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In a continuing search for mixed-valence copper phosphate compounds, crystals of a novel copper(l/1l) oxophosphate
chloride, NaCwP,0O4Cl, have been grown in a low-temperature eutectic flux of 23% NaCl and 77% CuCl (mp

= 315°C). The title compound crystallizes in an orthorhombic latt@mcm(No. 63), witha = 13.614 (2) A,
b=10.385 (2) Ac=6.372 (2) A, andv = 900.8 &; Z = 4. This new compound is a welcome addition to the

small family of electronically distinct copper phosphates. The extended structure exhibits an interesting quasi-
one-dimensional chain consisting of fused tetrahedra of copper(ll) atoms centered-Jox@bridging oxygen

atom. This mixed framework is composed of [CU@3] —[Cu(1)'O4Cl]—[Cu(3YO.Cl3] fused polyhedra. The

Cu?t centers are closely spaced, 3-G819 A, creating an environment conducive to a magnetic transitiersat

K associated with the diffused antiferromagnetic coupling starting at 220 K. In this paper, the synthesis, thermal
properties, and bond valence analyses ofQNgP,OqCl are also addressed.

Cu—0 linkages are connected by long 'GtO bonds. The

magnetic data show antiferromagnetic ordering below 170 K.
This research has been extended to include electropositive

cations, specifically alkali and alkaline earth metals, in hopes

Introduction

Recently, several examples of mixed-valence, low-dimen-
sional transition metal oxo compounds were synthesized and
characterized by our research group:4 LiéSi>O7)(TiO m . . .
=1, 2} and (B;Nb68i4025)n(Bgers%42 l)G(Sn2=7)12(_ 4) é):rr;ész that they will promote new framework formation. The title
In these examples, the nanosized transition metal oxide layerscOMPound, NZCwP,04Cl, has been isolated from a reaction
(sheets) and chains (wires) are structurally isolated and elec-USing NaP:O7 as a precursor in a eutectic halide flux media.
tronically insulated by closed-shell, nonmagnetic oxyanions, !tS €xtended structure exhibits an interesting quasi-one-
specifically, SiO/~. These types of structures are of particular dimensional framework of interconnected chains composed of

interest for investigating the magnetic interactions of delocalized [Cu" O] —[Cu' O4Cl] —[CU'O,Cls] fused polyhedra. The syn-

electrons in a confined transition metal oxide lattice.

In depth research into copper phosphate chemistry via molten-
salt synthesis has proven to be productive in discovering novel

structures with interesting magnetic properfiésPrior to these

studies, a large collection of copper-based phosphate compounds
were reported in the literature, as cited in ref 3a, but these
compounds generally exhibit extended three-dimensional struc-

tures containing isolated @, (n = 4—6) polyhedra. Low-

thesis, structure, and thermal and magnetic properties of this
sodium copper(l/ll) oxophosphate chloride are reported.

Experimental Section

Synthesis. Single crystals of N&CuwP,OsCl were grown from a
reaction mixture containing NBO; (from N&P,O+10H,0, Mallinck-
rodt, 99.5%, dried at 108C in air for several hours) and CuO (Strem,
99.9999%) with the nominal composition of MawyP,O11. The mixture

dimensional copper oxide frameworks and/or mixed-valence a5 loaded into a eutectic flux of 23% NaCl (EM Science, 99.9%)

copper compounds are rare. To our knowledge, in the Cu(l/11)
system, only one phosphate, £@,* and one arsenate, b
Cug(AsOy)s,° are known. The former has an attractive extended
framework which consists of low-dimensional arrays of nearly
parallel CUO; linear units and short C¢O—Cu'—0O—Cu and
Cu'-0O—Cu' linkages. The C, units are closely spaced,
2.74 A, due to cross-linking by the RQ@etrahedra; the short

T Rice University.
* Clemson University.
® Abstract published idvance ACS Abstract#ugust 1, 1996.
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and 77% CuCl (Aldrich, 99%), mp= 315°C, with a flux to charge
ratio of 5:1. The starting materials and flux were ground, placed in a
carbon-coated silica ampule, heated to 8Q0for 4 days, cooled at 2
°C/h to 300°C, and then cooled quickly (5C/h) to room temperature.
Brownish-green crystals of the title compound were isolated by washing
the reaction product with deionized water using a suction filtration
method. A parallel reaction using KR@nd KCI/CuCl flux produced

a known phosphate, KCuRo chloride inclusion was observed.

