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Polarographic and UV-spectrophotometric investigations of Pb(II) complex
formation with B-cyclodextrin showed that the complexation of Pb(II) ions
begins at pH over 10. The possibility of the formation of lead(II) 1:1 complex
with B-cyclodextrin anion was shown within the pH range from 9.7 to 12.0.
The logarithm of the stability constant of this complex compound is equal to
16.7 £ 0.2 (20 °C, ionic strength 1.0, 4.4 mM B-cyclodextrin, 11.0 < pH <
< 12.0) and the molar extinction coefficient value is ca. 5500 (A = 260 nm).
With further increase in solution pH the Pb—B-cyclodextrin complex decom-
poses and converts to Pb(II) hydroxy-complexes. This process occurs with a
decrease in Pb(II) complexation degree. The latter result could be explained
by a decrease in the B-cyclodextrin anion activity. The results show that
Pb(OH),~ encapsulation into B-CD cavity does not occur.
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INTRODUCTION

Cyclodextrins (CD) inclusion complex formation with
different compounds is well known and investigated
[1, 2]. On the contrary, the information about cyc-
lodextrin interaction with heavy metal ions in aqu-
eous solutions is rather scanty. Most thoroughly in-
vestigated are Cu(II) complexes with CD. Data about
2:1 and 1:1 Cu(Il)-B-CD complex compounds are
given in [3-8]. The complexation of other metal ions
with CD is less investigated. A Mn(III)-3-CD com-
plex also having a 2:1 ratio was reported in [9, 10].
The synthesis and characterization of 2:1 Cr(11I),
Co(II), Cu(II) and Ni(II) complexes with B-cyclo-
dextrin is described in [11]. It must be noted that
the data obtained are only qualitative and do not
give information about the stability of the comple-
xes in aqueous solutions.

Since the preliminary results showed the interac-
tion of Pb(Il) with B-cyclodextrin in alkaline solu-
tions [12], the aim of this work was to investigate
the interaction of Pb(II) ions with 3-CD by means
of polarography and UV-spectrophotometry, as well
as to evaluate the B-cyclodextrin complexing ability
in alkaline solutions.
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EXPERIMENTAL
Materials

Analytical grade chemicals were used, and B-cyclo-
dextrin (M, = 1135) was purum from Fluka. NaNO,
and NaOH solutions were used to keep ionic
strength (/) of the solutions constant and equal in
polarographic experiments to 1 M.

D.c. polarography

The polarographic curves were recorded by a PU-I
polarograph, using a dropping mercury electrode in a
thermostated three-electrode cell at 20 £ 0.1 °C. The
potential scanning rate was 100 mV/min. The capilla-
ry characteristics were as follows: m = 2.95 mg s,
t = 3.73 s. The reference electrode was an Ag/AgCl
electrode filled with a saturated KCl solution (the re-
sults of polarographic investigations are given vs. this
electrode). The solutions were deaerated by bubbling
Ar through the solution.
The values of the diffusion coefficient (D) were
calculated using the Ilkovi¢ equation [13]:
12 L dif
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where i 4 is the limiting diffusion current (HA), ¢ is
the total concentration of Pb(II) ions (mM), m is
the flow rate of Hg (mg s™), ¢ is the time of the
drop formation (s).

The values of the actual half-wave potential £, ,
were determined within £ 1 mV from the plot of
log(f/f“m — 1)) against E. i

Corrections for a decrease in i, were made in the
calculation of the half-wave potential shift (AE|,) in
the case of complex formation [13]:

AE‘1/2 = (El/2) compl™— (El/2)free -

I lim free

- ’ )

i limcompl

Corrections for the liquid-junction potential bet-
ween alkaline solutions (pH > 13) and the satura-
ted KCI solution in the Ag/AgCl reference electro-
de were introduced. The values of this potential we-
re taken from [14].

The values of AE, were used in the calculations

12
of the parameters of lead(Il) complexes according

to [13]:

b, b
z Bxiyi a()’H’ =

x;,y=0
= EXp[(”F / RT)(_ AEy, )]_ 1, 3)

where [L™] is an equilibrium concentration of the
deprotonized form of B-cyclodextrin, and a stands
for activity of OH- ions.

