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Reactions of carboxylic acids with lead play an important role in the atmospheric corrosion of lead and lead—tin alloys.
This is of particular concern for the preservation of lead-based cultural objects, including historic lead—tin alloy organ pipes.
Two initial corrosion products, PbsO,(CH3CO0), - 0.5H,0 (1) and Pb,O(HCOO), (2), had been identified through powder
diffraction fingerprints in the Powder Diffraction File, but their structures had never been determined. We have crystallized both
compounds using hydrothermal solution conditions, and structures were determined using laboratory and synchrotron single-
crystal X-ray diffraction data. Compound 1 crystallizes in P1, and 2 in Cccm. These compounds may be viewed as
inorganic—organic networks containing single and double chains of edge-sharing Pb,O tetrahedra and have structural
similarities to inorganic basic lead compounds. Bond valence sum analysis has been applied to the hemidirected lead
coordination environments in each compound. Atmospheric exposure experiments contribute to understanding of the
potential for conversion of these short-term corrosion products to hydrocerussite, Pba(COs)o(OH),, previously identified as a
long-term corrosion product on lead-rich objects. Each compound was also characterized by elemental analysis,
thermogravimetric analysis and differential scanning calorimetry (TGA-DSC), and Raman spectroscopy.

Introduction

Atmospheric corrosion is a significant cause of deterioration
of cultural artifacts made from lead and lead-rich alloys,
including coins and organ pipes.'~® This damage is frequently
observed when objects are kept in a wooden storage or display
box or in proximity to a wooden case and wind system in
an organ. As wood ages, hydrolysis of hemicellulose contained
in cell walls leads to emission of acetic acid, and other
small molecules, including formic acid, are released through
additional processes.”® In laboratory exposure experiments,
these organic acids have been shown to be corrosive to pure
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lead and to lead-rich lead—tin alloys.” '* This degradation
poses a threat to objects that are valued as documents of
cultural, musical, and technological history, and a more com-
plete understanding of the mechanism of the corrosion process
is needed.

The corrosivity of acetic and formic acids toward lead-rich
samples has been related to their ability to dissolve the
otherwise protective nanoscale PbO layer that forms on
metallic lead in oxygen-containing environments.'®!'""'* Un-
der conditions of normal atmospheric humidity, the metal
surface is covered with several monolayers of water,'> pro-
viding a solvent for dissolution of acid vapors and carbon
dioxide and subsequent breakdown of the oxide. In electro-
chemical corrosion, oxidation of the metal at an anodic site
is accompanied by reduction of atmospheric oxygen at a
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cathodic site."” The resulting hydroxide ions create a basic
environment in the electrolyte on the metal surface. The
salts that precipitate from the electrolyte and accumulate as
corrosion products are therefore frequently oxide and hydrox-
ide compounds. X-ray diffraction analysis of corrosion films
formed on deteriorated organ pipes has identified hydro-
cerussite [Pb3(CO3),(OH),] and cerussite [PbCO5] as principal
corrosion products.” In laboratory experiments in which lead
and lead—tin alloy samples were exposed to organic acid
vapors, phase identification showed basic lead acetate [Pb;0,-
(CH5CO0),:0.5H,0] (1), basic lead formate [Pb,O(CHO-
0),] (2), and plumbonacrite [Pb;gO(OH)(COj3)g], as initial
corrosion products that most likely convert to the more stable
carbonate-based products over longer periods of time.”” "1
The structures of plumbonacrite,'® hydrocerussite,'” and
cerussite'® have been determined, but those of the basic
lead carboxylate products have never been solved. While
1 and 2 have been identified by powder X-ray diffraction
(PXRD) fingerprints,'”* their crystal structures have not
been reported.

The structures of a number of inorganic basic lead com-
pounds, those containing oxide or hydroxide anions as well as
complex inorganic anions, have been reported, including
carbonates,'“*'*? halides,? nitrates,”* %’ phosphates,” and
selenates.”** While some are naturally occurring minerals,
diffraction quality crystals of others have been prepared using
hydrothermal and high-temperature methods. Recently, hy-
drothermal synthesis has been used to prepare basic lead
compounds containing oxygen-donating ligands such as
isophthalate,“’32 1,3,5-benzenetricarboxylate,33 maleate,*
and proline-N-methyl-phosphonate.®® Solution syntheses
have also led to basic lead compounds containing methoxide®®
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and thiolate’ ligands. Here we report on the hydrothermal
synthesis and structural characterization of basic lead acetate
and basic lead formate. We have also studied the thermal
behavior of these compounds and have investigated their
conversion to the long-term corrosion product hydrocerussite.

