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Abstract

The structure of lead(ll) in hyper-alkaline aqueous solutions has
been determined by EXAFS and Raman spectroscopy, and from
ab initio quantum chemical calculations. The formation of a
single species was observed, in which the Pb-O bond distance is
remarkably short, 2.216 A, and the complex is non-linear. From
single crystal X-ray data, the bond lengths for O-coordinated
lead(Il) complexes with low coordination numbers are spread
over an unusually wide interval (e.g., 2.216 — 2.464 A for N = 3).
The Pb-O bond distance is within the range of three coordinated
complexes (i.e., [Pb(OH)s]™ or [PbO(OH),]*") but the possibility
of the two coordinated [PbO(OH)]™ complex has also been
considered. The observed Raman spectrum and that calculated for
[Pb(OH)s]~ show obvious similarity. Predicted bond lengths are
also consistent with the presence of [Pb(OH)s]™ and exclude the
formation of Pb=0O double bond(s). These observations together
with experimentally established analogies between Pb(Il) and
Sn(ll) in hyper-alkaline solutions suggest, that the last stepwise
hydroxido complex of both tin(Il) and lead(ll) is [M(OH)3] . The
structure of the complexes is trigonal pyramid.

Introduction

The most common oxidation state of lead in nature is Pb(ll).
Because of its high toxicity," the knowledge of hydrolytic
equilibria of Pb(Il) (both qualitative and quantitative terms) is of
high relevance, both in the close-to-neutral pH-s of natural waters
and living organisms?, and in solutions of high pH-s, which are of
industrial importance.> Upon hydrolysis in dilute aqueous
solutions in the range of 2 < pH < 13, lead(Il) forms mononuclear
complexes with the stoichiometry of [Pb(OH)]*, [Pb(OH),]° and
[Pb(OH)s]~*® Furthermore, at higher Pb(ll)-concentrations, the
formation of polynuclear complexes as [Pbs(OH)s*,
[Pb,(OH),4]*" and [PbgO(OH)g]** has been reported as well.*®

Much controversy surrounds the composition of the Pb(ll)
complex(es) forming in hyper-alkaline aqueous solutions. The
simplest speciation picture includes the exclusive formation of
the [Pb(OH);]™ even at the very alkaline end of the pH-scale and
was supported by potentiometric,® polarographic,”® and
solubility'®!!  measurements.  Ultracentrifuge'> and light
scattering™ data were, however, interpreted in terms of the
formation of [Pb(OH),]> and from potentiometric titrations™
using Pb/Hg electrode even the formation of the [Pb(OH)e]*
species was suggested. In a recent work of Perera et al.”® the
formation of the Pb(ll)-hydroxido complex with the
stoichiometry of 1:4 was deduced, primarily from combined pH-

@

a

@

*and Ingmar Persson®”

spectrophotometric measurements. From Raman spectra, the
formation of the two-coordinated complex, [PbO,]* was also

so suggested. However, the structure of the complex(es) formed in

these  hyper-alkaline  conditions was not determined
experimentally.

The main objective of the present work is to reveal the identity
and structure of lead(Il) complex(es) present in hyper-alkaline
aqueous solutions. To achieve this, X-ray absorption
spectroscopy (XAS) measurements have been carried out on
solutions containing NaOH (4 M < Cyaon < 16 mol-dm™) and
lead(Il) (0.2 mol-dm®). The EXAFS measurements were
supplemented with Raman spectroscopy and ab initio quantum

chemical calculations.

Experimental section
Reagents and solutions

Analytical grade NaOH (ANALR NORMAPUR) was dissolved
in distilled water with intensive stirring and cooling to prepare the
alkaline stock solution. In this way ~50 % (w/w) NaOH solution
is achievable; the concentration of the solution is ~19 mol-dm,
The concentration was calculated from the density of the solution,
determined by a picnometer, according to literature procedures.'®
The carbonate content was minimized as described elsewhere.”
The stock solution as well as the sample solutions were stored in
caustic resistant Pyrex bottles with a tightly fitted screw-top.