Structure Determination. A chunky, hexagonal column crystal was
mounted on a glass fiber for single-crystal X-ray diffraction study. The
diffraction data were collected at room temperature on a Rigaku AFC5S
four-circle diffractometer. Crystallographic data for the title compound
are summarized in Table 1. The unit cell parameters and the orientation
matrix for data collection were determined by a least-squares analysis
of 25 peak maxima with 7< 20 < 21°. There was no detectable
decay during data collection, according to the intensities of three
standard reflections«2,0-2; —2,0,0;—2,2,0) which were measured
every 150 reflections. Lorentgolarization and empirical absorption
corrections based on three computer-chosen azimuthal scars529,
18.02, 24.13) were applied to the intensity data; Friedel pairs were

S0020-1669(95)01647-8 CCC: $12.00 © 1996 American Chemical Society
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Table 1. Crystallographic Data for N&€u,P,OoClI
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Table 2. Positional and Equivalent Displacement Parameters for

empirical formula NaCw P,OsCl space group Cmcm(No. 63) N2,CLyP>0¢Cl
fw 541.53 T,°C 23 atom X y z Uq2 A?
a A 136142 4 A , 071069 Cu(l)  0.38477(6)  0.30352(7) Ys 0.0109(2)
b, A 10.385(2) Pealcs g CNT3 3.993
; Cu@2 0 0 0.0081(3)
c, A 6.372(2) linear abs 96.800 cul3 0 0.3743(2 0.258(2 0.05261
v, A2 900.8(4) coeff, cnt ue) -3743(2) -258(2) 052(1)
7 M Ra 0.029 Cl Y, 0.1059(2) Y, 0.0281(6)
Wleb 0.085 P 0.1682(1) 0.2046(2) Y4 0.0093(3)
: Na 0.3064(3) 0 i, 0.0324(1)
@Ry = S[IFol — IFl/ 3 |Fol. ®WR, = [S{W(Fs* — FAZ /S {(WFAF'?, o) 0.4088(6) s 0.008(1)
with w = [SF2 + (aP)2 + bP]"t andP = 0.3F,2 + 0.67F 2. 0(2) 0.1464(4) 0.3493(4) 4 0.017(1)
0(3) 0.2800(3) 0.1800(5) Y4 0.016(1)
0o(4) 0.1247(2) 0.1391(3) 0.0533(5)  0.0165(7)

merged. The TEXSAN software packdgeas used for crystal structure
solution. On the basis of extinction conditions and correct structure
solution, space grougmcm(No. 63) was unambiguously chosen.

SHELX-86 progrant, and those of oxygen atoms were resolved by

@ Ueq is defined as one-third of the trace of the orthogonalizgd
tensor.? The Cu(3) position is refined on an 8f (9, 2) site with the
Atomic coordinates of Na, Cu, P, and Cl were determined using the occupany fixed at 50%; see text.

successive least-squares refinements®nsing SHELXL-938 Ini- R S, —~ (O
tially, the structure was refined by fixing the Cu(3) atom at the special NV P N "_ ~
position 4c (0y, Ya y = 0.3737(1)), withR: = 0.033, WR, = 0.090, ¢ Ao S — N

and GOF= 1.21. A large thermal parametddeq = 0.049 R, for
Cu(3) led to a further investigation of the structure. A model containing
disorder, with respect to the Cu(3) site, was introduced and the new
refinement was based on the 8f {02) site by allowing thez coordinate

to vary with the occupany fixed at 50%. The structural refinement
gave improvedRi/WR,/GOF (0.029/0.085/1.15). (The residwR is
calculated for refinements which were performed/8rand is equal to

the residuaR calculated for refinements performed agaiRst This
residual,Ry, is included to make comparisons with other refinement

methods more convenient. This scaling is done because, due to Q f)\ @)
statistical factors, the refinements Bhare normally 2-3 times larger b 7 5
than the same refinement performedfah The refinement converged A/ /A \
and resulted in a small deviation in taeoordinate of Cu(3), 0.258. - &

