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The coordination chemistry of lead(ll) in the oxygen donor solvents water, dimethylsulfoxide (dmso, Me,SO), N,N-
dimethylformamide (dmf), N,N-dimethylacetamide (dma), N,N'-dimethylpropyleneurea (dmpu), and 1,1,3,3-tetra-
methylurea (tmu), as well as in the sulfur donor solvent N,N-dimethylthioformamide (dmtf), has been investigated by
extended X-ray absorption fine structure (EXAFS) and/or large angle X-ray scattering (LAXS) in solution, and by
single crystal X-ray diffraction and/or EXAFS of solid hydrates and solvates. Lead(Il) may either form hemidirected
complexes with large bond distance distribution and an apparent gap for excess electron density, or holodirected ones
with a symmetric coordination sphere with normal bond distance distribution, depending on the strength of antibonding
lead 6s/ligand np molecular orbital interactions and ligand—ligand interactions. The crystallographic data show that the
solid lead(Il) perchlorate and trifluoromethanesulfonate hydrate structures are hemidirected, while the solid lead(Il)
solvates of dma and dmpu have regular octahedral configuration with holodirected geometry and mean Pb—0 bond
distances in the range 2.50—2.52 A. EXAFS data on the hydrated lead(Il) ion in aqueous solution show broad bond
distance distribution and a lack of inner-core multiple scattering contributions_strongly indicating a hemidirected
structure. The Pb—0O bond distances found both by EXAFS and LAXS, 2.54(1) A, point to a six-coordinate hydrated
lead(ll) ion in hemidirected fashion with an unevenly distributed electron density. The results obtained for the dmso
solvated lead(ll) ion in solution are ambiguous, but for the most part support a six-coordinate hemidirected complex.
The mean Pb—O bond distances determined in dmf and dma solution by LAXS, 2.55(1) and 2.48(1) A, respectively,
indicate that in both solvate complexes lead(ll) binds six solvent molecules with the former complex being
hemidirected whereas the latter is holodirected. The dmpu and tmu solvated lead(ll) ions have a regular holodirected
octahedral configuration, as expected given their space-demanding characteristics and ligand—ligand intermolecular
interactions. The dmtf solvated lead(ll) ion in solution is most likely five-coordinate in a hemidirected configuration,
with a mean Pb—S bond distance of 2.908(4) A. New and improved ionic radii for the lead(ll) ion in 4—8-coordination

in hemi and holodirected configurations are proposed using crystallographic data.

Introduction

In accordance with the general rule concerning oxidation
states of the p block elements, lead as a group 14 element,
displays the oxidation states +II and +1V with preference for
the former. The tendency of the heavier main group elements
to adopt an oxidation state two steps below the highest
possible oxidation state has been attributed to the effect of
the so-called “inert electron-pair”." This property was ex-
plained by the relativistic stabilization of the 6s orbital,
caused by the direct relativistic effect and the presence of
the filled 4f subshell. The lead(IV) compounds are strong

oxidants in aqueous systems, being spontaneously reduced to
lead(IT) under formation of oxygen gas.

The broad range of coordination numbers from 2 to 12
exhibited by lead(II), if counting all nearest neighbors, results
in a large variety of configurations of its complexes and
compounds.>® According to the valence bond theory, the
inert electron-pair can either occupy a hybrid orbital formed
by mixing the 6s and 6p orbitals on the metal ion and as such
becoming stereochemically active, or be a pure s* electron-
pair and thereby stereochemically inactive. In terms of
coordination number, this means that the hybrid orbital with
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a lone electron-pair can be considered an additional ligand in
the coordination sphere normally even taking up more space
than that of an ordinary ligand.* However, according to
molecular orbital theory the classical conception of 6s/6p
orbital hybridization on the lead(Il) ion is regarded as
incorrect. This is because the energy levels of these orbitals
are too dissimilar, and the different spatial distribution of their
corresponding wave functions.”® Instead, the stereochemi-
cal activity observed in lead(II) complexes should be seen as a
result of an antibonding lead 6s-ligand np (6s/np) interaction
which causes structural distortions to energetically minimize
these unfavorable covalent interactions.” ® Two general
structural types of lead(I) complexes are identified,
hemidirected and holodirected, as proposed by Shimoni-Livny
et al.’ In the former, the electron distribution around the
metal ion is greatly unevenly distributed, caused by anti-
bonding metal—ligand interactions creating a visual gap in
the coordination sphere, while in the latter the electron distri-
bution, as well as the coordination sphere, is symmetric.
Despite the large number of coordination compounds of
lead(IT) reported in the solid state,>? extremely little is known
about its coordination chemistry in solution including hy-
drate and solvate complexes. The presence of six water
molecules in the first coordination sphere of lead(Il) ion
was reported by Swift and Sayre on the basis of NMR
measurements. '’ Bargar et al. estimated the mean Pb—O
bond length to 2.50 A in an acidic aqueous solution of
lead(IT) nitrate by means of EXAFS."" Varying results have
been presented after computer simulations on the structure of
the hydrated lead(IT) ion depending on the method used.
The structure of the hydrated lead(II) ion in gaseous phase
has been simulated using DFT and polarized continuum
models.'> Hexa-, hepta-, and octaaqualead(II) ions are very
similar in energy, with the latter, with a square antiprismatic
configuration, as the most favored one, and which was also
believed to be present in solution.'? According to an ab initio
quantum mechanical charge field molecular dynamics
(QMCF MD) simulation, 7—9 water molecules surround
the lead(II) ion in aqueous solution with the square antipris-
matic octaaqualead(II) ion as the dominating species with a
mean Pb—0 bond length of 2.72 A."* A hepta-coordinate
lead(II) ion in a distorted pentagonal bipyramid with the
mean Pb—O bond length of 2.70 A was predicted by means of
static and Car—Parrinello molecular dynamics (CPMD)
studies within the framework of a DFT approach.'* The
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generally longer Pb—O bond distances and sometimes larger
coordination numbers obtained in theoretical simulations are
due to difficulties, in the Hartree—Fock calculations, with
electron correlation and relativistic effects of heavy elements,
such as lead."*

The lead(II) ion undergoes hydrolysis in weak acidic
aqueous solution. The primary products of hydrolysis are
the mononuclear [Pb(OH)]" complex (pK, = 7.9)in dilute
solutions and the tetranuclear [Pbys(OH)4]** complex in more
concentrated ones.'>'® Also, the composition of the dom-
inating polynuclear lead(I1) hydrol s1s complexes chdnges
with increasing pH: [Pby(OH),*", [Pbs(OH),J*", and
[PbsO(OH)¢]*", in the pH range 5— 8.5, respectively.'>!7
The structures of these polynuclear species have been reported
in both solution and in solid state, though without indicating
whether the configuration around the lead(II) ions in aqueous
solution is hemi or holodirected.'”'®

The lead(IT) ion is weakly hydrated because of its low charge
density. Lead(Il) compounds normally crystallize without
coordinated water molecules or with only a limited number
of water molecules and thereby are unable to form a complete
hydration shell. Additionally, only a few homoleptic lead(II)
complexes with neutral and monodentate ligands have been
reported and structurally characterized in the solid state:
[CsH, sNzi[Pb(OCHN(CHﬁz)d [Pbsl;a,” [Pb(ocl ! H2N5)el-
(ClO4),,” [Pb(OSC19H3lNSSl)S](C6H2N3O7)Za [Pb(SC-
(NH2)2)6l(ClO4),,” and [Pb(SC(N(CH12)2)2)6)(SCN),.”* The
structure of the hexakis(~N,N-dimethylformamide)lead(II) ion
is clearly hemidirected with a mean Pb—O bond distance of
2.536A (range 2.374—2.637 A) ' The hexakis(antipyrine)lead-
(IT) ion, on the other hand, is holodirected with an almost
regular octahedral configuration with O—Pb—0O bond angles
of 85.42, 94.58, and 180.00°, and an equidistant Pb—O bond
length of 2.446 A Antipyrine is space-demanding upon
coordination, and it is apparently energetically favorable for
lead(II) to form a holodirected octahedral complex instead of a
hemidirected one with lower coordination number. The oxy-
gens in the holodirected octakis((D)-(5'-(¢-butyldimethyl-
silyl)-2/,3'-di-O-isopropylidene)guanosine)lead(I) com-
plex form adistorted cube around lead(II), with a mean Pb—O
bond distance of 2.668 A (range 2.603—2.739 A) ! The lead(II)
ion also forms a ten-coordinate solvate complex with the
bidentate acetylacetone, [Pb(Hacac)s]* " 1n solution with
a mean Pb—O bond distance of 2.724(5) A This complex is
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certainly holodirected, as it is typical for lead(IT) complexes
with coordination numbers of nine or higher.’ In contrast, all
four- and five-coordinate lead(IT) complexes with oxygen and
sulfur donor ligands are clearly hemidirected, Supporting
Information, Table S1.>* The hexakis(thiourea)lead(II) ion is
six-coordinate with a distorted octahedral configuration with
S—Pb—S bond angles of 79.79, 100.21, and 180.00°, and a wide
bond distance distribution with mean Pb—S bond length of
3.110 A (range 2.862— 3 239 A) showing the typical signs of a
hemidirected complex.” A wide range of six-coordinate lead-
(II) complexes with bidentate sulfur donor ligands have the
very same configuration and are all regarded as hemidirected,
Supporting Information, Table S1. On the other hand, the six-
coordinate lead(Il) complex of the space-demanding ligand
N,N'-dicyclohexylthiourea has a narrow bond distance distri-
bution (range 2.961—2.964 A), and S—Pb—S bond angles in
the range of 74.10—105.90° (and 180°).* Even though the
hexakis(N,N'-dicyclohexylthiourea)lead complex has S—Pb—S
angles different from 90° it may be regarded as holodirected,
based on the bond distance distribution, the only one listed in
Cambridge Structural Database.”

