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Abstract: Single crystals of Sn6O4(OH)4 have been grown over a period of more than a decade in
hermetically sealed flasks of various triorganotin(IV)-trihydrides in toluene/N,N-dimethylformamide
and those of Pb6O4(OH)4 on a petri dish within some days from the reaction of Pb(ClO4)2 with
Sr(OH)2·8H2O. High-resolution X-ray diffraction data of the tetragonally crystallizing compounds
have been collected conventionally at 100 K. Crystal structure determinations have been performed
in space groups P4/mnc and P421c with different structure models because of a pretended spe-
cific systematic extinction condition. Its violation was routinely overseen because of the very low
intensities of the respective reflections, an effect reinforced by crystal size. The non-existence of
this systematic extinction was experimentally confirmed by studying the datasets in more detail,
including the simulation of layer photographs. The importance of additional information obtained
from dataset analysis tools and structure validation programs to assess the different structure models
is demonstrated. Structures of both molecules are analyzed with respect to the molecules as a whole
as well as to their constructive building units: two crystallographic different prototypes of {MO4}
coordination polyhedra with a bent seesaw conformation, one µ3-OH- and one µ3-O- group, each
trigonal-pyramidally coordinated.

Keywords: crystal growth; systematic extinction condition; space group determination; refinement
strategies; structure validation; building units; coordination polyhedra

1. Introduction

The chemistry of bivalent tin and lead in aqueous solution is characterized by compli-
cated equilibria between different mono- and polynuclear, cationic, or anionic isopolyox-
ohydroxo species of general formula [MII

nOo(OH)p(H2O)q](2n−2o-p)± in amounts strongly
depending on salt concentration and pH value. The knowledge of the species present
in such a solution is of great importance, especially for Pb2+, as it is an environmental
pollutant toxic to human species. While detailed insights into these equilibria come from
potentiometric studies (pot, M = Sn [1], M = Pb [2]), accurate structural information about
the species formed results from single crystal X-ray structure determinations (SCXRD) of
crystals isolated from the solutions under appropriate conditions.

Although there are some discrepancies among authors about the different species
formed, there is a great consensus that in strongly acidic solutions of Sn(II), the mononuclear
dication [Sn(OH2)3]2+ (pot, SCXRD [3]) and monocation [Sn(OH)(OH2)2]+ (pot) dominate.
Less acidic solutions predominantly contain the trinuclear tin-oxygen cluster [Sn3(OH)4]2+

(pot, SCXRD [4]), while in alkaline solutions, the dinuclear [Sn2O(OH)4]2− (pot, SCXRD [5])
and mononuclear [Sn(OH)3]− (pot, SCXRD [5]) anions have been postulated and struc-
turally characterized.

For Pb2+ mononuclear, hydrated species are less favorable because of their lower charge
density [6] in comparison with Sn2+, but in less acidic solutions, the tetranuclear [Pb4(OH)4]2+

(pot, SCXRD [7–11]) and hexanuclear [Pb6O(OH)6]4+ (pot, SCXRD [12,13]) species are found.
For alkaline solutions, the mononuclear anions [Pb(OH)3]− and [Pb(OH)4]2− (pot) have
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been postulated. Despite these differences, both metals, tin and lead, form in neutral
solution a less soluble, hexanuclear molecular isopolyoxohydroxo compound of composition
M6O4(OH)4.

Besides these chemical aspects, the tin compound is of some interest in archaeology,
as Sn6O4(OH)4 is often found as a thin, microcrystalline crust on tin or pewter artifacts.
First described in 1971 and named hydroromarchite, the compound was classified as an
anthropogenic mineral according to its formation in the context of human activities—“a
canoe was overturned near Boundary Falls, Winnipeg, Ontario, and pannikins of its load
submerged 15 feet below the surface of the water for more than a century” [14]. Later on,
the mineral was also identified on historical tin objects found in seawater and soil [15–17].
In the mineral classification scheme of Strunz [18], hydroromarchite, Hrom [19], belongs to
the subclass “FF Hydroxides with OH, without H2O; Various Polyhedra” of class 4 “Oxides”. In
addition to its anthropogenic formation, there are also some indications that Sn6O4(OH)4
may also occur under typical geochemical conditions [20]. Similar anthropogenic or natural
findings of Pb6O4(OH)4 are not yet documented.

Up until now, our knowledge about the molecular structures of both compounds
has suffered from a lack of single crystals of suitable size and quality for single-crystal
X-ray diffraction. Thus far, structural data are only based on room-temperature X-ray
(M = Sn) [21] and neutron (M = Pb) [22] data, both from powder samples via Rietveld
refinement. These calculations have been performed assuming that the compounds are
isostructurally crystallizing in the primitive tetragonal, non-centrosymmetric space group
P421c (no. 114 [23]). While the structural data (bond lengths, bond angles, and hydro-
gen bonds) of the lead compound result from a conclusive structure model, those of
the tin compound are very unprecise and less plausible, especially with respect to the
tin-oxygen distances.

2. Materials and Methods
2.1. Chemical Background of Crystal Growth

The single crystals of this study have been found by chance as a result of two uncommon
reactions: the reductive splitting of a tin-carbon bond of organotin(IV) trihydrides and the
reaction of an aqueous lead(II) acetate solution with solid strontium hydroxide octahydrate.

