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A new copper hydroxydiphosphate Cus(P,0sOH), was synthesized, by soft chemistry. The crystal structure was
solved ab initio from X-ray powder diffraction data in the triclinic space group P1. The structure is built up from
[Cu30yq] « zigzag chains linked by P,Og(OH) groups to form a tridimensional framework. The [Cu3Oig)w Chains
consist of edge-sharing polyhedra. The structure contains two sorts of copper polyhedra: one CuQs octahedron
and two CuOs pyramids. Magnetization measurements confirm the presence of divalent copper and suggest
antiferromagnetic interactions at low temperature.

Introduction CUgO,(POy)4(OH),.10 In contrast, polyphosphates are much
less numerous. They are synthesized for molar ratio Gu/P
1. Only one diphosphate GR,O;!! has been synthesized to
date, corresponding to Cu/R 1, whereas for Cu/P< 1,

The numerous investigations of the systems-€40 and
Cu—P—0—H have shown their very rich crystal chemistry.

The latter quglnates f.rom. the ability of copper to accom- one cyclotetraphosphate 4O and one ultraphosphate
modate various coordinations from tetrahedral or square to 13
CwpPgO,," are actually known.

pyramidal and octahedral, whereas phosphate groups can also The extraordinary richness of the crystal chemistry of these

appear with different configurations, i.e., as single PO copper phosphates for molar ratio Cu#P1, compared to

tetrahedra in monophosphates, as doubl®;Ryroups in . . .
diphosphates, as rings in cyclophosphates, or as 3D frame-the domain Cu/x 1, suggests that the phosphate rich region

works in ultraphosphates. Thirteen different structures of has not yet been sufficiently explored and that new frame-

copper phosphates or hydroxyphosphates have been diSCOV\/_vorks remain to be discovered. We have thus revisited the

o system Cu-P—O—(H), for Cu/P ratios< 1, using soft
ered to date. The larger family is that of copper monophos- . : . .
L ; . chemistry methods in agueous solution. We report herein
phates, which is obtained for molar ratio CafPL. The latter on a novel copper hydroxydiphosphate s[Ps0sOH],, with
contain generally two kinds of copper polyhedra in the same pper Nydroxydiphiospnate sfede JHilz,

structure as shown for GRO; (OH),' Cus(PQy)2,” Cls(PQy)z: 218:‘%2?;§gg :: atlu;igug;%ogrmir;tse ?gz?cs O(:]fn(zdcg%;-jsr\:\:/ai:hng
H0.2 ClPOy(OH)s,* HCUPQ+H,0 & and Cg(PQO;)(OH),.® y '

More rarely, three different kinds of copper polyhedra may dlph_osphate groups 296(O_H). Magnetic measurements .
. confirm the presence of divalent copper and suggest anti-
coexist in the same structure as shown for the monophos-

phates CE05(PQy)s” Cls(PO)(OH).® CUO(PQ,S and ferromagnetic interactions at low temperature.

Experimental Section
*To whom correspondence should be addressed. E-mail:

vincent.caignaert@ensicaen.fr. Materials and Methods. The chemical were purchased from
%) gﬁ”tsrﬁhi(Hr-Z-GKES_ti'LOdg“r 19n403 lial-oé' iner AEta Crystallogr. B commercial sources and used as received. The magnetic susceptibil-
) 197°$ 33 39’69.' v erson, 2. B.; KostinerActa Lrystaliogr. ity of a powdered sample was measured from 5 to 400 K with a
(3) Durif, A.; Guitel, J. C J. Solid State Chenl978 25, 39. Anderson,
J. B.; Shoemaker, G. L.; Kostiner, B. Solid State Cheni978 25, (9) Effenberger, HJ. Solid State Chen1985 57, 240.
49, (10) Yamashita, A.; Kawahara, Acta Crystallogr. C1995 51, 1483.
(4) Fehlmann, M.; Ghose, S.; Finney, JJJChem. Physl964 41, 1910. (11) Lukaszewicz, KBull. Pol. Acad. Sci., Sci. Chen1966 14, 725.
(5) Boudjada, AMater. Res. Bull198Q 15, 1083. Robertson, B. E.; Calvo, VActa Crystallogr.1967 22, 665.
(6) Anderson, J. B.; Shoemaker, G. L.; Kostiner, E.; Ruszala, AmM. (12) Laugt, M.; Guitel, J. C.; Tordjman, |.; Bassi, &cta Crystallogr. B
Mineral. 1977, 62, 115. 1972 28, 201.
(7) Brunel-Lauegt, M.; Guitel, J. Acta Crystallogr. B1977, 33, 3465. (13) Olbertz, A.; Stachel, D.; Svoboda, |.; Fuess,ZHKristallogr. 1996
(8) Ghose, RNaturwissenschafteh962 49, 324. 211, 551.
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Figure 1. TGA curve for dehydration of GiP,00H), under argon. Figure 2. Rietveld refinement plot of X-ray diffraction data for §R:O¢-

