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Introduction

Painting is an effective way to protect metallic surfaces
against aggressive environments. Red lead and zinc chro-
mate are the most extensively used pigments, because of
their excellent corrosion inhibition properties. Nevertheless,
since 1990 their use has been discouraged because it is haz-
ardous and such compounds are highly toxic.[1] Manufactur-
ing effort is focused on their replacement with a new gener-
ation of ™environmentally friendly∫ pigments.[2±5]

Among several nontoxic anticorrosive pigments devel-
oped so far, zinc phosphate types represent the most widely
employed alternative, although their anticorrosive action is
not yet understood. It seems that the protective mechanism
results from metal substrate phosphatisation[6,7] and forma-
tion of complex substances with the binder components.[8]

Such compounds react with oxidation products yielding an
adherent layer of phosphophyllite on the metal surface.[9,10]

Accordingly their anticorrosive efficiency depends on water
uptake.[11] Among the major limitations of zinc phosphate
pigments as corrosion inhibitors are their poor solubility[12,13]

and the difficulty of controlling the desired state of hydra-
tion.[14]

In addition to its application in metal protection and its
common use in coating technology, hopeite is also one of
the main crystalline reaction products of dental cement[15,16]

and has lead to a new generation of dental ceramic formula-
tions: the zinc phosphate cements (ZPC).[17±19] Active re-
search has recently been conducted in dental medicine to
obtain materials suitable for fabrication of aesthetic single
crowns or fixed partial dentures for permanent restoration
of teeth.[20,21] Zinc phosphate based cements or glass ionom-
er/phosphate cements generally perform well because of
high fracture toughness,[22,23] low solubility in an aggressive
biological environment[24] and high bonding strength with
any other adhesive cement or with bone substrate conferring
good chemical stability, durability and low cytotoxicity, that
is, excellent biocompatibility. However, long-term clinical
studies comparing different dental materials show that opti-
misation of the elastic-modulus/fracture-toughness relation-
ship and a dramatic lowering of the solubility are still neces-
sary.[25±27]

Since the first microporous zinc phosphates with zeolite-
like topologies were reported by Gier and Stucky,[28] a large
number of zincophosphates (ZnPOs) with one-, two- and
three-dimensional structures have been synthesised in the
presence of organic templates.[29,30] Although several hypoth-
eses have been suggested, the mechanism of formation of
complex two- and three-dimensional open framework struc-
tures is still poorly understood. However, hopeite is believed
to be one of the precursors of zinc phosphate based zeolites,
as it is gradually transformed into ladderlike and layered
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terns. A previously unknown hopeite,
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three-dimensional structures by substantial incorporation of
the respective template agent, thus involving significant hy-
drogen bonding.[31,32]

All these materials which are geared towards advanced
applications share the feature that, as far as synthesis and
purity are concerned, the nature of the zinc phosphate hy-
drate (a- or b-hopeite, parahopeite or Zn3(HPO4)3¥3H2O
(ZHPT)) has a dramatic influence on pigment activa-
tion,[33±35] bioactivity[36,37] and the resulting macrostructure.

In nature zinc phosphate tetrahydrate exists in two struc-
tures, orthorhombic hopeite and parahopeite, its triclinic
polymorph. Although the phase system P2O5±ZnO±H2O had
been studied for a very long time,[38,39] the precise structure
of the two orthorhombic modifications, a- and b-hopeite,
was not previously known.

This work is focused on the systematic identification of
the two polymorphs of zinc phosphate tetrahydrate, their
comparison with the precursor Zn3(HPO4)3¥3H2O and re-
finement of their crystal structures,[40] allowing a direct cor-
relation between structure and properties. a-Hopeite is con-
sidered the most stable polymorphic form and b-hopeite is a
comparatively metastable form obtained at lower tempera-
ture (20 8C). Careful identification of the hydrogen-bonding
network in the different forms of zinc phosphate is expected
to offer a starting point for future efficient modifications of
zinc phosphate based materials such as dental cements, cata-
lysts based on zeolite technology and ™green∫ anticorrosion
inhibitors.