Lead(II) is six- to eight-coordinate in dimeth 2ylsulfoxide
(dmso) solvated lead(II) perchlorate compounds.™ In one of
the compounds, lead(ll) forms two complexes in the same
compound where it is six-coordinate in [(O3;ClO)((CHj3),-
SO);Pb( ,u -Cl0O4),Pb(OS(CHj3),);(OCl0O;)] in slightly distorted
octahedral fashion, and eight-coordinate in [(k*-O,ClO,),-
(OS(CH3)2)2Pb(#2'OS(CH3)2)2Pb(OS(CH3)2)2(K2'02C1Oz)zl
in slightly distorted octahedral fashion, if the bidentate per-
chlorates are considered to occupy one coordination site each.
This view is justified as the Pb—O¢j04 bond distance is much
longer than the Pb—Oy,,s, Ones. At the same time, the distance
between the binding perchlorate oxygens is short, making the
cone angle (see definition below) fairly small and the spatial
requirement for the bidentate perchlorate ligand is similar to an
ordinary bound dmso molecule. In fact, in both complexes the
dmso molecules are much more strongly bound than the
perchlorate ions indicated by the about 0.6 A shorter mean
Pb—O bond length. In the other compound, [Pb(OS(CH;),)s-
(k2-0,ClO,)|(ClO,), lead(IT)_binds five dmso stronger, mean
Pb—O bond distance 2.446 A, than the two oxygens from the
perchlorate ion, mean Pb—O bond distance 3.143 A. Also in
this structure, if the bidentate perchlorate ion is considered to
occupy one coordination site, the ligands form a slightly
distorted octahedron around lead(Il). These lead(I) dmso/
perchlorate complexes are all holodirected, which is unusual
for ligands not considered space-demanding in a complex
with such a low coordination number. The crystal structure
of a third compound [Pb((CH3)ZSO)6](ClO4)2, was not possi-
ble to solve® and confirmed by us in this study, possibly because
of severe twin formation of the crystals. The hexagonal sym-
metry of the unit cell of this compound, however, supports
an octahedral geometry of the hexakis(dimethylsulfoxide)-
lead(II) ion.

Apart from some data for the h?/drate and some hydrolysis
products in aqueous solution'%!! and for the acetylacetone
solvated lead(II) ion in solution,® no other experimental
structural information is available for solvated lead(II) ions
in any other solvent. In this investigation a series of oxygen
donor solvents with different physicochemical properties and

(25) Harrowfield, J. M.; Skelton, B. W.; White, A. H. J. Chem. Soc.,
Dalton Trans. 1993, 2011-2016.
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Table 1. Solvents, Their Respective Formulas and Calculated Cone Angles for
the Donor Solvents Used in This Study®

cone
angle/

solvent, chemical formula deg reference
water, H,O 28 n/ab
N,N-dimethylthioformamide, (CH3),NCHS 42 ¢
N,N-dimethylformamide, (CH;),NCHO 45 19
dimethylsulfoxide, (CH3),SO 54 25
N,N-dimethylacetamide, (CH3),NC(CH3)O 68  this work, 5
N,N'-dimethylpropyleneurea, (CH,)3(NCH3),CO 81  this work, 6
1,1,3,3-tetramethylurea, (CH3),NCON(CH3), 84 277

“ Determined by placing the metal atom in the apex and choosing the
two terminal atoms yielding the largest value ofthe angle witha M—O or
M-S bond length 250r29A, respectively. * For water the angle was
calculated assuming an O—H bond length of 0.96 A and an H-O—H
angle of 104.45°. “The cone angle for dmtf was calculated using
[Cd(dmtf)](ClOy), as a starting point. “ As no crystalline lead(IT) tmu
compound has been reported, Ce(tmu)(CsHs); was used as model.

steric demands upon coordination has been used to study the
coordination chemistry of lead(II) in solution. The molecules
of water, dmso, and dmf occupy a smaller space around the
metal atom than more space demanding ligands like dma,
dmpu, and tmu. To compare the bulkiness of the studied
ligands we assign for each of them a value resembling the
ligand cone angle introduced by Tolman for phosphines.”®
These approximated values increase from 28° for water to 84°
for tmu, Table 1. For water the angle was calculated assum-
ing an O—H bond length of 0.96 A and an H—O—H angle of
104.45°, and for the rest of the ligands they were taken from
crystal structural data as referenced.

As an aprotic ambidentate solvent with a high donor
number, Ds = 27.5,”® dmso usually coordinates via the oxy-
gen atom, but for noble metal ions such as rhodium(III),
ruthenium(I1,11I), pallad1um(ll) and platinum(II) coordina-
tion takes place also via the sulfur atom.”” N,N'-dimethylpro-
pyleneurea (dmpu) is an monodentate oxygen donor solvent
with good electron-pair donating ability, Dg = 34, and space-
demanding properties upon coordination. This manifests itself
in many metal ions as a lower coordination number than in
corresponding hydrates and dmso solvates.’**' 1,1,3,3-Tetra-
methylurea (tmu) is a solvent similar to dmpu but with a less
rigid structure and lower donor strength, Dg = 24.% N,N-
dimethylformamide (dmf) and N, N-dimethylacetamide (dma)
are aprotic solvents with very similar chemical properties and
relatively good electron-pair donor properties, Ds = 24 for
both solvents, though, it can be expected that dma requires
slightly more space at coordination than dmf does based on the
shape of the molecule. N,N-Dimethylthioformamide (dmtf) is
the corresponding sulfur donor solvent to dmf with some
hydrogen bonding ability.* It has soft Lewis base character,

Dg = 52, which results in strong interactions with soft electron-
pair acceptors.
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The coordination chemistry of lead(Il) is unique from
several points of view. There is obviously a thin balance be-
tween hemi and holodirected complexes, which needs to be
further studied and systematically described. The coordination
of hydrates and solvates are preferably studied in solution as
lattice energies are certainly large enough to force a change in
the type of configuration. The aim of the present work is to
investigate the structure of the solvated lead(Il) ion in a series
of oxygen donor solvents, water, dmso, dmf, dma, dmpu, and
tmu, and in the sulfur donor solvent dmtf by means of large-
angle X-ray scattering, LAXS, and/or extended X-ray absorp-
tion fine structure, EXAFS, spectroscopy. The crystal struc-
tures of diaquatetra(perchlorato)dilead(IT) monohydrate,
monoaquabis(trifluoromethanesulfonato)lead(II), hexakis-
(dmpu)lead(II) trifluoromethanesulfonate, and hexakis-
(dma)lead(Il) perchlorate were solved to support the
structure determination in solution, and to get more detailed
information of hemi and holodirected complexes.

Experimental Section

Solvents. All water used was Milli-Q-filtered. Dimethylsulfoxide,
(CH3),SO (Merck), N,N'-dimethylpropyleneurea, OCN,(CHj3),-
(CH,); (Aldrich), 1,1,3,3-tetramethylurea, OCN((CHs),)>
(Aldrich) were distilled over calcium hydride (Aldrich) under
reduced pressure before use. N,N-Dimethylformamide, (CH3),N-
CHO (Aldrich, 99%), and N,N-dimethylacetamide, (CH3),NC-
(CH3)O (Aldrich, 99%) were used as purchased without further
purification. N,N-Dimethylthioformamide, SCHN(CHs),, was pre-
pared from N,N-dimethylformamide (Aldrich) and phosphorus
pentasulfide (Merck) following the procedure described by
Gutmann et al.*®

Chemicals. Lead(IT) perchlorate trihydrate, Pb(ClOy),-3H,0
(Aldrich), was used as purchased. D1dqudtetrdkls(perchlordto)
dllead(II) monohydrate (dlaquabls(ﬂ -perchlorato-0,0’,0",
0"")(u?-perchlorato-0,0',0")(u*-perchlorato-0,0’ )dllead(II)
[Pby(H20)5(ClOy)4],,, 1, was formed at recrystallization of lead-
(IT) perchlorate trihydrate in 0.1 mol-dm * perchloric acid.
Anhydrous lead(Il) trifluoromethanesulfonate, Pb(CF3S03),, was
prepared from trifluoromethanesulfonic acid, CF;SOsH (Fluka)
and lead(Il) oxide, PbO (Fluka), by a method previously de-
scribed.*> Monoaquabis(trifluoromethanesulfonato)lead(Il), [Pb-
(H20)(CF3S03),],, 2, was formed at crystallization of a very
concentrated solution of lead(II) trifluoromethanesulfonate in
dilute trifluoromethanesulfonic acid (0.1 mol-dm>). Hexakis-
(dimethylsulfoxide)lead(Il) perchlorate, [Pb(OS(CHjz),)sl-
(ClOy),, 3, was prepared by dissolving 0.02 mol of lead(I)
perchlorate trihydrate in about 10 mL of acetone and, after a
few minutes of stirring, adding 0.06 mol of 2,2-dimethoxypro-
pane (Merck). The solution was stirred vigorously for 2 h, after
which 0.12 mols of dimethylsulfoxide was added and the solu-
tion was stirred for another 30 min. The volume of this solution
was halved by evaporation and put into a refrigerator, or
freezer, if no precipitation takes place. The formed crystals were
recrystallized from dimethylsulfoxide. The unit cell of this com-
pound was determined to be trigonal/hexagonal, a = 20.407(6)
and ¢ = 6.759(2) A in agreement with previous reports.”
Hexakis(N,N-dimethylformamide)lead(II) perchlorate, [Pb(OCHN-
(CH3),)6)(ClOy),, 4, and hexakis(N,N-dimethylacetamide)lead(II)
perchlorate, [Pb(OC(CH3)N(CH3),)6](ClOy4),, 5, were prepared
according the route described for 3. 4 has a melting point of about
280 K, significantly lower than that of 5, which melts at 337.2 K.