) ) OH),. Observed, calculated, and difference profiles are plotted on the same
SQUID magnetometer (MPMS, Quantum Design) for an applied scale. The Bragg peaks are indicated by tick marks.
field B = 3000 Oe. The sample was first zero field cooled at 5 K

until stable temperature before applying the magnetic field. The Table 1. Crystallographic Data for GiP,0s0H).

infrared (IR) spectrum was recorded in the range-58000 cnt? formula CuH2014Ps
by means of a Nicolet Nexus spectrometer. Measurements involving fw 540.54
the coaddition of 32 scans with a nominal resolution of 5tm space group PL

. . a A 4.78191(6)
were performed on samples diluted in powdered KBr (1%); the b A 7.03699(8)
spectrum of pure KBr was subtracted from the sample spectrum. c, A 8.35740(8)
Thermogravimetric studies were carried out with a Setaram TG 92 a, deg 66.6790(6)
instrument at a heating rate of’C/min under flowing argon gas. B, deg 76.9930(7)
A scanning electron microscope (SEM) Philips Field Effect Gun {'/ %\939 27423;0:;32(%)
(FEG) XL-30 with a resolution of about 1 nm was used to study z 1
the sample morphology, while elemental compositions were Peale 9/cn® 3.679
determined by energy dispersive spectroscopy (EDS) on a Link- E:p 88?%

Isis analyzer (ATW 6650 detector).

Synthesis.The compound was prepared by heating a mixture
of 0.5 g of CuO and 20 mL of BPO, at 152°C in a Teflon beaker
under continuous stirring. The beaker was put in a thermostated
oil bath and kept in the above condition for 24 h. Named compound

appeared as light blue powder which decanted easily in a few FullProf1® The refinement of the 30 atomic coordinates and one

minutes when the stirrer was stoppeq. Th? solution was cooled to overall thermal factor converged to satisfactory agreement factors
room temperature, and the phosphoric acid was dropped out. The(Rsz 13.9% R = 7.16%, andy? = 3.86). Although interatomic

pro?uct \;vas f}rst \;yashe(tj with d'StTﬁ d Vﬁaterhan.d theg V_I\f'I:h ;)(ure distances are not as accurate as with single crystal data, no restraints
acetone for a few times, to remove the phosphoric acid. The A4ay ,, gistances were necessary to obtain a chemically reasonable

pattern of this phase revealed a similarity to the phase 14, structure. The last ¢ . ) -
. ' . ycle of refinement conducted with 47 variable
reported in the JCPDS-ICDD database [PDF no. 340605], without parameters (30 atomic parameters, 3 thermal parameters, 6 cell

”.‘a‘.Ch'”g perfectly. The synthesis of CaRjO7 appears rather Iparameters, 7 profile parameters, and 1 scale factor) converged with
sm;lla:]to thhe one V\;e uszd. The_ avsrgge molar ratl? bet(\jNeeB co?pe the following agreement factorsRwe = 9.57%,Rs = 5.85%, and
?onl.i |O(Sep Ig\r/\lljesrlzhgzlex?ggg?or g;jl(j)iyl\\;lvc?rseoc\)/lgr] u;[g Ioisc OSEXZ = 3.17. The final Rietveld re_finemen.t plqt is g?ven in Figure 2.
el : . . A summary of crystallographic data is given in Table 1. The
of water (3'.4% n weight petween 35,0 and 500, determined by . crystallographic parameters are presented in Table 2.
thermogravimetric analysis (TGA) (Figure 1), suggested the chemi-
cal composition CsH,P,0,4 (loss of water, 3.33% in weight). This
composition was confirmed later by the crystallographic study.
Structure Solution and Refinement.The structure solution was Structure of Cusz(P,OsOH),. The projection of the
performed using a conventional high-resolution Seifert 3000 structure alon@ (Figure 3) shows that the tridimensional
diffractometer with2 CuKay radiation. The X-ray pattern was  «Cy,P,0,," framework consists of diphosphate@® groups,
registered betweeq 1@nd 80 (2_6) with a st_ep of 0.02 gt room Cu(1)Q; octahedra, and Cu(2)@yramids, forming rectan-
temperature. The first 20 reflections were indexed using the auto- gular and diamond shaped tunnels running arighe RO;