Experimental Section

General Information. PbO (Aldrich), Pb(CH;COO),-3H,0
(EM Science), and formic acid (Baker) were used as received.
Reactions were carried out in 23 mL Teflon cups enclosed in
stainless steel autoclaves (Parr). Room temperature powder
X-ray diffraction (PXRD) patterns were collected on a Rigaku
Ultima IV diffractometer with CuK, radiation. A low-tempera-
ture (100 K) PXRD pattern was obtained through the 11-BM
mail-in service at Argonne National Laboratory, where the
sample was examined using synchrotron radiation tuned to
0.4121 A. Thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) were conducted using a TA Instru-
ments SDT 2960 Simultaneous DSC-TGA. Samples were
heated to 600 °C at a ramp rate of 5 °C/min under breathing-
quality air at a flow rate of 10 mL/min. Raman spectra were
collected on a Thermo NXR Raman module associated with a
Thermo/Nicolet 6700 FT-IR. Solid samples were examined in
tubes 5 mm in diameter, and the 1064 cm ™' excitation laser was
operated at a power of 0.4 W. Elemental analysis was conducted
by Robertson Microlit Laboratories, Madison, NJ.

Synthesis. Compound 1 was synthesized using a modification
of the method reported by Kwestroo and Langereis.'> Pb-
(CH;CO00),-3H,0 (1.94 g, 5.1 mmol) was dissolved in 10 mL
of deionized H,O in a small beaker, and PbO (2.27 g, 10 mmol)
was added. The resulting slurry was sonicated for 20 min,
transferred to a 23 mL Teflon cup, and bubbled with nitrogen
gas for 15 min. The reaction vessel was then sealed in an
autoclave and placed in a 120 °C oven for 12 h. The vessel was
allowed to cool to room temperature on the benchtop. The
reaction mixture contained colorless, needle-like crystals, most
of which were bundled and clumped with one another. Crystals
for single-crystal X-ray analysis were taken directly from the
mother liquor and placed under oil. To isolate bulk powder
samples, the product mixture was transferred to test tubes and
spun down using a centrifuge. The supernatant was removed
and the solid dried under vacuum, without heating, in an
Abderhalden drying pistol for at least 12 h before being trans-
ferred to a desiccator for storage. Yield 1.59 g (41%). Predicted
(found) for C4H;0¢ sPbs: C 6.15% (6.06%), H 0.90% (0.80%),
Pb 79.6% (78.4%). Raman (cm™"): 2923 (C—H stretch), 1543
and 1411 (C—O stretch), 1347 (CH; deformation), 929 and 913
(C—C stretch), 666 and 648 (OCO deformation), 613 (OCO
rocking), 371 and 287 (Pb—O stretch).

For synthesis of compound 2, a stock solution of 4.72 M
formic acid was prepared by performing a 5-fold dilution of
concentrated acid in deionized water. PbO (0.738 g, 3.3 mmol),
5 mL deionized H>O, and 0.7 mL of the formic acid stock solution
(3.3 mmol) were combined. The mixture was sonicated and bubbled
with nitrogen gas as for 1. The reaction vessel was sealed in an
autoclave and placed in a 110 °C oven for 12 h. The vessel was
allowed to cool on the benchtop. Colorless, block-like crystals were
removed from the mother liquor for single-crystal X-ray diffraction
experiments. The bulk solid was isolated and dried as for 1. Yield
0.496 g (29%). Predicted (found) for Pb,C,H,0s: C 4.61%
(4.60%), H 0.38% (0.38%), Pb 79.6% (77.8%). Raman (cm ™ '):
2835 (C—H stretch), 1342 (C—O stretch), 1060 (C—H bend), 758
(OCO deformation), 282 (Pb—O stretch).

