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and there are few examples of pyrophosphate-containing
phases (9–14).Single crystals of the new Co(II) phosphate Na4Co3(PO4)2P2O7

have been isolated and their structure has been determined by In this paper we present the synthesis and the crystal
X-ray diffraction techniques. This compound crystallizes in the structure determination of the new sodium cobalt phos-
orthorhombic noncentrosymmetric space group Pn21a with phate Na4Co3(PO4)2P2O7 . The structure of this compound
a 5 18.046(5) Å, b 5 6.533(2) Å, c 5 10.536(2) Å, and Z 5 is built up from corner- and edge-sharing between CoO6
4. The structure consists of infinite layers with composition octahedra and PO4 and P2O7 groups giving rise to a polyhe-
(Co3P2O13)` parallel to the bc plane. Interlayer linkages are dral connectivity which produces large tunnels running
made via P–O–P bridges of the pyrophosphate groups in such along the three main crystallographic directions [100],
a way that large tunnels extending along the [010] and [001] [010], and [001]. As a consequence of a complex scheme of
directions occur between two neighboring sheets. Besides, there tunnel intersections, a three-dimensional channel network
also exist channels along the [100] direction crossing the

occurs, the sodium cations being located within those(Co3P2P13)` layers. A complex scheme of tunnel intersections
tunnels.gives rise to the formation of a three-dimensional channel net-

work which hosts the sodium cations.  1996 Academic Press, Inc.

EXPERIMENTAL

1. Crystal GrowthINTRODUCTION
Crystals of the title compound were grown by melting

The phosphates of transition metals form a huge family a mixture of analytical grade Na2CO3 ? 10H2O, Co(acac)3 ,
of compounds showing many interesting properties (1). and NH4H2PO4 in a molar ratio Na/Co/P 5 3/2/3. After
Most of them are characterized by a mixed framework grinding, the mixture was held in a zirconia crucible and
built up from MO6 octahedra and PO4 tetrahedra defining slowly heated to 983 K. The batch was kept at this tempera-
a great variety of polyhedral connectivities. The association ture for 2 h to homogenize the melt, being then slowly
of metallic or semi-metallic rows or layers of MO6 octahe- cooled down to 733 K at a rate of 508/h and from this
dra with insulating PO4 rows or layers gives rise to original value to room temperature at 1008/h.
physical properties. Moreover, it is well known that many
phosphates are good ionic conductors, mainly those show- 2. Data Collection
ing the NASICON-type structure (2). Due to these reasons,

A purple-colored prismatic-shaped crystal was mounteda great effort, during the past years, has been devoted to
in a Nonius CAD-4 diffractometer to be used for the struc-the study of mixed transition-metal phosphates. Among
ture determination. Table 1 collects the main crystal datathem, those containing titanium, vanadium, molybdenum,
and refinement parameters for Na4Co3(PO4)2P2O7 .tungsten, or niobiom have been widely studied (1 and

A graphite-monochromated MoKa (l 5 0.71069 Å)references therein) while the Co–P–O system remains rel-
beam was used for the data collection.atively poorly explored. To our knowledge, only a limited

The unit cell parameters were determined by least-number of phosphates of cobalt have been reported so far
square refinement of the 2u values of 25 strong well cen-(3–14). Most of them are hydro- or hydroxyphosphates
tered reflections in the range 188 , 2u , 318.

Raw data were corrected for Lorentz and polarization
effects. Scattering factors for neutral atoms and anomalous1 To whom correspondence should be addressed.
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TABLE 1
Crystal, Measurement, and Refinement Parameters for Na4Co3(PO4)2P2O7

Crystal data
Crystal dimensions (mm3) 0.25 3 0.2 3 0.1
Formula Co3P4Na4O15

Formula weight (g mol21) 632.6
Crystal system Orthorhombic
Space group Pn21a
Cell dimensions
a (Å) 18.046(5)
b (Å) 6.533(2)
c (Å) 10.536(2)
Z 4
V (Å3) 1242.1(5)
rcalcd(g cm23) 1.38