Consequently, there is a close, but significant, Ct@)I(3) separation
distance, 0.10 A, across the mirror planezat ¥, This relatively
minor distortion causes the thermal parameter for the new Cu(3) to
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remain large, 0.052. The structural and thermal parameters were refined ¢

by the full-matrix least-squares method. The structural composition Figure 1. Perspective drawing of the MawP;OcCl structure projected
was

verified by wavelength dispersive spectroscbphable 2 lists the along thec axis. The copper(l/ll) and phosphorus geometries are

final positional and thermal parameters.
Thermal Analysis. Differential thermal analysis (DTA) was carried

highlighted with thick and thin lines, respectively. The-80l bonds
are indicated by dotted lines, and N@ bonds are eliminated for

out on a DuPont 9900 thermal analysis system in the temperature rangesimplicity. The anisotropic thermal ellipsoids are drawn at 90%

20-800°C. The experiment was done on selected single crystals in probability.
a sealed quartz ampule. The result indicates the title compound melts

congruently at~731°C.

M
sure
mea
0.05

temperature range. Selected single crystals4(4 mg) were contained

their effect was negligible. The magnetic susceptibility was corrected

agnetic Measurements. The magnetic susceptibility was mea-  fOF €ore diamagnetism with Pascal’s constafits.

d using a Quantum Design SQUID MPMS-5S magnetometer. The
surements were carried out from 1.76 to 300 K in fieldsl 6f
and 0.5 T, showing no field dependence over the whole

Results and Discussion

Structure Description. Figure 1! shows a projected view
of the unit cell of NaCwP,OgCl. The coordination geometries

in a gel capsule sample holder which was suspended in a straw frominvolving the copper and phosphorus cations and the oxygen

the sample translator drive. The temperature and field dependence

of th

%and chlorine anions are highlighted, and the sodium cations

e suscepiibility of the container were previously determined, and reside in the channels. The copper coordination geometries can

(6)

@)

®)
(©)

be approximated as distorted Cu(4¥D square pyramidal,
Cu(2)Q octahedral, and Cu(3)Gl3 trigonal bipyramidal. The

D. T.; Waber, J. T. Scattering Factors for Non-hydrogen Atoms. In phOSp_horus atom_h?'s R@trahedral geometry. Owing tQ the
International Tables for X-ray Crystallographydenry, N. F. M., versatile connectivity between the polyhedra, the unit cell
Lonsdale, K., Eds. Kynoch Press: Birmingham, England, 1974; Vol. possesses complicated chemical bonding. This is not unusual;

IV, Table 2.2A, 7198. ;
Sheldrick, G. M.pIFr)Crystallographic Computing;3heldrick, G. M., copper phosphates often adopt complex structures, due, in part,

Kriiger, C., Goddard, R., Eds.; Oxford University Press: London/New 10 the multiple coordination geometries of copper (see below).
York, 1985; pp 175-189. Nevertheless, the framework can be characterized as quasi-1D

fggeéd”"kv G. M. SHELXL-93. University of Goettingen, Germany,  pecause of not only the channel structure but also the copper

WDS was run on a Cameca SX-50 with a SUN-based control and OXide chains. ) _ o
reduction system. The composition ratio of cations, Na:GuZ226(5): The pseudo-1D copper oxide chain, as shown in Figure 2,

3.93(5):2.07(3), approximately agrees with the structural composition. exhibits interesting4-oxo-bridged Cu(LCu(2) tetrahedra. The

The standards used for the calibration were naturally occurring jadeite - .
(NaAISi,Oq) with low levels of Ca (0.13%) and Mg (0.12%) impurities, chains are located at the four corners and the center of the unit

copper metal (99.99%), and synthetic SQRASNM 168495) for the
Na, Cu, and P cations, respectively. The microprobe was run with the (10) O’'Connor, C. JProg. Inorg. Chem1982 29, 203.

following parameters: 15 kV, beam current of 15 nA, beam diameter (11) SHELXTL PC VERS. 4.1Siemens Analytical X-ray Instruments
of 5 um, and 30 s counting time. Inc.: Madison, WI, 1990.