(33) Diggle, J.; Bogsanyi, D. J. Phys. Chem. 1974, 78, 1018-1020.
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4410.
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Table 2. Compositions (in mol-dm ), Densities (p), and Linear Absorption
Coefficients (u) of the aqueous, dmso, dmpu, tmu, dmf, dma, and dmtf Solutions
Used in the LAXS and/or EXAFS Measurements

Sample [Pb>"] [X7] [solvent] p/g-cm > ujem”!
Pb(ClO,), in water ** 1.000  2.100  52.014 1.353 27.02
Pb(ClO,), in water ** 1.900 3.900  45.880 1.608 50.14
Pb(NOs), in dmso “* 1.032  2.064 12998 1.456 30.77
Pb(CF3S0;), in dmpu”  0.300  0.600  7.512 1.114 8.36
Pb(CF3S03), in tmu ¢ 0.300 0.600  8.245 1.109 8.35
Pb(CF5S03), in dmf” 0.736 1471  11.554 1.216 19.68
Pb(CF3S03), in dma ” 0.814 1.628  9.526 1.241 21.66
Pb(CF3S0;3), in dmtf “  1.018  2.036  9.872 1.395 29.61

“EXAFS. "LAXS.

Hexakis(dmpu)lead(Il) trifluoromethanesulfonate, [Pb(OCN-
(CH3)»(CH>»)3)6](CF5S03),, 6, was prepared by crystallization of
lead(II) trifluoromethanesulfonate in dmpu. We could not obtain
any crystals from the concentrated solution of lead(II) trifluoro-
methanesulfonate in dmso, and of lead(II) trifluoromethanesulfo-
nate and perchlorate in dmtf. The crystals grown in the dmso
solution of lead(II) nitrate and those in tmu solution of lead(II)
trifluoromethanesulfonate were extremely unstable and were left
undetermined.

Preparation of Solutions. The aqueous lead(Il) perchlorate
solutions were prepared by dissolving lead(II) perchlorate tri-
hydrate in 0.1 mol-dm™> perchloric acid. The dmf and dma
solutions were prepared by dissolving weighed amounts of 4 and
5, respectively. The dmpu, tmu, and dmtf solutions were pre-
pared by dissolving anhydrous lead(Il) trifluoromethanesulfo-
nate in the neat solvents, and the dmso solution by dissolving
lead(I) nitrate. The lead(I) content was determined after
dilution in water by EDTA titration using eriochrome black T
as an indicator.*® The compositions of the studied solutions are
summarized in Table 2.

Single-Crystal X-ray Diffraction. Data were collected on an
Xcalibur 2 CCD diffractometer (1,6), a Bruker SMART CCD
1 k(2,5), or a KUMA KM4 four circle diffractometer (6gy) at
100 K or ambient room temperature, Table 3. Several attempts
with crystal structure measurements were carried out, and the
best results are presented here. The structures were solved by
standard direct methods in the SHELXTL program package®’
and refined by full matrix least-squares isotropically on F* and
finally in anisotropic approximation on all non-hydrogen atoms,
unless noted. Hydrogen atoms were detected in the difference
Fourier syntheses and refined using a riding model. All calculations
were performed with the SHELXTL programs in PC version
(v. 5.3).%” Selected crystal and experimental data are summarized
in Table 3. The atomic coordinates, bond distances and angles
are available in Crystallographic Information Files (CIFs) as
Supporting Information.

The crystals of 1 are extremely hygroscopic, and the concen-
tration range where single crystals can be obtained in the mother
liquid is very narrow. The examined single crystal of 1 was taken
from the mother liquid and put on a microscope glass slide
placed directly on dry ice under a steady stream of dry nitrogen
gas. During these conditions the crystals of 1 were stable enough
to be mounted on a glass needle. The data collection was
performed at 100 K under a stream of dry nitrogen gas. The
other crystals were mounted in glass capillaries, which were
sealed by burning immediately after mounting.

Powder Diffraction. A powder diffraction experiment was
performed on a PANalytical X’Pert PRO diffractometer on lead(II)
perchlorate trihydrate to check if the commercial product was

(36) Schwarzenbach, G.; Flaschka, H. Die Komplexometrische Titration;
Ferdinand Enke Verlag: Stuttgart, Germany, 1965; p 232.

(37) Sheldrick, G. M. SHELXL97: Program for Crystal Structure Refine-
ment; University of Gottingen: Gottingen, Germany, 1997.
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Table 3. Crystallographic Data and Structure Refinement Details for Lead(II) Compounds 1, 2, 5, and 6

Persson et al.

1 2 5 6 6rT
formula {[Pby(H>0),- [Pb(H,0)- [Pb(dma)g]- [Pb(dmpu)g]- [Pb(dmpu)g]-
(ClO)]}, (CFS05),], (CIO4) (CF;S05), (CF;S05),
H4C140,3Pb, C,H,F¢0S,Pb C36Hs4NgO14CLPb  C3sH7oN1,015F6S;Pb C3gH7oN1201,F6S:Pb
My 848.21 523.35 928.82 1274.39 1274.39
diffractometer system Xcalibur 2 Bruker Smart CCD  Bruker Smart CCD  Xcalibur 2 Kuma KM4
radiation, /A 0.71073 0.71073 0.71073 0.71073 0.71073
crystal system monoclinic monoclinic trigonal triclinic trigonal
space group P2, (No. 4) P2,/c (No. 14) P3 (No. 147) P1 (No.2) P3 (No. 147)
alA 7.1961(3) 10.546(2) 12.356(3) 13.5036(2) 13.841(2)
b/A 9.8875(3) 10.303(2) 12.356(3) 15.7483(3) 13.841(2)
c/A 12.5017(5) 22.885(5) 7.409(2) 21.7328(3) 8.4427(7)
o/deg 90 90 90 81.6924(14) 90
f/deg 90.764(4) 113.597(8) 90 72.5196(14) 90
y/dﬂeg 90 90 120 64.9178(16) 120
VIA® 889.43(6) 2278.7(9) 979.6(4) 3991.76(11) 1400.8(4)
T/K 293(2) 295(2) 296(2) 100(2) 293(2)
zZ 4 4 1 3 1
DeJgem™! 3.436 3.051 1.574 1.590 1.511
P 840 1904 468 1944 648
u/mm! 19.616 15.282 4.506 3.335 3.168
crystal size/mm® 0.35 x 0.30 x 0.25  0.50 x 0.20 x 0.05 0.21 x 0.17 x 0.14 0.15 x 0.08 x 0.06 0.30 x 0.15 x 0.10
6 range/deg 5.88—30.50 2.11-25.03 2.75 - 24.96 3.80—25.68
index ranges —-10=h=10 —11=h=12 —l4=<h=14 —16<h=<16 —11=h=1l
—11<k=14 —12=<k=12 —13<k=<14 —19=<k=18 —12=<k=12
—17=1=16 —27=<1=<24 —8§=1=<8 —21=1=26 —8=<1/=<8
measured reflections 8039 10771 7313 45609 1132
unique reflections 3969 3991 1148 15126 824
(Rine = 0.1743) (Rine = 0.0276) (Rine = 0.0447) (Rine = 0.0486)
data/restraints/params 2595/94/53 3991/52/311 1148/0/76 15126/422/1027 824/3/110
goodness of fit 2.350 0.747 1.071 1.012 1.093
refinement method full-matrix least-squares on F>
final Ry, wR> [I > 20(D)]" 0.1081,0.2785 0.0630, 0.1379 0.0246, 0.0634 0.0441, 0.1048 0.044, 0.1159
largest diff. peak/holee A~ 6.277/-9.264 2.622/-2.102 0.992/-0.470 3.700/-3.553 0.939/-1.091

“ R values are defined as: Ry = S_|[|Fo| = |Full/S2|Fol, wRy = [S[w(Fo* — FAX S Iw(FH1%2.

identical to 1 or not. Lead(II) perchlorate trihydrate showed poor
crystallinity, but is most probably different from 1.

EXAFS - Data Collection. Lead L;-edge X-ray absorption
spectra were recorded at the previous wiggler beamline 4—1 at
the Stanford Synchrotron Radiation Lightsource (SSRL). The
EXAFS station was equipped with a Si[220] double crystal mono-
chromator. SSRL operated at 3.0 GeV and a maximum current of
100 mA. The data collection was performed in transmission mode
and at ambient temperature. Higher order harmonics were reduced
by detuning the second monochromator to 50% of maximum
intensity at the end of the scans. The solutions were placed in cells
with Mylar foil windows and 1—5 mm Teflon spacers depending
on concentration. The energy scale of the X-ray absorption spectra
was calibrated by assigning the first inflection point of the L;
edge of a lead foil to 13038.0 eV.*® For each sample 3—6 scans
were averaged, giving satisfactory data (k3-weighted) in the k
range 2—15.5 A. The EXAFSPAK program package was used
for the primary data treatment.>

EXAFS - Data Analysis. The data analyses were performed by
means of the GNXAS code to get the best possible splines. The
GNXAS code is based on the calculation of the EXAFS signal
and a subsequent refinement of the structural parameters.**-*!
The GNXAS method accounts for MS paths, with correct
treatment of the configurational average of all the MS signals
to allow fitting of correlated distances and bond distance
variances (Debye—Waller factors). A correct description of

(38) Robinson, J. W. Handbook of Spectroscopy; CRC Press: Boca Raton,
FL, 1991.

(39) George, G. N.; Pickering, 1. J. EXAFSPAK — A Suite of Computer
Programs for Analysis of X-ray Absorption Spectra; SSRL: Stanford, CA,
1993.