Experimental Section

a,b-Zinc phosphate tetrahydrate (ZPT) macrocrystals : A buffered solu-
tion of concentrated phosphoric acid (100 mL) was prepared by slowly
adding solution of ammonia in water (Riedel±de Haèn, 25 wt% solution
dilutedî10, 27 mL) to phosphoric acid (Aldrich, ACS grade, 85 wt% so-
lution dilutedî4, 73 mL), so that H3PO4 (50 mol%) reacted with ammo-
nia to give a solution of ammonium hydrogen phosphate (0.792 molL�1)
in water. The mixture was stirred vigorously for 2 h at 0 8C. Another solu-
tion (0.114 molL�1) prepared from zinc acetate (Aldrich, ACS grade, 5 g)
and water (Millipore grade, 18.6mWcm�1, 100 mL) was transferred into a
sealed crystallisation reactor and kept there for 2 h at 90.0 8C (�0.1 8C)
under reflux under an inert gas atmosphere (argon). The partially neu-
tralised phosphate solution (30 mL) was added to achieve the molar ratio
Zn/PO4/NH4=1:1.05:0.52. The white precipitate that formed redissolved
quickly as the pH reached 1.45, during which the solution was stirred at
1250 rpm. An NaOH solution (pellets, Riedel±de Haèn, ACS grade,
4 molL�1) was added dropwise to the reaction mixture over a period of
five days, without stirring, to yield a white precipitate. After two days of
ageing, the first transparent crystals of hopeite appeared at the precipita-
tion front/solution interface, corresponding to a slow change in pH from
1.5 to approximately 2.6. Further addition of NaOH gave rise to slowly
growing a-hopeite crystals. At pH 6 the reaction was stopped and crystals
of the product were recovered from their mother liquor by filtration,
washed to neutral pH and dried at room temperature for 12 h.

b-Zinc phosphate tetrahydrate (commonly designated as b-hopeite or b-
ZPT) crystals were obtained by the same procedure with a zinc acetate
solution (57 mmolL�1). The crystallisation temperature was fixed at
20.0�0.1 8C.

a,b-Zinc phosphate tetrahydrate (ZPT) crystalline powders : The synthe-
sis described above yielded a- and b-hopeite macrocrystals, which were
then used for single-crystal determination. All other analyses were per-
formed using a well dried crystal powder obtained by mixing a solution
of zinc acetate in water (Aldrich, ACS grade, 100 mL, 0.114 molL�1) with

phosphoric acid (Aldrich, ACS grade, 85 wt% solution dilutedî4,
5.5 mL) for two hours at pH4 with gentle stirring at 90.0 and 20.0 8C for
a- and b-ZPT, respectively.

Zinc hydrogen phosphate trihydrate macrocrystals : Large crystals of zinc
hydrogen phosphate trihydrate (ZHPT) could be obtained by slightly
changing the a-hopeite synthesis procedure described above. A buffered
solution of concentrated phosphoric acid 100 mL (6.13 molL�1) was pre-
pared as for the a-hopeite synthesis, but with neutralisation of up to
70 mol% of H3PO4 with ammonia. A solution of zinc acetate in water
(150 mL, 2.5 molL�1) was stored in a sealed crystallisation reactor for 2 h
at 90.0 8C to achieve thermal equilibrium. After adding successively the
phosphate solution (62.5 mL) and a 5m nitric acid solution (Riedel±de
Haèn, 65 wt% solution, 6.13 molL�1), a pH of 0.25 was reached. When
5m NaOH (37 mL) was added dropwise over two days, flat needle-
shaped ZHPT crystals formed. For mass-transfer crystal (diffusion-de-
pendent) growth of Zn3(HPO4)3¥3H2O crystals up to millimetre size, tri-
ethanolamine (Aldrich, 98 wt%, only 3 mL) had to be added to the reac-
tion medium.[41]