() TEXSAN: Single Crystal Structure Analysis Software, Versign 5.0
Molecular Structure Corp.: The Woodlands, TX, 1989. (b) Cromer,
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Table 3. Selected Bond Distances (&) and Angles (deg) fop@iaP,0sCI?

Cu(1)QCI Square Planes

Cu(1}-O(1y 1.912(3) Cu(1yO(3y 1.918(5)
Cu(1)-0O(4yc 2.027(3) (%) Cu(1)-CPk 2.583(2)
O(1y—Cu(1)-0O(3y 172.9(2) O(4H—Cu(1)-O(4y 145.0(2)
O(1p—Cu(1)y-0O(4p* 83.3(1) () O(3p—Cu(1)y-0O(4p* 98.6(1) ()
Cl2—Cu(1}-0(1p 87.5(2) Ci—Cu(1)-0(3y 85.4(1)
ClP—Cu(1)-0O(4ypc 105.8(1) (%)
Cu(2)Q; Octahedra
Cu(2)-0(1yte 1.853(3) () Cu(2)-O(4yfan 2.255(3) (&)
O(1yY—Cu(2)-0O(1y 180.0 O(1y4ee-Cu(2)-O(4ynt9 101.4(1) (&)
O(4p9—Cu(2)-0(4)yh 82.3(2) (%) O(1ydee-Cu(2)-0(4)9an 78.6(1) (4x)
O(4Y—Cu(2)-0O(4y 180.0 O(43*—Cu(2)-0O(4)9 97.7(2) ()
Cu(3)QCl; Polyhedra
Cu(3-0(2ph 2.011(5) () Cu(3)-CI 2.406(3)
Cu(3)-Cl 3.237(1) Cu(3y-Cl® 3.135(1)
O(2p—Cu(3)-0(2y 164.9(3) Cl—Cu(3)-0(2ph 97.2(1) (%)
O(2p—-Cu(3)-Cli 90.5(1) () O(2p—-Cu(3)-Cle 90.5(1) ()
ClI'—Cu(3)-Cli 88.8(3) Cl—Cu(3)-Cle 88.8(3)
Cli—Cu(3)-Cle 172.3(1)
PO, Tetrahedra
P—-O(2y 1.531(5) P-O(3y 1.544(5)
P—O(4pk 1.544(3)
O(2p—P-0(3p 110.6(3) O(—P—-0O(4pk 111.0(2) (%)
O(3p—P—-0O(4yk 107.7(2) (%) O(4yp—P—0(4) 108.6(3)

asymmetry transformations: (&) y,z 0) Yo — X, Y2 =y, =z () Yo — X Yo =y, Yo+ Z (d) X =2,y — Y2, Z, (€)X — Yo, Yo — y, —Z (f)

X =Y, =z (9) =X

Figure 2. Partial structure of the pseudo-one-dimensional Cu{%)O
Cu(2)Q chain propagating along theaxis. The Cu(1)Cl bonds are
eliminated for clarity. The anisotropic thermal ellipsoids are drawn at
90% probability.

cell and run parallel to the axis. Cu(2)Q octahedra corner-
share, forming a chain along tleeaxis and are bent due to the
Cu(1)Qy unit. (The latter is the distorted square plane of the
Cu(1)Q,CI square pyramidal unit; the CtCl bond has been
omitted for simplicity.) A group of two Cu(1)gand two Cu(2)-

O¢ polyhedra share a common edge, G{DY4), of the
polyhedra to form an attractives,-O(1)-centered Cuconfigu-
ration. Pivoting on the oxo oxygen, a pair of Cu(%)@nits

=y, =z () %Y, Zz(O)X=Y, Yoty Zz{(XxX=Y, o=y, 1=z K XY Y=z

The Cu(l) to oxygen distances lie in the range £9D3 A
(Table 3), which is comparable with the CufHp bond
distances, 1.982.08 A, in BaCuPGClI.3b Cu(1) also bonds to
the Cl atom with a bond length of 2.58 A, which is longer than
2.46 A, the sum of the Shannon crystal radii for a 5-coordinated
Cuw?t (0.79 A) and Ct (1.67 A)14 Cu(2)Q; exhibits a Jahsa
Teller distortion common to the®dC2". There are two short
bonds to O(1), 1.85 A, and four long bonds to O(4), 2.26 A.
The average of these bonds is 2.12 A, which is close to 2.11 A,
the sum of the Shannon crystal radii for a 6-coordinatedCu
(0.87 A) and G~ (1.24 A). This tetragonal distortion from a
perfect octahedron via compressed axial oxygen atoms is rare
and is formed to avoid a closer interaction with Cu(1).