(40) Filipponi, A.; Di Cicco, A.; Natoli, C. R. Phys. Rev. B. 1995, 52,
15122-15134.

(41) Filipponi, A. J. Phys.: Condens. Matter 1994, 6, 8415-8427.

the first coordination sphere of the studied complex has to
account for asymmetry in the distribution of the ion—solvent
distances.*!**> Therefore the two-body signals associated with
the first coordination shells were modeled with I'-like distribu-
tion functions which depend on four parameters, namely, the
coordination number N, the average distance R, the mean-
square variation o, and the skewness f3; 3 is related to the third
cumulant Cs through the relation C5 = ¢°f. It is important to
stress that the position of the maximum of the distribution, R,
is different and shorter than the mean distance.

The standard deviations given for the refined parameters in the
tables are obtained from k> weighted least-squares refinements of
the EXAFS function y(k), and do not include systematic errors of
the measurements. These statistical error estimates provide a
measure of the precision of the results and allow reasonable
comparisons, for example, of the significance of relative shifts in
the distances. However, the variations in the refined parameters,
including the shift in the £, value (for which & = 0), using different
models and data ranges, indicate that the absolute accuracy of the
distances given for the separate complexes is within £0.005 to
0.02 A for well-defined interactions. The “standard deviations”
given in the text have been increased accordingly to include esti-
mated additional effects of systematic errors.

Large-Angle X-ray Scattering. A large-angle 0—0 diffrac-
tometer was used to measure the scattering of Mo Ka radiation
(A = 0.7107 A) on the free surface of an aqueous solution of
lead(II) perchlorate, a dmso solution of lead(II) nitrate, and
dmf, dma, dmpu, and dmtf solutions of lead(II) trifluorometh-
anesulfonate. The solutions were contained in a Teflon cuvette
inside a radiation shield with beryllium windows. After mono-
chromatization of scattered radiation, by means of a focusing

(42) Hedin, L.; Lundqvist, B. 1. J. Phys. C: Solid State Phys. 1971, 4,
2064-2083.
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LiF crystal, the intensity was measured at 450 discrete points in
the range 1 < 6 < 65° (the scattering angle is 26). A total of
100,000 counts was accumulated at each angle, and the whole
angular range was scanned twice, corresponding to a statistical
uncertainty of about 0.3%. The divergence of the primary X-ray
beam was limited by 1° or '/,° slits for different 6 regions with
overlapping some part of data for scaling purposes.

All data treatment was carried out by using of the KURVLR
program® which has been described in detail earlier.** The
experimental intensities were normalized to a stoichiometric unit

of volume containing one lead atom, using the scattering factors 1

for neutral atoms, including corrections for anomalous dispersion,
A/ and A" * and values for Compton scattering.*® To receive a
better alignment of the intensity function, a Fourier back-
transformation was applied to eliminate spurious peaks not related
to any 1nteratom1c distances below 1.2 A in the radial distribution
function (RDF).*” Least-squares refinements of the model param-
eters were performed by means of the STEPLR program® to
minimizing the error square sum U = Zw(s)* [iexp(s) — ical(S)]

Results and Discussion

Ionic Radii of Lead(II) Ion. The determination of coordi-
nation numbers from structure determinations in solution is
connected with large errors, as they are strongly correlated
with the Debye—Waller coefficients.” On the other hand,
for these methods the determination of distances is very
accurate, and taken into account that there is a strong corre-
lation between coordination number and bond distance,* a
very good estimate about the coordination number can be
reached from the obtained bond distances alone. To esti-
mate the coordination numbers from the obtained bond
distances an overview of the bond distances in solid lead(IT)
solvates and complexes in different configurations have
been made. The ionic radii listed by Shannon and Prewitt™*
and later revised by Shannon,’® did not take the hemi and
holodirectionality into account, Supporting Information,
Table S1. However, since all reported four-coordinated
lead(IT) complexes are hemidirected, the given radius can
be used as reference for this type of lead(II) ionic radius. Our
study of lead(Il) complexes with mono- and bidentate
oxygen and sulfur donor ligands has resulted in new and
improved ionic radii for lead(II) in four- to eight-coordination,
Tables 5 and Supporting Information, Table S2. For neutral
oxygen and sulfur donor ligands the atom radii are 1.34 A
and 1.75 A, respectlvely To account for the differences
between anionic and neutral ligands, the apghed values were
increased 1.37 A and 1.80 A, respectively.” The relation-
ship between ionic radius and coordination number in hemi-

(43) Johansson, G.; Sandstrom, M. Chem. Scr. 1973, 4, 195-198.

(44) Stalhandske, C. M. V.; Persson, I.; Sandstrom, M.; Kamienska-
Piotrowicz, E. Inorg. Chem. 1997, 36, 3174-3182.

(45) International tables for X-ray Crystallography; Kynoch Press:
Birmingham, U.K., 1974; Vol. 4.

(46) Cromer, D. T. J. Chem. Phys. 1969, 50, 4857-4859.

(47) Levy, H. A.; Danford, M. D.; Narten, A. H. Data Collection and
Evaluation with an X-ray Diffractometer Designed for the Study of Liquid
Structure; Technical Report ORNL-3960; Oak Ridge National Laboratory: Oak
Ridge, TN, 1966.

(48) Molund, M.; Persson, I. Chem. Scr. 1985, 25, 197-197.

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

(50) (a) Shannon, R. D.; Prewitt, C. T. Acta Crystallogr., Sect. 41969, 25,
925-945. (b) Shannon, R. D. Acta Crystallogr., Sect. A 1976, 32, 751-767.

(51) Beattie, J. K.; Best, S. P.; Skelton, B. W.; White, A. H. J. Chem. Soc.,
Dalton Trans. 1981, 2105-2111.

(52) Lundberg, D. The coordination chemistry of solvated metal ions in
DMPU. Ph.D. Thesis., Acta Universitatis Agriculturae Sueciae Vol.
2006:23, Swedish University of Agricultural Sciences, Uppsala, Sweden, 2006.
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Figure 1. Relationship between ionic radius and coordination number
in hemi and holodirected configurations of lead(I) complexes in the
solid state, denoted by red squares and black circles, respectively; the
detailed data for this figure are summarized in Supporting Information,
Table S2.

and holodirected configurations are given in Figure 1. For
4- and 5-coordinate lead(I1) complexes only hemidirected
complexes are known, and for coordination numbers larger
than eight no difference in ionic radius between hemi
and holodirectionality can be distinguished, Figure 1 and
Supporting Information, Table S2.

Crystal Structure of Diaquatetrakis(perchlorato)dilead-
(IT), 1. The crystal structure of 1 was very difficult to solve,
likely because of severe disorder, and we have not been able
to solve the structure to the normal detailed level with stable
structure refinement achieved with only the lead atoms
treated anisotropically. However, the basic structure and
the atomic arrangement can be described, which is vital for
the understanding of the coordination behavior of lead(II).
1 has a polymeric structure where the perchlorate ions link
two crystallographically independent lead(II) ions into
chains, Figure 2a. The lead(II) ion Pbl binds seven per-
chlorate oxygens from four neighboring perchlorate ions,
and Pb2 is eight-coordinate binding to two water molecules
(0201, 0202) and four neighboring perchlorate ions. Each
lead(II) ion binds two crystallographically equivalent per-
chlorate ions in a bidentate fashion totalling four Pb—O
bonds; Pbl binds Cl104 and Pb2 CI204 in this way,
Figure 2a. One perchlorate ion, C130y, bridges the two lead
ions through bidentate bonding to Pbl (O31, O34) and
monodentate to Pb2 (O33), and the last perchlorate ion,
Cl40y, also bridges the two lead(II) ions (042, O43). This
means that only three of the perchlorate oxygens, 032, 041,
and O44, do not bind to either of the crystallographically
independent lead(II) ions. The coordination around Pbl is
clearly hemidirected with a large part of the coordination
sphere occupied by unsymmetrically distributed electron
density taking up a volume much larger than an ordinary
bond, and causing a very wide Pb—O bond distribution,
2.334-3.199 A, Figure 2 and Table 4. The coordination
around Pb2 is slightly different with a coordination number
of eight and a somewhat smaller gap in the coordination
sphere around the lead(Il) ion and bond distances in the
range 2.338—3.323 A. The crystallographic data of 1 are
given in Table 3. Selected bond distances and bond angles
are presented in Table 4.
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Figure 2. (a) Fragment of the polymeric grid formed by {[Pb,(H,0),(ClO,),4]- H>O},.. (b) The packing of the polymeric structure, viewed along the b axis,

showing the sheet-like arrangement of the perchlorate ions.

