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A supramolecular heteropolyoxovanadate structure has been
synthesized and characterized using single-crystal XRD,
powder XRD and a range of spectroscopic methods. The new
compound, [{BuNH(C,H,OH),]4[HsP1V14045]-12H,0 (1) was
obtained using a one-pot strategy starting from a simple inor-
ganic vanadium oxide precursor and an amphiphilic cation
in acidic aqueous solution. The cluster anion [HsP;V14045]*"
is based on the well-known Keggin structure but in addition
features two capping vanadyl [V=O]3* units. In the crystal
lattice, the clusters are arranged in linear 1D chains where
neighbouring clusters are directly linked by one hydrogen
bond. In addition, the assembly is stabilized by lattice water
molecules and organic counterions which aggregate to form
hydrophobic cavities with diameters of 0.6 nm. In order to

analyze the supramolecular interactions leading to the clus-
ter formation, we have used a combination of traditional
structural analysis, theoretical bond valence sum (BVS) cal-
culations and computational Hirshfeld surface analyses
which allow the rapid determination of short- and long-range
intermolecular contacts. The applicability of the Hirshfeld
analysis tool for complex ionic compounds is evaluated and
the advantages as well as the limitations of the method are
discussed. The combination of these techniques allowed us
to assess the dominating intermolecular interactions and
showed that the crystal packing is not only controlled by
electrostatic interactions, but also by distinctive sets of hydro-
gen bonds and hydrophobic interactions between adjacent
organic counterions.

Introduction

The self-assembly of complex systems starting from sim-
ple building blocks has fascinated scientists from various
fields of research for many centuries.['l The resulting struc-
tures not only increase in size and complexity, but often
feature novel, unexpected synergistic properties which are
established due to the combined interaction of the as-
sembled building blocks.”! One key concept that employs
exactly this self-assembly mechanism is the formation of or-
ganic-inorganic materials where the properties of both or-
ganic and inorganic building units contribute to the re-
sulting material properties.®! In particular the self-assembly
of molecular metal oxide clustersi*®l in the presence of or-
ganic counterions has sparked a wide range of research ac-
tivities in areas as diverse as electronics,”) magnetism,®! ca-
talysis® through to nanomaterials!'” and biological-medi-
cal applications.[''l This is due to the fact that these metal
oxide clusters, or polyoxometalates, are highly versatile
building units which can adopt a wide range of structures
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ranging from six up to 368 metal centres!® and can incorpo-
rate a wide selection of chemical elements which allow the
fine-tuning of the desired cluster properties.!

Inspired by these complex supramolecular architectures,
we have set out to investigate the in-situ self-assembly of
vanadium oxide clusterst'?! in the presence of amphiphilic
organic cations. This concept was thought to allow us the
assembly of a supramolecular structure where the organoc-
ation can establish hydrophobic intermolecular interactions
with other counterions and also form strong hydrophilic
interactions with the cluster surface via the hydrophilic
moieties. This was thought to provide an ideal example of
a complex self-assembled material which would allow us to
study the intricate cooperative effects of the combined inter-
action of a wide range of supramolecular forces. In addition
to standard structural investigation, we planned to conduct
a computational Hirshfeld analysis!'*] of the material which
allows a more general evaluation of the effects of the inter-
molecular interactions observed.

Results and Discussion

The synthetic approach employed in this study is a classic
one-pot strategy that is often used in the synthesis of metal
oxide cluster systems.'Yl We opted to assemble a polyoxo-
vanadate unit around a central phosphate templatel'¥ by
acidifying an aqueous vanadate solution with dilute phos-
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phoric acid. In order to obtain an organic-inorganic struc-
ture for the detailed study of a range of supramolecular
interactions, we decided to introduce an amphiphilic coun-
terion, tert-butyldiethanolamine, BuN(C,H4OH), which
under the given reaction conditions is protonated to the
corresponding ammonium cation. In order to avoid the
formation of purely inorganic crystalline materials, the or-
ganocation was employed in fivefold excess. This synthetic
approach allowed us to isolate compound 1 within 24 h
crystallization time in yields of more than 90% (based on
V).