Crystal Structure Determination. Diffraction data at 100 K for
1 (denoted 1a) were collected at Beamline 11.3.1 at the Advanced
Light Source (Lawrence Berkeley National Laboratory) using
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Table 1. Refinement Data for Compounds 1 and 2
data la 1b 2

empirical formula C4H,04 50Pbs C4H,04 50Pbs C,H,05Pb,

wavelength (A) 0.77490 0.71073 0.71073

temperature (K) 100(2) 296(2) 100(2)

crystal system triclinic triclinic orthorhombic

space group Pl Pl Ceem

a(A) 7.2427(9) 7.2637(16) 9.3955(15)

b(A) 11.5314(15) 11.548(3) 10.8276(17)

c(A) 13.5236(18) 13.778(3) 5.8133(9)

o 112.322(2) 113.354(3)

B 101.107(2) 100.108(3)

v 90.740(2) 90.270(3)

V(A% 1020.6(2) 1041.1(4) 591.39(16)

p(g-cm™?) 5.081 4.981 5.845

V4 2 2 4

u (mm™ Y 60.984 48.396 56.806

6 range for data collection 3.14°—34.26° 1.64°—31.34° 2.87°—28.25°

completeness 99.4% 99.6% (to 28°) 100.0%

data/restraints/parameters 6214/3/230 6230/0/237 409/15/37

GOF on F* 0.993 1.134 1.289

R indices [I > 20(D)]* R; = 0.0374, R; = 0.0354, R; = 0.0340,
wR, = 0.0783 wR, = 0.0949 wR, = 0.1029

R indices (all data)* R; = 0.0668, R; = 0.0586, R; = 0.0341,
wR, = 0.0896 wR, = 0.1213 wR, = 0.1030

largest diff. peak and hole (e /0\73)
“Ri = LlIFol = |Fll/SIFol, wRy = [Sw(FS = FOSow(F ]2,

synchrotron radiation tuned to 4 =0.7749 A.A D8 goniostat
equipped with a Bruker APEXII CCD detector was employed.
Single crystal X-ray diffraction at 296 K for 1 (denoted 1b) and at
100 K for 2 was performed on a Bruker AXS SMART APEX CCD
system using MoK, laboratory radiation. For each data set, data
integration and unit cell determination were performed using
SAINT.*® Absorption corrections were performed using SADABS
for 1 and TWINABS for 2. The structures were solved usin§ direct
methods and refined by full-matrix least-squares on F,~ using
SHELXTL.* All non-hydrogen atoms were refined anisotropi-
cally. In structures 1b and 2, refinement was completed with
hydrogen atoms constrained to ride on carrying atoms. In 1a, water
O—H distances were restrained to 0.84 A and H---H distances
to .35 A.

Refinement data for the two compounds are summarized in
Table 1. Data listed under 1a resulted from the low-temperature,
synchrotron analysis of 1, while those under 1b came from the
room-temperature, laboratory experiment. An initial structural
model for 1, based on laboratory data collected at 100 K,
featured a unit cell with a volume of 509.28(18) A® containing
two disordered acetate ligands in its asymmetric unit. The
correct structure, determined through reexamination at ambient
temperature in a laboratory experiment and at 100 K with
synchrotron radiation, is a double-volume supercell with four
unique acetate ligands in positions corresponding to the dis-
ordered positions in the initial model. In both 1a and 1b, several
of the light atom ADPs showed large correlations because of the
pseudosymmetry. Selected pairs of atoms were thus constrained
to have identical ADPs.

The crystal under investigation for compound 2 was found to
be nonmerohedrally twinned. The orientation matrices for the
two components were identified using the program Cell Now,** and
the two components were integrated using SAINT. The twin
operation is a 180.0° rotation about the reciprocal axis —0.996
1.000 0.000; the exact twin matrix identified by the integration
program was 0.13996 —0.86013 —0.00030, —1.14027 —0.13971
0.00078, —0.00027 0.00007 —1.00010. The structure was solved and

2.006 and —1.858
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2.184 and —1.840

4910 and —4.119

refined using only the non-overlapping reflections of the primary
component below a d-spacing threshold of 0.75 A.

Exposure Studies. Desiccator exposure studies were used to
determine the effects of exposure to humid air on 1 and 2. A
saturated solution of sodium chloride in water (200 mL) was
placed in the bottom of a desiccator to %enerate an atmosphere
of 75% relative humidity (RH) at 23 °C.*! Approximately 100 mg
of 1 or 2 was placed in an open glass vessel with a fritted glass
bottom and suspended in the desiccator without contacting the
solution. The desiccator was sealed and placed in an insulated,
thermostatted box maintained at 23 °C. The exposures were
carried out for two weeks (336 h). At the end of each exposure,
the sample was removed, dried over silica gel for at least 12 h,
and characterized by PXRD.

