, and 3, respectively. The AV}, em-
ployed in the calculation was that —0.072 V vs. TPhE,
which was observed with the Mg?*/BDPPM system.
The curve calculated adopting n=2 agrees fairly well
with the polarogram observed for the Mg?t/BDPPM
system (curve 2 in Fig. 4), which is replotted as curve
4 in Fig. 4. Other polarograms, the AV, of which
are listed in Table 2, with standard deviations of 3 mV
were also confirmed to be reproducible by the simu-
lated current-potential curves with the m given in Ta-
ble 2. The agreement between current-potential curves
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Table 2. Half-Wave Potentials® for the Transfer of Cations, M?, from Aqueous® to Nitrobenzene,
NB, Facilitated by Phosphine Oxides, PO

Concentration of PO in NB/moldm ™3

M= PO in NB 107%  2x107*  5x107* 1072 2x107® 5x107®* =n
Mg?*(Cl™)® BDPPM —72(3)¥  —80(3) —91(3) 1.9
Mg?*t(S037) —15(3) -23(3)  —35(3) 2.0
Ca’*(Cl7) —155(3) —162(3) —175(3) 2.0
Sr2*(CI7) —32(3) —43(3)  —57(3) —68(3) 2.1
Ba?*(Cl7) —40(3) —49(3)  —61(3) —76(3) 2.2
Lit(SO;7) —5(3) -11(3) —16(3) 1.3
Nat(S027) 93(5) 82(5) 73(5) 1.6
K*(S037) 40(10) 34(10) 1.3
Rb+(S0Z7) 20(10) 10(10) 4(10) 1.4
Cs*(S02%7) 40(10) 30(10) 20(10) 1.6
H*(SO%7) 75(10)

Mg?*(Cl17) BDPPE 68(5) 52(5) 40(5) 25(5) 2.4
Mg?*t(S03™) 113(10) 98(5) 80(5) 65(5) 2.6
Ca?*(Cl7) —12(3) —25(3)  —34(3) —40(3)  —55(3) 2.0
Sr?+(Cl7) 90(5) 77(5) 55(5) 47(5) 2.5
Ba?*(CI7) 120(10) 111(10)  100(10) 2.1
Lit(S0%7) 123(10)  119(10)  115(10) 111(10) 1.2
Mg?*+(Cl17) TDPPM  —50(3) —58(3)  —67(3) 1.9
Mg?*(S027) —10(3) ~19(3)  —29(3) 1.9
Ca’*(Cl7) —54(3) —64(3)  —75(3) 2.0
Sr2*+(C17) —67(3) —76(3)  —87(3) 2.0
Ba?*(Cl7) —89(3) -97(3) —103(3) 1.7
Lit(S0%7) 59(5) 58(5) 57(5) 52(5) 53(5) 54(5) 1.1
Nat(80Z7) —25(5) —15(5) 1.6
Mg?**(Cl")  TPDPDO >250(10)

Ca’*(Cl7) 250(10)

Ba’*(Cl7) 210(10)

Mg?*(S03~)  TOPO 213(10)
Lit(S027) 174(10)

a) mV vs. TPhE. b) Aqueous solutions contain 1 M salt of M?.

¢) Anions in the parentheses are

counter ions in the salts. d) Standard deviation in the measurements of AV ;.

observed and those calculated supports the results de-
scribed previously, that transfer processes of M* from
W to NB in the presence of PO under c¢{;>c3, are
reversible, indicating that the m given in Table 2 are
reasonable.

M?*-PO Complexes in the Vicinity of the Inter-
face and in the Bulk of NB. The A Vin the polaro-
graphic measurement is determined by the ionic species
and its concentration in the vicinity of the W/NB in-
terface, though K. in solvent extraction is determined
by those in bulks of W and NB after the equilibrium.
In the present work, the n obtained from AV, were
confirmed to be nearly equal to those from K., under
both the following conditions: ¢3o>>c and c>>cls.
This suggests that the species existing in the vicinity of
the interface immediately after a transfer to NB are the
same as those in the bulk of NB after equilibrium, as
long as M* are alkali metal or alkaline earth metal ions
and the neutral ligands are PO.

Relation between AV;,; and log Kex. It is
difficult to discuss the relation based on log Kex and
AV, obtained under the same condition for & and
&, since these constants (observed under such a con-
dition) were limited to those for Ca?* with BDPPE
under the condition that c§pppr>cY in the present
work. Hence, as the second-best choice, the log Ky
obtained with TDPPM under ¢3pppy>>cy were com-
pared with AV;,; with TDPPM under the condi-
tion that ¢¥>>c%pppy, While taking into account that
the M2t*-TDPPM complex formed in NB under both
Apppav=> ey and > pppy conditions are the same,
[M(TDPPM),)%+.