Table 4. Selected Bond Lengths (A) and Angles (deg) in 1, 2, 5, and 6

[Pby(H20)2(ClO4),],i: 1

Pb1—-043 2.334(14) Pb2—-0201 2.338(24) 0201—-Pb2—-0202 50.2(7)
Pb1-013 2.931(15) Pb2—0202 2.433(20) 0201—-Pb2—033 65.7(6)
Pb1-014 2.972(16) Pb2—-033 2.654(13) 0202—Pb2—033 107.4(6)
Pb1-031 3.071(14) Pb2—-023 2.916(13)
Pb1-034 3.084(13) Pb2—-022 2.928(12)
Pb1-012 3.128(16) Pb2—-021 2.943(12)
Pb1-0Ol11 3.199(15) Pb2—-024 3.117(15)
Pb2—042 3.323(19)
[Pb(H,O)(CF3503)],,, 2
Pb1-0l1 2.473(26) Pb2—-02 2.459(28) O1-Pbl1-011 66.1(7)
Pb1—021 2.498(16) Pb2—023 2.472(18) O1-Pb1—-021 83.3(6)
Pb1-0Ol11 2.565(19) Pb2—-013 2.511(17) 02—Pb2—-013 82.7(7)
Pb1-031 2.602(15) Pb2—-042 2.537(18) 02—Pb2—-023 73.5(7)
Pb1—043 2.673(20) Pb2—033 2.638(21)
Pbl1-041 2.716(19) Pb2—-032 2.723(20)
Pb1-012 2.803(21) Pb2—-022 2.785(19)
[Pb(dma)e](ClO4),, 5

Pbl1-0l 2.519(3) O1-Pbl1-0O1’ 90.0(1)

O1-Pbl-0O1’ 180.0(1)

[Pb(dmpu)e)(CF3505)2, 6
Pb1-0Ol11 2.516(6) O11-Pbl1-012 86.4(1)
Pb1-012 2.481(5) O12—Pbl1-013 87.7(2)
Pb1—013 2.491(5) O11-Pbl1-011 180.0(1)
Pb2—-021 2.536(6) 021-Pb2—-023 88.0(2)
Pb2—-022 2.510(5) 021-Pb2—-024 179.6(2)
Pb2—-023 2.513(5)
Pb2—-024 2.437(6)
Pb2—-025 2.518(5)
Pb2—-026 2.525(5)
[Pb(dmpu)e](CF3803)s, 6rr

Pb—0O1 2.520(6) O1-Pb—Ol’ 90.2(2)

O1-Pb—0Ol 89.8(2)

Crystal Structure of Monoaquabis(trifluoromethanesul-
fonato)lead(II), 2. 2 has a polymeric structure with the
lead(I) ions situated inside the characteristic two-
dimensional grid with the —CF;5 groups of the CF;SO3
moieties directed outside, Figure 3a. Although both lead-
(IT) ions have the same coordinative environment, two
crystallographically independent lead(II) ions are distin-
guished, Pbl and Pb2, with somewhat different mean
Pb—O bond lengths, Table 4. Each lead(II) ion binds
strongly to one water molecule, with Pb—O bond lengths
of 2.473(26) and 2.459(28) A for Pbl and Pb2, respec-
tively, and weakly to six oxygen atoms, originating from
six different trifluoromethanesulfonate ions, with bond
distances in the range 2.498—2.803 and 2.472—2.785 A for

Pbl and Pb2, respectively. Pbl and Pb2 are both seven-
coordinate with mean Pb—O bond lengths of 2.619 and
2.589 A, respectively. The CF3SO3 ™ ions display a role as
0,0',0"-bridges connecting three lead atoms, either two
Pbl and one Pb2 or two Pb2 and one Pbl. The unsym-
metric electron distribution seems to push the surround-
ing oxygens to angles larger than in a regular square
antiprism and thereby limiting the number of oxygens
opposite to the highest electron density in the coordina-
tion shell to three because of the ligand—ligand repulsion.
The geometry around the lead(Il) ion in 2 is therefore
hemidirected but with a smaller gap in the coordination
sphere than in 1. The unresolved electronic density around
the lead atoms and possible disorder in the structure made
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Table 5. New and Improved Ionic Radii for Lead(II) in Different Coordination Numbers from This Study Compared with the “IR” Values Listed by Shannon and Prewitt,
rgp (ref 50b) and Shannon, rgy, (ref 50a)*

Lead(IT) coord. geometry rsp/A” rsh/A" r,,ew/A no. struct. (rsp, r'sh, 'new)
CN = 4, hemidirected 0.94 0.98 (calc.) 1.00 3,19 200+7S
CN = 5, hemidirected nla nla 1.12 nja, nja, 80+1S
CN = 6, hemidirected nja d 1.21 nja,3 + 19, 40458
CN = 6, holodirected 1.18 4 1.16 3,3+ 19 50+1S
CN = 7, hemidirected njla 1.23 (calc.) 1.27 nja, 2, 80
CN = 8, hemidirected ¢ ¢ 1.30 5¢, 5% 30
CN = 8, holodirected ¢ ¢ 1.28 5¢, 5% 50

“Thelead(II) radius is calculated using an oxygen radius of 1.37 Afor O-donoranionsand 1.34 A for neutral O-donor ligands, as reported for water by
Beattie et al. (ref 51.), and a sulfur radius of 1.80 A for S-donor anions and 1.75 A for neutral S-donor ligands, as reported for dmtf by Lundberg (ref 52.).
Contrary to the “IR” values, the ., values are the results of studies in crystalline solvates and as such less influenced by crystal lattice energies. CN =
coordination number. ” The reported values were not classified as hemi or holodirected by Shannon and Prewitt or by Shannon, but are specified here
whenever possible for comparison purposes. ¢ It is unclear if only one reference was used, as the only one listed in ref 50a is one of the three given in ref 50b.
This change may explain why the radius has been noted as less reliable, i.e. “(calc.)”. “The new reference value given in Shannon’s revision is
an unfortunate one, as it without any doubt is a hemidirected complex. The resulting “mixed-directed” lead(Il) ionic radius is reported to be 1.19 A.
“No distinction is made between hemi and holodirected complexes. Reported CN = 8 rpppy: 1.29 A.

Figure 3. (a) Fragment of the polymeric grid formed by [Pb(H,O)(CF3S03),],,, with the —CFj3 part of the trifluoromethanesulfonate anions omitted for
clarity. (b) The packing of the polymeric structure, viewed along the b axis, showing the sheet-like arrangement of the trifluoromethanesulfonate ions.

Thermal ellipsoids of non-hydrogen and non-carbon atoms are shown at 30% probability level.

anisotropic refinement of the trifluoromethanesulfonate
carbon atoms not possible. Albeit undesirable, this ought
to have little or no effect on the studied coordination
properties of lead(II). The crystallographic data of 2 are
given in Table 3.

In the analogous system with thallium(III), a monomeric
complex, [TI(H,0);(k-OSO,CF5)s], is formed.>® Mercury-
(II) ions form a chain structure, [Hg(H>0),(u»-OSO,-
CF3)5)..,>* where two water molecules are strongly bound
in linear fashion and two trifluoromethanesulfonate oxygens
connect the Hg(H,O), units through double bridges with
Hg—O bond distances about 0.35 A longer than those seen
for the water molecules. These structures show that the
triffluoromethanesulfonate ion is able to form well-defined
complexes with heavy element ions as mercury(II), thallium-
(IIT), and lead(IT) when crystallized from acidic aqueous
solution and thereby showing a significant competitiveness
with water, at least in concentrated solutions. Trifluoro-
methanesulfonate salts should therefore not be used as

(53) Molla-Abbassi, A.; Eriksson, L.; Lindqvist-Reis, P.; Mink, J.;
Persson, 1.; Sandstrom, M.; Skripkin, M.; Ullstrom, A.-S. J. Chem. Soc.,
Dalton Trans. 2002, 4357-4364.

(54) Molla-Abbassi, A.; Eriksson, L.; Mink, J.; Persson, I.; Sandstrom,
M.; Skripkin, M.; Ullstrom, A.-S.; Lindqvist-Reis, P. J. Chem. Soc., Dalton
Trans. 2002, 4357-4364.

supporting electrolytes in such systems. We have also ex-
perienced that several metal ion solvates decompose much
more easily in organic solvents as trifluoromethanesulfonate
salts compared to the perchlorate ones. Selected bond dis-
tances and bond angles for the lead compound are presented
in Table 4.

Hydrated Lead(II) Ion in Aqueous Solution. The EXAFS
and LAXS data of the hydrated lead(Il) ion in aqueous
solution show an obvious damping in the intensity functions,
(Figures 4, 5 and Supporting Information, Figure Sla)
implying that the Debye—Waller factor coefficients of the
Pb—O bond distances are large, and thereby with wide bond
distance distribution. The EXAFS data could be well fitted
with a model only containing a single Pb—O distance,
including a Cj factor for asymmetric bond distance distri-
bution, Figures 4 and Supporting Information, Figure Sla.
The refinement of the EXAFS data gave mean Pb—O
bond distances of 2.541(6) and 2.543(6) A, R, = 2.52 A, for
the 1.0 and 1.9 mol dm ™ solutions, respectively. The
large damping of the EXAFS functions is caused by a large
Debye—Waller factor coefficient, o® = 0.027(1) and
0.024(1) A? respectively, Figure 4. The Pb—O distance
displays only a small asymmetry with regard to the large
Deb4ye—Waller factor coefficient, C3 = 1.3 x 10 *and 3.3 x

10~* A% in the 1.0 and 1.9 mol dm* solutions, respectively.
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Figure 4. Experimental EXAFS data (solid lines) fitted with a model
(Table 3) formed by ab initio-calculated scattering paths from the FEFF
program (dashed lines).
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Figure 5. (Top) LAXS radial distribution curves for a 1.00 mol-dm >
aqueous solution of lead(Il) perchlorate. Upper part: Separate model
contributions (offset: 25) of the hydrated lead(Il) ion (solid line), the
perchlorate ion (dashed line) and aqueous bulk (dotted line). (Middle)
Experimental RDF: D(r) — 4pr’p, (solid line); sum of model contribu-
tions (dashed line); difference (dash-dotted line). (Bottom) Reduced
LAXS intensity functions s-i(s) (solid line); model s+ i¢,1c(s) (dashed line).

The wide Pb—O bond distance distribution and the absence
of multiple scattering contributions indicates that the hy-
drated lead(II) ion is hemidirected.

The RDFs from the LAXS experiments on the aqueous
lead(IT) perchlorate solutions reveal three peaks at 1.45,

Persson et al.