The concentration of free (uncomplexed) Pb**
ions was calculated from AE

pPb = nF/2.303RT(-AE,,) - log[Pb(ID)],,  (4)
where [Pb(II)], is the total Pb(II) concentration.

UV=spectrophotometry

The UV-spectra were recorded with a Perkin El-
mer Lambda 35 UV/VIS spectrometer at 20 °C
in 1 cm-thick quartz cells. The comparison solu-
tion was water.

The molar extinction coefficient values of the in-
dividual complexes were calculated at A___ according
to:

& = /e Q)

where c is concentration (M) of the complexes, 4, __is

the light absorbance at wavelength A_ , [ is the cell
width (cm).

12

pH-metric measurements

Measurements of the solutions pH were carried out
with the aid of a Toledo Mettler MP 220 pH-meter.

RESULTS AND DISCUSSION

Lead(II) forms no complexes with B-CD at pH <9,
even if there is a considerable excess (70 times) of
B-CD in the solution. Formation of the Pb(OH),
precipitate is visually observed in the solution at pH
8-9 (this fact is in accordance with the values of
the solubility product of Pb(OH), given in [15] —
they are in the range of 107* to 107'6), and there is
actually no polarographic wave of Pb(II) reduction.

The Pb(II) reduction wave is observed at higher
pH values. In the pH range from 10 to ca. 11.5 the
polarographic waves of Pb(II) reduction in alkaline
B-CD solutions shift to more negative potentials (Fig.
1). This fact can be attributed to the deprotonation
of B-CD in alkaline solutions (pK, = 12.2 [16, 17])
and herewith to strengthening of B-CD complexing
ability and complex formation. Thus we can conclu-
de that undissociated B-CD does not interact with
Pb(II) ions, but the deprotonated B-CD participates
in complex formation with Pb(Il) ions. The same
tendency was observed when investigating Cu(II)
complex formation with other carbohydrate — sac-
charose [18, 19] having a similar value of the dep-
rotonation constant equal to 12.43 [20]. It must be
noted that the formation of a large size complex
compound is confirmed by an appreciable decrease
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Fig. 1. Dependence of Pb(II) reduction half-wave poten-
tial shift (AE ,) on solution pH. Solution composition
(mM): [Pb(D)], - 0.5; [B-cyclodextrin]: A — 4.4, B —
220, - 352, @ - 0; J = 1; 20 °C



Pb(II) complex formation in alkaline solutions of B-cyclodextrin

in the limiting current of Pb(II) reduction in the
presence of B-CD (Table 1).

Before interpretation of the polarographic results
the analysis of polarographic waves obtained was per-
formed. It was found that the most limiting currents
of Pb(Il) reduction in alkaline solutions of B-CD
are diffusion controlled. This was demonstrated by
measurements at different temperatures and diffe-
rent heights of the mercury column - the limiting
current dependence on the square root of the mer-
cury column height is linear and the temperature
coefficient of the limiting current is rather small and
equal to ca. 1% per 1 °C (Fig. 2). The slope of the
dependence of log(i/i, —i)-E of polarographic waves
under investigation is 29-30 mV, showing a rever-
sible two-electron Pb(II) reduction.

Table 1. Characteristics of the process of Pb(II) reduction

on a droping mercury electrode ([Pb(I)], = 0.5 mM;

J=1;20 °C)

B-cyclodextrin, mM| pH | i, , WA |-E , V| -AE , V

0 4.00 4.95 0.357

0 11.50 3.2 0.529 0.177
11.75 3.9 0.549 0.194
12.00 4.3 0.559 0.203
12.25 4.5 0.576 0.220
12.50 4.7 0.596 0.239
12.75 4.8 0.620 0.263
13.25 5.6 0.644 0.288
13.50 5.6 0.680 0.326
13.75 5.5 0.690 0.340
14.00 5.6 0.715 0.367

4.4 11.00 2.5 0.730 0.377
11.33 2.4 0.742 0.390
11.66 2.1 0.751 0.399
12.00 2.1 0.754 0.402
13.33 2.9 0.683 0.332
13.66 3.7 0.709 0.359
14.00 3.9 0.728 0.382