Data collection
Radiation MoKa (l 5 0.71069 Å)
Temperature (8K) 295
Scan technique g/2u
2u range (8) 1 2 60
Data collected (225, 0, 0) to (25, 9, 14)
Decay #1%
Unique data (after merging) 1958
Observed reflections I . 2s(I) 1791
Rint , % 4.2
F(000) 1220
e(MoKa)(cm21) 46.9

Structure solution and refinement
Agreement factors R 5 0.039, Rw 5 0.046
Weighting scheme w 5 w1w2 , w1 5 1/(a 1 buFou)2, w2 5 1/(c 1 d sin u/l)2

a 5 1.31, b 5 0.012, uFou , 450
c 5 4.09, d 5 28.68, 0 , sin u/l , 0.44
c 5 20.61, d 5 2.61, 0.44 , sin u/l , 0.80

Maximum and average shift/error 0.04, 0.009
Absorption correction range 0.96–1.02
Maximum residual (eÅ23) 1.4

dispersion correction for Co and P atoms were taken from before and after the application of this correction were
R 5 0.059, Rw 5 0.068 and R 5 0.049, Rw 5 0.060, respec-‘‘International Tables for X-Ray Crystallography’’ (15).
tively. In order to prevent bias on DF vs Fo or sin u/l,

3. Structure Determination weights were assigned using the weighting scheme and
the coefficients, calculated by the program PESOS (18),The systematic absence conditions in the reduced data
collected in Table 1. Full-matrix least-squares refinement(hk0, h 5 2n; 0kl, k 1 l 5 2n; h00, h 5 2n; 0k0, k 5
with anisotropic thermal parameters for all the atoms led2n; and 00l, l 5 2n) were consistent with space groups
to agreement factors R 5 0.039 and Rw 5 0.046. The maxi-Pnma(No. 62) and Pn21a (non standard setting of S.G.
mum and average shift-to-error ratios were 0.04 and 0.009,Pna21 , No. 33). An initial model of the crystal structure
respectively, while the maximum residual electron densitywas developed in the centrosymmetric space group Pnma
near the Co(1) atom was 1.4 eÅ23. Most of the calculationswith heavy-atom positions (Co, P, and Na) located using
were carried out with the X-RAY80 program (19).the direct-methods program MULTAN80 (16). However,

along the data refinement, it was apparent that these heavy
4. Supplementary Characterization

atoms were not centrosymmetrically arranged. Thus, after
trying the centrosymmetric space group, the structure was In order to confirm some important points of the crystal

structure of Na4Co3(PO4)2P2O7 chemical analysis and mag-solved in the noncentrosymmetric group Pn21a. The posi-
tions of the oxygen atoms were obtained by Fourier synthe- netic susceptibility measurements were performed. Chemi-

cal analyses of several crystals were carried out by thesis. An empirical absortion correction (17) was applied at
the end of the isotropic refinement; the agreement factors Inductively Coupled Plasma technique using a Jovin Yvon
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TABLE 2 netic moment per cobalt ion of eeff 5 5.52(1) eBM was
Atomic Parameters for Na4Co3(PO4)2P2O7 obtained. This value is in agreement with those previously

found in other compounds for high-spin-Co21 cations (21).
Atom x/a y/b z/c Ueq

a (Å2)
It is worth noting that the Co(3)O6 octahedron is rather

Co(1) 0.33410(4) 0.10080(1) 0.5028(1) 50(2) irregular with a large Co(3)–O(14) distance. As it will be
Co(2) 0.13900(4) 20.4099(2) 0.4948(1) 49(2) shown, this is a consequence of the location of Co(3) in
Co(3) 0.24290(5) 0.3226(2) 0.7423(1) 59(2) the structure.
P(1) 0.2925(1) 20.4015(3) 0.5015(1) 39(4)

Due to the corner- and edge-sharing (see below) theP(2) 0.1791(1) 0.0881(3) 0.4864(1) 38(4)
two monophosphate groups show a distorted tetrahedralP(3) 0.5680(1) 0.4554(3) 0.7368(1) 39(4)