Sn6O4(OH)4: A lot of well-shaped, large, colorless single crystals (Figure 1) of the tin
compound have been grown over more than a decade from solutions of various monoorgan-
otin(IV) trihydrides, RSnH3, in mixtures of toluene and N,N-dimethylformamide, DMF.
These samples were originally prepared to get monoorganotin(IV) clusters, (RSn)n, via
hydrogen elimination in DMF, a reaction well established [24–26] in the case of triorgan-
otin(IV) hydrides, R3SnH, and diorganotin(IV) dihydrides, R2SnH2, resulting in the formation
of hexaorganodistannanes, (R3Sn)2 [27], and diorgano-cyclo-polystannanes, (R2Sn)n [28], respec-
tively. From a chemical point of view, some aspects of the formation of Sn6O4(OH)4 under
these experimental conditions are unusual: (i) the reduction of the four-valent tin atoms
in the trihydrides to bivalent ones in the title compound; (ii) the cleavage of the carbon-tin
bonds; and (iii) the origin of oxygen. As the well-closed flasks with the trihydrides preserved
their red color over the complete time of storage without fading but bleached within some
hours when coming into contact with air, the origin of oxygen in the title compound from
O2 can be excluded. More likely, the oxygen content results from traces of water still present
after drying the reaction solutions of the trihydrides conventionally with sodium sulfate. A
possible reaction equation is sketched out in Scheme 1.
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(XPREP [29]) yielded hints of a glide plane (0kl only present for k + l = 2n) and 21-screw 
axes (00l only present for l = 2n, 0k0 only present for k = 2n, and hhl only present for h = 2n) 

Figure 1. Images from an optical microscope (above raw) of the octahedrally shaped single crystals
of Sn6O4(OH)4 (left) and Pb6O4(OH)4 (right); scanning electron microscopic images (below raw) of
selected single crystals of Sn6O4(OH)4 (left).

Pb6O4(OH)4: Colorless, octahedral single crystals of the lead compound (Figure 1)
have been obtained in a microscale experiment searching by optical microscopy for new
strontium acetate hydrates using strontium hydroxide octahydrate, Sr(OH)2 · 8H2O, as
strontium, and solution of lead acetate, Pb(OAc)2, as acetate sources. After addition, the
aqueous solution slowly spread over the petri dish, dissolving some strontium hydroxide
octahydrate at the same time. After some days, the main product of such experiments
consisted of needle-like single crystals of strontium acetate sesquihydrate, Sr(OAc)2 ·
1/2H2O. As side products, we found amorphous orange and yellow solids as well as some
single crystals of the title compound (Figure 1). Obviously, the dissolution of the strontium
hydroxide by the acidic lead acetate solution generates pH values at specific regions of
the petri dish that are favorable for the formation and crystallization of Pb6O4(OH)4. A
possible reaction equation summarizing these observations is sketched out in Scheme 2.
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Scheme 2. Possible reaction equation for the formation of Pb6O4(OH)4 from lead(II) acetate, Pb(OAc)2,
and strontium hydroxide octahydrate, Sr(OH)2 · 8H2O.

2.2. X-ray Structure Determination

High-resolution X-ray diffraction data (2Θmax = 70◦, MoKα) of the tetragonally crys-
tallizing compounds have been collected conventionally at 100(2) K. In both cases, structure
solution and refinement have been successfully performed in the non-centrosymmetric
space group P421c (no. 114 [23]) after taking special care in space group determination
due to systematic absences, an aspect that previous investigations failed to notice. Hence,
several controversial opinions exist as to whether space group P4/mnc (no. 128 [23]) or
P421c (no. 114 [23]) is appropriate for the correct description of the structures. Our observa-
tions regarding the existence/non-existence of the relevant systematical absence condition
are exemplarily discussed in the case of its visibility for Sn6O4(OH)4 and in the case of its
non-visibility as a result of crystal size for Pb6O4(OH)4.

In both cases, using the default values of the space group determination program
(XPREP [29]) yielded hints of a glide plane (0kl only present for k + l = 2n) and 21-screw
axes (00l only present for l = 2n, 0k0 only present for k = 2n, and hhl only present for h = 2n)
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exclusively present in the tetragonal space groups P4/mnc (No. 128, centrosymmetric) and
P4nc (No. 104, non-centrosymmetric) [23].

Sn6O4(OH)4: In combination with the results of the E-value statistic (mean |E*E-1|= 0.912),
structure solution and refinement of the tin compound were first performed in the cen-
trosymmetric space group P4/mnc. The resulting structure model consisted of a Sn6O4(OH)4
molecule of point group symmetry C4v with all eight oxygen atoms related to each other
via a fourfold rotation axis perpendicular to a mirror plane. Although the results obtained
by using this structure modellook quite good [M = Sn: R1 = 0.0400 and wR2 = 0.0841], there
are some aspects like the high rest electron density [±∆e = 3.874/−3.319 eÅ3, 0.45/−0.10 Å
apart from O1] and the high anisotropy of the thermal displacement ellipsoid (Figure 2I; for
M = Pb, see Figure S1I) of the oxygen atom that are less convincing. In combination with the
great number of alerts generated from the structure validation program checkCIF [30,31]
and some further critical data like the weighting parameters p and q, all summarized in
Table S1 (see additional information in supplementary materials), this structure model
appeared improper for the structure description.
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Figure 2. Ball-and-stick models of the Sn6O4(OH)4 molecule as a result of the different structure
models in the two different space groups P4/mnc (I,II) and P421c (III); structure models (I,II), point
group C4h with mirror planes m (green), center of symmetry i (dark green), and proper rotation axis
C4 (as part of a S4 rotoinversion axis, red); structure model (III), point group S4 with a fourfold
rotoinversion axis (blue, blue sphere = center of symmetry of the rotoinversion axis).