Results and Discussion

Syntheses. The hydrothermal preparation of single
crystals of 1 was carried out using a modification of a
previously reported method in which lead acetate and lead
oxide were reacted in water at room temperature.'® While a
polycrystalline powder formed at room temperature, heat-
ing the reaction mixture to above the normal boiling point of
water was necessary to provide sufficient solubility for
formation of single crystals. It was observed that polycrys-
talline samples of 1 can also be prepared using reaction of
aceticacid and PbO in a 2:3 molar ratio, and the preparation
of 2 was designed using this direct action of the organic acid
on PbO. For each compound, phase purity of the bulk
powder was verified by comparison with PXRD patterns
available in the Powder Diffraction File (PDF, 18-1740 for
1 and 14-0831 for 2) and with patterns calculated from
newly obtained single-crystal data (Supporting Information,
Figures S4—S8). In both preparations, unreacted PbO and
hydrocerussite, Pb;(CO5),(OH),, appeared as part of the
product mixture in initial trials. Three modifications of the
synthetic procedure were critical to preparing phase-pure
products. Bubbling reaction slurries with nitrogen gas prior

(41) Greenspan, L. J. Res. Natl. Bur. Stand., Sect. A 1977, 81, 89-96.
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to heating helped to reduce carbonate contamination
through displacement of carbon dioxide in the water. Soni-
cation of reaction mixtures promoted reaction of PbO even
at room temperature and minimized unreacted material
remaining at the end of the reaction. Sonication followed
by bubbling with nitrogen also led to less carbonate con-
tamination than resulted after bubbling alone. Finally,
isolating the products through centrifugation and drying
under vacuum was important in obtaining carbonate-free
products. Isolating products through filtration resulted in
increased carbonate contamination, presumably because of
increased exposure to atmospheric carbon dioxide.

Phase-pure powder of 1 could also be prepared using a
2:3 mixture of ethanol and deionized water as the solvent
in place of pure deionized water. The reactant ratio and
reaction temperature were not changed. Under these
conditions, the product yield (93%) was considerably
higher than with use of water alone, but diffraction-
quality single crystals were not formed, and examination
by light and scanning electron microscopy showed that
crystallites within the powder were not as well shaped.
While crystallites formed in water were rod-like or needle-
like, those formed in the mixed solvent were irregular.
Addition of ethanol to the solvent appears to reduce the
solubility of 1, increasing the yield but compromising
crystal quality.

Comparison of Powder and Single-Crystal Data for
Compound 1. As noted above, the phase purity of synthe-
sized powders of 1 and 2 was determined in part through
comparison with PXRD patterns calculated from single-
crystal data. Initially, it was noted that there was not ideal
agreement between the experimental pattern for 1, col-
lected at room temperature, and the pattern calculated
from structure 1a, determined at 100 K. Structure 1b was
determined at room temperature, and a powder pattern was
obtained at 100 K. With this new experimental data, good
agreement was attained between experimental and calcu-
lated PXRD peak positions at both 100 K and ambient
temperature (Supporting Information, Figures S6—S7). The
single crystal structures indicate that there is no change in
symmetry as the sample is warmed or cooled. Rather, there
are adjustments in cell parameters, particularly in the c-axis
length and in the cell angles, that lead to notably different
powder patterns at the two temperatures. For 2, there was
good agreement between an experimental PXRD pattern
collected at room temperature and that calculated from the
structure determined at 100 K, indicating smaller structural
adjustments with temperature than for 1 (Supporting In-
formation, Figure S8).

Differences in peak intensities were noted between
calculated and experimental patterns for 1 at ambient
temperature. In particular, several peaks belonging to the
00/ series were more intense in the experimental pattern.
Scanning electron microscopy imaging revealed a rod-
like or needle-like habit for crystals of 1 even after
grinding for powder diffraction, and it is likely that
preferred orientation is a cause of differences in predicted
and observed intensities. Indeed, in a room-temperature
powder pattern of material grown from an ethanol—
water mixture and exhibiting small, irregular crystallites,
the intensities of peaks in the 00/ series were in much
better agreement with the calculated pattern (Supporting
Information, Figure S7). Kwestroo and Langereis noted
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an enhancement of intensity in this same set of peaks and
attributed it to preferred orientation, though they did not
index the powder pattern.'” Our new structure and the
resulting indexing of the enhanced peaks therefore build
on this previous work.