P(4) 0.4486(1) 0.1469(3) 0.7275(1) 54(4) environment, with average P–O distances P(1)–O 5
Na(1) 0.4934(2) 0.8190(5) 0.9768(3) 116(7) 1.541(5) Å and P(2)–O 5 1.546(5) Å.
Na(2) 0.2955(2) 20.1480(6) 0.7472(3) 150(8) The pyrophosphate groups take up an alternated con-
Na(3) 0.3941(2) 20.5719(6) 0.2635(3) 169(8)

figuration, with the O(9) as bridging oxygen. As expectedNa(4) 0.4620(2) 20.3262(6) 0.5410(3) 177(8)
(22), the bridging P–O bonds are longer than the terminalO(1) 0.2362(3) 20.4397(7) 0.6118(4) 51(12)

O(2) 0.3440(3) 20.5803(8) 0.4764(5) 105(13) ones. However, the P–Obridge distances found in Na4CO3
O(3) 0.3381(3) 20.2116(8) 0.5351(5) 75(13) (PO4)2P2O7 are unusually long, P(3)–O(9) 5 1.619(5) Å
O(4) 0.2403(3) 20.3714(8) 0.3855(4) 65(12) and P(4)–O(9) 5 1.642(5) Å, while in Co2P2O7 (14) P–
O(5) 0.2320(2) 0.1137(9) 0.6031(4) 74(12)

Obridge 5 1.582 Å. Similar values (1.645 and 1.625 Å) haveO(6) 0.1270(3) 20.0919(8) 0.5122(5) 99(13)
been reported by Lightfoot et al. in K2Co3(P2O7) · 2H2OO(7) 0.2340(3) 0.0548(8) 0.3743(5) 68(12)

O(8) 0.1351(3) 0.2829(9) 0.4573(5) 96(13) (11). These authors claimed that those long P–Obridge bonds
O(9) 0.4870(3) 0.3696(8) 0.6978(5) 83(12) are due to the bending of the pyrophosphate (P–Obridge–
O(10) 0.5575(3) 0.5666(8) 0.8628(4) 91(12) P 5 127.178) as a consequence of acting as bidentate ligand
O(11) 0.6222(3) 0.2804(8) 0.7430(5) 80(12)

in their compound. This is not the case in our material,O(12) 0.5839(2) 0.6058(9) 0.6303(4) 93(11)
although the P(3)–O(9)–P(4) angle (129.78) is not closerO(13) 0.4566(2) 0.1119(9) 0.8694(4) 82(11)

O(14) 0.3687(3) 0.1714(9) 0.6889(4) 107(12)
O(15) 0.4904(3) 20.0032(10) 0.6475(5) 136(14)

TABLE 3a Ueq 5 1/3(oi oj Uij a*i a*j aiaj)104.
Anisotropic Thermal Parametersa for Na4Co3(PO4)2P2O7

Atom U11 U22 U33 U12 U13 U23

JY-70 plus apparatus. Magnetic susceptibility measure-
Co(1) 42(3) 51(4) 58(3) 0(4) 15(3) 22(3)

ments in the temperature range from 298 to 77 K were Co(2) 38(3) 48(4) 61(3) 3(4) 4(3) 9(3)
performed using an ASMI magnetometer (minimum mag- Co(3) 96(4) 49(4) 33(3) 210(4) 210(3) 6(3)

P(1) 33(6) 49(7) 36(6) 23(7) 8(5) 14(6)netic field 14 KG with HdH/dz 5 29 KG2cm21).
P(2) 39(6) 33(7) 40(6) 21(7) 0(5) 28(6)
P(3) 35(6) 38(7) 46(6) 210(6) 1(5) 0(6)

RESULTS AND DISCUSSION P(4) 55(6) 66(7) 41(6) 226(6) 27(5) 23(6)
Na(1) 87(12) 116(14) 145(12) 41(12) 22(11) 17(13)