indexing software TREORE The program gave a triclinic solution roups are isolated from each other. each aroun sharing five
with a figure of meritM(20) = 4716 The cell parameters weee= group ’ group 9

4782 Ab = 7.037 A.c = 8.357 A,a = 66.68, § = 76.99, and apexes with copper polyhedra, whereas copper polyhedra

y = 72.06. The EXPO7 package, integrating SIR%7for direct

; ; (17) Altomare, A.; Burla, M. C.; Camilli, M.; Carrozzini, B.; Cascarano,
methods structure solution, was used to solve the structure in the G. L.: Giacovazzo, C.. Guagliardi, A.: Moliterni, A. G. G.. Polidori,

G.; Rizzi, R.J. Appl. Crystallogr 1999 32, 339.

Rs 0.0585
P1 space group. The second best solution computed by SIRPOW

gave positions of all non-hydrogen atoms. This structural model
was used as a starting model for Rietveld refinement using

Results and Discussion

(14) Lavrov, A. V.; Bykanova, T. A.; Tezikova, L. Anorg. Mater. 1975 (18) Altomare, A.; Burla, M. C.; Cascarano, G. L.; Giacovazzo, C;
11, 771. Guagliardi, A.; Moliterni, A. G. G.; Polidori, GJ. Appl. Crystallogr
(15) Werner, P.-E.; Eriksson, L.; Westdahl, 81.Appl. Crystallogr 1985 1995 28, 842.
18, 367. (19) Rodriguez-Carvajal, Jollected Abstracts of Powder Diffraction
(16) Wollf, P. M. J. Appl. Crystallogr 1968 1, 108. Meeting, Toulouse, Francd990; p 127.
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Table 2. Fractional Atomic Coordinates and Isotropic Thermal Factors
for Cug(P,OsOH),

atom X y z B(A2

cul 0 0 0 0.38(8)
cu2 0.9441(8) 0.8471(6) 0.4288(5) 0.38(8)
P3 0.6310(14)  0.5070(11)  0.7031(9) 0.29(12)
P4 0.6458(15)  0.8439(10)  0.8121(9) 0.29(12)
05 0.681(3) 0.6641(19)  0.5197(17)  0.77(16)
06 0.819(3) 0.9407(19)  0.6343(17)  0.77(16)
o7 0.287(3) 0.515(2) 0.7488(16)  0.77(16)
08 0.698(3) 0.595(2) 0.8382(16)  0.77(16)
09 0.782(3) 0.8245(19)  0.9679(17)  0.77(16)
010 0.175(3) 0.718(2) 0.2555(16)  0.77(16)
011  0.317(3) 0.944(2) 0.8123(16)  0.77(16)

share their edges forming [@Dig]. chains running along

€. The RO; groups and the [GD1g]. chains are displayed
in layers parallel to the&(C) plane. One plane of.B®; groups
alternates with one plane of [@Dyg].. chains. In each chain
one CuQ octahedron alternates with two Cu@tragonal
pyramids alon@, the apical apexes of the two edge-shared
pyramids being in trans positions with respect to each other.
This chain forms a one-dimensional “zigzag” chain built up
with linear trimers Cu(2)yCu(1)-Cu(2). The Cu(1)@
octahedron shares trans edges with two Cu{3)@amids,
while the Cu(2)@ pyramid shares cis and trans edges with
neighboring Cu(1)@and Cu(2)Q polyhedra. Similar chains,
exclusively built up of octahedra, are also observed in
diphosphates CaiP,0;). (M = Co,Ni)?° SrFe(P,0)2,%°
and PbM(P.0;), (M = Fe, Co, Ni)?*??