Characterisation : Elemental analysis of the precipitate was conducted by
atomic absorption spectroscopy (Perkin±Elmer PE5100ZL with a
Zeeman Furnace Module and AS70 sampler) and by colorimetric phos-
phate titration (blue molybdate complexometric method) using UV/Vis
spectrometry (Perkin±Elmer Lambda 900).[42] The estimated standard de-
viation from the stoichiometric composition was �0.04. pH values were
measured with a Pt/KCl glass electrode attached to a pH meter (Schott
CG843 set) with an integrated temperature sensor (Blueline 14pH,
Schott). Before the measurements, the pH electrode was calibrated with
three buffer solutions at pH 4.006, 6.865 and 9.180 at 20.0 8C (DIN
Norm 19266). DSC measurements were performed under a nitrogen at-
mosphere on a Mettler±Toledo DSC 30S module with a TC15 TA con-
troller; heating rate: 10 8Cmin�1, heating range: 0±500 8C). Similarly
TGA-MS curves were obtained under an argon atmosphere on a Met-
tler±Toledo ThermoSTAR

¾

TGA/SDTA 851 equipped with a Pfeiffer
Vacuum GSD 300T2 pump and a Balser MS/Netsch STA449C mass de-
tector (heating rate: 10 8Cmin�1, heating range 0±600 8C).

Scanning electron micrographs were taken with a Leo Gemini 1530 oper-
ated at 1 kV from a 358 angle side detector at a working distance of
5 mm.

DRIFT (diffuse reflectance infrared Fourier transform) spectra were re-
corded with a Nicolet 730 spectrometer (liquid N2-cooled MCT detector)
on powder samples (10 wt% sample, 90 wt% KBr, total amount 300 mg).
Background and spectra were collected with a nominal resolution of
4 cm�1, double averaging over 128 scans in the frequency range 400±
4000 cm�1.

Powder X-ray data for an as-synthesised sample of crystals (placed on a
2 cm circular silicon monocrystal slide) were collected at 25 8C on a Sei-
fert XRD3000TT Bragg±Brentano diffractometer with a linear, position-
sensitive detector (58 2q) in Debye±Soller geometry with a flat secondary
monochromator and employing Ge monochromated CuKa1

radiation (l=
1.5406 ä). For structure determination of the three zinc phosphate poly-
morphs (single-crystal diffraction method), a suitable crystal with dimen-
sions 100î50î50 mm�3 was used. Data collection for the crystal structure
analyses was performed on a Nonius KCCD diffractometer with graphite
monochromated MoKa radiation (l=0.71073 ä). The structures were
solved by direct methods. They were refined by full-matrix least-squares
analyses on F2 with anisotropic temperature factors for the non-hydrogen
atoms. The hydrogen atoms were located in difference Fourier maps and
refined isotropically in the riding mode. Pertinent crystallographic data
are summarised in Table 1. CCDC-413637 (a-hopeite), CCDC-413638 (b-
hopeite), and CCDC-413639 (Zn3(HPO4)3¥3H2O) contain the supplemen-
tary crystallographic data for this paper. These data can be obtained free
of charge via www.ccdc.cam.ac.uk/conts/retrieving.html, or from the
Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB21EZ, UK; fax: (+44)1223-336033; or email: deposit@ccdc.cam.ac.
uk.
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Results and Discussion

Analysis of samples and crystal morphology :

Electron microscopy : The a-hopeite crystals used in this
study (Figure 1a) possessed the classical plate shape and are
reasonably uniform in size (about 1000î250î0.5 mm3),
whereas b-hopeite crystals (Figure 1c) were not as well de-
fined; they were slightly smaller and partially agglomerated.
The development of the faces of a-hopeite crystals is some-
times irregular and the crystals may simulate disphenoidal
or hemimorphic symmetry. The b-hopeite sample has two
different habits: tabular {010} and prismatic {001}. This
platelike habitus of hopeite crystals corresponds to a layered
structure, the b axis being the crystal-plate normal.[43] The
zinc hydrogen phosphate trihydrate crystals (Figure 1e, f) are
found as elongated {001} and tabular {100} plates of vitreous
appearance and cleaved {010} planes.