Applying the crystal growth procedure explained in the Na(2) 201(13) 119(15) 129(12) 24(12) 17(11) 8(12)
Na(3) 183(14) 163(16) 160(14) 4(14) 22(11) 4(13)Experimental section, many purple-colored prismatic-
Na(4) 120(13) 236(13) 173(13) 75(13) 219(11) 227(14)shaped crystals with mm-sized edges were obtained on the
O(1) 79(19) 19(21) 54(21) 210(17) 9(16) 21(16)surface of the cake melt. The composition determined by
O(2) 100(21) 75(25) 138(22) 71(21) 37(19) 14(19)

the refinement of the X-ray diffraction data was confirmed O(3) 57(20) 88(25) 79(20) 11(18) 213(16) 10(19)
by chemical analysis. The calculated and experimental mo- O(4) 76(19) 73(23) 45(19) 241(18) 223(15) 42(18)

O(5) 43(18) 110(23) 69(19) 25(19) 22(16) 228(20)lar ratios Na/Co/P are 4/3/4 and (4.1 6 0.1)/(3.0 6 0.1)/
O(6) 52(19) 71(24) 174(25) 218(18) 14(17) 14(20)(3.7 6 0.2), respectively.
O(7) 92(20) 35(22) 76(21) 11(18) 35(17) 213(16)Final atomic parameters are collected in Tables 2 and
O(8) 69(21) 93(24) 127(22) 25(18) 25(17) 218(20)

3; Table 4 shows some selected geometrical information. O(9) 66(19) 30(21) 152(21) 27(17) 217(17) 44(19)
The three crystallographically distinct cobalt atoms ex- O(10) 83(19) 126(25) 64(18) 22(19) 237(15) 244(19)

O(11) 108(21) 51(22) 82(20) 13(18) 211(17) 10(18)hibit the normal octahedral coordination, with average
O(12) 78(19) 78(21) 121(19) 20(20) 55(16) 68(20)Co–O distances of 2.122(5), 2.126(5), and 2.154(5) Å for
O(13) 97(19) 98(21) 52(17) 3(19) 215(15) 40(18)Co(1), Co(2), and Co(3), respectively. These distances
O(14) 39(19) 202(26) 80(19) 211(19) 230(15) 243(20)

agree with that corresponding to the radius of a divalent O(15) 127(22) 151(26) 130(22) 12(21) 34(18) 251(21)
high-spin-six-coordinated cobalt cation (20). From the

a Thermal parameters as exp[22f2 oi oj (Uij a*i a*j HiHj)]104.magnetic susceptibility measurements, an effective mag-
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TABLE 4
Selected Interatomic Distances (Å) and Angles (deg) and Polyhedral Edge Lengths (Å) for Na4Co3(PO4)2P2O7

Co(1) O(3) O(5) O(7) O(14) O(21) O(122)

O(3) 2.070(5) 2.949(7) 3.071(7) 3.031(8) 4.171(8) 3.052(7)
O(5) 89.3 (2) 2.127(4) 2.442(7) 2.655(6) 3.141(7) 4.135(6)
O(7) 89.7 (2) 67.2 (2) 2.279(5) 4.181(7) 3.283(7) 3.304(6)
O(14) 93.0 (2) 77.6 (2) 144.7 (2) 2.108(5) 2.800(8) 3.496(7)
O(21) 172.9 (2) 95.7 (3) 96.8 (2) 83.2 (2) 2.109(5) 2.677(7)
O(1211) 95.9 (2) 166.0 (2) 99.7 (2) 114.9 (2) 80.3 (2) 2.040(5)

Co(2) O(1) O(4) O(6) O(83) O(104) O(135)

O(1) 2.153(5) 2.427(6) 3.186(7) 3.044(7) 3.237(6) 4.330(6)
O(4) 68.2 (2) 2.175(5) 3.049(7) 3.046(7) 4.252(6) 3.559(6)
O(6) 97.1 (2) 91.1 (2) 2.096(6) 4.127(8) 2.878(7) 3.575(7)
O(83) 92.9 (2) 92.3 (2) 170.0 (2) 2.047(6) 2.998(7) 2.866(7)
O(104) 98.9 (2) 166.5 (2) 86.4 (2) 92.4 (2) 2.106(5) 2.848(6)
O(135) 177.2 (2) 109.7 (2) 84.6 (2) 85.4 (2) 83.3 (2) 2.178(4)