Implementing disordered oxygen atoms in the refinement [free refinement of site
positions and thermal displacement parameters, half-occupancy] improved the structure
model significantly [R1 = 0.022 and wR2 = 0.0605 for I > 2σ(I), ±∆e = 1.71/−1.60 eÅ3

1.96/1.27 Å apart from Sn(2), see also Table S1 for more critical data and checkCIF results]
and revealed in addition a possible hydrogen atom position associated with one of the two
oxygen atoms. In summary, this structure model II (Figure 2II; for M = Pb, see Figure S1II)
turned out to be the overlay of two different orientations of two Sn6O4(OH)4 molecules
with a µ3-OH group structurally different from the µ3-O atom.

This structure model was formerly described by Hill [22] for the lead and very recently
by Dubrovinskaia et al. [17] for the tin compound. Hill, however, pointed out that—from
a chemical point of view—the structure is better refined in space group P421c instead of
P4/mnc in order to prevent the disorder. Both space groups are related to each other by
a group-subgroup relationship [23], with P421c affording the absence of the glide plane
and the omission of the systematic absence condition 0kl only present for k + l = 2n [23].
Unfortunately, Hill provided no crystallographic evidence for this assumption, as do
Abrahams et al. [21] in the case of the tin compound.
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On this background, it seemed appropriate to check the results of structure model
II in more detail. Although very good from the viewpoint of refinement, the data check
(SHELXL) in space group P4/mnc indicated a large number (789 before merging) of sys-
tematic absence violations, 4 (before merging) resulting from violations of the 00l and 20
(before merging) from violations of the hhl condition, but most for the 0kl condition of the
glide plane. On the first view, these systematic absence violations are less conspicuous as
all are very weak [F2

o (0kl)max/F 2
o(hkl)max ≤ 0.118, F2

o (0kl)mean = 0.052], their great number
in combination with the precession they had been measured [(F2

o )mean/σ(F2
o )mean = 6.79],

however, let us examine the crystallographic background in more detail.
First, we went back to space group determination in order to inspect the exception

from systematic absences in more detail. In reducing the gap between observed and
unobserved reflections, the criteria of the glide plane vanished, and space group P421c
came into sight. Second, we simulated precession photography of the 0kl-layers from the
raw data sets. For M = Sn, this layer image (Figure 3) revealed that all reflections (0kl) with
k + l = uneven are present but considerably weaker than those with k + l = even. In the case
of our quite large single crystals, these reflections were measurable with sufficient precision,
but when scaling down the size of the crystals (M = Pb), they vanish in the background
and become undetectable.
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Figure 3. From raw-data simulated precession photography of the 0kl-layer of the dataset from
Sn6O4(OH)4, showing the presence of reflections k + l = 2n + 1.

Pb6O4(OH)4: The effect of crystal size on the visibility of the violation of the system-
atical absence condition 0kl with k + l = 2n became apparent when analyzing the data set
of the lead compound. The crystal size of the lead compound (0.020 × 0.010 × 0.010 mm)
was about 1/200 that of the tin compound (0.075 × 0.073 × 0.073 mm). On the one hand,
the smaller crystal size should be partly compensated by the higher scattering power of
lead; on the other hand, the smaller crystal size seemed more appropriate with respect
to the higher X-ray absorption by the lead compound [µ(Sn6O4(OH)4/µ(Pb6O4(OH)4 =
13.133/85.455 mm−1. In addition, during data collection, we took into account the smaller
crystal size by using a longer exposure time [2 s/frame for M = Sn, 5 s/frame for M = Pb].

In the case of reflection (004), the strongest one in both unmerged raw datasets, these
different effects give rise to an intensity distribution between Io(004)Sn and Io(004)Pb
of 49,705/5862 = 8.5:1, while the precession of these reflections expressed in Io/σ(Io)
is reduced from 112:1 (Sn) to 45:1 (Pb). Among the reflections of zone 0kl, reflection
(023) shows the highest intensity in the tin dataset, with Io(023) = 362.8 and σ(Io) = 8.24.
Assuming that these and the former relationship count throughout the complete data sets
of both compounds, one calculates for reflection (023) of the lead compound an Io-value
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of 42.7 with a precession σ(Io) of 3.3, both near the observational limits of our instrument.
Actually, the conditions are even poorer, with a Io(023)Pb = 20.0 and σ(Io)(023)Pb = 10.9.

On this background, it is not surprising that in comparison with the tin compound,
the number of systematic absence violations is downscaled (46/4, before merging) when
solving and refining the lead compound in space group P4/mnc (Table S1). The resulting
structure models I and II are presented in Figure S1. Again, structure model II improves
the reliability factors and some other validation parameters [R1 = 0.0147, wR2 = 0.0324 for
I > 2σ(I), ±∆e = 1.496/−1.939 eÅ3 1.42/0.70 Å apart from Pb1] significantly in comparison
to structure model I [R1 = 0.0217, wR2 = 0.0421 for I > 2σ(I), ±∆e = 4.435/−4.070 eÅ3

0.44/0.04 Å apart from O]. More critical data and the results from checkCIF validation are
listed in Table S1.