Single-crystal X-ray diffraction analysis showed that
compound 1 crystallizes in the highly symmetric tetragonal
space group I-4 with axis lengths of @ = b = 16.9573 A, ¢
= 13.7367 A, a = f = y = 90° and gave the unit formula
[(BuNH(C,H4OH),]4[HsP;V404,]-12H,0. Structural
analysis of the diffraction data showed that the main inor-
ganic building unit in 1 is a heteropolyoxovanadate cluster,
[HsP,V404,]* (hereafter: {P,V,4}).['3 The cluster architec-
ture is based on the well-known heteropolyoxometalate ar-
chetype, the so-called Keggin cluster [X;M[,040]" (X = Si,
Ge, P, etc., M = Mo, W).I5l However, for stability reasons,
the {P,V 4} unit features two additional vanadium centres,
taking the overall number of metal centres to 14 per cluster
unit. The reason for not forming the original dodecanuclear
Keggin unit is due to the accessible oxidation states of vana-
dium as compared with molybdenum or tungsten: The Keg-
gin architecture is only known for the molybdenum- and
tungsten-based systems where the high oxidation states of
the metal centres (MoV!, WVT) allow the efficient stabiliza-
tion of a relatively low overall cluster charge, resulting in
stable molecular cluster units such as [P;W;,040]> .
However, since the highest oxidation state of vanadium is
VV it is obvious that the identical, hypothetical unit
[P1V1,04]">~ would have to compensate 15 negative
charges resulting in a dramatically increased electrostatic re-
pulsion and thus in a much lower overall stability.

However, from our analysis it is obvious that the vana-
dium system still attempts to assemble into Keggin units
and compensates for the high electrostatic charge by two
mechanisms. The main structural compensation proceeds
via the incorporation of two vanadyl [V=OJ** fragments!'®]
which are bound to vacant coordination sites formed by
four oxo ligands on the cluster shell, thereby reducing the
negative cluster charge. Secondary charge compensation is
achieved by the fivefold protonation of the cluster shell, re-
sulting in the final cluster formula [HsP;V4O04]*, see
Scheme 1.

(D [P1V12040]'™ + 2 [V=0]* — [P:sV14042]*

@ [PiV140s™ + 5 H" — [HsPV140u2™

Scheme 1. Charge compensation mechanism resulting in the forma-
tion of the Keggin-based [HsP,V 404,]* cluster. Step 1: charge re-
duction by addition of two [V=0]** vanadyl units. Step 2: fivefold
protonation to reduce the cluster charge.
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As mentioned earlier, the {P,;V 4} cluster is structurally
closely related to the archetypal Keggin cluster. The centre
of the cluster is occupied by a tetrahedral template, in this
case a phosphate PO,* anion. Each oxygen atom of the
phosphate anion acts as the central anchoring site for a so-
called [V30y;] triad where three vanadium(V) centres are
linked into a trigonal, Cs,-symmetric building unit; each V-
centre is linked to the neighbouring groups by one p,-bridg-
ing oxo ligand with V-O distances of dy o ca. 1.8-2.0 A.
In addition, each V-centre features one terminal oxo ligand
with characteristically short V-0 distances of dy o = 1.6 A,
see Figure 1. It is worth noting that the 12 vanadium
centres which form the Keggin-based cluster shell form six-
coordinate [VOg] octahedra, whereas the additional vanadyl
moieties adopt a square-pyramidal [VOs] coordination
mode.

Figure 1. Illustration of the {P,;V,4} cluster unit and arrangement
of the {P,V4} units in the crystal lattice. Left: ball-and-stick repre-
sentation (top) of the [HsP,V4,04,]* heteropolyoxovanadate unit
showing the templating phosphate anion as a grey tetrahedron.
Polyhedral representation (bottom) of the cluster unit, highlighting
the 12 [VOg] octahedra (light grey polyhedra) and two vanadyl-
based [VOs] square pyramids (dark grey polyhedra). The [V;0;]
triads which are the main building units of the cluster are high-
lighted by a black triangle. Right: packing diagram of compound
1, highlighting the /-centred arrangement of the clusters within the
crystal lattice. Colour scheme C: light grey, N: black, O: dark grey,
V: large grey spheres. Hydrogen atoms and lattice water molecules
are omitted for clarity.

Theoretical analysis of the cluster structure using bond
valence sum (BVS) calculations together with UV/Vis spec-
troscopy confirms that all vanadium centres are fully oxid-
ized VV units. In addition, the BVS calculations allowed us
to locate the five protonation sites and careful analysis of
the metal-oxygen bond lengths based on the single-crystal
XRD analysis verified these findings (see below). One main
feature of the resulting crystal packing is the I-centred ar-
rangement of the {P;V 4} cluster units within the crystal
lattice, see Figure 1. The analysis of the crystal structure
of 1 using a combination of Hirshfeld analysis, traditional
manual structural analysis and BVS calculations allowed us
to identify a range of highly directed intermolecular interac-
tions which are considered to contribute strongly to the
packing of the units in the crystal lattice of compound 1.