The lead(ll) stock solution, Cppgy=1 mol-dm®  and
Crios = 0.05 mol-dm™, was prepared by dissolving analytical
grade lead(ll) nitrate, Pb(NO3), (Sigma Aldrich), in analytical
grade nitric acid in order to avoid the hydrolysis of the lead(ll)
ions when diluted by distilled water. The caustic lead(ll) solution
was prepared by adding the calculated amount of the lead(ll)
stock solution drop-wise to the NaOH solution, in a small Pyrex
bottle, for which a custom-made screw-top was fabricated with
two small holes for the argon gas in- and outlet and a bigger one
for the addition of the lead(ll) stock solution. The calculated
amount of the freshly prepared lead(ll) stock solution was added
drop-wise to 25 mL of the appropriately diluted NaOH solution
with continuous and intense argon bubbling through the sample
and stirring. The NaOH solutions were diluted by weight from
the concentrated stock solution.

X-ray absorption measurements

The X-ray absorption spectra for lead were collected at the
wiggler beam-line 1811 at MAX-lab, Lund University, Sweden,

o using the MAX Il storage ring operating at 1.5 GeV and a

maximum current of 250 mA. The maximum flux on the sample
is 5x10" at 9keV on a (0.5mm)® surface area. The
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measurements were performed in fluorescence mode at the lead
Ls-edge. The energy scales of the X-ray absorption spectra were
calibrated by assigning the first inflection point of the lead L;
edges of metallic lead foil to 13038.0 eV.*® The samples were
measured in cells were made of a 1.5 mm Teflon spacer and 6 um
polypropylene X-ray film hold together with titanium frames.
The analysis of the data was performed with the EXAFSPAK®
and FEFF? program packages allowing the determination the
structure parameters of the local coordination around lead(l1).

FT-Raman spectroscopy

Raman spectra were recorded on a BIO-RAD Digilab Division
dedicated FT-Raman spectrometer equipped with liquid nitrogen
cooled germanium detector and CaF, beamsplitter. The excitation
line was provided by a Spectra Physics T10-106C Nd:YVO, laser
at 1064 nm. The spectra were recorded between 3600 — 100 cm™
with 4 cm resolution. 4096 scans were collected for each
spectrum. The excitation power was 280 mW at the sample
position. The spectrometer was controlled by using BIO-RAD
Win IR 3.3 software. The samples were placed in a 1 cm path
length quartz cuvette. Spectra were recorded at room-
temperature. Data were processed by SpekWin software and the
fitting of the Lorentzian curves was performed with QtiPlot.

Computational methods

The complexes studied by computational methods included
[Pb(OH)4]~, [PbO(OH)], [PbO,]*", [PHO(OH),]*>" Pb(OH), and
[Pb(H,0)s]*". Optimizations and frequency analyses were
performed using the GAUSSIAN 09 program with density
functional theory (DFT) at the MO052x/6-311++G**
computational level. We systematically modeled solvent effects
by representing H,O as a polarizable continuum, according to the
method implemented in the PCM-SCRF (self-consistent reaction
field) procedure in the Gaussian program. We take into account
some cases explicitly the hydration shell of these complexes, but
the calculated properties do not change significantly compared to
the PCM method, so we do not discuss those results.

Results and discussion

From extended X-ray absorption fine structure spectroscopy
(EXAFS), bond lengths (rpy.0) can be more accurately determined
than the corresponding coordination numbers (N).** The
relationship between bond distance and coordination number may
be extracted from single crystal X-ray data. Therefore in most
cases (i.e., for transition metal complexes) this relationship can be
used to accurately estimate the coordination number from the
observed bond distance.?*?* The rpy.0 and N values of crystalline
solid O-coordinated lead(ll) compounds were collected from the
Inorganic Crystal Structure Database and the Cambridge Crystal
Structure Database®*?, and were published in a previous paper®
(except for those relating to complexes with N =3 and the only
one example for N =2, shown in Table S1). The rppo vs. N data
collected are shown on Figure 1. The bond lengths for O-
coordinated lead(ll) complexes, in particular for those with low
coordination numbers are spread over an unusually wide interval
(e.9., 2.216 — 2.464 A for N = 3). This is most likely due to the
stereo-chemical impact of the occupied anti-bonding orbitals of
ss lead(ll).
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Fig. 1. Summary of mean bond distances in O-coordinated lead(ll)
compounds (details in Tables S1, and ref. 26), and the relationship
between the mean Pb-O bond lengths and the coordination. The filled
symbols stand for the average values. The dashed line represents the
linear trend-line of the mean Pb-O bond distances as function of
coordination number.

