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Determination of Consecutive Formation Constants of Complex Ions
from Ion-Transfer Voltammetric Data
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The half-wave potentials of the voltammetric waves of facilitated transfer of Pb®* ion by 1,4,7,10,13,16-hexathia-
cyclooctadecane across the nitrobenzene/water interface have been measured as a function of the concentration of free
CH3;COO™ ion in aqueous phase. Using the equation of reversible half-wave ion-transfer potential, the formal formation
constantsof 1:1,1:2, and 1 : 3 Pb>*~CH3COO~ complexes in the aqueous medium have been determined to be 1023 M1,
10*° M2, and 10*° M3, respectively. A polynomial regression method for the determination of the formation constants
from voltammetric data is presented. Ion-transfer voltammetry at the liquid/liquid interface can be applied advantageously
to the determination of consecutive formation constants of metal complexes with a ligand in aqueous media as well as

those with an ionophore in organic media.

Ion- transfer voltammetry at the liquid/liquid or oil
(O)/water (W) interface can be applied advantageously to
the study of complex formation of metal ions with a ligand,
usually belonging to the family of ionophores and present in
O-phase. The fundamental principles on which these stud-
ies are based were first recognized by Koryta.” They have
been applied to the facilitated transfer of alkaline metal ions
and ammonium ion by dibenzo-18-crown-6 across the nitro-
benzene (NB)/W interface, giving the formation constants
of 1:1 complexes of these ions with dibenzo-18-crown-6
in NB solution.” Recently, the study has been extended to
the cases where both 1:1 and 1:2 metal-ionophore com-
plexes are formed in O-phase® and also to the cases when
the ionophores are soluble in both O- and W-phases.”

In a previous paper,” using cyclic voltammetry and normal
pulse voltammetry, the voltammetric behavior of facilitated
transfer of Pb%* ion by a macrocyclic polythiaether 1,4,7,10,
13,16-hexathiacyclooctadecane (HTCO) across the NB/W
interface has been shown to be a reversible process, assisted
by the formation of an 1:1 Pb**~HTCO complex in NB-
phase. Also, it has been shown that the half-wave potentials
of the facilitated transfer of Pb?* ion across the NB/W in-
terface are shifted to more positive potential by the complex
formation of Pb%* ion with a ligand like acetate (CH;COO™)
ion in W-phase, indicating that the ion-transfer voltammetry
can be applied advantageously to the determination of the
formation constants of complex ions also in aqueous media.

In this study, the half-wave potentials of the voltammetric
waves of facilitated transfer of Pb** ion by HTCO across
the NB/W interface have been measured as a function of
the concentration of free CH3COO™ ion in W-phase. Us-
ing the equation of the reversible half-wave potential of
the facilitated ion-transfer across the O/W interface,” re-
searchers have determined the formal formation constants
of Pb>*~CH3COO™ complexes in the aqueous medium by

the DeFord—-Hume method in classical polarography with
a dropping mercury electrode,” and also by the method of
polynomial regression analysis referred to as least squares.
Criteria for selecting a polynomial regression model have
also been discussed.

Experimental

HTCO was obtained from Aldrich and used as received. n-Tetra-
pentylammonium tetrakis(4- chlorophenyl)borate (TPnATCIPB)
was prepared as described previously.” n- Tetrapentylammonium
chloride (TPnACl) and NB were obtained from Wako and puri-
fied as described previously.> Other chemicals were of analytical
grade and were used as received.

Facilitated transfer of Pb®* ion by HTCO across the interface
between NB and aqueous solutions was studied by means of cyclic
voltammetry. The electrochemical system used for electrochemical
measurements is represented by cell (I) (Chart 1). The polarizable
NB/W interface, that is, the test interface, is indicated by an asterisk.
The cell potential (E) is defined as the terminal potential of the
reference electrode RE1 referred to that of RE2, and is related to
the Galvani potential difference across the O/W interface (AY @)
by

E=AJ ¢ +AE, o))

where AEr is determined by the reference electrode system con-
sisting of RE1 and RE2 in cell (I). In this study, all the potentials
are referred to the reversible half-wave potential for the transfer
of tetramethylammonium (TMA¥) ion across the NB/W interface
(E1/2,7ma), Which was determined to be (12 tMa=0.369 V using
cell (I) with the test aqueous medium (phase II) containing 0.50
mM TMABT and 0.20 M LiNO; (1 M=1 moldm™%). The standard
ion-transfer potential of TMA™ ion is reported to be AJ ¢da=0.035
V. Therefore, on appropriate assumptions, AE for cell (I) was
determined to be AEr=0.325 V.