22.0 9.66 2.0 0.676 0.325
10.00 2.0 0.686 0.335
10.33 2.1 0.704 0.352
10.66 2.0 0.720 0.369
11.00 1.9 0.732 0.381
11.33 1.8 0.740 0.390
13.33 2.5 0.692 0.342
13.66 2.8 0.696 0.348
14.00 3.2 0.715 0.371

35.2 10.00 1.7 0.684 0.334
10.33 1.7 0.692 0.342
10.66 1.7 0.715 0.365
11.00 1.5 0.733 0.384
12.33 1.3 0.633 0.286
12.66 1.4 0.658 0.309
13.00 1.7 0.665 0.315
13.33 2.4 0.675 0.326
13.66 2.7 0.710 0.362
14.00 3.0 0.734 0.390
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Fig. 2. Dependence of the limiting current of Pb(II) re-
duction in the presence of B-cyclodextrin on the square
root of mercury column height (a) and temperature (b).
Solution composition (mM): [Pb(II)], — 0.5; [B-cyclodex-
trin]: = 250 ; J =1

The exceptions were observed at 12.0 < pH <
13.3 (4.4 mM B-CD), 11.3 < pH < 13.3 (22.0 mM
B-CD) and 11.0 < pH < 123 (352 mM B-CD).
Under the conditions mentioned the polarograms are
two-stage, the current of the second stage being lo-
wer than that of the first. According to the depen-
dence of the second stage current on the height of
mercury column (it is linear), this wave is adsorp-
tion-controlled and could be connected with the ad-
sorption of an electrochemically active compound
[21]. In this case calculations of the reversible half-
wave potential are impossible and the results obtai-
ned are not included into Fig. 1.

The slope of the half-wave potential shift on so-
lution pH in the case of the lowest used B-CD con-
centration (4.4 mM) is close to -30 mV pH™' (Fig.
1), showing the participation of one B-CD anion (B-
CD") in complex formation. Since the polarographic
waves of Pb(II) reduction in the pH region under
investigation are reversible, the characteristics of
Pb(II) complex formation can be calculated accor-
ding to Egs. (1)-(4). The stability constant loga-
rithm of 1:1 Pb(B-CD)* complex calculated from po-
larographic data in the pH range from 11.0 to 12.0
is 16.7 = 0.2.

With the increase in B-CD concentration the sa-
me trend is observed, but the half-wave potential
shift is ca. (-44)—(-50) mV pH™ (Fig. 1), showing
an additional complex formation with the predomi-
nance of the above-mentioned 1:1 Pb(B-CD)* com-
plex. The additional Pb(II) complexes formed could
be these containing two B-CD anions and/or one B-
CD anion and one OH- group. More exact calcula-
tions are impossible due to the limited pH region
of Pb(II)-B-CD complex formation. Assuming that
the Pb(B-CD)* complex predominates at all B-CD
concentrations used, the calculations of its stability
constant logarithm gave the mean value of ca. 16,

13
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which is in satisfactory agreement with the value
obtained at the lowest B-CD concentration used.

It must be noted that unlooked-for results were
obtained when increasing the B-CD concentration.
In the conventional case of complex formation the
half-wave potential should shift to more negative
values with an increase in ligand concentration at
the same pH value. In our experiments the half-
wave potential does not depend on B-CD concen-
tration. One of the possible reasons might be encap-
sulation of the part of lead(Il) existing in the solu-
tion into the B-CD cavity which initially contains
water molecules, and formation of inclusion complex-
es. On the one hand, the stability of the B-CD
inclusion complexes is rather weak (the logarithm
of equilibrium constant is less than 2) [1, 2], on the
other hand the additionally performed experiments
in acid Pb(I)-B-CD solutions (pH 4.0) showed no
evidence of encapsulation of hydrated Pb(II) ions
into B-CD cavity or formation of an other kind of
complex — the half-wave potential and limiting cur-
rent values remained almost constant with increasing
the B-CD concentration from 0 to 12.5 mM. Thus,
encapsulation of part of lead(Il) existing in alkaline
solutions into the B-CD cavity is seemingly little
presumable. The eventual reason of independence
of Pb(II) complexation with increase in B-CD con-
centration could be micellization of B-CD and ex-
ceeding of critical micelle concentration [22], i. e.
formation of high molecular mass B-CD associates
which do not participate in complex formation, the
concentration of unassociate part of B-CD being
constant.