2.65,and 4.5 A, see Figures 5 and Supporting Information,
Figure S2. The peak at 1.45 A corresponds to the C1—O
bond distance in the perchlorate ion. The fairly broad peak
at 2.65 A has two contributions. The main contribution is
the Pb—O bond distance in the first hydration shell, and the
other contribution is the intramolecular O- - - O distance in
the aqueous bulk. The broad peak at 4.5 A corresponds to
the second hydration shell, Pb- - - Oyy. The shoulder around
30 A corresponds to the O---O distances within the
aqueous bulk, O - - O,, between the water molecules in
the first and second hydration sphere, Oy « - Oy, and from
Oy -0, distances between water molecules hydrogen
bound to the perchlorate ion. The Pb—O bond distance
has been refined to 2.527(7) and 2. 536(05) A, and the
Pb- - - Oy distance to 4.41(4) and 4.461(9) A in the 1.0 and
1.9 mol dm ™ aqueous solutions, respectively. The tempera-
ture factors of the Pb—O bond distances are unusually large
for a hydrated divalent metal ion, b = 0.019(2) and 0.024(2)
A2, These values are about twice as large as those found for
hydrated divalent transition metal ions.” This is evidence
that the Pb—O bond and the Pb- - -Oy distances in the
hydrated lead(II) ion have a very wide bond distance
distribution, and that no O- - -O distances from the inner
coordination core were observed, which they normally are
in regular octahedral hydrates.” The structure of the hy-
drated perchlorate ion is identical to the one reported in
previous studies of perchlorate salts in aqueous solution,
with a C1—O bond distance of 1.453(2) A°

The mean number of water molecules bound to the
lead(II) ion cannot be unambiguously determined from
these measurements. Using the ionic radius of the lead(II)
ion derived in this paper, Table 5, the expected holodirected
Pb—O bond distance in six- and eight-coordination is 2.50
and 2.62 A, respectively, while the hemidirected Pb—O bond
distance in six-coordination is 2.55 A. These distances
were calculated from the corresponding radii of lead(II),
FPb(IT), = 1 16, 1.28, and 1.21 A, respectively, and rowater =
1.34 A.>" The experimental results together with the mean
bond distance and the width of the bond distance distribu-
tion indicate that the hydrated lead(Il) ion in aqueous
solution is six-coordinate in hemidirected fashion. The
structure parameters from the LAXS and EXAFS measure-
ments are summarized in Tables 6 and 7.

Dimethylsulfoxide Solvated Lead(II) Ion. The fitting of
the EXAFS data of the dmso solvated lead(Il) ion in
solution (Figure 4) resulted in a similar pattern as found
for the hydrated lead(Il) ion in aqueous solution with a
broad bond distance distribution and no multiple scatter-
ing from the inner-coordination core of the solvate. The
three-leg Pb—O—S scattering path gives, as expected, a
significant contribution to the EXAFS signal. The refine-
ments yielded Pb—O and S—O bond distances of 2.517(10)
and 1.543(8) A, respectively, and a Pb—O—S bond angle of
131.7(9)° corresponding to a Pb- - - S distance of 3.723(16)
A. The Debye—Waller factor of the Pb—O bond distance,
o°, is very large, 0. 020(2) A2, while it is in normal range for
the S—O bond, 0.003(1) A The fit of the EXAFS data are

(55) Ohtaki, H.; Radnai, T. Chem. Rev. 1993, 93, 1157-1204, and
references therein;. Johansson, G. Adv. Inorg. Chem. 1992, 39, 159-232, and
references therein.

(56) Lindqvist-Reis, P.; Munoz-Pdez, A.; Diaz-Moreno, S.; Pattanaik, S.;
Persson, I.; Sandstrom, M. Inorg. Chem. 1998, 37, 6675-6683.
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Table 6. Mean Bond Distances, d//&, Number of Distances, N, Temperature Coefficients, b/AZ, and the Root-Mean-Square Variation, I/A, in the LAXS Studies of the
Solvated Lead(II) Ion in aqueous, dmso, dmf, dma, dmpu, and dmtf Solution at Room Temperature

species interaction N d b /
Lead(II) Perchlorate in Water, 1.0 mol-dm >
Pb(OH,)s>" Pb—0O 6 2.527(7) 0.0193(6) 0.196
Pb---Oy 12 4.42(4) 0.072(4) 0.38
ClO4 (aq) CI-0 4 1.453(4) 0.0020(2) 0.063
(Cl-)O---0 4 3.040 0.0075 0.12
CI-(0)---0O 4 3.700 0.0250 0.22
Water bulk 0---0 2 2.889(5) 0.0187(8) 0.19
Lead(II) Perchlorate in Water, 1.9 mol-dm
Pb(OH,)s>" Pb—0O 6 2.536(5) 0.0241(8) 0.22
Pb---Oy 12 4.461(9) 0.059(2) 0.34
ClO4 ™ (aq) Cl-0 4 1.453(4) 0.0020(2) 0.063
(C1-)0---0 4 3.04(2) 0.007(3) 0.12
Cl—(0)---0O 4 3.70(2) 0.025(3) 0.22
Water bulk 0---0 2 2.887(5) 0.0186(9) 0.19
Lead(II) Nitrate in Dimethylsulfoxide (dmso), 1.03 mol-dm >
Pb(dmso)e>" Pb—0O 6 2.522(7) 0.0189(10) 0.19
Pb---S 6 3.733(5) 0.0436(15) 0.30
O; " (dmso) N-O 3 1.243(5) 0.0015(4) 0.055
Lead(IT) Trifluoromethanesulfonate in N,N'-dimethylformamide (dmf), 0.736 mol-dm >
Pb(dmf)s>* Pb—0O 6 2.558(5) 0.0269(7) 0.23
Pb---C 6 3.488(6) 0.0170(8) 0.18
Lead(I) trifluoromethanesulfonate in N,N’-dimethylacetamide (dma), 0.814 mol-dm >
Pb(dma)s>* Pb—0O 6 2.480(5) 0.0136(4) 0.16
Pb---C 6 3.646(5) 0.0148(5) 0.17
Lead(IT) Trifluoromethanesulfonate in N,N'-dimethylpropyleneurea (dmpu), 0.30 mol-dm >
Pb(dmpu)s>* Pb—0O 6 2.488(10) 0.0146(7) 0.17
Pb---C 6 3.52(5) 0.046(7) 0.30
Lead(IT) Trifluoromethanesulfonate in N,N-dimethylthioformamide (dmtf), 1.02 mol-dm >
Pb(dmtf)s> " Pb—S 5 2.891(4) 0.0192(3) 0.20
Pb---C 5 3.647(15) 0.025(2) 0.22
DMTF bulk S---S 0.5 4.03(22) 0.021(3) 0.20

Table 7. Number of Distances, N, Mean Bond Distances, R/A Maximum of Bond Distance Distribution, Rm/A Debye-Waller Factor Coefficients, 02/A2 and the Third
B+0°, in the EXAFS Studies of the Solvated Lead(IT) Ion in aqueous, dmso, dmpu, tmu and dmtf Solution at Ambient Room Temperature

Cumulant Factor, C3/ A3 C; =

species interaction N R/R,, o Cs
Lead(II) Perchlorate in Water, 1.0 mol-dm >
Pb(OH,)s>* Pb—0O 6 2.541(6)/2.520 0.0268(8) 13x107%
Lead(II) Perchlorate in Water, 1.9 mol-dm >
Pb(OH,)*" Pb—0O 6 2.543(5)/2.520 0.0236(8) 33x107*
Lead(II) Nitrate in Dimethylsulfoxide (dmso), 1.03 mol-dm >
Pb(dmso)¢*" Pb—0O 6 2.517(5)/2.494 0.0197(10) 33x 1074
S-0 6 1.543(3) 0.0029(6) 0.0
Lead(Il) Trifluoromethanesulfonate in 1,1,3,3-Tetramethylurea (tmu), 0.300 mol-dm™3
Pb(tmu)e>" Pb—O 6 2.517(7)/2.502 0.0094(10) 1.3x 107
Cc-0 6 1.288(5) 0.0010(4) 0.0
Lead(Il) Trifluoromethanesulfonate in N,N-dimethylthioformamide (dmtf), 1.02 mol-dm
Pb(dmtf),>* Pb—S 5 2.908(4)/2.889 0.0192(3) 2.1 %107
S-C 5 1.665(5) 0.0055(4) 0.0

given in Figure 4, and including the individual contributions
in Supporting Information, Figure S1b.

The RDF from the LAXS experiment on the dmso
solution of lead(Il) nitrate reveals three peaks at 1.65, 2.5,

and 38 A, respectively (Figure 6). The peak at 1.65 A
corresponds mainly to intramolecular distances in dmso.
The latter peaks, refined to 2.522(7) and 3.733(9) A, respec-
tively, correspond to the Pb—O bond and Pb- -

- S distances
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Figure 6. (Top) LAXS radial distribution curves for a 1.03 mol-dm

dimethylsulfoxide solution of lead(II) nitrate. Upper part: Separate model
contributions (offset: 20) of the dimethylsulfoxide solvated lead(II) ion
(solid line), the nitrate ion (dashed line) and dimethylsulfoxide molecule
(dotted line). (Middle) Experimental RDF: D(r) — 4m'2p0 (solid line); sum
of model contributions (dashed line); difference (dash-dotted line).
(Bottom) Reduced LAXS intensity functions s-i(s) (solid line); model
§*icaie(s) (dashed line).

in the dmso solvated lead(II) ion, giving a Pb—O—S angle of
132.1(1.1)°. No contribution from inner-core O- - -O dis-
tance was possible to detect.