The ionic strength () of the test aqueous medium was kept con-
stant at /=0.2 by addition of LiNO3. All measurements were carried
out at 25+0.5°C. The details of the electrochemical measurements
are described elsewhere.”
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Chart 1.

Restilts and Discussion

Cyclic voltammograms for the facilitated transfer of Pb**
ion by HTCO across the NB/W interface when the bulk
concentration of the ionophore (L, here, HTCO) in NB-phase
(*c2=4.0x 1072 M in this experiment) was much higher than
the total concentration of a metal ion (M, here, Pb®* ion) in the

“bulk of W-phase ((*cy§);=2.0x10~* M in this experiment)
were recorded at different bulk concentrations of a hydro-
philic ligand (Ay, heré, CH3COO™ ion) in W-phase (*c),)
which were changed from 5.0x1073 to 1.6x10~! M in this
experiment. Typical examples are shown in Fig. 1. The
anodic peak current (iy,) corrected for the base current was
proportional to (*cyy), between 2.5x 1075 and 4.0x 10~ M.
ipa Was also proportional to the square root of scan rate (v)
between 0.01 and 0.2 Vs~!. The anodic and cathodic peak
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Fig. 1. Cyclic voltammograms for the facilitated transfer of

Pb** ion by HTCO across the NB/W interface at different
concentrations of CH;COO™ ion in W-phase, *chy,=2a) 0,
b) 6.0x1072, and ¢) 1.2x 107! M, when *c?=4.0x1072
M and (*epy)e=2.0x10"* M. Scan rate, 0.05 Vs~ .

potentials (E,, and Ep:) and the midpoint potential (Emia),
defined by Epig=(Epa+Ep) /2, were independent of v and
(*cyi:. The peak separation (AE,), defined by AE,=E,, —
E,c, was AE,=3342 mV, which is close to the theoretical
value of 28.5 mV for a reversible transfer of a divalent ion.”
These results indicate that the facilitated transfer of Pb**
ion by HTCO across the NB/W interface is reversible or
nernstian, and is controlled by diffusion of Pb?* ion species
in W-phase toward the interface.

The reversible half-wave potentials (:E; ;) of the facili-
tated transfer of Pb** ion have been determined by taking
tE1/2=Emia.” When *c2>>(*cly) and *c},>(*ci)r £
of facilitated transfer of M ion by L across the O/W interface
can be given by Eq. 2.

:E1j2=E +(RT/<F)In (Dy /Dy)'"*

+(RT/zF)In [1+2":K;’XAW,-(*CX’W ]
j=1
~(RT/zF)In [1+§m:KﬁL,,(*c£’)”] : @
SR e _

Here, E%,{ is the formal ion-transfer potential of M ion across
the O/W interface; z is the number of charge of M ion in-
cluding the sign; KI\O,ILP and KI\VXij are the formal forma-
tion constants of the formation of complex species ML,
(=M+pL, p=12,-., m) in O-phase and those of Mij

(=M+jAw, j=1,2,---, n) in W-phase, respectively, as de-
fined by

Ky = /(LY ©)
and

L HWEL OGS @

where ¢ is the concentration of species i (=M, L, ML,
Aw, or MAy;) in a-phase (=W or O); EVMV and 51?,1 are the
average diffusion coefficients of M ion in W- and O-phase,
defined in terms of the diffusion coefficients of species i
(=M, L, ML,,, Aw, or MAw;) in a-phase (a=W or O) (Df)
respectively, by

- (sznmw,-zcmwj(*cmy)/(1+2me,-<*cwi ) )

j=1 Jj=1
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and
Dy = (D% + Y DS, Ko, ) /(14> Ko, £Y).  (6)
p=1 p=1

The anodic peak current of the facilitated transfer of M ion
is given by?”