The projection of the structure aloi@y(Figure 4) shows
that the RO; groups have their PO—P bond parallel td.
Each BO; group ensures the connections between three
[Cuz01] chains, forming with the latter four-sided tunnels
running along€. The RBO; groups exhibit a practically
eclipsed configuration and form small diamond shaped
tunnels running along with the [CuO,q].. chains.

Each diphosphate group consists of two independent
tetrahedra, P(3) and P(4). Moreover the bond valence sum
calculations (Table 3), according to Brown and Alterniatt,
show that one valence is missing at the O(7) atom, belonging
to the P(3) tetrahedra. Consequently the latter site is occupietkigyre 4. structure of C(P,040H); viewed along th axis.
by an OH group instead of an oxygen atom, so that the
diphosphate groups are better formulated #3©H rather Table 3. Selected Distances and Calculated Valences for
than BO, leading for this diphosphate to the generic formula Ce(P200H):

Figure 3. Structure of Cy(P,OsOH), viewed along th& axis.

Cus(P,0s0H).. The geometry of the P(3) and P(4) tetrahedra Cul Cu2 P3 P4 valence
is similar to that usually observed for diphosphate groups. 05 1.902(15)  1.512(13) 1.88
The P-O bond that corresponds to the bridging oxygen O(8) 06 11'3885((112)) 1.533(13) 2.14
is the longer in both tetrahedra (1:61.63 A), whereas the o7 ' 1.592(15) 1.07
three other PO bonds are close to those observed in regular 08 1.611(20) 1.624(17) 2.00
PQ, tetrahedra, i.e., 151153 Afor P(4)and 152159 A Of) 3900002 oo e VPN T
for P(3). Nevertheless the P(3) tetrahedron is slightly more o011 1.991(13% 2 2.333(13) 1.510(14) 1.94

distorted than the P(4) tetrahedron, due to the fact that it valence 2.09 2.06 4.76 4.86

?Orl:]ams_tgf_'%H %Irlou'p. The Iargetr vgtlr:thpf 1t5t9 A Ott)t?\'lnfd also that in the fDsOH group, the P(3) tetrahedron exhibits
orthe ondis inagreementwi IS statement. NOt€ 4ne free comer corresponding to the OH group (O(7)), in

(20) Lii, K. H.: Shih, P. F.; Chen. T. Minorg. Chem 1993 32, 4373, contrast to th.e P(4) tetrahedron whose three other apexes
(21) Krasnikov, V. V.; Konstant, Z. A.; Bel'skii, V. Klzv. Akad. Nauk are shared with copper polyhedra.

S|SSR, Neerg- _MatetaSE_ 21, 1560-d ol i The tetragonal Cu®pyramids exhibit one longer apical
(22) gh"e‘ﬁqr.zl%uga" 1A1"8,B§cl)12. ari, A.; Berrada, A Holt, E. M. Solid State o, pond (2.33 A) compared to distances in the basal
(23) Brown, I. D.; Altermatt, DActa Crystallogr. B1985 41, 244. plane, ranging from 1.90 to 1.99 A (Table 2). Such distances
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in the basal plane evidence a rather strong distortion of the 0.020
polyhedron. Such a feature is easily explained by the fact
that each pyramid shares one edge with another pyramid, 5 0015
one edge with a Cugbctahedron, one edge with two apexes g b
of the same ROsOH group, and two apexes with two §0-010-
different ROsOH groups, so that several of its apexes (0O(10), 8 \
O(11)) are tightly bonded to copper and phosphorus. = 0.005
The CuQ octahedron is strongly elongated with two long -
apical Cu-O bonds of 2.37 A, whereas in the basal plane, 0.000 e 0 30 200
the Cu-O bonds, ranging from 1.97 to 1.99 A (Table 2), T(K)
show a much smaller distortion compared to Gp@ramids. Figure 5. Magnetic susceptibility for Gy{P,OsOH), (filled circle) and

The smaller distortion of the Cu(ctahedron may be due CwP:07 (open circle). The susceptibility is given per mole of copper in

to the fact that it sh its si ith six_diff t order to compare the two compounds. The dashed line drawn through the

0 he Tact that It shares 1ts S|x.apexes WIth SIX dIerent gar, s a fit to the CurieWeiss law between 100 and 400 K. The continuous

P,OsOH groups, so that the strains are much smaller than line is a fit with the Bonner-Fisher expression for 18= 1/2 susceptibility.

for a pyramid for which one edge is shared with the same The inset shows the inverse susceptibility for the two compounds.