Even if all the data in structure model II gives the impression that everything is correct,
the refinement of the lead compound according to structure model III seemed meaningful.
The improvements by this structure model III are less pronounced (Table S1) in view of the
values/parameters discussed above for the tin compound, but they reduce the systematic
absence violations as a result of the non-existing glide plane and eliminate the disorder of
the molecule.

3. Results and Discussion

Our single crystal structure determinations (Table 1) at low temperature (100 K)
confirm the previous results [21,22] obtained from powder data at room temperature with
respect to the cell parameters of the tetragonal unit cell of space group P421c. In addition,
they indicate the existence of this structure type up to T = 100 K. In both cases, we examined
non-twinned single crystals, but the absolute structure of the lead compound presented
here is opposite that of the tin compound (see below).

Table 1. Crystallographic data and results of refinement in the final structure models III.

M6O4(OH)4 M = Sn M = Pb

Empirical formula H4O8Sn6 H4O8Pb6
Formula weight [g/mol] 844.17 1375.17

Temperature [K] 100(2)
Crystal system tetragonal

Space group P421c
a [Å] 7.8788(1) 7.9693(3)
c [Å] 9.0582(1) 9.2741(3)

Volume [Å3] 562.29(3) 589.00(5)
Z, Z’, dcalc [g/cm3] 2, 1, 4.986 2, 1, 7.754
µ (MoKα) [mm−1] 13.133 85.455

F(000) 736 1120
2Θmax 70◦

Reflections collected 53,360 116,076
Reflections unique, Rint 1242/0.0600 1304/0.0999

Data/restraints/parameters 21,242/0/35 1304/0/35
Goodness-of-fit on F2 1.332 1.106

R1/wR2 [I > 2σ(I)] 0.0127, 0.0277 0.0157, 0.0285
R1/wR2 [all data] 0.0133, 0.0278 0.0197, 0.0293

Extinction coefficient 0.00271(19) 0.00121(5)
Absolute structure parameter −0.01(2) 0.021(15)

±∆e [eÅ−3] 0.553/−0.552 1.135/−1.880

3.1. Overall Structure of the M6O4(OH)4 Molecules

Because of space group symmetry, the asymmetric unit consists of one quarter of the
formula with one metal atom [M2] on a fourfold rotoinversion axis and one metal atom
[M1], one oxygen atom [O2], and one hydroxyl group [O1], all in general position (Figure 4).
In summary, both molecules belong to point group symmetry S4.
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Figure 4. Ball-and-stick model of the M6O4(OH)4 molecules with labeling of the asymmetric units;
their orientation with respect to the crystallographic c-axis (=absolute structure) is indicated by the
blue arrow at the top of the fourfold rotoinversion axes (blue sphere = inversion center of 4).

The six metal atoms of the M6O4(OH)4 molecules are arranged at the corners of
octahedra that are slightly distorted. First, the four metal M1-atoms are not coplanar
but ±0.0020(2)/±0.0032(2) Å (M = Sn/Pb) apart from their least-squares planes that are
perpendicular to the fourfold rotoinversion axes through the M2-atoms. Second, and
more instructive for the structural differences between the tin and lead compounds, the
{M6}-octahedra are elongated/compressed in the direction of the c-axis. Designating
d(Sn2···Sn2) as dax and the distance d(Sn1···Sn1) between two adjacent metal atoms in
idealized octahedral positions (zM = 0) as deq, the elongation in the case of M = Sn is
expressed by dax/deq = 5.0145(1)/5.0082(1) Å, ∆ = 0.0063 Å and the compression in the case
of M = Pb by dax/deq = 5.1698(3)/5.2339(3) Å, ∆ = −0.0641 Å.

All faces of the {M6}-octahedra are capped by oxygen atoms alternating between µ3-O
and µ3-OH types. The resulting {O4}-tetrahedra are significantly larger for the µ3-OH
atoms [O2] than those of the µ3-O atoms [O1]. In both cases, the fourfold rotoinversion
axes cross two opposite O···O edges. Labeling the edge to opposite edge distances in
direction of the c-axis with d1 and those in the ab-plane with d2, the tetrahedra of the µ3-
OH atoms are elongated for M = Sn [d1/d2 = 3.011(2)/3.045(2)] and compressed for M = Pb
[d1/d2 = 3.172(6)/3.142(6) Å] while for the tetrahedra of the µ3-O atoms the proportions
go into revers: for M = Sn [d1/d2 = 2.226(2)/2.190(2) Å] the tetrahedron is compressed and
for M = Pb [d1/d2 = 2.308(6)/2.371(6) Å] it is elongated. All in all, the three polyhedra are
arranged in the form of a stella octangula (Figure 5).
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Taking the van-der-Waals radii into account, the molecules exhibit an almost spherical
shape (Figure 6), with diameters around 0.948/0.956 nm (M = Sn/Pb). Since there are two
M6O4(OH)4 molecules per unit cell, their effective mol volume calculates to 281.15 Å3 for
M = Sn and 294.50 Å3 for M = Pb.
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Figure 6. Space-filling model of the Sn6O4(OH)4 (left) and Pb6O4(OH)4 (right) molecule with inclos-
ing sphere, color code, and van-der-Waals radii used [32]: oxygen = red, 1.52 Å; hydrogen = grey,
0.95 Å; tin = bronze, 2.11 Å; lead = dark grey, 2.05 Å.