Phase composition : From elemental analysis and thermo-
gravimetry data, the calculated exact stochiometric composi-
tions were : a-hopeite, Zn2.92(PO4)1.95¥3.98H2O; b-hopeite,
Zn2.95(PO4)1.90¥3.96H2O; ZHPT, Zn3(HPO4)3¥2.99H2O. In the
cases of a- and b-hopeite all these values match nearly per-
fectly with the zinc phosphate tetrahydrate stochiometry.
Seemingly phosphate incorporation into the crystal structure
of b-hopeite is facilitated at 20.0 8C, in comparison with
90.0 8C, because of the preferential decomposition of
Zn(HPO4)3¥3H2O and also ZnHPO4¥3H2O at pH 4 and
20.0 8C in the liquid phase; this explains the tiny differences
in stoichiometry between the two polymorphs. Similarly
Salmon and Terrey×s results could suggest that the formation
of a-hopeite at 90.0 8C results from the decomposition of a

metastable zinc monohydrogen phosphate monohydrate and
trihydrate [Eq. (1)].[44]

ZnðH2PO4Þ2 � 2H2O ! Zn3ðHPO4Þ3 � 3H2O !
ZnHPO4 �H2O ! ZnHPO4 � 3H2O !
Zn3ðPO4Þ2 � 4H2O

ð1Þ

Powder diffraction : All the specimens were examined by X-
ray powder diffraction[45] and also to validate the method of
synthesis. The two main polymorphs of the tetrahydrate (a-
and b-hopeite) are not distinguishable by XRD (Fig-
ure 2a,b). It may be concluded that the non-hydrogen atom
positions within the crystal structures are essentially identi-
cal. Therefore, methods of differentiation between a- and b-
hopeite are required to distinguish clearly between the hy-
drogen bonding in the polymorphs, that is, DRIFT measure-
ments and thermogravimetry.

DRIFT measurements : DRIFT (Figure 3) allows sensitive
and fast detection of the two forms of zinc phosphate tetra-
hydrate. The symmetry of a ™free∫ PO4

3� ion is Td and the
nine modes of internal vibrations span the representation
Gvibr(Td)=A1 + E + 2F2.

[46,47] Here A1 represents the sym-
metric stretching mode ns(P�O) located at �980 cm�1, E
represents the symmetric bending mode ds(OPO) at
�420 cm�1, and the triply degenerate modes F2 represent
the antisymmetric bending mode das(OPO), located at
�560 cm�1. However, there are slight shifts from the known
spectra of a-hopeite due to solid-state effects and specifici-
ties of the DRIFT technique.[48] In Figure 3, below
1200 cm�1 (phosphate region), a- and b-hopeite show very
similar spectra, confirming the uniformity of the non-hydro-
gen framework. The bands observed at 1102±1005, 945±928,

Table 1. Lattice parameters, data collection and structure refinement of hopeite polymorphs and their precursor ZnHPO4¥H2O.[a]

a-Hopeite[b] a-Hopeite b-Hopeite ZnHPO4¥H2O

crystal data
formula Zn3(PO4)2¥4H2O Zn3(PO4)2¥4H2O Zn3(PO4)2¥4H2O Zn3(HPO4)3¥3H2O
Mr [gmol�1] 458.11 458.11 458.11 538.08
T [K] 290 230 290 290
crystal system orthorhombic orthorhombic orthorhombic triclinic
space group Pnma Pbnm Pbnm P1≈

a [ä] 10.629 5.0135(3) 5.0266(2) 8.4746(4)
b [ä] 18.339 10.6044(5) 10.6060(4) 9.8688(5)
c [ä] 5.040 18.2828(7) 18.2946(5) 9.8895(5)
a [8] 90.0 90.0 90.0 112.0618(13)
b [8] 90.0 90.0 90.0 111.9702(13)
g [8] 90.0 90.0 90.0 96.9953(12)
V [ä3] 982.4 972.0(1) 975.3(1) 676.9(1)
Z 8 8 8 2
1calcd [gcm

�3] 3.096 3.1301 3.1223 2.6396
refinement
reflections measured 1471 16792 11249 8100
independent reflections 1415 1582 1369 3535
refined parameters ± 85 85 187
reflections observed [I>3s(F2)] 1415 857 857 2514
Rint 0.064 0.065 0.041 0.0025
R 0.064 0.0277 0.0290 0.0492
Rw 0.068 0.0384 0.0327 0.0523
GOF ± 1.068 1.368 1.011

[a] Calculated standard deviations are in parentheses. [b] Reference [63].
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635±584 and 414 cm�1 (the last
band is not shown in Figure 3)
are assigned to nas(P�O)(n3),
ns(P�O)(n1), das(OPO)(n4) and
ds(OPO)(n2), respectively. In
comparison with a-hopeite (or-
thorhombic) the n1 mode of
the intermediary compound
(ZHPT) is stronger, sharper
and shifted to 911 cm�1, indicat-
ing a more open or distorted
sphere of coordination of phos-
phate groups.[49,50] Multiple n3
vibrations in the region be-
tween 1220 and 1123 cm�1 indi-
cate that the zinc hydrogen
phosphate trihydrate belongs to
a less ordered space group (tri-
clinic).