—W1/2

ipa = 0.4463zFADy; | “(zFv/RT)*(* ey @)

In these theoretical Egs. 2, 5, 6, and 7, it is assumed that
L is so hydrophobic that the presence of L and ML, in W-
phase can be neglected, whereas Aw and MAy; are so hy-
drophilic that the presence of Aw and MAy; in O-phase can
be neglected.

As stated above, the behavior of ip, can be well explained
by Eq. 7. The values of lﬁ)ﬁ calculated by use of Eq. 7
are plotted against *cY, on plot (a) in Fig. 2. A 95% confi-
dence interval on the mean value of l—)hvz was (6.340.3)x10~°
cm?s~!. On plot (a) in Fig. 2 a slight decreasing in the val-
ues of Dﬁ with increasing *cY,, is observed. This may be
explained by Eq. 5 on assuming that the formation of com-
plexes of Pb?* with CH;COO™ ion in W-phase results in the
decreasing of Dyy Awj*

The observed values of ,E, /, are plotted against *c), on
plot (b) in Fig. 2. The voltammetric data can be analyzed by
the DeFord—Hume method in classical polarography® using
Eq. 2. We define the DeFord—Hume F; function for ion-
transfer voltammetry as

Fo= (D /Dy)"/? exp [(zF/RT)(Eyjp — cEVip)]
=1+ Kuaw("cm), ®)
k=1

where ,EIIV;Z is the reversible half-wave potential of the facil-
itated transfer of the simple (aquo) ion, as given by
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Fig. 2. Plots of a) 53 and b) .E,/, against log*cX’w. The

vertical bars indicate the 95% confidence intervals. The
solid line (b) is the calculated value of E; 2 by Eq. 2
on KMA =10"' M, Kiawz=10*% M2, and KYja,3=10%%
M=2.
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(BN, = EY; + (RT/2F)In (DY /Dyp)/?
—(RT/zF)In[1 +Z L, CetYl. ©)

Then, we define, in general, the DeFord-Hume F;-function
(G=1,2,3,---) as

Fy=(F;1 ~ im(*ciy — 0)Fj—1)/" Chw
=D Kuam(ea) ™, (10)

k=i
where lim (*c¥,—0)F; denotes the value of F; extrapolated
to *ci, =0, which is equal to KMAW, as can be seen from
Eq. 10. Note that lim (*c¥, —0)Fo=1
In Fig. 3, Fy, F,, and F5 are plotted against CXIW The

observed values of E; ,=0.463 V at * ¢}, =0 and * {3 =0.20
M, *cﬁm being the bulk concentration of NO3; ™ ion in the W-
phase, is used for rEll\’}z as a preliminary value (see below) to
evaluate Fy-function by Eq. 8. Also, D}j=6.7x107% cm?s~!
as calculated by Eq. 7 from the peak height at *c}. =0 and

W =020 M, and Dy;=6.3x10"5 cm?s~! (see above)
are employed. The extrapolation of lim (*c}, —0)F; was
determined by linear regression analysis referred to as least
squares. Thus, the regression line fitted to the F vs. *CXVW
plot in the range of *cY., between 5.0x107% and 4.0x 1072
M is given as

Fy/M7! = (137 £20) + (732 £ 284) (", /M), (11)

which is shown by the dashed line on plot (a) in Fig. 3.