The results from the EXAFS and LAXS studies of the
dmso solvated lead(II) ion in dmso solution with some-
what shorter Pb—O bond distances than in water but with
the same very broad bond distance distribution, absence
of PbOg inner-core multiple scattering in EXAFS, and no
detectable O- - - O distances within the solvate complex in
LAXS all support a six-coordinate hemidirected configura-
tion. On the other hand, the reported crystal structures of
dmso solvated lead(II) ions> display all an unusual config-
uration with perchlorate ions very weakly bound either
completing a distorted six-coordinate holodirected complex
or showing near exemplary five-coordinate hemidirection-
ality, see Introduction. Perchlorate ions are clearly not
bound to lead(I) in dmso solution. It is not possible
to unambiguously determine whether the dmso solvated
lead(II) ion has holo or hemidirected configuration, even
though there are more indications of a hemidirected com-
plex, with a broad bond distance distribution and no
detachable PbOg inner-core multiple scattering, than of
holodirection, with a shorter mean Pb—O bond distance
than in the hydrate in aqueous solution. The structure
parameters from the LAXS and EXAFS measurements
are summarized in Tables 6 and 7.

Persson et al.

g

Cc132

C135

Figure 7. (a) Structure of the regular [Pb(OCN(CH;),CH3)g]*" ionin 5.
The atoms are shown as the 50% probability ellipsoids. Hydrogen atoms
and symmetry-related dma molecules have been omitted for clarity. (b)
Structure of the regular [Pb(OCN,(CH3)»(CH,)3)]> ion in 6. The atoms
are shown as the 50% probability ellipsoids. Hydrogen atoms and
symmetry-related dmpu molecules have been omitted for clarity.

Crystal Structure of Hexakis(/V,V-dimethylacetamide)-
lead(IT) Perchlorate, 5. Hexakis(N,N-dimethylacetamide)-
lead(IT) perchlorate crystallizes in the trigonal space group
P3 (No. 147), Z = 1; the unit cell and refinement parameters
are listed in Table 3. The unit cell contains a lead(II) ion
on a 6-fold axis coordinating one crystallographically
unique dma ligand and one unique perchlorate ion,
altogether describing the [Pb(dma)¢]*>" complex, Figure 7a,
and the perchlorate counterions. This compound has
a regular octahedral holodirected geometry around the
lead(II) ion which is located in the center of this octahe-
dron with a Pb—O bond length of 2.519(3) A and angles
0f90.0(1) and 180.0(1)°. The Pb—O—C angle is 137.7(3)°,
which is smaller than in dma solution, see below. All
atoms, except for the hydrogen atoms of the methyl
groups, of the dma ligand molecule lie in the same plane.
The distance from the center of the lead(Il) ion to the
center of the perchlorate ion is 7.3 A.

N,N-Dimethylformamide and N,/N-Dimethylacetamide
Solvated Lead(II) Ions in Solution. The RDFs from the
LAXS experiments on dmf and dma solutions of lead(II)
trifluoromethanesulfonate reveals three peaks at 1.45,
2.5,and 3.7 A, Figures 8, 9 and Supporting Information,
Figure S3. The peak at 1.5 A corresponds to intramolec-
ular distances in the trifluoromethanesulfonate ion and
the solvents, the one at 2.5 A to the Pb—O bond distances
in the dmf and dma solvated lead(II) ions, and the one at
about 3.5 A to the Pb-.-C distance. The Pb—O bond
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Figure 8. (Top) LAXS radial distribution curves for a 0.736 mol-dm >

N,N-dimethylformamide solution of lead(II) trifluoromethanesulfonate.
Upper part: Separate model contributions (offset: 25) of the N,N-
dimethylformamide solvated lead(II) ion (solid line), the trifluorometh-
anesulfonate ion (dashed line), and N,N-dimethylformamide molecule
(dotted line). (Middle) Experimental RDF: D(r) — 47r°p, (solid line); sum
of model contributions (dashed line); difference (dash-dotted line).
(Bottom) Reduced LAXS intensity functions s-i(s) (solid line); model
§*icqlc(s) (dashed line).

distance in dmf and dma were refined to 2.56(1) and
2.48(1) A, and the Pb- - - C distances to 3.49(1) and 3.65(1) A,
respectively, giving Pb—O—C bond angles of 128.1(8) and
151(1)°, respectively. The longer mean Pb—O bond distance
and the larger temperature coefficient in dmf strongly in-
dicate that the dmf solvated lead(II) ion is hemidirected; the
mean Pb—O bond distance in the hemidirected dmf solvated
lead(IT) ion in solid [CgH;sN,|[Pb(OCHN(CH3))g][Pbsl 4]
is2.536 A" On the other hand, the dma solvated lead(II) ion
seems to be holodirected as also found in the solid state. The
methyl group on the amide carbon in dma causes significant
spatial demands upon coordination forcing the dma solvated
lead(II) ion to be holodirected and the Pb—O—C bond angle
to be much wider than in dmf. The fact that the M—O—C
angles are wider for dma than dmf complexes are generally
observed in solid metal ion solvate complexes of dmf and
dma.” The structure parameters from the LAXS measure-
ments are summarized in Table 6.

Crystal Structure of Hexakis(/V,/N -dimethylpropylene-
urea)lead(Il) Trifluoromethanesulfonate, 6. The crystallo-
graphic data of 6, obtained from measurements on two
different X-ray diffractometers at two different tempera-
tures, ambient room temperature (6gt) and 100 K (6), are
given in Table 3. The structure consists of discrete hexakis-
(dmpu)lead(II) cations and trifluoromethanesulfonate an-
ions. The lead(Il) ion is surrounded by six oxygen atoms
from the dmpu molecules in octahedral geometry, Figure 7b.
The triclinic crystal symmetry, P1 (No. 2), present at 100 K
shows two crystallographically independent lead(I) ions
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Figure 9. (Top) LAXS radial distribution curves for a 0.814 mol-dm >

N,N-dimethylacetamide solution of lead(II) trifluoromethanesulfonate.
Upper part: Separate model contributions (offset: 28) of the N,N-
dimethylacetamide solvated lead(II) ion (solid line), the trifluorometh-
anesulfonate ion (dashed line) and N,N-dimethylacetamide molecule
(dotted line). (Middle) Experimental RDF: D(r) — 4mp, (solid line);
sum of model contributions (dashed line); difference (dash-dotted line).
(Bottom) Reduced LAXS intensity functions s-i(s) (solid line); model
S+ Icqrc(s) (dashed line).

coordinating six dmpu molecules each, in an octahedral
fashion. The average Pb—O bond distance is 2.501 A, range
2.438—2.536 A, Table 4. The low symmetry allows one of the
lead(IT) complexes to obtain six independent bond distances,
whereas the other, lying on a point of symmetry, is restricted
to three. The CF;5 group of one of the trifluoromethane-
sulfonate ions was refined for partial occupancy at two
positions, 46 and 54%, respectively. The average Pb—O—C
angle is 154.2°, with a larger spread for the non-symmetry
restricted complex, 147.9—161.9° as compared to 152.6—
157.7° for the other lead(Il) complex. At room temperature,
6r refines to a low R value (R, = 0.051) at much higher
crystal symmetry, the hexagonal space group P3 (No. 147).
This results in equidistant Pb—O bonds, 2.520 A, and a
regular octahedral configuration around lead(IT). The cause
of the higher symmetry at higher temperature is certainly due
to the fact that the orientation of the lead(Il) complexes
becomes random thereby increasing the mean symmetry even
though the symmetry of the individual complexes remains
equally low as observed at 100 K. This phenomenon has been
observed for several other complexes reported previously.>
Without any possibilities to form standard hydrogen bonds
in the room temperature measurement, the trifluorometh-
anesulfonate counterions are distributed within two voids each
on a 3-fold axis and encompassing approximately 173 A°.
The refined trifluoromethanesulfonate ion was constructed

(57) Persson, I.; D’Angelo, P.; De Panfilis, S.; Sandstrom, M.; Eriksson,
L. Chem.—Eur. J. 2008, 14, 3056-3066.
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Figure 10. (Top) LAXS radial distribution curves for a 0.300 mol -dm™?
N,N'-dimethylpropyleneurea solution of lead(II) trifluoromethanesulfo-
nate. Upper part: Separate model contributions (offset: 60) of the N,N'-
dimethylpropyleneurea solvated lead(II) ion (solid line), the trifluoro-
methanesulfonate ion (dashed line) and N,N'-dimethylpropyleneurea
molecule (dotted line). (Middle) Experimental RDF: D(r) — 4mr’p,
(solid line); sum of model contributions (dashed line); difference (dash-
dotted line). (Bottom) Reduced LAXS intensity functions s-i(s) (solid
line); model s+ izq1c(s) (dashed line).

using mean bond distances found in Cambridge Structural
Database and multiple restraints. A separate refinement
using the Squeeze command in PLATON, where the con-
tribution of disordered solvents and similar molecules dis-
tributed in cavities are neglected, resulted in an appreciably
better refinement, R, = 0.033.%®

N,N'-Dimethylpropyleneurea and 1,1,3,3-Tetramethyl-
urea Solvated Lead(II) Ions in Solution. The RDF from
the LAXS experiments on a dmpu solution of lead(II)
trifluoromethanesulfonate reveals two peaks at 1.5 and
2.5 A, see Figure 10. The peak at 1.5 A corresponds to
intramolecular distances in the trifluoromethanesulfo-
nate ion and the dmpu molecule. The peak at 2.5 A,
refined to 2.49(2) A, corresponds to the Pb—O bond
distance in the dmpu solvated lead(Il) ion. The weak
shoulder at 3.5 A corresponds to O- - - O distances within
the octahedral PbOg core and to the Pb- - - C distance. The
latter was refined to 3.52(5) A, giving a Pb—O—C angle of
136(2)°. This angle is much smaller than observed in the
solid state showing the larger flexibility of the complex in
solution. The basic structure of the holodirected [Pb-
(dmpu)e]*" solvate ion in the solid trifluoromethanesul-
fonate salt is maintained in dmpu solution with a regular
octahedral configuration around lead(II).