The ™free∫ H2O group has
three modes of internal vibra-
tion occurring at frequencies
3765, 3652 and 1640 cm�1.[51]

The large peak around
1640 cm�1 in the a-hopeite
spectrum corresponds to the in-
ternal bending (n3) vibration of
crystal water molecules, while
the broad, very strong band
centred around 3300 cm�1 rep-
resents stretching (n1 and n3)
modes, shifted to lower fre-
quencies from their ideal value
because of hydrogen bonding.
The band at 1639 cm�1 is broad-
er in the spectrum of b-hopeite
than in that of the a form. The

Figure 1. SEM images: Crystals suitable for single-crystal analysis: a) a-hopeite; c) b-hopeite;
e, f) Zn3(HPO4)3¥3H2O. Samples suitable for X-ray powder diffraction: b) a-hopeite; d) b-hopeite.

Figure 2. X-ray powder patterns of a) a-Hopeite; b) b-hopeite;
c) Zn3(HPO4)3¥3H2O.

Figure 3. Comparison of DRIFT spectra of the two polymorphs of zinc
phosphate tetrahydrates, a) a-hopeite and b) b-hopeite, and of a precur-
sor compound, c) Zn3(HPO4)3¥3H2O.
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shape of the H2O stretching region of ZHPT is significantly
different from those of a- and b-hopeite, with a decoupling
of bands at 1601 and 1673 cm�1 indicating at least two types
of water molecules.[52] In addition, the ZHPT form presents
a strong peak at 3580 cm�1, constituting additional evidence
for the variability of hydrogen-bonding schemes within the
framework of the two polymorphs of zinc phosphate tetra-
hydrate and its precursors.

Thermoanalysis : Both orthorhombic modifications of
Zn3(PO4)2¥4H2O show dehydration starting above 100 8C
and appearing to be complete at about 400 8C (Figures 4 and

5). The thermogravimetric (TGA-MS) curves demonstrate
the characteristic behaviour of a-hopeite: it loses crystal
water in two well-defined stages, two molecules at 146 8C
and the remaining two at 330 8C. Similarly the DSC meas-
urement gives two well-separated but slightly displaced
peaks: a sharp peak at 182 8C and a ™double∫ peak at 278
and 298 8C, which may indicate the starting point for the
loss of two types of water molecule. At about 220 8C, that is,
after loss of 2.02H2O, a pseudo-stabilisation of the structure
is reached; the water loss increases slowly, indicating the ex-
istence of a dihydrate structure. These results confirm that
the first step corresponds to the tetrahydrate±dihydrate
transition, and the second step to the dihydrate±anhydrate
transition.[53,54]

The thermograms of b-hopeite show significant differen-
ces from the a phase. b-Hopeite seems to have a lower acti-
vation energy of dehydration than the a-hopeite, pointing
towards a lower symmetry of the four water molecules con-
tained in the crystal. This is confirmed by DSC: the onset
thermal decomposition appears at 115 8C for the b form and
130 8C for the a form. Whilst no gradation is clearly observ-
able on the TGA weight loss curve of b-hopeite between the
dihydrate and the anhydrous salt, the DSC curve (Figure 4,
blue line) presents two peaks at 238 and 278 8C, and there is
a shoulder on the TGA curve at a water content corre-
sponding to the monohydrate.[55] Surprisingly, this transition
at 238 8C also corresponds to the temperature at which the

dihydrate is formed from a-Zn3(PO4)2¥4H2O. Thus, we ob-
serve the loss of two water molecules in the transformation
from dihydrate to anhydrous salt, but the transformation
from b-hopeite to ™b-dihydrate∫ is different. In this last
case, a shoulder appears in both the TGA-MS and DSC
curves at 130 8C that may be attributed to the formation of

Figure 4. DSC curves of a-hopeite (red), b-hopeite (blue) and
Zn3(HPO4)3¥3H2O (black). Heating rate q=10 8Cmin�1.