3.2. Metal-Atom Coordination Polyhedra

Both crystallographic independent metal atoms are fourfold, seesaw (ss) coordinated
with two µ3-oxygen atoms [O2] in equatorial and two µ3-hydroxyl groups [O1] in axial
positions (Figures 7 and 8 for M = Sn; Figures S3 and S4 for M = Pb). Although these {MO4}-
coordination polyhedra only exhibit C1 [M1] and C2 point group symmetry [M2]—the
twofold rotation axis is part of the crystallographic, fourfold rotoinversion axis—their bond
lengths and angles only differ marginally from those for an ideal bent seesaw coordination
of point group symmetry C2v. Therefore, they can be thought of as prototypes for the
{MO4}ss-coordination of bivalent tin and lead.
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From the different parameters for bond valence calculations, BVS, available in litera-
ture [34–38], those of Sidey [38] for Sn-O [R0 = 1.849, B = 0.5] and Krivovichev and Brown 
[37] for Pb-O [R0 = 1.963, B = 0.49] give the best agreement with the oxidation state of +II 
for the metal atoms: BVSSn1 = 1.99, BVSSn2 = 1.92; BVSPb1 = 1.98, BVSPb2 = 1.98. 

Figure 7. Different views [left side = side view, right side = from bottom up] on the ball-and-stick
model of the bended seesaw {SnO4} coordination of Sn1 with bond lengths [Å] and angles [◦];
additional bonds of the oxygen atoms are indicated as shortened sticks; symmetry operations used to
generate equivalent atoms: (1) −y, x, −z; (2) y, −x, −z.
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model of the bended seesaw {SnO4} coordination of Sn2 with bond lengths [Å] and angles [◦];
additional bonds of the oxygen atoms are indicated as shortened sticks; symmetry operations used to
generate equivalent atoms: (3) −x, −y, z.

Bond lengths between the central metal atom and the equatorial oxygen atoms are
2.091(2)/2.091(2) Å [equal by chance] for Sn1 and 2.115(2) Å for Sn2. The corresponding
values for the lead compound are 2.184(5)/2.192(5) Å for Pb1 and 2.204(5) Å for Pb2.
As expected, these bond lengths are significantly shorter than those to the axial oxygen
atoms, where values of 2.334(2) and 2.392(2)/2.346(3) Å for Sn1/Sn2, and 2.456(6) and
2.475(5)/2.436(5) Å for Pb1/Pb2 are observed. Differences between axial and equatorial
bond lengths, BL, are of the same magnitude for both tin and lead, with somewhat larger
absolute values for M1 [∆mean(BLax-BLeq) = 0.231/0.232 Å for M = Sn/ Pb] in comparison
with those for M2 [∆(BLax-BLeq = 0.272/0.278 Å for M = Sn/Pb].

Comparing the bond lengths of tin and lead in the M6O4(OH)4 molecules, the latter are
0.089/0.097 Å [∆meanBLax/∆BLeq] longer than those in the tin molecule. These values are
of the same magnitude as the differences between the atom radii of tin and lead calculated
from SCF functions [33].

From the different parameters for bond valence calculations, BVS, available in lit-
erature [34–38], those of Sidey [38] for Sn-O [R0 = 1.849, B = 0.5] and Krivovichev and
Brown [37] for Pb-O [R0 = 1.963, B = 0.49] give the best agreement with the oxidation state
of +II for the metal atoms: BVSSn1 = 1.99, BVSSn2 = 1.92; BVSPb1 = 1.98, BVSPb2 = 1.98.

Despite the larger size of lead in comparison to tin, most bond angles are very similar
in both compounds, with the exception of the equatorial bond angles [96.6(1)◦/96.2(1)◦

for Sn1/Sn2, 98.3(3)◦/99.1(3)◦ for Pb1/Pb2] that are considerably larger for M = Pb. A
simple but appropriate bonding concept for a {MIIX4}ss coordination, taking into account
the observed acute bond angles and the non-bonding electron pair of a bivalent group-14
element, has previously been described for M = Sn [39].

3.3. Oxygen Atom Coordination

Both oxygen atoms of the asymmetric unit are trigonal-pyramidally coordinated with
the oxygen atom at the top of the pyramid (Figure 9 for M = Sn, Figure S4 for M = Pb).
Differences in bond lengths, bond angles, and height of the trigonal pyramid result from the
fact that O1 belongs to a µ3-hydroxyl group while O2 constitutes a µ3-oxo group. Moreover,
both oxygen atoms are involved in hydrogen bonds, with O1 as the donor and O2 as
the acceptor.
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Figure 9. Different views [above = from top, below = side view] on the ball-and-stick models of the
trigonal-pyramidal coordination of O1 (left) and O2 (right) with bond lengths [Å] and angles [◦];
additional bonds of the oxygen atoms are indicated as shortened sticks; symmetry operations used to
generate equivalent atoms: (1) y, −x, −z; (2) −y, x, −z.