The results of B-CD complex formation with
Pb(II) were confirmed by UV-spectrophotometry.
The Pb(B-CD)* complex compound has a distinct
absorption maximum at 260 nm with the molar
extinction coefficient (g) value equal to 5500 mol™!
1 em™ (Fig. 3, curve 1). It must be noted that ab-
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Fig. 3. Pb(II) UV-spectra in alkaline solutions of B-cyclo-
dextrin. Solution composition (mM): [Pb(II)], — 0.1; [B-
cyclodextrin], — 0.1. Solution pH: 1 - 11.0, 2 - 11.5, 3 -
12.0, 4 - 13.0, 5 - 14.0. 20 °C

sorbance of alkaline B-CD solutions and solutions
of sodium hydroxide at 230-300 nm is negligible
(less than 0.02) and does not interfere with the mea-
surements.

The calculated concentration of the uncomplexed
(“free”) Pb’* ions in the solutions under investiga-
tion at pH 9.7-11.3 is rather low and reaches 10—
1077 M depending on B-CD concentration and solu-
tion pH (Fig. 4).

Quite unexpected results were obtained with so-
lutions of higher alkalinity (pH > 11.5), namely,
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Fig. 4. Dependence of pPb on solution pH calculated from the polarographic data. Solution composition (mM):
[Pb(ID)], — 0.5; [B-cyclodextrin]: A — 4.4, B — 220, ¢ — 352, @ - 0; J = 1; 20 °C
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-AE,, values began decreasing with the increase
of pH. The opposite behaviour of AE,, could be
expected for the Pb(B-CD)* complex — according
to B-CD deprotonization constant value (pK, =
=122 [16, 17]), in the case of 1:1 complex for-
mation the half-wave potential of Pb(II) reduction
should shift to more negative values by ca. 23 mV
when pH rises from 11 to 12, and by 12 mV
when pH increases from 12 to 13. With a further
increase in solution pH the half-wave potential
should remain practically constant due to full
deprotonization of B-CD. The more positive value
of AE , is indicative of a higher concentration of

12
free Pb** ions, i. e. a lower complexation of Pb(II)

(Fig. 4).

With the aim to clear up other possible equilib-
ria in the system under investigation, additional expe-
riments were carried out in the absence of B-CD.
In alkaline solutions of Pb(II) the slope of the de-
pendence of half-wave potential shift on solution pH
is ~ -60 mV pH™' in the pH range from 11.5 to
12.5 and ~ -90 mV pH™ at pH from 13 to 14 (Fig.5,
curve 2) showing formation of two kinds of Pb(II)
hydroxy-species. The data are in accordance with the
existence of the complexes Pb(OH), (see below) and
Pb(OH),, the stability constant logarithms being
11.3 £ 0.2 and 12.5 = 0.2, respectively. These va-
lues are in agreement with that obtained previously
by other investigators [23-27], except [28], where
the stability constant values are ca. three orders of
magnitude lower — apparently due to the influence
of a high concentration of CI- ions contained in the
background electrolyte. Interestingly, no evidence of
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Fig. 5. Dependence of Pb(II) reduction half-wave poten-
tial shift (AE,,) on solution pH in sodium hydroxide so-
lutions. [Pb(IT)], (mM): 1 - 0.1, 2 — 0.5; J = 1; 20 °C

polynuclear lead(II) hydroxy-species formation was
observed, i. e. the Pb(II) reduction half-wave poten-
tial practically did not depend on Pb(II) concentra-
tion (cf curves 1 and 2 in Fig. 5).

Speaking about a soluble Pb(OH), complex, the
structure of this complex must be different from
that of Pb(OH), precipitate. Since there are data to
confirm existence of Pb(II) hydroxy-cation (PbOH)*
[29], the possible structure of the soluble Pb(OH),
complex could be [Pb(OH)](OH), i e. containing
one OH- group in the first coordination sphere and
one OH- group in the second coordination sphere.
The data about the existence of soluble Pb(OH),
complex compound are given in [24, 26, 27].

Assuming that only a Pb(OH)", complex exists
in the solution, the calculations show that the pre-
cipitate should form at pH < 123 (Fig. 6). Our
experiments show that no precipitation is observed
at pH 11.5-14.0, i. e. an additional complex com-
pound should form under the conditions investiga-
ted. The calculations performed assuming that both
hydroxy-complexes (soluble Pb(OH), and Pb(OH),)
exist in the pH region studied are in agreement
with experimental data (Fig. 6).