A linear relation was found between log K., and
AVy/, as plotted in Fig. 6, suggesting that the estima-
tion of log Kex or AV; /5 would be possible from AV /o
or log K.y, respectively, though a further consideration
is required.

Complex Formation of M? with PO in NB. As
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Fig. 5. Current-potential curves simulated based on

Eq. 14 or 20 for the transfer of M2* facilitated by
BDPPM. Curves 1 (O), 2 (O), and 3 (A): calcu-
lated assuming n in Mg(BDPPM)2* as 1, 2, and 3,
respectively. Curve 4 (—): the curve observed.
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Fig. 6. Relation between log Kex for M2* obtained

with TDPPM under the condition of c}pppm
(5%107°—107*M)>cy (107° M) and AVy/, for
the transfer of M2t facilitated by TDPPM under
e (IM)>c%pppy. CrpppM in the measurement of
AVye: (1) 5x107%, (2) 107* M.

mentioned previously, &, can be evaluated from polaro-
graphic data using the reported A9, if we assume the
transfer process is by the EC mechanism.

The log 8, for M(PO)Z formed in NB under the con-
dition that cfy>>c3, were calculated based on Eq. 17,
and are plotted as the function of 22r~! in Fig. 7. In
the calculation, ApY, from the literature® and AV, /2>
n and cpo in Table 2 were used (the data used for Mg?*
were those employing MgCly). The activity coefficients
for M# in W and M(PO)Z in NB employed were identi-

Voltammetry for Ion Transfer at W/O Interface with Phosphine Oxides
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Fig. 7. Relation between log 8, and 22r~! for various

M? of ionic radii of 7. B,: overall stability constant of
M(PO)Z in NB. PO: curve 1 BDPPM (O), 2 BDPPE
(O), and 3 TDPPM (A).

cal to those reported??2® for aqueous salt solutions and
for NB containing 0.05 M CV+.TPhB~, respectively.
The DgpppMm, DepPPE, and Drpppym were evaluated to
be 1.6x107%, 1.6x107°, and 1.4x1076 cm?s™!, respec-
tively, from I, n, my, and t4 with the aid of Eq. 23.
The Dyi(po)n Were taken as n~1/3 Dpo, while assuming
that M(PO)Z are spherical and that their volumes are
n-times those of PO.?®) The ionic radii of M? were those
proposed by Shannon for 6-coordinate metal ions.2”

The 3, is considered to be determined by the electro-
static contribution,?® such as.a Born-type and/or ion-
dipole, which depend on the z and r of M*, and the
basicity of PO and the non-electrostatic contribution,
such as the chelate effect, the distance between donor
oxygen atoms (which is called the “bite size”), and the
steric hindrance, which depends mainly on the structure
of PO.?®

A linear relation is found between log 3, and 2r!
for M?, except for Mg?*, when PO is BDPPM. This
relation indicates that the differences among (3, for vari-
ous M~ arise mainly from the electrostatic contribution.
The small log 3, for Mg?* may be due to the small r of
Mg?*, compared with the “bite size” of BDPPM.

The log B, obtained with BDPPE also changed al-
most linearly with 22771, though the log 3,, were smaller
than those with BDPPM. The smaller log g, is at-
tributable to the larger entropy loss?® in the complex
formation of M* with BDPPE, which has two CHs be-
tween the P=0O groups, than that with BDPPM, which
has one CH, between the P=0O groups. In this connec-
tion, smaller formation constants have been reported
in the adduct formation of M*-acylpyrazolone chelate
with PO.1729
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Employing tridentate TDPPM, though log K.x was
expected to be larger than that with BDPPM from the
view points of the chelate effect, the log 3, obtained for
Ca?t was smaller than that with BDPPM. The dis-
tance between M? and the donor oxygen atom in the
M*-TDPPM complex is considered to be larger than
that in the M*-BDPPM complex, considering the “bite
size” of TDPPM (0.351—0.413 nm) and BDPPM (0.384
nm), which had been evaluated with the aid of a PM3
calculation (UniChem MNDO90,CRAY Research Inc.).
This consideration accounts for the reduced log 3, for
M*-TDPPM complexes, especially when M? are of
small ionic radii, such as Mg?* and Ca?*.

Finally, the correlation between logf3, and 2r!
found with BDPPM or BDPPE in the present work
might be one evidence to support the assumption used
in the calculation of log §,: that the transfer of M? at
the W/NB interface facilitated by PO proceeds by the
EC mechanism.
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