In the trigonal pyramid of µ3-O1 the metal to oxygen distances range from 2.334(2)–
2.346(3) Å, mean value = 2.357(25) Å for M = Sn, and from 2.356(6)–2.367(7) Å, mean
value = 2.456(16) Å for M = Pb, while bond angles range from 97.08(3)◦–97.15(3)◦ [mean
value = 97.5(4)◦] for M = Sn and 97.2(2)◦–97.3(2)◦ [mean value = 97.3(1)◦] for M = Pb. With
these structural parameters, the oxygen atoms are 1.171(3) Å [M = Sn] and 1.226(6) Å
[M = Pb] above the basal plane of the three metal atoms. With respect to the fact that O1 is
also bonded to a hydrogen atom, the bond angles are indicative that it is sp3 hybridized.

In contrast, the trigonal pyramids of µ3-O2 are more flattened, with oxygen atoms
0.471(2) Å [M = Sn] and 0.531(6) Å [M = Pb] above the basal plane of the metal atoms.
With bond lengths [range: 2.091(2)–2.115(2) Å, mean value: 2.099(11) Å, M = Sn; range:
2.184(5)–2.204(5), mean value: 2.193(8) Å, M = Pb] and angles [range: 114.1(1)◦–115.7(1)◦,
mean value = 115.7(7)◦, M = Sn/range: 113.5(2)◦–115.5(2)◦, mean value: 114.3(8)◦, M = Pb],
these oxygen atoms reflect sp2-hybridization.

3.4. Hydrogen Bonding

Hydrogen atoms of the µ3-OH groups could be localized from difference Fourier
synthesis. For M = Pb, its position correlates approximately with the position of the
hydrogen atom determined by Hill [22] from neutron powder data. For M = Sn, the
hydrogen position has never been described before. In both cases, the hydroxyl groups act
as donors in hydrogen bonds to µ3-O atoms of neighboring molecules as acceptors. Bond
lengths and angles are summarized in Table 2.

Table 2. Geometry of the hydrogen bonds [Å, ◦] in the crystal structures of Sn6O4(OH)4

and Pb6O4(OH)4.

d(D-H) d(H···A) d(D···A) <(D-H··A)

M = Sn 1 0.96 1.96(0) 2.881(4) 160.4(0)
M = Pb 2 0.96 1.91(0) 2.819(9) 156.3(0)

Symmetry transformations used for the generation of equivalent atoms: (1) x+1/2, −y+1/2, −z+1; (2) −x+1/2,
y−1/2, −z+1/2.



Crystals 2023, 13, 739 11 of 15

3.5. Packing

In the solid, the molecules are linked via eight hydrogen bonds with eight others,
cube-like arranged ones (Figure 10).

Crystals 2023, 13, x FOR PEER REVIEW 11 of 16 
 

 

3.4. Hydrogen Bonding 
Hydrogen atoms of the µ3-OH groups could be localized from difference Fourier syn-

thesis. For M = Pb, its position correlates approximately with the position of the hydrogen 
atom determined by Hill [22] from neutron powder data. For M = Sn, the hydrogen posi-
tion has never been described before. In both cases, the hydroxyl groups act as donors in 
hydrogen bonds to µ3-O atoms of neighboring molecules as acceptors. Bond lengths and 
angles are summarized in Table 2. 

Table 2. Geometry of the hydrogen bonds [Å, °] in the crystal structures of Sn6O4(OH)4 and 
Pb6O4(OH)4. 

 d(D-H) d(H···A) d(D···A) ˂(D-H··A) 
M = Sn 1 0.96 1.96(0) 2.881(4) 160.4(0) 
M = Pb 2 0.96 1.91(0) 2.819(9) 156.3(0) 

Symmetry transformations used for the generation of equivalent atoms: (1) x+1/2, −y+1/2, −z+1; (2) 
−x+1/2, y−1/2, −z+1/2. 

3.5. Packing 
In the solid, the molecules are linked via eight hydrogen bonds with eight others, 

cube-like arranged ones (Figure 10). 

 
Figure 10. Packing of the Sn6O4(OH)4 (left) and Pb6O4(OH)4 (right) molecules looking down the b-
axis. The different absolute structures of both can be recognized when looking at the central mole-
cules, inspecting their faces, and analyzing their hydrogen bonds. 

3.6. Related Compounds 
The structures of many other tin(II) and lead(II) compounds are related to the metal-

oxygen backbone of the M6O4(OH)4 molecules. First of all, tin(II) alkoxides, Sn(OR)2, 
lead(II) alkoxides, and Pb(OR)2, partially hydrolyze to compounds with the formula 
M6O4(OR)4, where alkoxide ligands substitute the OH groups of the title compounds. Typ-
ical structures with, e.g., pure carbon hydrogen ligands are described for M = Sn and R = 
Me [40], Et [41,42], tBu [43], Neopentyl [44], iPr-Phenyl [45], and for M = Pb and R = iPr 
[46,47]. In addition, two pure inorganic, anthropogenic tin derivatives have been structur-
ally characterized [48]: the cation [Sn6O4(OH)2]2+ with two missing hydroxyl groups in 
compound [Sn6O4(OH)2][SO4] and the cation [Sn6O4]4+ where each hydroxyl group of the 
parent compound Sn6O4(OH)6 is replaced by one oxygen atom of a {SiO4} tetrahedron in 
the compound [Sn6O4][SiO4]. 