P,OsOH group. . T
Although very different from the diphosphate £x0;,'*

T T
,(PO,)

§3
c
©

a

T

o

the structure of C4fP,0OsOH), exhibits some similarities. oe o d £

Both structures are indeed built up of copper chains intercon- 3 ¢

nected by FO; groups. However the [Cuf}, chains running g 06r 1 7 sering ]
along [110] and [1@] in this diphosphate consist of edge- é froking modey
sharing pyramids instead of pyramids and octahedra, and § 04+

moreover each J; group is never linked to the same

pyramid but is shared between different pyramids. 02l
Magnetic Properties. The inverse magnetic susceptibility

of Cug(P,OsOH), (Figure 5) exhibits a CurieWeiss behavior

| I

PO,
stretching vibrations

. . 0.0 1 1 1 1 1
above 100 K. The data were least-squares fitted to a Eurie 1400 1200 1000 800 600
Weiss equation Wavenumber (cm’™)
C Figure 6. Infrared spectrum of the low wavenumber region o§@EO¢-
X = XO + —— OH)2
T—0,
Table 4. Wavenumber Assignments for gB.0OsOH),
yielding 6 = —32(2) K and an effective magnetic moment  wavenumber cmt suggested assignments
Uest per copper of 1.94g was obtained. This value compares ™ 1545 P-O—Cu deformation
well to values commonly observed for €ud°) ions, while 1150 P-OH deformation
; ; 1100, 1068 v3 (POQy) antisymmetric stretching vibrations
the_ negative p_a ramag_netlc ter_n_perattﬂﬁ suggests an 1016, 984 v1 (PQy) symmetric stretching vibrations
antiferromagnetic ordering transition at low temperature as gg5 P-OH stretching
observed in C4P,O; (Figure 5). Due to the one-dimensional 751 Cu-0O deformation modes

nature of the copper chain, the low-temperature susceptibility 643 603,548,525 v4(PQy) out of plane bending vibration

may be analyzed using the numerical calculation for the 1D

S= 1/2 system, given by the BonneFisher expressioff susceptibility indicates that all of the fitted parameters should
be considered with caution. Moreover the magnetic model

NgzﬂBZ[ 0.25+ 0.14995 + 0.30094> of the susceptibility should contain two exchange integrals

Xehains™ T |.1 11,986 + 0.688542 + 6.0626(3] Ji1 andJ, in order to take into account magnetic interactions

between Cu(yO—Cu(2) and Cu(2yO—Cu(2).
whereX = |J|/KT. With regard to the upturn of susceptibility ~ |nfrared Spectroscopy Study.The IR spectrum of the
below 40 K, a term was added, taking into account the sample CyP,OsOH), is presented in Figure 6. The IR
Curie-Weiss susceptibility of monomeric impurities. The  gpectrum exhibits various absorption bands of lattice vibra-
total susceptibility is then given by the following expression: tjons. Thevs(PQy) stretching bands appear in the range-960
NGES(S + 1)1, 1;00 _chl (Table 4). These pands are split due .to the
Yot = { (1 = XY ehaineT X—“B} distortion of the PQtetrahedra in good agreement with the
° chains 3KT structural data. In addition, the 56850 cnT! region is
assigned to out-of-plane bending modes of the phosphate
ions. The hydroxide groups are observedvat 955 and
1150 cm! (P—O—H band), and the bands due to the bonds
|Cu—O are located at 751 and 1242 tinThese values are
in a good agreement with the vibrational spectral analysis
(24) Bonner, C. J.; Fisher, M. Phys. Re. 1964 135 A640. of pseudomalachite G(POy),(OH),.2°

wherex is the impurity fraction. The best fit of experimental
data (continuous line on Figure 5) leadsltes —21.9 cn1?

(J/k = —31.6K), g = 2.07, andx = 5.4%. Although these
values appear reasonable, the poor fit of the experimenta
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