A fascinating feature concerning the connectivity of two
parallel chains is shown in Figure 3. The 1D chains mentioned
above are interconnected through bridging Cu® units,
extending the framework along Each Cl is shared by two
Cu(1) and one Cu(3). Cu(3) bonds to two oxygen atoms and
three chlorine atoms in a trigonal bipyramidal arrangement. The
distance to the two equivalent O(2) atoms is 2.01 A, which is
slightly longer than 1.98 A, the sum of the Shannon crystal
radii for Cut (0.74 A) and G~. The axial Cu-Cl bonds (dotted
lines) are longdcy@y-c = 3.24 and 3.14 A+{c/2, Table 3),
compared to the in-plane Gl bond, 2.41 A. The @Cu—0
bond angle is 1649 which is distorted from 180due to the
repulsive nature of the tightly bonded bridging CI, 2.406 A.
This nearly linear G- Cu—O configuration has been seen for
Cu(l) in the structures of GRO* and PbCug(AsOs)e.f
Alternatively, the Cu(3)@Cls unit is connected with Cu(2)}$

lean toward each other, alternating to one side or the other ofvia PQ, at O(2) and O(4) (Figure 1) to extend alohg

the Cu(2)Q octahedral chain. This overall arrangement results

in rather short Cu(3)Cu(1), Cu(1)-Cu(2), and Cu(2)Cu(2)

The sodium cation resides in a distorted N@@ environment
which can be seen in Figure 4. TheNa bond distances are

distances, 3.14, 3.03, and 3.19 A, respectively, corresponding| ;)" Brunel-Lagt, M- Durif, A Guitel, J. C.J. Solid State Chem.

to the edges of the O(1)@tetrahedra. These CtCu distances
are longer than the 2.857 and 2.876 A in'@&Q,),0,12where
the short distances result from edge-shared {aglyhedra and
are much longer than the 2.56 A found in elemental copper.

1978 25, 39. (b) Anderson, J. B.; Shoemaker, G. L.; KostinerJE.
Solid State Chenll978 25, 49.

(13) Greenwood, N. N.; Earnshaw, 8hemistry of the Element8ergamon
Press: Oxford, U.K., 1984; pp 1364.368.

(14) Shannon, R. DActa Crystallogr.1976 A32 751.
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b

Figure 3. Two parallel Cu-O chains connected to Cu(3) cations via
Cu—Cl bonds (hollow bonds). Each Cu(3) is bonded to two oxygen
atoms (thick lines) and one chlorine atom in the trigonal plane and
two additional chlorine atoms (dotted lines) above and below the plane
to form a Cu(3)QCl; configuration.

Figure 4. Drawing of the Na@Cl, geometry. The bond distances are
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Figure 5. Susceptibility data for NACwP,OqCl, plotted asy andyT
vs T. The solid line drawn on thgT curve helps to view the sudden
change belw 5 K (see text).
At the higher temperatures, ca. 22800 K, a nearly perfect
Curie—Weiss fit is possible for the magnetic data. The
intermediate-temperature region, ca.Z20 K, exhibits a gradual
decrease inT as the temperature is lowered, which indicates a
weak antiferromagnetic coupling. The antiferromagnetic order-
ing is diffuse and starts to take place above the low end of
Curie—Weiss fit, namely 220 K. Looking carefully at the low-
temperature region] < 5 K, we observe a rapid decrease in
xT.