Figure 5. Typical TGA-MS curves of: a) a-hopeite; b) b-hopeite;
c) Zn3(HPO4)3¥3H2O. Heating rate=10 Kmin�1 with 25 mg of sample.
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an unstable trihydrate. A broad endothermic peak detected
by DSC at 170 8C accompanies the removal of 1.69 water
molecules.[56] In summary, the b-hopeite loses its four water
molecules one after another in four consecutive steps. These
results are in partial disagreement with the thermal behav-
iour of b-hopeite previously reported in the literature.[57]

Furthermore, under the present heating conditions, the
eventual b!a-hopeite transition does not occur before the
beginning of dehydration, as very different dehydration
pathways are observed above 130 8C. It is therefore conclud-
ed that the kinetics of a b!a-hopeite transition must be
very slow.

For the last compound (ZHPT), the dehydration process
is also notably different from that of a-hopeite: after a non-
uniform dehydration between 100 and 220 8C, corresponding
to the loss of 0.99 water molecules, successive peaks occur
at 386 and 533 8C, corresponding to the loss of 1.53 and
0.47 H2O molecules, respectively. However DSC data exhib-
it two peaks at 174 and 240 8C related to the formation of a
dihydrate, and a further single dehydration peak at 414 8C.
This thermal anomaly, similar to that observed for b-hopeite
at 238 8C but at a higher temperature, may be interpreted by
the intermediate formation of a compound whose water
content varies from dihydrate (a,b-form: 214 8C) and from
monohydrate (a,b-form: 286 8C)[58] or by the transformation
of the monohydrogen phosphate group to a phosphate
group.[59]

From all these analyses, it may be concluded that the non-
hydrogen atom positions within the crystal structures are es-
sentially identical (DRIFT) and therefore the marked differ-
ence in thermal response of the two polymorphs of zinc
phosphate tetrahydrate primarily involves changes in hydro-
gen bonding pattern alone.[60,61] Furthermore, these last ob-
servations are supported by the differences in thermody-
namic stability measured by Gardner and co-workers for a-
and b-hopeite.[62]

Structure description : The structure of a-hopeite was report-
ed previously[40,63,64] but not described completely because of
the missing hydrogen atom locations. Early descriptions of
an epitaxial growth of the b-phase of zinc phosphate tetra-
hydrates on a zinc crystal were given by Omori and
Okabe,[65] who reported similar values of lattice parameters
to those found by Gamidov and Galovachev.[66] However, no
previous studies could distinguish the a form from the b

form of zinc phosphate tetrahydrate crystallographically.
The crystal structure of many minerals can be understood

through a representation of the framework of coordination
polyhedra in which the structural similarities of a group of
related structures can be made visible. Thus in a number of
quite different compounds, for example, in the family of
apatites and hydroxyapatites,[67] crystal structures can be de-
rived from one aristotype and the crystal chemistry can be
systematised as variations of one common structural princi-
ple. In apatites the wealth of different structures also arises
from the possibility of nonstoichiometric compositions. This
is not the case with the zinc phosphates studied here. There
is no experimental evidence for deviations from the integral
stoichiometries. The crystallographic data for a- and b-hope-

ite and ZHPT, and a comparison with reliable reference
data for the a-form, are given in Table 1.

The crystal structures of zinc phosphates can be described
in terms of a framework built from ZnO6 octahedra, ZnO4

tetrahedra and PO4 tetrahedra. The other known hydration
states[68,69] and zinc hydrogen phosphates can be understood
by using this approach. Two projections of the hopeite struc-
ture in the planes ac and bc are shown in Figure 6. In this