As the valence electron structure of lead(ll) is analogous to that
of tin(Il), therefore the hydrolysis of lead(ll) in highly alkaline
media is expected to have some similarities with tin(ll).
Unfortunately, the solubility of Pb(ll) in hyper-alkaline solutions
was found to be insufficient to perform accurate H,/Pt
potentiometric measurements, similar to those done for Sn(ll).?’
Therefore some structural conclusions are based on the similarity
of Pb(Il) and Sn(Il). EXAFS measurements were carried out on
aqueous samples containing 0.2 mol-dm™ lead(ll) in 4.0, 8.0 and
16.0 mol-dm™ NaOH. The results are shown in Table 2. No
change in the local structure around lead(ll) was observed with
changing hydroxide concentration, and there was only one kind
of species detected (Figure 2). In this species, the Pb-O bond
distance was determined to be 2.216 A. It is indeed shorter than
the average Pb-O bond distance for the three-coordinated lead(I1)
complexes with O-donor ligands, (2.318 A, calculated as the
average of 10 known structures). However, it is still within the
interval of the observed bond distances. For lead(ll), to the best
of our knowledge, the structure of only one N =2 O-coordinated
complex has been reported so far (with rpp.o =2.189 A). The
fitting of the experimental EXAFS data was carried out with
holding the coordination number constant at a value of 3.
However, similarly to that observed for analogous systems
containing Sn(11),” good agreement between the observed and
calculated data was achieved by assuming N =2. On the other
end, the case for N =4 was discounted on the ground, that the
experimentally obtained rp,.o=2.216 A is far out of the bond
length interval obtained for solid complexes with N = (2.30-
2.46 A). Therefore, the formation of any kind of 4-coordinate
Pb(I1)-hydroxido complex, e.g., [Pb(OH),]*, in our systems can
be ruled out. Of the remaining structures, with N =3 [Pb(OH)]™
and [PbO(OH),]*", while with N =2 [PbO(OH)]™ and [PhO,]*

95 can be considered.
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Fig. 2 The experimental and the fitted Fourier-transform of the k*-
weighted EXAFS data of the alkaline lead(l1) samples: Pb20_4, Pb20_8
and Pb20_16 (A); the experimental and the fitted k®-weighted EXAFS
data, respectively (B).

Table 1 Composition of hyper-alkaline aqueous lead(I1) samples studied
expressed in total molar concentrations, and the structure parameters in
the refinements of the EXAFS data collected at ambient room temperature
using the EXAFSPAK program package including number of Sn-O bond
distances, N, mean Sn-O bond distance, r/A, and Debye-Waller factor
coefficient, 0?/A?, the threshold energy, E./eV, the amplitude reduction
factor the goodness, S,%, the goodness of fit, F/%, as expressed in the
EXAFSPAK program package, ref. 19.

N=3 | Pb20 4 Pb20 8 Pb20 16
CnaoH 4 8 16
Ceoy 0.20 0.20 0.20
r 2.216 2.222 2.216
I 0.033 0.033 0.021
E, 13064.0 13064.7 13065.0
Raman  spectrum of a Pb(ll) containing solution