Calculations of lead(II) ions distribution among
the complexes in sodium hydroxide solutions sho-
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Fig. 6. Dependence of pPb on solution pH. [Pb(II)],—
0.5 mM. The solid line represents precipitation of
Pb(OH), (K, = 10). The dotted line reseprents

S0
results of calculations in the presence of Pb(OH),

PO(OH), — 12.5). The dashed line
reseprents results of calculations in the presence of
both Pb(OH), (logBPb(OH)2= 11.3) and Pb(OH)-,
12.5)

complex alone (logf3

complexes (log[3 FO(OH); —
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wed that at pH 11-12.5 the soluble complex
Pb(OH), predominates. With rising pH it converts
to Pb(OH);, which predominates at pH over 13
(Fig. 7).

Formation of different kinds of Pb(II) hydroxy-
complexes in sodium hydroxide solutions was con-
firmed by UV-spectrophotometry (Fig. 8). Assuming
that at the lower pH limit (pH 11.25) Pb(OH),
complex and at the higher pH limit (pH 14.0)
Pb(OH); predominates, the molar extinction coeffi-

cients of these complexes were calculated: €ppon), =

= 4300 mol! 1 cm™ and € = 6000 mol! I cm™

Pb(OH);
(A, = 238 nm). The pH-dependent changes in
spectra (Fig. 6) correlated well with a lead(Il) distri-
bution diagram among the hydroxy-species.

After explanation of the processes taking place
in the system Pb(II) — OH- ions, we can revert to
the results obtained in alkaline Pb(II)-3-CD system.
When comparing changes in the spectra of the
Pb(II)-B-CD system with an increase in solution pH
(Fig. 3) with that of system Pb(II) — OH- ions
(Fig. 8) one can see a clear evidence of the decom-
position of Pb(B-CD)* complex and its transforma-
tion to Pb(OH), and Pb(OH); hydroxy-complexes at
pH over 11.5 - the absorption of Pb(B-CD)* comp-
lex at 260 nm decreases in the pH range 11.5-12.0
with a further shift of the absorption maximum to
a shorter wavelength and a rise of absorption maxi-
mum at 238 nm in the pH region from 13.0 to 14.0.
Actually, the wavelength 238 nm is characteristic of
lead(II) hydroxy-species (Fig. 8). A comparison of
spectra at pH 14 in the presence and in the ab-
sence of B-CD (cf. curve 5 in Fig. 3 and curve 12
in Fig. 8) shows that the spectra approximately coin-
cide. Thus we can state an almost full conversion of
Pb(B-CD)* complex into Pb(OH)~, hydroxy-complex
at the above-mentioned pH value.

Figure 1 presents an additional evidence of Pb(j3-
CD)* complex conversion to Pb(OH); hydroxy-comp-
lex at pH over 13 — the values of AE| , of Pb(II)
reduction in the presence of B-CD are only slightly
more negative than in the absence of B-CD when
the Pb(OH)~, complex predominates in solution. The
values of the limiting current also confirm changes
in the lead(I) complex formation — the values of
Pb(II) reduction limiting current in alkaline B-CD
containing solutions remain almost constant up to
pH ca. 11.5; with a further increase in solution pH
the limiting current values rise and approach that
obtained in the absence of B-CD (Table 1).

The diffusion coefficient values of different Pb(II)
species were calculated from polarografic data, sho-
wing a large-size complex species formation in alka-
line solutions containing 3-CD (Table 2).
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Fig. 7. Distribution diagram of Pb(II) species in sodium
hydroxide solution calculated according to the pola-
rographic data. [Pb(II)], — 0.5 mM; logBPb(OH)2 = 11.3;
IOgBPb(OH)g = 125

* Pb(OH), is soluble complex compound with the struc-
ture different from that of Pb(OH), precipitate.
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Fig. 8. Pb(II) UV-spectra in solutions of sodium hydro-
xide. Solution composition (mM): [Pb(II)], — 0.1. Solu-
tion pH: 1 — 11.25, 2 - 11.50, 3 - 11.75, 4 - 12.00, 5 —
12.25, 6 — 12.50, 7 — 12.75, 8 — 13.00, 9 — 13.25, 10 -
13.50, 11 - 13.75, 12 — 14.00. 20 °C.
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J = 1.0; 20 °C)