structure ZnO6 octahedra contain the four water molecules.
The remaining two oxygen atoms share corners with two
PO4 tetrahedra. These share corners with two ZnO4 tetrahe-
dra and an edge with a third. The hopeite structure can thus
be characterised as a layer structure in which layers of the
closely connected PO4 and ZnO4 tetrahedra are separated
by ZnO6 octahedra. Alternatively the structure of hopeite
can be described as tetrahedral sheets of zigzag chains of
corner-sharing ZnO4 moieties connected by shared corners
with PO4 and thus with ZnO6 to produce a complex sheet of
three- and four-membered rings. This layer character is
clearly visible in the ac projection (Figure 6b). The connec-
tion between the layers is comparatively weak; with the ex-
ception of the corner-sharing oxygen atoms mentioned
above, it is formed by hydrogen bonds. The main cleavage
plane of hopeite crystals is found to be parallel to this inter-
face. However, this interface contains no voids that could be
used to include additional atoms or ions. The high packing
density of hopeite is also reflected by the high crystal densi-
ty.[70]

Unlike the case of the above-mentioned apatites, in zinc
phosphates hydrogen bonds play a dominant role in the
packing and crystal chemistry. In a- and b-hopeite all non-
hydrogen atoms are found in identical positions. This leads
to the surprising result that the two forms, which exhibit
markedly different thermal behaviour, differ only in the po-
sition of a few hydrogen atoms, that is, in the orientation in
which water molecules are coordinated in the ZnO6 octahe-

Figure 6. Sheet arrangement of ZnII-centred polyhedra and phosphate
tetrahedra in zinc phosphate tetrahydrate. The framework is identical for
a- and b-hopeite. The connectivity is emphasised in projections along
a) [010] and b) [100]. The green and magenta tetrahedra describe ZnO4

(coodination 4) and PO4 groups respectively. The blue octahedra symbol-
ise the ZnO6 (coordination 6) groups.
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dra. The different water orientations give rise to different
hydrogen-bonding patterns. We were able to locate all the
hydrogen atoms in the a- and b-hopeite structures in the dif-
ference Fourier maps.

The crystal structures of a- and b-hopeite are shown in
Figure 7. In the b form the two water molecules located on

the mirror plane (O8 and O9,
respectively) are oriented so
that the molecular plane coin-
cides with the mirror plane. In
a-hopeite one of these (O8) is
oriented perpendicular to the
mirror plane. In this orientation
a strong intra-octahedron hy-
drogen bond is formed that
may account for the higher
thermal stability of the a form.
The other hydrogen bonds are
inter-octahedron or to neigh-
bouring ZnO4 or PO4 tetrahe-
dra, and do not differ signifi-
cantly in the two crystal forms.
Comparison of hydrogen-bond-
ing geometry, including bond
lengths and contact angles, is
given in Table 2; hydrogen
atoms are labelled as in

Figure 8. For a- and b-hopeite, the distances and angles in-
volved in both hydrogen bonding schemes lie well within
the accepted range of hydrogen bond lengths,[71] whereas the
interatomic (donor±acceptor) distances for O9±O6 (a-hope-
ite) and O8±O10 (b-hopeite) are near the end of the range
(2.2±3.1 ä). Corrected values for hydrogen bonds are higher
than those obtained by Whitaker for a-hopeite[63] (1.719
versus 1.54 ä for the shortest length), because of thermal
distortion effects. Although the angles subtended by the hy-
drogen atom at the water oxygen atom fluctuate noticeably
between 458 and 908 for b-hopeite and between 908 and
1108 with a maximum at 108.348 for a-hopeite, both geome-
tries are nearly tetrahedral. It was found that the hydrogen
bonds were never collinear in a-hopeite so that the hydro-
gen atoms subtended an angle of 1098 at the donor oxygen
although the acceptors did not. However, in view of the
O9�H9-1�O10 angle (179.888) existing uniquely in the a-

Figure 7. Unit cells of the a-Zn3(PO4)2¥4H2O (top) and b-
Zn3(PO4)2¥4H2O (bottom) structures are shown in projection onto the bc
plane (50% thermal displacement ellipsoids). The Zn cations are shown
in dark grey, the P atoms in violet, the O atoms in red and the H atoms
in light grey. Broken lines represent hydrogen bonds.