As seen in plot (b) in Fig. 3, the F vs. *cl, plot is likely
to be linear in the range of *cY, between 6.0x 1072 and
1.2x10~! M. As a measure of the linear relationship, the
coefficient of determination (r2), defined by'®

P =1—885/S,, (12)

D
T
>

BN

and F3x107°/M7>(a)
N

Fix1072/M (@), F,x107 /M(m),

] 1
0.10 0.15

*CA /M

Fig. 3. Plots of a) F1, b) F>, and c) F3 against cAw The
solid lines are the calculated values by Eq. 10 on Kyraw=10%1
ML, Kiawo=10>% M2, and KWy ,,,3=10>8 M3,
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is often used. Here, SSg and S,y are the error sum of squares
and total corrected sum of squares, respectively, defined by

M
SSe=> (Fjr— Fp)’ (13)
k=1
and
M M
Sy = Z(Fik) - (Z Fj,k)Z/M, (14)
k=1 k=1

where M is the number of sets of data fitted. Thus, the
regression line for the plot (b) in Fig. 3 is given as

Fo /M™% = (684 & 73) + (5646 + 642)(" covy /M) 15)

with r2=0.995, indicating a strong linear relationship be-
tween F, and *cY,. Therefore, the last complex is deter-
mined to be 1:3 complex (here, Pb(CH3COO); ™), that is,
n=3, in the range of *cY, studied.

The F3 function (plot (c) in Fig. 3) seems to be parallel
with *c}¥,, as expected. A 95% confidence interval on the
mean value of F3 is 67934342 M~3. Thus, the formal for-
mation constants of K3 x,.. Kyawz» and K\, .5 are determined
to be 102.1:[:0.1 M*l’ 102.8:i:0.1 M72, and 103.8:|:0.1 M_3, re-
spectively. The calculated values of F; (j=1, 2, and 3) with
these Kyy aw;-Values are shown by the solid lines in Fig. 3.

The voltammetric data of Fy- or F;-function can be directly
analyzed, instead of applying the classical DeFord—Hume
method as described above, by polynomial regression anal-
ysis referred to as least squares. Linear, quadratic, cubic,
quartic, and 5th equations were fitted to sets of F; vs. *c},
plot in Fig. 3. An important problem in applications of the
polynomial regression analysis involves selecting the order
of polynomial regression equation. For this study, three cri-
teria can be used for evaluating and comparing the different
polynomial regression models. The first criterion is to con-
sider the mean square error (MSg), defined by'®

MSg = SSg/(M — N), (16)

where N is the order of polynomial regression equation. The
second criterion is the adjusted r? (72), defined by'®

P =1 ((M—1)/M—N)(1- 7). (17)

The third criterion is Akaike’s Information Criterion (AIC),
defined by'?
AIC =MIn SSg + 2N. (18)

The logical criteria are to choose the order of the polynomial
regression model so that MSg is minimum, 72 is maximum,
or AIC-value is minimum. A polynomial regression software
equipped for the output of the criteria and confidence inter-
vals of regression coefficients was programmed with C++
language in this laboratory. Table 1 represents the results
of running polynomial regressions. The quadratic model is
definitely superior with respect to the MSg criterion. This
model also results in a maximum 7 and a minimum AIC-
value: Therefore, we selected the quadratic model as the

“best” regression equation, which is expressed by
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Table 1. Results of Running Polynomial Regressions for

Fyvs. ®cl, Plot

Equation MSE 7 AIC-value
Linear 232 0.9694 97.0

Quadratic 39 0.9948 76
Cubic 43 0.9942 78
Quartic 47 0.9937 80

5th 53 0.9930 81

(Fy /M"Y = (138 £ 9) + (632 £ 307)("clly /M)
+(6068 & 1930)(*cl, /M)? (19)

The result indicates again that n=3. Thus, Kyta,» Kuiaws
and KYy,,3 are determined to be 101£00 M1 10?8+02
M~2, and 10>8£01 M~3, respectively. The calculated values
of (Ey/, by Eq. 2 on the Ky, -values are shown by solid
line (b) in Fig. 2. Agreement of the calculated values with
the experimental values is excellent with 0.2 mV of 95%
confidence limit.