Co(3) O(5) O(14) O(11) O(116) O(47) O(77)

O(5) 2.013(5) 2.655(6) 2.920(7) 2.282(7) 3.018(6) 4.104(7)
O(14) 70.3 (2) 2.538(5) 3.582(7) 4.562(7) 2.870(6) 3.677(3)
O(11) 91.1 (2) 101.3 (2) 2.078(5) 3.149(7) 4.056(7) 2.817(7)
O(116) 82.5 (2) 148.4 (2) 94.7 (2) 2.202(5) 2.996(7) 3.388(7)
O(47) 97.8 (2) 77.5 (2) 170.0 (2) 91.0 (2) 1.993(5) 2.789(7)
O(77) 172.7 (2) 104.5 (2) 84.8 (2) 103.9 (2) 85.9 (2) 2.100(5)

P(1) O(1) O(2) O(3) O(4)

O(1) 1.564(5) 2.581(7) 2.501(7) 2.427(6)
O(2) 113.9 (3) 1.515(6) 2.489(7) 2.506(7)
O(3) 107.8 (3) 109.7 (3) 1.530(5) 2.587(7)
O(4) 102.1 (2) 109.4 (3) 113.9 (3) 1.556(5)

P(2) O(5) O(6) O(7) O(8)

O(5) 1.565(5) 2.512(7) 2.442(7) 2.577(7)
O(6) 108.5 (3) 1.530(6) 2.599(7) 2.520(8)
O(7) 102.9 (3) 114.7 (3) 1.557(5) 2.484(7)
O(8) 112.6 (3) 110.8 (3) 107.1 (3) 1.531(6)

P(3) O(9) O(10) O(11) O(12)

O(9) 1.619(5) 2.509(7) 2.554(7) 2.438(7)
O(10) 105.9 (3) 1.525(5) 2.540(7) 2.509(7)
O(11) 109.6 (3) 113.9 (3) 1.506(5) 2.540(7)
O(12) 101.9 (3) 111.0 (3) 113.6 (3) 1.519(5)

P(4) O(9) O(13) O(14) O(15)

O(9) 1.642(5) 2.531(7) 2.498(7) 2.494(8)
O(13) 106.3 (3) 1.520(5) 2.508(6) 2.531(7)
O(14) 104.9 (3) 111.9 (3) 1.506(5) 2.513(7)
O(15) 105.1 (3) 114.0 (3) 113.6 (3) 1.498(6)

P(3)–O(9)–P(4) 129.7(3) P(3)–P(4) 2.952(3)
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TABLE 4—Continued

M–M distances (Å) , 3.70 Å
Co(1)–Co(3) 3.343(1) Na(2)–Na(315)b 3.462(4)
Co(2)–Co(3) 3.657(2) Na(3)–Na(4) 3.708(5)
Na(1)–Na(312) 3.322(4) Na(3)–Na(416) 3.553(5)
Na(1)–Na(113)a 3.312(5) Na(4)–Na(417)c 3.648(4)
Na(1)–Na(114)a 3.312(5) Na(4)–Na(418)c 3.648(4)

Na–O distances (Å) , 3.20 Å
Na(1)–O(10) 2.345(6) Na(3)–O(2) 2.420(6)

–O(131) 2.319(6) –O(112) 2.321(7)
–O(87) 2.340(6) –O(152) 2.848(6)
–O(68) 2.482(6) –O(55) 3.082(6)
–O(109) 2.514(6) –O(65) 2.678(6)
–O(139) 2.295(6) –O(1011) 2.848(6)

–O(1211) 2.418(7)