(Cepnozz = 0.1 M) with Cnaon=4.0M has been recorded. A
strong peak at ~424 cm™' and a shoulder at ~355 cm™' has been
observed on the spectrum, both correspond to Pb-O symmetrical
and antisymmetrical stretching vibrations. A strong signal due to
the symmetric stretching mode of NO3™ ion was also observed at
1048 cm™. The Raman spectrum of a solution with similar
composition to ours was published in ref. 15, and a peak at 419
cm ! with a shoulder at 377 cm™' was reported. These values are
in good agreement with those obtained by us. In ref. 15 the
sample has been prepared from PbO(s) and a signal at 1064 cm™!
has also been reported and was assigned to the species [PbO,]*".
It is important to note, that there are obvious similarities between
the Raman spectra of hyper-alkaline solutions containing Sn(ll)
and Pb(Il). In the former, a strong peak was found at ~430 cm™
and a weak at ~490 cm ', and were assigned to the species
[Sn(OH)]~*

Quantum mechanical calculations were performed to obtain
proposed bond lengths and Raman band positions for the
complexes with structures shown in Figure 3 and the results of
these calculations are summarized in Table 2.
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Fig. 3 Ball and stick models for the oxido-hydroxido complexes of Pb(ll)
studied.

Table 2. Comparison of the experimentally found and calculated bond

40 lengths and Raman band positions for various hypothetic oxido-
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hydroxido complexes of Pb(ll).

" Iob-0" Ipb=0” Raman peaks
A) A) m?)
C
Experimental - 2.216 355w, 4245 §
(377w, 419sd")
[Pb(OH)s]™ 3 2.232 - 370s, 4135
[PbO(OH),I* 3 2.430 2.050 222w, 256w, 523s
[PbO(OH)] 2 2.256 1.990 363w, 603s
[PbO,* 2 - 2.103 203w,452s,496s
Pb(OH), 2 2.123 - 459w, 488s
[Pb(H,0)3]* 3 2.440 - 261w, 291w

w: weak; s: strong;® Pb—O single bond; ® Pb=0 double bond; ¢ current
work; ¢ data taken from ref. 15

As expected, the calculated bond lengths for Pb—O single bonds

s are significantly longer (2.23-2.43 A), than those of Pb=0 double

bonds (1.99-2.10 A) and the calculated bond lengths are for
single bonds very close to that obtained experimentally. On this
ground, the formation of the fully dehydrated species [PbO,]*~
can be ruled out. If there were a mixed oxido-hydroxido complex,
the two different bond lengths would be present in one species.
Since the exchange of the H* between the two oxygen atoms is
slow comparing to the EXAFS timescale, therefore two distinct
peaks should be seen in case of [PbO(OH)]", which is obviously
not the case (see Fig. 2 (A) and Table 1). On that ground
[PbO(OH),]> and [PbO(OH)]™ can be discounted and only the
[Pb(OH)s]" remains.

The observed and calculated Raman spectra (Table 2) also
support the exclusive formation of [Pb(OH)z]". The calculated
Raman peak positions for this species almost perfectly match
with those obtained by us and observed in previous studies. On
the other hand, those for the other species show no resemblance
to the observed one.

Conclusions

In summary, EXAFS spectroscopic measurements show that only
one kind of lead(ll) complex is present in strongly alkaline
aqueous solutions, containing 4.0-16.0 mol-dm® NaOH. The
predominating complex is the mononuclear [Pb(OH);]~ with short
Pb-O bond length, 2.216 A. This is just within the range of bond
distances observed for three-coordinate lead(ll) complexes. The
agreement between the calculated Raman spectrum of [Pb(OH)3]™
and the experimentally observed one fully supports the exclusive
(or at least predominant) presence of this mononuclear complex
in these hyper-alkaline aqueous solutions.




3

1

1S}

1!

o

2

S

2!

o

30

35

40

45

50

55

60

65

Acknowledgment

Research leading to this contribution was supported by the
National Research Fund of Hungary through OTKA 83889. Eva
G. Bajnoczi would like to thank the Campus Hungary
Scholarship of the Balassi Institute which financed a five week
short term study at the Department of Chemistry, Swedish
University of Agricultural Sciences, Uppsala, Sweden. Portions
of this research were carried out at beam-line 1811, MAX-lab
synchrotron radiation source, Lund University, Sweden. Funding
for the beam-line 1811 project was kindly provided “The Knut
och Alice Wallenbergs Stiftelse”.