Table 2. Diffusion coefficient values of Pb(Il) species calculated from polarographic data ([Pb(ID], = 0.5 mM;

Ligand Pb(II) complex compound

Solution pH D x 10% cm? s

Without ligands Hydrated Pb(II) ions

OH" ions Soluble Pb(OH),
Pb(OH)",

B-CD Pb(B-CD)*
Pb(B-CD)*
Pb(B-CD)*

4.0 9.8
11.5-12.0 6.8
13.3-14.0 13.0
11.0-11.7 (44 mM B-CD) 22
9.7-11.0 (220 mM B-CD) 1.7
10.0-11.0 (352 mM B-CD) 1.2

A decrease in Pb(II) ions complexation and trans-
formation of the Pb(3-CD)* complex to Pb(OH); at
higher pH is seemingly connected with a decrease
in the activity of B-CD anion in strongly alkaline
solutions, especially as a decrease in the activity of
ligands in strongly alkaline solutions was observed
earlier [30-32]. This decrease in activity might be
attributed to an additional association of 3-CD an-
ions in alkaline solutions, whereas B-CD associates
are known in crystal form when crystallizing B-CD
from a hot saturated solution [33].

Finally, it should be noted that there is no evi-
dence to suggest that Pb(OH), encapsulates into
the B-CD cavity.

CONCLUSIONS

1. Undissociated B-CD does not interact with Pb(II)
ions, but the deprotonated B-CD participates in
complex formation with Pb(II) ions. Lead(Il) reacts
with the B-cyclodextrin anion in alkaline solutions
(9.7 < pH < 12.0) forming presumably a 1:1 com-
plex with the stability constant logarithm value equal
to 16.7 = 0.2 (20 °C, ionic strength 1.0, 4.4 mM B-
cyclodextrin, 11.0 < pH < 12.0) and the molar ex-
tinction coefficient value ca. 5500 (A_, = 260 nm).

2. The diffusion coefficient values of Pb—-cy-
clodextrin complex are in the range (2.2-1.2) X
x 10 ecm? s, depending on B-cyclodextrin concen-
tration.

3. At pH over 11.5-12.0, the Pb—fB-cyclodextrin
complex decomposes and converts to Pb(II) hydroxy-
complexes. This process occurs with a decrease in
Pb(II) complexation degree, seemingly due to a
decrease in B-cyclodextrin anion activity.

4. No evidence of Pb(OH)", encapsulation into
the B-CD cavity (host-guest complex formation) was
found.
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PB(II) KOMPLEKSU SUSIDARYMAS SARMINIUOSE
B-CIKLODEKSTRINO TIRPALUOSE

Santrauka

Nuolatinés sroves poliarografijos ir UV spektro dalies spek-
trofotometrijos metodais nustatyta, kad tirpalo pH esant
9,7-12,0, $vino(II) jonai su B-ciklodekstrinu sudaro kom-
pleksinj jungini, kurio sudétis galéty bati Pb(B-CD)* (¢ia
B-CD- yra B-ciklodekstrino anijonas). Sio junginio apskai-
Ciuotoji patvarumo konstantos logaritmo verté yra 16,7 =
+ 0,2 (20°C; joniné jéga 1,0; 44 mM B-ciklodekstrino;
11,0 < pH < 12,0), o molinis absorbcijos koeficientas yra
~5500 (A, = 260 nm). Nustatytosios Pb(B-CD)* komp-
lekso difuzijos koeficiento vertés yra nuo 2,2 x 10 iki
1,2x10°% cm? s'. Esant didesnéms tirpalo pH vertéms
(pH > 11,5-12), Pb(B-CD)* kompleksas suyra ir pereina j
Pb(II) hidroksikompleksus, tai aiSkinama B-ciklodekstrino
anijono aktyvumo sumazéjimu stipriai Sarmingje terpéje.
Parodyta, kad B-ciklodekstrinas nesudaro ,,Seimininko—sve-
¢io® tipo jsiterpimo kompleksy su Pb(OH);.