Na(2)–O(1) 2.609(6) Na(4)–O(2) 2.785(6)
–O(3) 2.399(6) –O(3) 2.358(6)
–O(5) 2.557(6) –O(15) 2.444(7)
–O(14) 2.545(7) –O(92) 2.970(6)
–O(47) 2.409(6) –O(152) 2.454(6)
–O(710) 2.418(6) –O(93) 2.623(6)
–O(810) 2.584(6) –O(123) 2.433(5)

Symmetry code:
1 (x, 1 1 y, z) 2 (1 2 x, y 2 1/2, 1 2 z) 3 (x, y 2 1, z)
4 (x 2 1/2, y 2 1, 2z 1 2 1 1/2) 5 (1/2 2 x, y 2 1/2, z 2 1/2) 6 (x 2 1/2, y, 1 1 1/2 2 z)
7 (1/2 2 x, 1/2 1 y, 1/2 2 z) 8 (1/2 1 x, 1 1 y, 2z 1 1 1 1/2) 9 (1 2 x, 1/2 1 y, 2 2 z)

10 (1/2 2 x, y 2 1/2, 1/2 1 z) 11 (1 2 x, y 2 1 2 1/2, 1 2 z) 12 (1 2 x, y 1 1/2 1 1, 1 2 z)
13 (1 2 x, y 1 1/2, 2 2 z) 14 (1 2 x, y 2 1/2, 2 2 z) 15 (1/2 2 x, y 1 1/2, z 1 1/2)
16 (1 2 x, y 2 1/2, 1 2 z) 17 (1 2 x, y 1 1/2, 1 2 z) 18 (1 2 x, y 2 1/2, z 2 1)

a Distance along B2.
b Distance along A1.
c Distance along B1.

to linearity. However, like in Na2Co3P2O7 · 2H2O, the posi- nated and one (Na(1)) is octahedrically surrounded by six
oxygen atoms. The Na–O distances range from 2.295(6)tion of the P2O7 groups in the structure and the oxygen-

sharing with CoO6 octahedra force their geometry. Thus, to 3.082(6) Å, the average value being 2.37(6) Å.
As mentioned before, one of the main features of thein the title compound the P–Obridge bonds are longer than

usual while an alternated conformation of the pyrophos- structure of Na4Co3(PO4)2P2O7 is the existence of infinite
layers with composition (Co3P2O13)y parallel to the bcphate groups is allowed with the unshared O(15) atoms

pointing toward large tunnels occurring in the structure. plane. Interlayer linkages are made via P(3)–O(9)–P(4)
bridges of the pyrophosphate groups (see Figs. 1 and 2).A similar situation was found in Na2CoZr(P2O7)2 (12). In

these cases these terminal oxygen atoms play a particular Like in other phosphates (1 and references therein), it
is possible to describe the structure as built up from simplerole in the structure since they are not involved in the

structure framework. In this connection it is worth pointing structural units. Thus, one (Co3P2O13)y layer consists of
alternating infinite double chains of composition (Co2out that, when pyrophosphate groups are condensed with

CoO6 octahedra to build up a layer, they are arranged in P2O13)y and cobalt rows running along the b axis stacked
in the [001] direction (see Fig. 3).an eclipsed or quasi-eclipsed conformation (11, 13). How-

ever, if the P2O7 groups act as bridges linking parallel It is quite common to find phosphates in which simple
chains of alternating corner-sharing MO6 octahedra andlayers, like in the title compound, an alternated conforma-

tion is allowed. PO4 tetrahedra are present. However, to our knowledge,
few examples of phosphates showing double chains haveThere are four crystallographically independent sodium

atoms in the structure. Three of them are seven-coordi- been reported so far (7). In the structure of NaCo3
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FIG. 1. Polyhedral view down [010] of the structure of Na4Co3(PO4)2P2O7 showing two types of 6-ring tunnels, B1 and B2. The four crystallographi-
cally distinct sodium atoms are drawn with different shading.