The high-temperature magnetic susceptibility data are fitted
with the Curie-Weiss equationy = C/(T — ©), giving rise to
C = 3.77 x 10! emu K/mol Cd", ® = —34.3 K. The
correspondingess (=2.83\/6) is 1.74ug, which is consistent
with the spin-only §= /) value of 1.73ug/mol of CL**. The
antiferromagnetic couplings are likely induced via a commonly
known superexchange mechaniéthrough the Cu(3yO(1)—
Cu(2), Cu(1)0O(4)—Cu(2), and Cu(2yO(1)—Cu(2) pathways
of the us-O(1)Cuw core (Figure 2). The internuclear coupling

in angstroms, and the anisotropic thermal ellipsoids are drawn at 90% constantlc,...cy can be calculated on the basis of the-@—
probability. The unlabeled bonds are related to the labeled one by a Cu bridge anglegp, within the CyO, subunits of the core. The

mirror plane through the sodium atom.

quite diverse, ranging from 2.32 to 2.88 A; this is due to the
complex bond interaction occurring at each oxygen anion (O(2)/
O(3)—2Na/1P/1Cu; O(4y1P/2Cu). The average N bond

equation used here for the evaluationJo¥alues is obtained
from the report of theus-oxo-bridged copper(ll) molecular
complexes [CyOX4(mbpp)}] (X = CI, Br).l” By use of the
bridging angles, 107.0, 89.9, and 118.Zhe J values are
calculated to be-706, 551, and-1530 cnT1?, respectively. The

distance, 2.56 A, though, is the same as 2.56 A, the sum of therelatively large negativé values suggest a significant antifer-

Shannon crystal radii for an 8-coordinate™4.32 A) and four-
coordinate @ . The Na-Cl bond distances are 3.27 A, longer
than 2.99 A, the crystal radii sum for Nand CI. With respect

romagnetic coupling between the €umagnetic centers in the
Cu(Il)—0O chain. A competitive coupling is probably occurring
through Cu(1}-O(4)—Cu(2), since this angle is so close t°90

to the channel structure, the shortest window dimension is 3.00and a positivel value results. The combination of these three

A, much shorter than 5.12 A 2 x 2.56 A (Na—O distance),
suggesting that Na ion conductivity is unlikely.

The bond valence sum (BVS) analySeimdicate that Na
CuwP,0O¢Cl is a mixed-valence copper(l/ll) compound. The
calculated charge for Cu(1) #52.05 including the chlorine vs
+1.84 excluding the chlorine. For Cu(2), a valueia?.11 is
calculated. The formal oxidation state of each of these copper
cations can be assigned-a2. The formal charge of the Cu(3)
site can be assigned a4l since the calculated BVS i50.92.
The Na(1) cation has a calculated chargetdf.96 based on
the NaQCl, coordination. The phosphorus charge is calculated
to be+4.71, which is close to its formal charge ¢5.

Magnetic Properties. Magnetic susceptibility data are
plotted in Figure 5 as both molar susceptibility) (of Nap-
CuP,OqCl andy T versus temperaturd). The features of the
xT vs T curve can be divided into three temperature regions.

(15) Brese, N.; O’Keefe, MActa Crystallogr.1991, B47, 192.

pathways and their respective couplings gives rise to the
complicated magnetic properties in the low-temperature region.

It must be noted that a true fit of the experimental magnetic
data is not possible due to the complexity of this system. Since
the interchain connectivity is made of closed-shell ions; ClI
and Cu, a significant magnetic exchange contribution via this
pathway has been excluded for simplicity in the above discus-
sion. A detailed theoretical investigation is necessary to
understand fully the magnetic exchange interaction in the title
compound.

(16) Hay, P. J.; Thibeault, J. C.; Hoffmann, R.Am. Chem. Sod.975
97, 4884.

(17) A reviewer brought to our attention the following reference: Reim,
J.; Griesar, K.; Haase, W.; Krebs, B. Chem. Soc., Dalton Trans.
1995 649. The equation used for the calculation¥/éen~t = —73.54p
+ 7162. The calculated values are consistent with those derived
from the equation reported by Hatfield et al.: Crawford, V. H;
Richardson, H. W.; Wasson, J. R.; Hodgson, D. J.; Hatfield, W. E.
Inorg. Chem.197§ 15, 2107.
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