Comparison with Powder Diffraction File Entries. The
single crystal structures that were determined for 1 and 2
show slightly different stoichiometries than those asso-
ciated with the PDF entries containing the powder finger-
prints. Card number 18-1740 contains the unindexed powder
diffraction information for 1 recorded by Kwestroo and
Langereis.'” The formula is entered as Pb(CH;COO),-
2PbO-H,O. We have chosen to express it as Pb;O,-
(CH;3CO0),-nH,0 because, as will be shown in the struc-
tural discussion below, this is a better representation of the
compound’s structure. The room temperature powder pat-
tern of hydrothermally synthesized basic lead acetate agrees
very well with the reported pattern, but results from single
crystal diffraction and thermogravimetric analysis indicate
the presence of 0.5 water molecules per formula unit, not one
molecule as indicated in the PDF entry. The powder used by
Kwestroo and Langereis was prepared at room temperature
and characterized by chemical analysis, though the method
was not specified. It is reasonable that the higher temperature
employed in the current work could result in a difference in
extent of hydration. However, TGA analysis of powder
newly synthesized at room temperature using the method
of Kwestroo showed the same mass loss due to water as the
hydrothermally prepared compound. The extent of hydra-
tion may be sensitive to other experimental details including
handling and storage.

Card number 14-0831 provides an indexed powder
pattern for a compound with the stoichiometry Pb(OH)-
(HCOO). The pattern, unit cell dimensions, and peak
indexing are all in good agreement with what we have
determined for compound 2. Considering that the stoi-
chiometry of the PDF entry, when multiplied by 2, can be
rewritten as PboO(HCOO),-H,0, we see that it can be
viewed as a hydrated form of 2. A literature search did not
reveal the synthetic method or further characterization of
the compound described in the PDF, making it impos-
sible to tell how its composition was established. The
stoichiometry of our synthesized compound, established
through single-crystal XRD, is supported by elemental
analysis and thermogravimetric analysis and differential
scanning calorimetry (TGA-DSC) (vide infra). Our new
structure might revise an incorrect stoichiometry reported in
the database or may represent a dehydrated form that is
otherwise unchanged in structure.

The pattern reported in PDF 14-0831 was indexed to a
C-centered orthorhombic cell. The space group is listed as
C***(65), indicating that the cell was tentatively indexed
as group 65, Cmmm but that the space group assignment
was not certain. Our single crystal analysis found space
group 66, Ccem. Of the 56 reflections reported in the PDF
entry, only the 001 (26 = 15.16°, I/I, = 0.01) and 061 (26 =
53.55°, I/1, = 0.08) lines do not obey the reflection condi-
tions of Ceem. With the exception of these two weak reflec-
tions, the pattern reported in 14-0831 can be indexed using
the Ccem space group of our single crystal structure.

Structures. Both 1 and 2 have as their basic building
blocks Pb,O tetrahedra centered by w4 oxygen atoms. These
tetrahedra share edges to form Pb;0,>" double chains in the
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Figure 1. One-dimensional chains in 1 and 2: (a) side view of Pby0,>"
double chain running in the [010] direction in 1, (b) top view of Pb;0,>*
double chain in 1, (¢) Pb,O*" single chain running in the [001] direction in 2.