(PO4)(HPO4), determined by Lii et al. (7), the double tetrahedra (which share the edge O(1)–O(4)) leads to the
formation of double chains. As a consequence of this ar-chains are built up from CoO6 octahedra which share edges

with other CoO6 and are joined to PO4 groups by corner- rangement two types of P–O bonds are found in the mono-
phosphate groups: those corresponding to oxygen atomssharing. The double chains in the title compound (shown

in Fig. 3a) consist of Co(1)O6 octahedra which share the involved in edge-sharing with CoO6 octahedra are larger
than those corresponding to corner-sharing. In contrast,apical oxygen atoms O(2) and O(3) with two P(1)O4

groups. Similarly, Co(2)O6 octahedra share their apical the edges shared with CoO6 octahedra are shorter than
the others (see Table 4), the O(1)–P(1)–O(4) and O(5)–oxygens O(6) and O(8) with P(2)O4 tetrahedra. This ar-

rangement would produce simple parallel chains extending P(2)–O(7) angles being more acute than those correspond-
ing to an ideal tetrahedron. The edge- and corner-sharingin the [010] direction. However, the ‘‘condensation’’ of

two of these chains by edge-sharing between the Co(1)O6 between phosphate groups and metal-containing octahe-
dra is quite unusual (3); it is mainly limited to anhydrousoctahedra and the P(2)O4 tetrahedra (which share the edge

O(7)–O(5)) and between Co(2)O6 octahedra and P(1)O4 phosphates of divalent transition metals such as Co3(PO4)2
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Two of these above described layers are joined along
the a axis by pyrophosphate groups in such a way that
large tunnels extending along the [010] and [001] directions
occur between two neighboring sheets. In Fig. 1 it can be
observed that two types of tunnels are formed in the [010]
direction: one centered at (0, y, 0) (denoted as B1 hereaf-
ter) and another at (0, y, 1/2) (denoted as B2). Although
both tunnels show a 6-ring window as viewed along the b
axis, it must be recalled that octahedra and tetrahedra
defining both B1 and B2 tunnels are, in fact, helically ar-
ranged. This means that, strictly speaking, the rings are
not such. As can be seen in Figs. 5a and 5b, the size of
the window of the B1 channel is clearly larger than that
corresponding to the B2 tunnel.

On the other hand, only one kind of tunnel is formed
along the [001] direction (denoted as C1 in Fig. 2) showing
an irregular 7-ring window as viewed in the [001] direction.
As is displayed in Fig. 5c, tetrahedra and octahedra defin-
ing this window are, like in B1 and B2 tunnels, helically ar-
ranged.

It is worth noting that there are also channels along the
[100] direction (labeled by A1) crossing the (Co3P2O13)y

layers (Fig. 6) and centered at (x, P1/4, P1/4). The shape
and size of the corresponding 6-ring window (as viewed
along the a axis) is drawn in Fig. 5d.

Interestingly enough, a complex scheme of tunnel inter-
sections has been found in the structure of Na4Co3

(PO4)2(P2O7). Thus, both types of tunnels extending along
the [010] direction (B1 and B2) intersect those running
along the [001] direction (C1) (this situation can be denoted

FIG. 2. Polyhedral view along the [001] direction of Na4Co3 by B1 3 C1 and B2 3 C1). This produces a two-dimen-
(PO4)2P2O7 showing one kind of channels C1.

sional channel system parallel to the bc plane and located
in between two neighboring (Co3P2O13)y layers. The inter-
section of the C1 and the A1 tunnels (A1 3 C1) gives rise(4). Extending along the [010] direction, in between two
to the formation of a very open structure with a three-consecutive chains, a row of very distorted octahedral holes
dimensional system of interconnecting channels. To ouris formed. These holes are occupied by Co(3), as Fig. 3b
knowledge there is no example of phosphates or relatedshows. This may account for the quite irregular environ-
materials showing a similar network of large intersectingment found for those atoms. As shown in Fig. 4, the
tunnels. Very recently Harrison et al. (23) have reportedCo(3)O6 octahedra share the O(5)–O(14) edge with one
the synthesis and structure determination of K2Co(1)O6 octahedron and the O(7) atom with another
Nb5GeO16 · 2H2O which contains a two-dimensionalCo(1)O6 octahedron. Besides, each Co(3)O6 octahedron
channel network. It is noticeable that the projection of thisshares two apical oxygens (O(4) and O(1)) with two differ-
structure onto the (010) plane is quite similar to that ofent Co(2)O6 octahedra. As a result of this arrangement, a
the title material along the [100] direction (Fig. 6). How-(Co3P2O13)y layer can be described as built up from two
ever, the polyhedral connectivity in both compounds isintersecting zig-zag chains of CoO6 octahedra: one ex-
rather different and gives rise to important structure differ-tending along the [0, 1, 21] direction, with a sequence
ences.–Co(1)O6–Co(3)O6–Co(1)O6– and the other running