Notes and references

2 Department of Inorganic and Analytical Chemistry, University of
Szeged, H-6720 Dom tér 7., Szeged, Hungary.

® Department of Organic Chemistry, University of Szeged, H-6720 Dém
tér 8., Szeged, Hungary.

¢ Department of Physical Chemistry and Materials Science, University of
Szeged, H-6720 Aradi vértaniik tere 1., Szeged, Hungary

¢ Institute of Molecular Pharmacology, Research Centre for Natural
Sciences, Hungarian Academy of Sciences, Pusztaszeri 1t 59-67, H-1025
Budapest, Hungary

¢ Department of Chemistry and Biotechnology, Swedish University of
Agricultural Sciences, SE-750 07, Uppsala, Sweden

f Materials and Solution Structure Research Group, Institute of
Chemistry, University of Szeged H-6720 Aradi vértaniik tere 1., Szeged,
Hungary

“ Corresponding authors: sipos@chem.u-szeged.hu,
Ingmar.persson@slu.se

1 Electronic Supplementary Information (ESI) available: bond lengths
and angles found for N = 3 and 2 O-coordinated Pb(ll) complexes.. See
DOI: 10.1039/b000000x/

1 J. J. Brean, C. R. Stroup, Lead Poisoning: Exposure, Abatement,
Regulation, CRC Press, USA, 1995.

2 H. Casas, H. Sordo, Lead Chemistry, Analytical Aspects,
Environmental Impacts and Health Effect, Elsevier: Amsterdam,
2006.

3 M. L. Jeffrey, I. M. Ritchie, S. R. Labrooy, in R. Woods, F. M. Doyle,
P. E. Richardson (eds.), Electrochemistry in Mineral and Metal
Propcessing 1V.”, Electrochemistry Society: Pennington, NJ, USA,
1996. p. 284.

4 A. E. Martell; R. M. Smith, Critical Stability Constants; Plenum
Press: London , 1975.

5 C. F. Baes, R. E. Mesmer, The Hydrolysis of Cations, John Wiley &

Sons: NewYork, 1976; ch 15.4.

B. Carell, A. Olin, Acta Chem. Scand., 1960, 14, 1999-2008.

A. A. Vlcek, Chem. Listy, 1954, 48, 1474-1484.

N. V. Aksel’rud, Russ. J. Inorg. Chem., 1958, 3, 23-36.

A. |. Karnaukhov, V. E. Kosmatyi, V. V. Grinevich, Ukr. Khim. Zh.,

1984, 50, 1086-1088.

10 A. B. Garrett, S. Vellenga, C. M. Fontana, J. Am. Chem. Soc., 1939,
61, 367-373.

11J. W. Mellor, ,,4 Comprehensive Treatise on Inorganic and
Theoretical Chemsitry, Vol. VII.”’Longman, London, UK, 1970.

12 J. S. Johnson, K. A. Kraus, J. Am. Chem. Soc, 1959, 81, 1569-1572.

13 B. Pokric, Z. Pucar, J. Inorg. Nucl. Chem., 1973, 35, 1987-1993.

14 D. Ferri, F.Salvatore, Ann. Chim., 1989, 79, 1-13.

15 N. Perera, G. T. Hefter, P. Sipos, Inorg. Chem., 2001, 40, 3974-3978.

16 P. Sipos, G. T. Hefter, P. M. May, J. Chem. Eng. Data 2000, 45, 613-
616.

17 P. Sipos, G. T. Hefter, P. M. May, The Analyst, 2000, 125, 955-958.

18 A. Thompson, D. Attwood, E. Gullikson, M. Howells,K-J. Kim, J.
Kirz, J. Kortright, I. Lindau, Y. Liu, P. Pianetta, A. Robinson, J.
Scofield, J. Underwood, G. Williams, H. Winick, X-ray data
booklet, Lawrence Berkley National Laboratory, 2009.