[010] direction in 1 (Figure 1 a,b) and Pb,O*" single chains in
the [001] direction in 2 (Figure 1c). Both types of chains have
been observed in lead-based minerals and synthesized com-
pounds containing O?~ anions in addition to oxygen-contain-
ing complex anions.** Krivovichev et al. have pointed out that
these one-dimensional chains may be seen as derivatives of
the two-dimensional arrays of edge-sharing Pb,O tetrahedra
found in tetragonal PbO.* Pb;0,>" chains occur in com-
pounds including Pb;0,(Se03),*** Pb;0,Br,,* Pb;0,-
(CO4),%* and the mixed-metal compound Cu(Pb;0,)(OH),-
CL.* Examples of compounds containing Pb,O*" chains
include szogso4), PbsO(VO,),.* and (Pb,0),Cu(SOy)-
(OH)4-H,0.*” However, extended structural components
made up of inorganic Pb—O linkages have been rarely
observed in basic lead compounds containing organic ligands,
even though Pb,O tetrahedra appear in some such hybrid
compounds. One previous example is found in tribasic lead
maleate hemihydrate, [PbsO3]C,H»(CO,), - 0.5H,0, in which
one-dimensional Pb,O5;°" slabs are linked by maleate
ligands.** By contrast, in {Pb,O(bdc);(H,0)},, (bdc =iso-
phthalate), discrete Pb,O units are linked through bridging
carboxylate ligands but do not share edges or vertices with
one another.’"* In Pb,O(OsPCH,—NC4H;—CO,),, pairs
of Pb4O tetrahedra share edges to form dimers that are linked
into an extended structure by the organic ligands. >

In 1, the Pb atoms that are part of the inorganic chains are
further coordinated by oxygen atoms in acetate. Half of the
acetate ligands act as bridges between adjacent chains, form-
ing two-dimensional sheets (Figure 2a). The other acetate
ligands coordinate multiple Pb atoms on one Pb;0,>" chain.
In 2, bridging formate ligands link the one-dimensional inor-
ganic chains to form a three-dimensional network (Figure 2b).

Pb—O bonds in 1 were categorized as short ( <2.45 A),
intermediate (2.45—2.75 A), and long (>2.75 A) using
the classification of Krivovichev et al.*®** Considering
the short and intermediate bonds only, Pbl and Pb6 have

(42) Siidra, O. I.; Krivovichev, S. V.; Filatov, S. K. Z. Kristallogr. 2008,
223, 114-125.

(43) Krivovichev, S. V.; Armbruster, T.; Depmeier, W. J. Solid State
Chem. 2004, 177, 1321-1332.

(44) Noren, L.; Tan, E. S. Q.; Withers, R. L.; Sterns, M.; Rundlof, H.
Mater. Res. Bull. 2002, 37, 1431-1442.

(45) Finney, J. J.; Graeber, E. J.; Rosenzweig, A.; Hamilton, R. D.
Mineral. Mag. 1977, 41, 357-361.

(46) Krivovichev, S. V.; Burns, P. C. Can. Mineral. 2003, 41, 951-958.

(47) Kolitsch, U.; Giester, G. Am. Mineral. 2000, 85, 1816-1821.
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Figure 2. Extended structures of (a) 1 with Pb;O,>" chains viewed end-
on and H,O molecules omitted for clarity. Acetate ligands link the
inorganic chains in the x-direction. (b) 2 with Pb,O*" chains viewed end-
on. Formate ligands link the inorganic chains in the x- and y-directions.
Lead atoms are shown in gray, oxygen atoms in red, carbon atoms in black,
and hydrogen atoms in blue.

three-coordinate, trigonal pyramidal geometry (Figure 3 a,f).
Pb2 and Pb5 have four-coordinate distorted disphenoidal,
or “teeter-totter,” geometry (Figure 3 b,e), and Pb3 and Pb4
are in four-coordinate, tetragonal pyramidal geometry
(Figure 3 c,d). These geometries have previously been ob-
served in the primary coordination spheres of lead carbox-
ylate complexes.*® Each of the sites is asymmetric, with all of
the strong bonds directed toward one hemisphere, suggesting
qualitatively that the 6s> lone pair on Pb>" is stereochem-
ically active. When long bonds are also considered, the

(48) Davidovich, R. L.; Stavila, V.; Marinin, D. V.; Voit, E. I.; Whitmire,
K. H. Coord. Chem. Rev. 2009, 253, 1316-1352.
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Figure 3. Coordination environments for Pb~" showing short and interme-
diate bonds only (left) and all bonds (right): (a) Pbl site in 1, (b) Pb2sitein 1,
(c) Pb3sitein 1, (d) Pb4sitein 1, (e) PbSsitein 1, (f) Pbo sitein 1, (g) Pbl sitein
2. Flip disordered oxygen atoms with occupancies of 50% are shown as trans-
lucent spheres. Only one member of each disordered pair of atoms is shown.

resulting seven- and eight-coordinate geometries are irregu-
lar (Figure 3a—f). Long Pb—O contacts up to 3.316 A in
length are found for the six lead sites in 1. The decision of
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which Pb—O contacts to consider as bonds was made based
on examination of a histogram of Pb—O distances for each
Pb site. Ranges of approximately 0.8—0.9 A with no Pb—O
contacts were found for Pbl, Pb2, Pb5, and Pb6, while gaps
of 0.4 A and 0.5 A were found for Pb3 and Pb4, respectively.
Distances above these gaps were not considered in the
structural examination.