Table 2. Distances and angles involved in hydrogen bonds for a- and b-hopeite.[a]

Hydrogen bonding Distance [ä] Angle [8]
Donor Receptor
Oa(water) Hi Ob(PO4) Oa�Ob Oa�H H�Ob Ob-Oa-Ob* Oa-H-Ob H-Oa-H

a-hopeite
O8 H8 O6 2.78 0.79 1.72 148 113 100
O10 H10-1 O4 2.71 0.87 1.83 72 58 108[b]

O10 H10-2 O5 3.02 0.95 2.07 82[e] 180 92
O9 H9-1 O10 2.89 0.75 2.23 116[c] 39 108[b]

O9 H9-2 O8 3.06 1.21 2.45 32[c]

124 108[d]

O9 H9-2 O6 3.12 0.79 2.45 49[c] 142 108[b,d]

b-hopeite[f]

O10 H10-1 O2 2.71 0.99 1.78 104 155 47
O10 H10-2 O5 3.02 0.89 2.14 74 169 60[g]

O9 H9-2 O6 3.12 1.10 2.20 60 139 73
O8 H8 O10 3.22 1.14 2.34 51 135 82

[a] Estimated standard deviations: �0.01 ä for lengths; �0.58 for angles. [b] For the angle H10-1�O10�H10-
2. [c] For the angle with Ob*, symmetrical to Ob through the ac mirror plane. Other angles were obtained
using bc as the mirror plane. [d] For H9-2�O9�H8 the angle is 568. [e] Observing O5 as symmetric with O5
through the ac plane, the angle is 60.498 for O5�O9�O5. [f] All angles are measured with Ob*, symmetric with
Ob through the bc mirror plane. [g] For the angle H10-2�O10�H10-1, the measured value is 1008.

Figure 8. Projection of half of the asymmetric unit cell along the a axis,
valid for both a- and b-zinc phosphate tetrahydrate.
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ZPT, substantial structural stabilisation is achieved by the
assured contact between zinc octahedra and tetrahedra.

A projection of the crystal structure of ZHPT is shown in
Figure 9. The sheet structure consists of ZnO6 octahedra,
which are located on symmetry centres and contain four
water molecules. The remaining two oxygen atoms share a

corner with PO4 tetrahedra. Three of the oxygen atoms of
the PO3OH groups share a corner with ZnO4 tetrahedra.
This network geometry of Zn±PO4 bonding (continuous six-
ring channels) clearly has some similarities with other com-
pounds of the ZnO±P2O7±H2O system such as paraho-
peite.[72,73] This arrangement of cation-centred polyhedra
and phosphate tetrahedra is emphasised in Figure 9a,b. The
structure contains one additional water molecule that is not
coordinated to zinc. All water molecules and OH groups
take part in hydrogen bonds, creating a three-dimensional
network, which for clarity is not shown in Figure 10 but can

easily explain the high dehydration temperatures document-
ed in the DSC thermogram.

Conclusion

We have demonstrated a new, simple method of synthesizing
macrocrystals of two zinc phosphate tetrahydrates: a- and
b-hopeite. XRD proves that the non-hydrogen atom posi-
tions within the crystal structures are essentially identical.
However, differentiation of the two phases becomes possible
by using thermoanalysis and DRIFT. The marked difference
in thermal response primarily involves changes in hydrogen-
bonding alone. Single-crystal analysis proves that the main
difference between the a- and b-forms of zinc phosphate
tetrahydrate is caused by the orientation of one of the water
molecules in the ZnO6 octahedra. Whereas in b-hopeite two
water molecules (O8 and O9) are located on the mirror
plane and are oriented so that the molecular plane coincides
with the mirror plane, in a-hopeite one of these (O(8)) is
oriented perpendicular to the mirror plane. Further, the zinc
hydrogen phosphate trihydrate (ZHPT) structure shows
striking similarities to another zinc phosphate tetrahydrate,
parahopeite. The analysis and understanding of the role of
hydrogen bonding in these seemingly simple zinc phosphate
structures give a better appreciation of the interaction
mechanisms of proteins with more complex structures of bi-
ological interest, such as hydroxyapatite. Hopeite has great
potential as a starting material for various applications, such
as development of advanced formulations of anticorrosive
pigments by careful substitution of zinc with other divalent
metal atoms, or synthesis of large-open framework zeolitic
structures used for enantioselective separation by acting as a
source of zinc and phosphate ions.
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