©O© oo ~N®»

70

75

80

19 G. N. George, I. F. Pickering, EXAFSPAK - A suite of Computer
Programs for Analysis of X-ray absorption spectra, Stanford

Synchrotron  Radiation Laboratory, Stanford, CA, 1995.
http://www-ssrl.slac.stanford.edu/exafspak.html  (accessed July
2014)

20 S. 1. Zabinsky, J. J. Rehr, A. Ankudinov, R. C. Albers, M. Eller, J.
Phys. Rev. B, 1995, 52, 2995-3009.

21 D. M. Sherman, K. V. Ragnarsdottir, E. H. Oelkers, C. R. Collins,

Chem. Geol. 2000, 167, 169-176.

Persson, M. Sandstrom, H. Yokoyama, M. Chaudhry, Z.

Naturforsch., Sect. A. 1995, 50, 21-37.

23 R. D. Shannon, Acta Crystallogr., Sect. A 1976, 32, 751-767.

24 D. Lundberg, I. Persson, L. Eriksson, P. D’Angelo, S. De Panfilis,
Inorg. Chem. 2010, 49, 4420-4432.

25 F. H. Allen, Acta Crystallogr., Sect. B 2002, 58, 380-388.

26 Inorganic Crystal Structure Database; FIZ Karlsruhe, 2013.

27E.G. Bajnoczi, E. Czeglédi, E. Kuzmann, Z. Homonnay, Sz. Balint,
Gy. Dombi, P. Forgo, O. Berkesi, 1. Palinko, G. Peintler, P. Sipos,
1. Persson, Dalton. Trans., submitted

22 1.



mailto:sipos@chem.u-szeged.hu
mailto:Ingmar.persson@slu.se
http://www-ssrl.slac.stanford.edu/exafspak.html

The Structure of Pb(I1) lon in Hyper-Alkaline Aqueous Solution

Eva G. Ba]nocm (Eszter Czegledl ") (Adrian Traj,af) Istvan Palink6,”" (Gabor Peintler,”") Szabolcs
Balint,” Imre Bako,’ Pl Sipos,*™" and Ingmar Persson®

? Department of Inorganic and Analytical Chemistry, University of Szeged, H-
6720 Dom tér 7., Szeged, Hungary.

® Department of Organic Chemistry, University of Szeged, H-6720 Doém tér 8.,
Szeged, Hungary.

¢ Department of Physical Chemistry and Materials Science, University of Szeged,
H-6720 Aradi vértanuk tere 1., Szeged, Hungary

¢ Institute of Molecular Pharmacology, Research Centre for Natural Sciences,
Hungarian Academy of Sciences, Pusztaszeri Gt 59-67, H-1025 Budapest,
Hungary

¢ Department of Chemistry and Biotechnology, Swedish University of
Agricultural Sciences, SE-750 07, Uppsala, Sweden

" Materials and Solution Structure Research Group, Institute of Chemistry,

University of Szeged H-6720 Aradi vértantk tere 1., Szeged, Hungary

Electronic Supplementary Information



Table S1 The oxygen coordinated lead(ll) structures used for determine the coordination number — Pb-O distance relationship for coordination
number =2, 3, 4, 5, 6, 8. The list is based on the data collected from the Inorganic Crystal Structure Database (ICSD) and the Cambridge
Structural Database (CSD); N = coordination number; references marked in red text are omitted from the mean bond distance and angle. All the

other structural data are listed in reference 4.

N CSD code

2 VEYKUH
Mean

3 QAHVOL

3 QEXVUL
3 OLAZAD

NIPKAY

MAJGOT
MUKYIA
QEXVUL

W w ww

QEKZAI
MAJGOT
NIPJUR
NIPJOL
QEKYUBO1
BIBTIQ

W wwwww

Average

dpp-0 20-Pb-O
2.189 A 100.6 °

2.189 A/1

2216 A 86.5°
2.244 A 77.7°
2289 A 82.9°

2291 A 78.3°
2.299 A 83.2°
2303 A 77.1°
2304 A 83.9°

2308 A 78.5°
2325A 84.5°
2.340 A 75.1°
2359 A 78.4°
2361 A 775°
2.464 A 81.9°
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