Bond-valence analysis (Supporting Information, Table S1)
was carried out for each lead site in 1 using the parameters of
Krivovichev and Brown, which have been shown to be most
appropriate for Pb—O bonds.* Bond lengths from the low-
temperature structure, la, were used. Bond valence sums
(BVS) for the six Pb sites range from 1.98 to 2.05 valence units
(v.u.), very near the ideal value of 2.00 for Pb*".

In the coordination environment for the lead site in 2
(Figure 3g), no Pb—O contacts greater than 2.741 A were
found. Because of the flip disordering of the formate ligands,
only half the positions for O(2) and O(3) are occupied for a
given lead atom in the crystal. The O(1) sites are located on
special positions and are fully occupied. The geometry is
hemidirected and six-coordinate with two bonds to O(1) and
two bonds each to O(2) and O(3), giving a BVS of 1.94 v.u.
(Supporting Information, Table S1).

Thermal Decomposition. The thermal decompositions
of 1 and 2 in air were studied using TGA-DSC (Support-
ing Information, Figures S9—S10). Compound 1 showed
an endothermic mass loss of 1.2% below 100 °C. This
decrease can be attributed to loss of water of crystalliza-
tion and is in agreement with the 1.2% decrease predicted
for 0.5 molecules of water per formula unit. A significant,
exothermic transition, attributed to decomposition of the
acetate ligands, occurred at approximately 350 °C. The
associated mass loss was 14.5%, followed by an increase
of 0.70% upon further heating. The orange-yellow resi-
due remaining after heating of 1 to 600 °C was identified by
PXRD as a mixture of tetragonal PbO (litharge) and
orthorhombic PbO (massicot). The increase in mass above
400 °C is believed to be due to reoxidation of elemental Pb
formed during the initial decomposition. The net loss of
13.8% is in reasonable agreement with the predicted loss of
13.1% for conversion of dehydrated 1 to PbO.

Under air, 2 showed no significant mass loss up to
250 °C, consistent with the characterization of this com-
pound as an anhydrate. An endothermic decomposition
associated with a mass loss of 14.4% occurred at approxi-
mately 260 °C, in agreement with the 14.2% loss expected
for decomposition to PbO. The TGA trace suggested that
this was a two-step process. On the basis of previous
studies of thermal decomposition of lead formate, Pb-
(CHOOQ),, it is expected that the decomposition inter-
mediate is a basic lead carbonate compound or a mixture
of lead oxide and lead carbonate.”®" Using the tem-
perature ramp rate of 5 °C/min, two small endothermic
features were observed in the DSC trace between 400
and 600 °C, but only very broad mass changes could be
seen. When this temperature range was reexamined using
a ramp rate of 2 °C/min, a gradual mass increase was
observed, followed by a distinct, endothermic mass loss of

(49) Krivovichev, S. V.; Brown, 1. D. Z. Kristallogr. 2001, 216, 245-247.

(50) Baraldi, P. Spectrochim. Acta, Part A 1981, 374, 99-102.

(51) Zhang, J.; Liu, Y. Y.; Zhang, Z. H.; Lv, X. C.; Sun, L. X,; Xu, F.;
Tan, Z. C.; Zhang, T.; Sawada, Y. J. Therm. Anal. Calorim. 2007, 89,
643-647.
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1.5% at 565 °C. PXRD analysis of a sample of 2 heated at
2 °C/min to 510 °C revealed a mixture of litharge and
Pb50,4, while analysis of the residue after heating to 600 °C
showed a mixture of the two polymorphs of PbO. The mass
changes between 400 and 600 °C were therefore assigned to a
gradual oxidation of PbO to Pb;O, followed by a sharp
decomposition back to PbO. A similar emergence and
subsequent disappearance of Pb;O4 was previously reported
as the result of decomposition of hydrocerussite, Pb;(CO3),-
(OH),, under flowing air.>

When heated to 600 °C under nitrogen, both 1 and
2 exhibited greater overall mass losses than when de-
composed in air. The resulting residues were dark gray
solids that were each identified by PXRD as a mixture
of metallic lead and litharge with a small component
of massicot. This contrasting behavior of a lead salt in
nitrogen and air atmospheres, including reduction to
elemental lead under nitrogen, was observed previously
for lead acetate trihydrate.”