Using a combination of structural analysis and theoreti-
cal BVS calculations, we were able to identify five proton-
ation sites on the {P,;V 4} cluster. The most striking hydro-
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gen-bonding feature in compound 1 is the formation of hy-
drogen-bonded 1D chains of {P,;V 4} clusters which propa-
gate along the crystallographic ¢ axis. Here, the clusters are
aligned so that their main molecular axis defined by the two
apical vanadyl V=0 units lies on the crystallographic ¢ axis.
Between two adjacent {P;V4} clusters, a single hydrogen
bond is formed, resulting in short OO contacts (do...0 =
2.890 A). Interestingly, this protonation is located on the
oxygen ligand OS5 which is part of the apical vanadyl unit,
highlighting the importance of these additional vanadium
centres for the supramolecular architecture. This hydrogen-
bonding pattern is repeated on the opposite side of the clus-
ter, resulting in the formation of a linear 1D cluster chain.

The second cluster protonation site is located on Ol and
was determined by combined structural analysis and BVS
analysis. Because of the fourfold cluster symmetry, the sin-
gle protonation on O1 results in four protonation sites when
the crystallographic symmetry elements are applied so that
the complete cluster is fivefold protonated, which is in line
with our crystallographic sum formula determination and
the elemental analysis. Because of the I-centred cluster
packing in the crystal lattice, an ABAB-type layering can
be observed so that one hydrogen-bonded chain is located
in the centre of the unit cell and four chains are located on
the unit cell edges, all aligned in a co-parallel fashion along
the crystallographic ¢ axis, see Figure 2. The minimum dis-
tance between adjacent chains is ca. 5.2 A, observed be-
tween offset chains located in the centre and on the edge of
a unit cell, respectively, so that any intermolecular interac-
tions between chains can be excluded.

The separation of 1D chains in the crystal lattice of 1 is
achieved by the presence of the rerr-butyldiethanolammon-
ium (hereafter: BDA) cations which act as supramolecular
spacers between neighbouring sets of cluster chains. It is
intriguing to note that these counterions are arranged in a
fashion so as to form hydrophobic cavities. These structures
are formed by the aggregation of the bulky, hydrophobic
tert-butyl substituents on the BDA cations so that four of
these substituents enclose a central cavity. The hydrophilic
hydroxyethyl substituents point away from this cavity
towards the hydrophilic {P,V 4} units, resulting in the for-
mation of hydrogen bonds between the hydroxyethyl moiety
and the oxo ligands on the cluster. As a result, a 2D ar-
rangement of hydrophobic cavities is formed; each cavity
enclosing a central void with a diameter of about 0.63 nm,
see Figure 2.

Recently, a new method has been introduced by McKin-
non and Spackmanl['3l which allows the qualitative and
quantitative investigation and visualization of intermo-
lecular close contacts within a supramolecular crystal lat-
tice. This so-called Hirshfeld analysis!!”! can be employed
to calculate isosurfaces for molecular fragments within a
crystal lattice which can be interpreted as boundaries be-
tween separated molecular structures within the lattice.
These theoretical calculations are conducted using spheri-
cally averaged Hartree—Fock electron density functionals!®]
based on the nuclei in question. As a result, an isosurface
is obtained on which a range of parametrical functions
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Figure 2. Illustration of the supramolecular aggregation observed
in compound 1. Top: crystal packing along the crystallographic «
axis, showing the formation of hydrogen-bonded 1D chains of
{P1V4} clusters (highlighted by grey arrows). Hydrogen bonds are
formed between adjacent vanadyl V=0 oxo ligands on opposite
sides of the cluster shell. Bottom: formation of hydrophobic cavities
(d = 0.63 nm) formed by aggregation of four fert-butyl substituents
on four adjacent BDA counterions.