Usually, the determination of the formation constants of
metal complexes is made by use of perchlorate media. In
the present study, however, a nitrate medium was used,
because the current due to the transfer of perchlorate ion
across the NB/W interface is superimposed on that of Pb?*
ion, which may interfere with accurate determination of the
transfer current of Pb%* ion. In aqueous media, Pb** ion
is known to form a 1:1 complex with NO3 ion with the
thermodynamic formation constant of 10'% M~1.12 Then,
the formal formation constant, Kypos» at /=0.2 may be
calculated to be 1047 M~! using Devies’s equation.’® On
assuming both * ¢, >(*eypr and * ¥y >(* i), the third
term in the right-hand side of Eq. 2 should be modified to
(RT/zF)ln [1+KI\VXNO3*CIV\IVO3+$K$ij(*cwi)j]. In Eq. 2, Dy
should be modified accordirfgly (see Eq. 5). Therefore, the
reversible half-wave potential when *c), =0 (Ey ') is given
by

E1pp’ =El}y + (RT/2zF)In Dy’ /Dy)"/?
+RT/zF)In(1+Kynos " cnos ), (20)

*cWos” is the bulk concentration of NO3; ™ ion in the

where
W-phase when *cV, =0 and Dy’ the average diffusion co-
efficients of species i (=M.and MNQO;) in W-phase when

*cW,=0, defined by
_w * *
Dy’ = (DN + D¥inosKainos “eNos ) /(1 + Kanos “cRos ). (21)

Thus, F-function defined by Eq. 10 at j=1 can be corrected
as

Fi={Dx'/Dw)"" exp [(@F/RT)Erj» — 12N — 1}
/7= Kappi el ™, 22)
k=1
where F| is the F\-function corrected for the formation of
PbNO;* complex. Since s +*chy, =" clos’ (see Experi-

mental), the apparent formal formation constants (KZIZP ;) in
Eq. 22 is given for j=1 by
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Table 2. Formal Formation Constants of Pb**~CH3COO™

Complexes
log KI\VXAW log K&Am log KLVXAW3

DeFord—Hume method  2.1:£0.1 2.84+0.1 3.840.1

Polynoninal reglession  2.1,+£0.03  2.8+£0.2 3.8£0.1

After correction for the 2.35+0.0;  3.0+0.2 4.0+0.1

formation of PbNO;
Ref. 14 2.2 2.9 35
Kapp.1 = (Kt — Kitnos)/(1+ Kainos"eNos) — (23)
and for j>1 by

K:gp,i = KB‘/hl]ij/ (1 + Kynos " enos ) 24)

When £,/,'=0.463 V. Dy =6.7%1076 cm?s~!, and Dy, =
6.3x107% cm? s™! (see above) are employed, F| is numeri-
cally equal to F of plot (a) in Fig. 3. Therefore, K;Zp,l , KXgp’z,
and K}, are calculated to be 138:£9 M~}, 6324307 M2,

app,
and 6068+1930 M3, respectively, by the polynomial re-
gression analysis, as described above. Using Eqgs. 23 and 24
with Kymnos=10%47 M~1 and *cl¥3/=0.20 M, Ky a1+ K¥iaws
and K\ ,,,; were calculated to be 222414 M1, 10054488
M2, and 96484-3069 M3, respectively.

The K v, ;~values obtained in this study are summarized in
Table 2. The values obtained by DeFord—-Hume method and
those by polynomial regression analysis are in fair agreement
with each other. The corrected values are 0.2 larger than un-
corrected ones. However, the differences of the Kia,,- and
KY{aw3-values are not significant at 95% confidence level.
The reported values in perchlorate medium (/=1.98) by po-
larography with a dropping mercury electrode'® are also
listed in Table 2. The results are in reasonable harmony
with the reported ones.

Other metal ions, such as Cd** and Cu?* ions, also give
well-defined ion-transfer voltammograms facilitated by poly-
thiaethers at the O/W interface.” The determination of for-
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mation constants of other metal complex ions will be pub-
lished elsewhere. In conclusion, ion-transfer voltammetry at
the liquid/liquid interface can be advantageously applied to
the determination of the consecutive formation constants of
metal complexes with a ligand in aqueous media as well as
that with an ionophore in organic media.
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ken University Science Foundation, to which the authors
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