In situ thermodiffraction of 1 carried out under flowing
air showed a marked change in the PXRD pattern
between 60 and 80 °C. This temperature range corre-
sponds with that over which water loss was observed by
TGA-DSC. Preliminary data indicate that the dehydra-
tion is reversible, and detailed studies of the structure of
the dehydrated compound and the kinetics and reversi-
bility of the dehydration process are ongoing.

Roles of Basic Lead Acetate and Basic Lead Formate in
Lead Corrosion. Both 1 and 2 are found as corrosion
products when lead or lead-rich lead—tin alloys are
exposed to atmospheres containing acetic and formic
acids in laboratory exposure experiments.'’'? However,
neither is found in abundance as the product of the long-
term corrosion of lead-based artifacts, which might take
place over decades or centuries.® In a previous study, 1
was shown to undergo substantial conversion to hydro-
cerussite, Pb3(OH),(CO3),, upon exposure to humid air
free of acetic acid vapor.” The experiment was done in a
dynamic atmospheric exposure apparatus in which the
sample was exposed to a continuous flow of humidified
air over the two-week exposure period. The equilibrium
reaction

Pb(CH3C00), -2Pb0-0.5H,0(s) +2CO,(g)
+1.5H,0(g) <> Pb3(OH),(CO3),(s) + 2CH;COOH g)
(1)

was used to explain the observed transformation and to
justify the requirements of atmospheric moisture and a
low concentration of acetic acid vapor. An analogous
reaction may be proposed for 2:

3Pb,O(CHOO),(s) + 4CO,(g) + SH,0(g) <
2Pb;(OH),(CO3),(s) + 6CHOOH(g)  (2)

To determine whether this reaction occurs to a significant
extent, we carried out a two-week exposure in a chamber

(52) Ciomartan, D. A.; Clark, R. J. H.; McDonald, L. J.; Odlyha, M.
J. Chem. Soc., Dalton Trans. 1996, 3639-3645.

(53) Mohamed, M. A.; Halawy, S. A.; Ebrahim, M. M. Thermochim. Acta
1994, 236, 249-262.
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with a static, humidified atmosphere. Because of the
difference in these conditions from those used previously
by Svensson and co-workers,” we also exposed 1 under
static conditions to be able to compare the behaviors of
the two compounds. After the two-week static exposures,
a PXRD pattern of each sample showed only a trace
amount of hydrocerussite, and the starting compound
remained as the dominant phase. The much lower extent
of conversion of 1 in the static exposure chamber com-
pared with the dynamic chamber may be explained by
eq 1. In the dynamic exposure, products are favored
because the continuous stream of humidified air brings
CO, and H»O to the sample and takes away acetic acid
vapor that has been released. Like 1, compound 2 showed
conversion to hydrocerussite to a minimal extent under
static conditions, and study of this process under a dy-
namic atmosphere and over longer periods of time could
be the focus of future experiments.

Conclusions

Hydrothermal reactions proved to be an effective means of
crystallizing basic lead acetate (1) and basic lead formate
(2), both of which had previously been prepared only in
polycrystalline form. Newly determined single-crystal
structures show that the two compounds contain one-
dimensional inorganic chains composed of edge-sharing
Pb4O tetrahedra and thus can be compared with a large
family of inorganic lead compounds containing oxo-cen-
tered tetrahedra. These are, however, among the first
hybrid materials containing extended lead oxide chains
as well as organic linkages. Results of single-crystal X-ray
diffraction and thermogravimetric analysis show different
extents of hydration for the compounds as compared with
their entries in the Powder Diffraction File. This outcome
suggests that the extent of hydration for the compounds
may be highly sensitive to synthetic and storage condi-
tions, and preliminary results indicate that full dehydra-
tion of 1 occurs under mild heating. Further consideration
of the interactions of these compounds with the environ-
ment, both in dehydration and in reactions with excess
atmospheric moisture, will contribute to understanding of
their properties and their role in corrosion of lead-based
artifacts.
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