(such as distance to the next atom inside/outside the Hirsh-
feld surface, surface curvature, etc.) can be plotted and visu-
alized. The advantage of this method is that it gives an im-
mediate and general overview of the molecular sites where
short- and long-range intermolecular contacts (i.e. strong
and weak intermolecular interactions) are observed. The
separation into distinct sets of intermolecular distances
(e.g., HH, O---H, etc.) therefore allows the facile assign-
ment to a certain type of interaction; for example, a short
O-+-H contact is characteristic for an intermolecular hydro-
gen bond. Using this analysis, one has to bear in mind the
limitations of the underlying approach: (I) the method re-
quires high-quality single-crystal XRD data with atomic
resolution and correct assignment of the atomic species, as
all analysis carried out relies on crystallographically well-
defined interatomic distances within the structure; (II) to
analyze the interactions between two molecules, the hydro-
gen atom positions on these molecules need to be deter-
mined crystallographically or computationally to allow the
exact determination of hydrogen-related interactions. This
is particularly problematic if the interactions with water
molecules within the crystal lattice are to be investigated,
as the determination of the hydrogen atoms on the water
molecule is not trivial; (IIT) the method does not identify
purely electrostatic (Coulomb) interactions as these are not
1721
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directly reflected in the intermolecular distances of the crys-
tal structure.

Bearing in mind these limitations, it is obvious that the
Hirshfeld analysis cannot provide detailed insight into the
purely electrostatic aggregation of cations and anions or for
example, the role of water molecules in large hydrogen-
bonded networks. For these reasons, Hirshfeld analyses
have been mostly employed for purely organic, non-charged
systems.['3] However, if the structural analysis is focussed
on the supramolecular interactions and the above criteria
are met, the approach can be used to investigate the interac-
tions which determine the supramolecular architecture of a
given crystal lattice. In this instance, we were interested in
the effects of hydrophobic and hydrogen-bonding interac-
tions in the case of compound 1.

In addition, the Hirshfeld analysis allows the determi-
nation of 2D fingerprint plots in which the distance from
the Hirshfeld surface to an internal nucleus (d;) is plotted
against the distance of the Hirshfeld surface to an external
nucleus (d,). These plots can be determined for pairs of nu-
clei inside and outside the Hirshfeld surface (e.g., O inside,
H outside, representing an incoming hydrogen bond) and
a quantitative assignment can be made as to how big the
percentage contribution of this type of close contacts is for
the molecule under investigation.['3] Noze: This analysis re-
quires the full structural characterization (including all hy-
drogen atoms) of the molecules in question.

In this example, the Hirshfeld approach is used for the
first time in the analysis of a polyoxometalate-based system.
We chose to conduct this investigation to demonstrate the
feasibility of this approach and to evaluate the information
obtained as well as to determine the limitations of the tech-
nique. In addition, we were interested in implementing a
new technique which gives an instant overview of the supra-
molecular interactions observed. Such a technique would
be an advantage as traditionally, polyoxometalate-based
systems are mainly characterized in terms of the electro-
static (cation—anion) and hydrogen-bonding interactions as
the complete manual evaluation of intermolecular contacts,
in particular when complex organic cations are involved,
requires a vast amount of time and is therefore often ne-
glected. Important information on weak interactions can
therefore be missed.

Hirshfeld analysis of the BDA cation in 1 shows two dis-
tinct regions within the molecule: for the hemisphere
around the rert-butyl substituent, few close contacts are ob-
served, indicating the absence of strong intermolecular in-
teractions. This is in line with the presence of long-range
hydrophobic interactions, leading to the formation of the
hydrophobic cavities in 1. However, in the region around
the protonated amine and the hydroxy groups, a multitude
of close intermolecular contacts are observed which corre-
spond to a range of incoming and outgoing hydrogen bonds
where the BDA cation interacts with the {P,V4} cluster
surface and with lattice water molecules, see Figure 3. This
also shows a limitation of this analysis, as interactions with
hydrogen-bonded water molecules cannot be unequivocally
determined. For this, we conducted a manual structural
1722
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analysis and it was shown that the hydroxyethyl arms of the
BDA molecule form four hydrogen bonds to neighbouring
lattice water molecules (do...o = 2.58-2.92 A).

o
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048A  +160A  HO  OH

10 fodl fA 10 0

Figure 3. Hirshfeld analysis of the BDA counterion in 1. Left:
Hirshfeld surface, with normalized intermolecular distances
dporm!™ plotted onto the surface. Note: negative d,o.m values repre-
sent intermolecular distances shorter than the sum of the van der
Waals radii, positive dyo.,, values represent distances longer than
the sum of the van der Waals radii; (1): hydrophobic long-range
H-H interactions; (2): intramolecular hydrogen bond from the am-
monium ion to the hydroxyethyl group; (3): hydrogen-bonded
hydroxyethyl groups. Colour code: red: short intermolecular con-
tacts, blue: long intermolecular contacts. Right: 2D fingerprint
plots'! for selected contacts plotting the distance of the internal
nucleus (d;) and the distance of the external nucleus (d,) from the
Hirshfeld surface. For instance, H-O shows d; of the internal nu-
cleus (H) against d, of the external nucleus (O), thus representing
close contacts between hydrogen atoms on the internal BDA mole-
cule with external oxygen atoms.