Figure 10. Packing of the Sn6O4(OH)4 (left) and Pb6O4(OH)4 (right) molecules looking down the
b-axis. The different absolute structures of both can be recognized when looking at the central
molecules, inspecting their faces, and analyzing their hydrogen bonds.

3.6. Related Compounds

The structures of many other tin(II) and lead(II) compounds are related to the metal-
oxygen backbone of the M6O4(OH)4 molecules. First of all, tin(II) alkoxides, Sn(OR)2,
lead(II) alkoxides, and Pb(OR)2, partially hydrolyze to compounds with the formula
M6O4(OR)4, where alkoxide ligands substitute the OH groups of the title compounds.
Typical structures with, e.g., pure carbon hydrogen ligands are described for M = Sn and
R = Me [40], Et [41,42], tBu [43], Neopentyl [44], iPr-Phenyl [45], and for M = Pb and
R = iPr [46,47]. In addition, two pure inorganic, anthropogenic tin derivatives have been
structurally characterized [48]: the cation [Sn6O4(OH)2]2+ with two missing hydroxyl
groups in compound [Sn6O4(OH)2][SO4] and the cation [Sn6O4]4+ where each hydroxyl
group of the parent compound Sn6O4(OH)6 is replaced by one oxygen atom of a {SiO4}
tetrahedron in the compound [Sn6O4][SiO4].

4. Conclusions

The crystal structure determinations of the title compounds show that (i) in some
unfavorable circumstances (here: small intensities of the relevant reflections in combination
with small crystals), a given dataset may pretend a systematic absence condition that
in reality does not exist, and (ii) that a well-resolved dataset, even if the reflections in
question are absent (here: because they are too small, omitted, or undetected), may deliver
enough structural information from the remaining reflections for a top-quality structure
refinement. Moreover, our calculations of the different structure models demonstrate
that structure refinement in the pretended, higher-symmetric space group may result
in plausible structure models. Some unusual parameters, most often recognized and
mentioned by refinement or structure validation programs, are, however, indicators that
something may be wrong. Trying to circumvent some of these problems by using disordered
structure models may improve the structure model to an excellent state but will not solve
the actual space group problem resulting from the pretended systematic absence condition.
Only structure refinement in the correct, lower symmetrical space group—sometimes only
obtainable when taking group-subgroup relationships into account—will improve the
reliability of the well-ordered structure model significantly and will eliminate all relevant
validation alerts.
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5. Experimental Details
5.1. Preparation
5.1.1. Sn6O4OH4

Single crystals have been found during disposal of some decades-old solutions of
various monoorganotin(IV) trihydrides (RSnH3 with R = Et, nPr, iPr, nBu, iBu) in mixtures
of toluene and N,N-dimethylformamide, DMF. The trihydrides have been prepared at
0◦ C via the reduction of monoorganotin(IV) chlorides, RSnCl3, dissolved in toluene
with commercially available 1M solutions of lithium tetrahydridoaluminate, Li[AlH4], in
diethylether (molar ratio 1:4). After completion of the reaction, the solution was warmed
up to room temperature and stirred for an additional 2 h before the reaction mixture
was worked up with a water-ice mixture. The organic layer was subsequently separated
and dried with anhydrous sodium sulfate before dry DMF was added. Thereafter, the
clear solutions turned red very quickly before they were stored in carefully sealed flasks.
All steps have been performed in an inert atmosphere of N2 and Ar, respectively. After
more than a decade of storage, well-shaped, colorless single crystals of the title compound
were found at the bottom of most of the flasks. The samples retained their color over
the entire time of storage, but when coming into contact with air after opening, the color
disappeared quickly.

Monoorganotin(IV) trichlorides, RSnCl3, have been prepared according to procedures
described in the literature (R = iPr, nPr [49], iBu [50]) or have been obtained commercially
(R = Et, nBu).

5.1.2. Pb6O4(OH)4

In the middle of a small ring formed on a petri dish from solid Sr(OH)2 · 8H2O, about
10 mL of a 1.38M solution of Pb(OAc)2 are added dropwise. The following processes were
monitored using an optical microscope (Stemi 1000, Zeiss, Oberkochen, Germany). When
the solution reached and penetrated the solid, the strontium compound started to dissolve
in part, and color changes indicated the beginning of some reactions. After some days,
large amounts of colorless, needlelike single crystals of Sr(OAc)2 · 1/2H2O have been found
at the position where the hydroxide originally was placed. In addition, a few single crystals
of the title compound have been detected in between, as have a few amorphous, yellow,
and red solids of unknown (PbO and Pb3O4) composition.

5.2. Single Crystal X-ray Structure Determination

Single crystals suitable for X-ray measurements were selected under a microscope
and mounted on a 50 µm MicroMesh MiTeGen MicromountTM (MiTeGen, Ithaca, NY,
USA) using FROMBLIN Y perfluoropolyether (LVAC 16/6, Aldrich, St. Louis, MO, USA)
before they were centered on a Bruker Kappa APEX II CCD-based 4-circle X-ray diffrac-
tometer using graphite monochromated Mo Kα radiation (λ = 0.71073 Å) of a fine focus
molybdenum-target X-ray tube operating at 50 kV and 30 mA. The crystal-to-detector
distance was 40 mm, and exposure time was 2/5 s per frame for M = Sn/Pb with a scan
width of 0.5◦. Samples were cooled stepwise to 100 K by using a Kryoflex low-temperature
device. No structural changes have been detected during cooling.