(58) Spek, A. L. J. Appl. Crystallogr. 2003, 36, 7-13; PLATON, a multi-
purpose crystallographic tool.
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The EXAFS data of a 1,1,3,3-tetramethylurea solution
of lead(Il) trifluoromethanesulfonate (Figure 4) were
modeled with Pb—O and C—O bond distances, refined
to 2.52(2) and 1.29(1) A, respectively, and a Pb—O—C
bond angle refined to 129(2)°, which corresponds to a
Pb- - -C distance of 3.43 A. The Debye—Waller coeffi-
cient of the Pb—O distance is less than half compared to
those observed for the hydrated and dmso solvated lead(II)
ions, Table 4, supporting a holodirected complex. Very
weak contributions from multiple scattering within the
PbOg core were detected. The 1,1,3,3-tetramethylurea
solvated lead(II) ion seems to have the same holodirected
octahedral configuration as the other solvent molecules
which are regarded as space-demanding upon coordina-
tion in this study, dmpu and dma. The fit of the EXAFS
data are given in Figures 4 and Supporting Information,
Figure Slc, the latter including the individual contribu-
tions, and the structure parameters from the LAXS and
EXAFS measurements are summarized in Tables 6 and 7.

N,N-dimethylthioformamide Solvated Lead(II) Ion. The
EXAFS data of the dmtf solvated lead(II) ion in solution
were modeled with Pb—S and C—S bond distances,
refined to 2.908(8) and 1.665(10) A, respectively, and
the Pb—S—C angle was refined to 108(2)°, corresponding
to a Pb---C distance of 3.86 A; the obtained Pb—S—C
angle is typical for metal complexes with dmtf.* The
value of the Debye—Waller coefficient of the Pb—S
distance is similar to that observed for the dmso solvated
lead(II) ion, Table 6, supporting a hemidirected complex.
The fit of the EXAFS data are given in Figures 4 and
Supporting Information, Figure S1d, the latter including
the individual contributions.

The RDF from the LAXS experiments on the dmtf
solution of lead(Il) trifluoromethanesulfonate reveals
three peaks at1.5,2.9,and 3.8 A, see Figure 11. The peak
at 1.5 A is related to 1ntrdmolecular distances in the tri-
fluoromethanesulfonate ion and the dmtf molecule. The
peak at 2.9 A corresponds to the Pb—S bond distance in
the dmtf solvated lead(Il) ion. The Pb—S and Pb---C
distances have been refined to 2.891(5) and 3.833(9) A,
respectively, giving a Pb—O—S angle at 107°. A S-- S
distance at 4.03 A was introduced to model the solvent—
solvent interactions in dmtf as described elsewhere.* The
structure parameters from the LAXS measurements are
summarized in Table 6.

The revealed Pb—S bond distance by both EXAFS and
LAXS,2.90 A, supports a hemidirected five-coordination
of the dmtf solvated lead(II) i 1on in solution, rpy, = 1. 12A
Table 5, and rggmir = 1.75 A as it has been applied in
the model refined for both EXAFS and LAXS data.
Furthermore, in respect of such a low coordination
number the geometry around lead(II) ion in dmtf solution
is expected be hemidirected.’ The structure of this solvate
has only been investigated in solution by means of LAXS
and EXAFS techniques, since attempts to obtain crystals
with both perchlorate and trifluoromethanesulfonate as
counterion were unsuccessful, another but far more un-
reliable indication of a hemidirected system.

(59) (a) Persson, I.; Sandstrom, M.; Stalhandske, C. I.; Stalhandske,
C. M. V. Inorg. Chem. 1997, 36, 3167-3173. (b) Stalhandske, C. M. V.;
Stalhandske, C. I.; Persson, I.; Sandstrom, M.; Jalilehvand Inorg. Chem. 2001,
40, 6684—6693.
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Figure 11. (Top) LAXS radial distribution curves for a 1.02 mol-dm >

N,N-dimethylthioformamaide solution of lead(Il) trifluoromethanesul-
fonate. Upper part: Separate model contributions (offset: 35) of the N,N-
dimethylthioformamide solvated lead(II) ion (solid line), the trifluoro-
methanesulfonate ion (dashed line), and N,N-dimethylthioformamaide
molecule (dotted line). (Middle) Experimental RDF: D(r) — 472 p,, (solid
line); sum of model contributions (dashed line); difference (dash-dotted
line). (Bottom) Reduced LAXS intensity functions s-i(s) (solid line);
model s-icqc(s) (dashed line).

Relationship between Bond Distance Distribution and
Gap Size. The gap for excess electron density is much
smaller in 2 than in 1, Figures 1 and 2. The bond distance
distribution seems to be related to the volume of an electron
density sufficiently large to hinder bond formation, the gap
size in the coordination sphere, with increasing bond dis-
tance distribution with increasing gap size, 0.8—0.9 Ain 1,
while it is only 0.3 A in 2 with a much smaller gap size than
in 1, Figures 2a and 3a. On the other hand, holodirected
complexes have a much more narrow Pb—O bond length
distribution, less than 0.07 A, as shown in Tables 4 and
Supporting Information, Figure S1. The wide bond distance
distribution in the hemidirected complexes is well explained
by the recent proposed MO theory where the metal—ligand
bonds form antibonding covalent interactions.®”® On the
other hand, with symmetric electron distribution as in the
holodirected complexes, the bond distance distribution is
comparable to metal complexes in general with the same
type of configuration.

Conclusions

The coordination chemistry of lead(II) is unusually diverse
as the formation of antibonding lead 6s/ligand np molecular
orbital metal ligand interactions cause a more or less ex-
tensive unsymmetric electron distribution around the lead(II)
ion depending on how strong these covalent antibonding
features are. This causes a coordination sphere with room for
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excess electron density and wide bond distance distribution,
which lead to the formation of hemidirected complexes. On
the other hand, if these antibonding interactions are weak,
and possible attractive or repulsive forces exist between the
space-demanding ligands, the electron distribution around
lead(IT) will be symmetric, and the complexes will have a
normal bond distance distribution and relative high symme-
try, holodirected complexes as observed for N,N-dimethyl-
acetamide, N,N-dimethylpropyleneurea, and 1,1,3,3-tetra-
methylurea. The regular octahedral configuration of these
complexes may also be favored by the ligand—ligand inter-
molecular interactions.*’” For the solvent molecules with cone
angles larger than about 65°, Table 1, as defined in the Intro-
duction, all solvents used in this study are forming holodir-
ected complexes, while the solvent molecules with a smaller
cone angle all are hemidirected. Holodirected complexes are
also observed for lead(II) complexes with a coordination
number of nine or higher.* Under these conditions the energy
gain by forming low-symmetric complexes is not sufficient to
counter-balance the energy obtained by formation of highly
symmetric complexes. In the attempts to obtain suitable crys-
tals for the crystallographic studies it was more difficult
for hemidirected complexes to form than for the holodirected
ones with higher symmetry. Furthermore, the melting
points of the hemidirected complexes are lower than for the
holodirected ones. The solvate complexes of lead(II) of water
and N,N-dimethylformamide, with small cone angles, 28 and
45°, respectively, are hemidirected in both solution and the
solid state. Contrary to many other metal ions, lead(II)
normally crystallizes from aqueous solutions without or with
only a limited number of water molecules not forming a
complete hydration shell as found in [Pby(H,0),(ClO4)4],, (1)
and [Pb(H>O)(CF3S05),], (2). The dmso solvated lead(II)
ion seems to be hemidirected in dmso solution, while in the
solid state weak bonds from perchlorate ions fill the coordi-
nation sphere to form holodirected complexes. As indicated
for the aqueous and dmso systems different coordination
chemistry may be present in the solid state and solution. It is
possible that the cone angle of dmso, 54°, is close to the break
point for hemi and holodirected complexes of lead(II), and
that hemidirected complexes are favored in solution, while
holodirected complexes are favored in the solid state sup-
ported by increasing lattice energies of complexes with higher
symmetry. The mean Pb—O bond distances, for holodirected
solvates formed in solution, 2.48(1) (dma — cone angle 68°),
2.52(1) (tmu —81°), and 2.49(2) A (dmpu —84°) are slightly
shorter than in the case of hemidirected lead(II) solvates in
water (2.54(1) A), dmso (2.52(1) A) and dmf (2.56(1) A). The
N,N-dimethylthioformamide solvated lead(II) ion in solution
with Pb—S bond distances of 2.910(5) and 2.891(5) A as
observed by EXAFS and LAXS, respectively, supports five-
coordination in a hemidirected fashion.” Lead(II) complexes
with sulfur donor ligands display a similar configurational
picture as the complexes with oxygen donor ligands. A vast
majority of the lead(IT) complexes with sulfur donor ligands
are four- and five-coordinate with large bond distance dis-
tribution and a clear hemidirected configuration, Supporting
Information, Table S1b. The few 6-coordinate complexes
have large bond distance distribution and S—Pb—S angles
very different from 90°, Supporting Information, Table S1b,
making gaps in the coordination sphere showing the typical
signs of hemidirected configuration. The structure of the
only complex with a space-demanding sulfur donor ligand
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reported so far, hexakis(N, N'-dicyclohexylthiourea)lead(Il),
has a very narrow bond distance distribution and was
classified as holodirected even though its octahedral geome-
try is distorted. DFT calculations indicate that the sulfide ion
in the mineral galena, PbS, forms weaker antibonding lead-
ligand interactions giving its highly symmetric structure in
the solid state.’”® This, however, does not follow the general
trend, and the highly symmetric structure of galena is most
certainly the result of strong lattice energies.
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