Analysis of the 2D fingerprint plots allowed the quanti-
tative rationalization of the close contacts observed for the
BDA molecule. The main contribution to intermolecular
close contacts is based on hydrogen atoms on the BDA mo-
lecule, 93.6%, whereas only 6.4% of all contacts are based
on the hydroxy oxygen atoms. In addition, 38.5% of the
contacts are close H-H contacts, suggesting a considerable
contribution of hydrophobic interactions in the formation
of the crystal lattice, see Table 1.

Table 1. Quantitative Hirshfeld fingerprint analysis giving percent
contribution of specific contacts to the overall sum of intermo-
lecular contacts between the BDA cation and the surrounding mo-
lecules.

Nucleus inside Nucleus outside Percent
Hirshfeld surface Hirshfeld surface contribution
All All 100
H All 93.6
H H 38.5
H (0] 55.1
(0] All 6.4
(0] H 1.1
(0] (0] 53

The Hirshfeld analysis for the {P,V4} polyoxovanadate
cluster shows that the principal interactions are hydrogen
bonds resulting from the protonation of the cluster as well
as from the bonding of protonated species (hydroxyethyl
groups on the BDA cation and lattice water). In particular
it is noteworthy that this visualization approach allowed the
instant identification of hydrogen-bonded protonated oxo
groups on the cluster (i.e. V-O-H---O) and their discrimi-
nation from cluster oxo sites which act as hydrogen-bond
acceptors (i.e. V-O-+-H-0), see Figure4. This was con-
firmed by BVS calculations and by manual comparison
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with the corresponding hydrogen-bonded short contacts
(dowo = 2.61-2.94 A) observed in the single-crystal dataset
of 1.

Figure 4. Hirshfeld analysis of the {P,;V 4} cluster in 1. Top: Hirsh-
feld surface (left), with normalized intermolecular distances
dyorm!"™ plotted onto the surface. Right: ball-and-stick representa-
tion of {P;V4}. A non-hydrogen-bonded terminal oxo group (1),
an incoming hydrogen bond to a p,-bridging cluster oxo ligand (2)
and an outgoing hydrogen bond from a cluster p,-OH hydroxy
group (3) can be identified. Colour code: red: short intermolecular
contacts, blue: long intermolecular contacts. Bottom: 2D finger-
print plots!'”! for selected contacts plotting the distance of the in-
ternal nucleus (d;) and the distance of the external nucleus (d,) from
the Hirshfeld surface.

As expected from structural considerations, analysis of
the 2D fingerprint plots of {P,V 4} showed that the main
contribution of intermolecular contacts is formed between
cluster oxo groups and external hydrogen atoms, i.e.
hydroxyethyl groups on the BDA molecule (contribution:
73.7%). In addition, it was shown that cluster proton-based
interactions contribute 10.5% to the overall intermolecular
interactions of the cluster, thus suggesting a considerable
stabilization of the cluster in the supramolecular lattice
through hydrogen-bonding interactions, see Table 2.

Table 2. Quantitative Hirshfeld 2D fingerprint analysis giving per-
cent contribution of specific contacts to the overall sum of intermo-
lecular contacts between the cluster anion {P,V4} and the sur-
rounding molecules.

Nucleus inside Nucleus outside Percent
Hirshfeld surface Hirshfeld surface contribution
All All 100
(0] All 89.5
(0] H 73.7
(0] (0] 15.8
H All 10.5
H (0] 7.0
H H 3.5
Conclusions

In conclusion, we have shown that weak, hydrophobic
interactions in an ionic system can lead to the formation of
supramolecular spatial separation and the formation of
small, hydrophobic cavities in the crystal lattice. We have
employed a combination of structural analysis, theoretical
BVS calculations and computational Hirshfeld analysis to
rationalize the intermolecular interactions within this sup-
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ramolecular system. The usefulness of Hirshfeld analysis in
complex systems has been critically evaluated and it was
shown that if the limiting criteria are observed, Hirshfeld
analysis can be a valuable tool that speeds up the structural
analysis and is particularly useful to qualitatively and quan-
titatively assess the interactions observed around a mole-
cule. However, from this study it is also obvious that the
method is limited by the necessity of high-quality crystallo-
graphic data and the determination of all hydrogen atoms
in the structure. In addition, the results require further in-
vestigation using additional techniques such as manual in-
teratomic distance analyses and theoretical BVS calcula-
tions to provide meaningful results. Of particular interest is
the identification of weak, long-range intermolecular con-
tacts which are often neglected in complex systems. In sum-
mary, the Hirshfeld analysis can play an important role in
the rapid analysis of complex molecular architectures and
the results can be used as a basis for more detailed struc-
tural analyses.