Data were integrated and scaled using the programs SAINT and SADABS [51] within
the APEX2 software package of Bruker [29]. Special care was taken regarding the data
collection strategy in order to reduce absorption effects. A maximum reduction of ab-
sorption effects and remaining electron density was achieved by high data redundancies
(Sn/Pb ≈ 43/89, mean values) and empirical absorption corrections.

Structures were solved by direct methods with SHELXS [52] and completed by dif-
ference Fourier synthesis with SHELXL [52]. Structure refinements were carried out on
F2 using full-matrix least-squares procedures, applying anisotropic thermal displacement
parameters for all non-hydrogen atoms. H atoms have been clearly identified in difference-
Fourier syntheses. They were refined with an O-H distance of 0.96 Å before they were fixed
and allowed to ride on the corresponding oxygen atom with an isotropic temperature factor.
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Details on the crystallographic data, data collection parameters, and results of struc-
ture refinement are summarized in Table 1 with Rint = Σ|Fo

2 − Fo
2(mean)|/Σ[Fo

2] and
Rσ = Σ[σ(Fo

2)]/Σ[Fo
2]. Final agreement indices: R1 = Σ||Fo| − |Fc||/Σ|Fo| and

wR2 = [Σ[w(Fo
2 − Fc

2)2]/Σ(Fo
2)2]1/2. Weighting function used: w = 1/[σ2(Fo

2) + (pP)2 + qP]
with P = (Fo

2 + 2Fc
2)/3. Goof = [Σ[w(Fo

2 − Fc
2)2]/(n − p)]1/2, where n is the number of

reflections and p is the total number of parameters refined.
Figures have been drafted using Diamond [53] and realized by POV-Ray [54]. Without

the hydrogen atoms that are drawn as spheres of arbitrary radius, all other atoms are drawn
as thermal displacement ellipsoids of the 50% level.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cryst13050739/s1, Figure S1: Ball-and-stick models of Pb6O4(OH)4.
as result of the different structure models in the two different space groups P4/mnc (I, II) and P421c
(III); structure model I and II, point group C4h with mirror planes m (green), center of symmetry i
(dark green) and proper rotation axis C4 (as part of a S4 rotoinversion axis, red); structure model III,
point group S4 with S4-rotoinversion axis (blue, blue sphere = center of symmetry of the rotoinversion
axis); Table S1: Summary of the effect of the different space groups and structure models on some
dataset, refinement and validation parameters for Sn6O4(OH)4 and Pb6O4(OH)4; Table S2: Full
list of bond lengths [Å] and angles [◦] for Sn6O4(OH)4; Table S3: Full list of bond lengths [Å] and
angles [◦] for Pb6O4(OH)4; Table S4: Atomic coordinates (×104) and equivalent isotropic/anisotropic
displacement parameters (Å2 × 103) for Sn6O4(OH)4. The anisotropic displacement factor exponent
takes the form: −2π2 [h2a*2U11 + ... + 2hka*b*U12]. U(eq) is defined as one third of the trace of the
orthogonalized Uij tensor; Table S5: Atomic coordinates (×104) and equivalent isotropic/anisotropic
displacement parameters (Å2 × 103) for Pb6O4(OH)4. The anisotropic displacement factor exponent
takes the form: −2π2 [h2a*2U11 + ... + 2hka*b*U12]. U(eq) is defined as one third of the trace of
the orthogonalized Uij tensor; Table S6: Selected bond lengths [Å] and angles for M6O4(OH)4 with
M = Sn, Pb; Figure S2: Different views [left side = side view, right side = from bottom up] on the ball-
and-stick model of the bended seesaw {PbO4} coordination of Pb1 with bond lengths [Å] and angles
[◦]; additional bonds of the oxygen atoms are indicated as shortened sticks; symmetry operations
used to generate equivalent atoms: (1) 1−y, x, 1−z; Figure S3: Different views [left side = side view,
right side = from bottom up] on the ball-and-stick model of the bended seesaw {PbO4} coordination
of Pb2 with bond lengths [Å] and angles [◦]; additional bonds of the oxygen atoms are indicated as
shortened sticks; symmetry operations used to generate equivalent atoms: (1) 1−y, x, 1−z; (2) y, 1−x,
1−z; (3) 1−x, 1−y, z; Figure S4: Different views [left side = side view, right side = from bottom up]
on the ball-and-stick model of the bended seesaw {PbO4} coordination of Pb2 with bond lengths [Å]
and angles [◦]; additional bonds of the oxygen atoms are indicated as shortened sticks; symmetry
operations used to generate equivalent atoms: (1) 1−y, x, 1−z; (2) y, 1−x, 1−z; (3) 1−x, 1−y, z. The
supplementary material include reports of checkCIF and tables for structure models I and II, tables of
bond lengths and angles, atomic coordinates, thermal displacement parameters for structure models
III and figures of the lead and oxygen environment in Pb6O4(OH)4.
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