Experimental Section

Materials and Methods: All chemicals were purchased from Sigma
Aldrich and Acros (reagent grade) and were used as received. FT-
IR spectra (KBr pellets) were recorded with a Shimadzu FT-IR-
8400S FT-IR spectrometer. Elemental analyses were performed
with a Euro Vector Euro EA 3000 elemental analyzer. UV/Vis spec-
tra were recorded with a Varian Cary 50 UV/Vis spectrophotome-
ter or a Shimadzu PharmaSpec 1700 UV/Vis spectrophotometer.
Powder XRD analysis was performed with a Philips X’PERT 1
powder diffractometer.

[fBuNH(C,H4,OH),|4[HsP; V1404 12H, 0 (1):  V,0s  (1.0¢g,
5.5 mmol) was dissolved in aqueous NaOH solution (5 M, 40 mL).
To this, 1BuN(C,H4OH), (1.34 g, 1.5 equiv., 8.3 mmol) was added
under vigorous stirring. The solution pH was adjusted to pH = 3.0
using H;PO, (2 M). Upon acidification, the colour of the solution
changed from colourless to deep red. The reaction mixture was
covered and kept at room temperature for 24 h to give deep red
crystals of 1; yield 1.69 g (0.74 mmol, 94.2% based on V). Elemen-
tal analysis for dehydrated 1, C3,HgN4O53P V4 caled. C 18.09,
H 4.32, N 2.63; found C 18.15, H 4.56, N 2.46. IR (KBr): ¥ = 3320
(b), 1628 (w), 1475 (w), 1383 (m), 1269 (w), 1182 (w), 1071 (m),
1047 (m), 950 (s), 878 (m), 804 (m), 735 (m), 594 (m)cm~'. 'H
NMR (269.71 MHz, D,0): 0 = 1.26 (s), 3.04 (t), 3.1 (t), 3.14 (s),
3.4-3.55 (m/qu), 3.78 (t), 4.63 (s) ppm. UV/Vis: Ayax1 = 441 nm (e
=325x10° mtem™), Apaxo = 229 nm (¢ = 1.15X 10* mtem™).
Powder X-ray diffractometry peaks observed (expected from single-
crystal data) in degrees 20: 7.46 (7.37), 8.29 (8.28), 20.60 (21.0),
21.01 (21.09), 30.71 (30.98).

Single-Crystal X-ray Crystallography: Suitable single crystals of 1
were grown and mounted onto the end of a thin glass fibre. X-ray
diffraction intensity data were measured at 150 K with a Nonius
Kappa CCD diffractometer [A(Mo-K,) = 0.71073 A] equipped with
a graphite monochromator. Structure solution and refinement was
carried out using the SHELX-97 package?”! via WinGX.[?!1 Cor-
rections for incident and diffracted beam absorption effects were
applied using empiricall®?! or numerical methods.?3! Structures
were solved by a combination of direct methods and difference
Fourier syntheses and refined against F by the full-matrix least-
squares technique. Crystal data, data collection parameters and re-
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finement statistics for 1: [{BuNH(C,H4OH),]4[HsP;V404,]:12H,0,
Mw = 2257.12 gmol!, tetragonal, space group I-4, a = b =
16.9573(11) A, ¢ = 13.7367(9) A, V = 3950.0(6) A, Z = 2, u(Mo-
K,) = 1.707 cm™!, 37459 reflections collected, 2111 unique which
were used in all calculations; final R, = 0.0252 and wR, = 0.0670
(all data).

CCDC-798324 (for 1) contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.

Hirshfeld Analysis: Hirshfeld analysis and generation of 2D finger-
print plots was carried out using the program CrystalExplorer
(v2.1) by K. Wolff, D. J. Grimwood, J. J. McKinnon, M. J. Turner,
D. Jayatilaka, M. A. Spackman, University of Western Australia,
2010."31 Hirshfeld surfaces were generated based on all molecular
fragments within a radius of 5.0 A around a given molecule.

Supporting Information (see footnote on the first page of this arti-
cle): The full computational Hirshfeld analysis is available.
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