These tunnels host four crystallographically distinct so-along the [0, 1, 1] direction, showing a sequence –Co(2)O6–
dium atoms. The Na(2) atoms are located into the A1Co(3)O6–Co(2)O6–. Both chains intersect at the Co(3)O6

octahedra. The Co(1)O6 and Co(2)O6 octahedra are linked channel at the height of the (Co3P2O13)y sheet (see Figs.
1 and 2) and can be considered, to some extent, as a partalong the b axis by PO4 groups.
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a b

FIG. 3. (a) Representation of the double chains [(Co(1)O6–P(2)O4)–(Co(2)O6–P(1)O4)]y showing the corner- and edge-sharing scheme. (b)
In between two double chains a row of octahedral sites occupied by Co(3) atoms occurs.

of that layer. In contrast, the rest of the sodium atoms are there is no direction along which the thermal motion of
these ions is specially large. This can be explained by thelocated at the intersection of two tunnels: Na(1) at B2 3
stoichiometric nature of this compound; consequently theC1, Na(3) at A1 3 C1, and Na(4) at B1 3 C1. This is
tunnels are ‘‘filled up’’ by sodium ions. This may produceclearly shown in Figs. 1, 2, and 6.
strong electrostatic interactions between sodium cationsTaking into acocunt the very open framework of Na4
occupying the same tunnel which would be responsible forCo3(PO4)2(P2O7) and the location of the sodium ions at
the limitation of their mobility. Thus, the title compound,the intersecting large tunnels, this material should be a
in spite of having a very open structure with Na1 ionsgood ionic conductor. In other tunnel-containing materials
located at large channels, is expected to show low ionicwhich are good ionic conductors (24) the amplitude of
conductivity. In this connection it is worth pointing outthermal vibration of the sodium ions in the direction of
that in many compounds (25) a partial removal of sodiumthe tunnels is associated with unhindered motion of those
favors the mobility of the remainder cations and the ioniccations and with high ionic conductivity. However, as
conductivity of the material is improved.shown in Table 3, the anisotropic thermal parameters of

the four sodium atoms are not larger than usual. Moreover, Besides the potential use of this material as a solid elec-
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FIG. 4. Representation of one (Co3P2O13)y layer showing the corner- and edge-sharing scheme between CoO6 octahedra and PO4 tetrahedra.

trolyte, the connectivity of the CoO6 octahedra in a (Co3 octahedra and PO4 tetrahedra which are connected along
the a axis by pyrophosphate groups. Extending along theP2O13)y layer (see Fig. 4) involving corner- and edge-

sharing is expected to produce strong magnetic interac- [010], [001], and [100], large tunnels occur within which
the sodium ions are located. A complex scheme of tunneltions between cobalt cations. Since two consecutive layers

are separated by pyrophosphate groups, the distance intersections gives rise to a three-dimensional channel
system.between cobalt ions of neighboring layers is as large as

Pa/2 (9.023 Å). Thus, no or weak interlayer interactions The potential use of the title compound as a solid electro-
lyte is apparent. Besides, the structure of Na4Co3are expected, which would yield a two-dimensional mag-

netic compound. (PO4)2(P2O7) should favor magnetic interactions between
cobalt ions and, consequently, interesting magnetic proper-A deeper study of these interesting properties of the new

and promising material Na4Co3(PO4)2(P2O7) is in progress. ties are expected.
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a b

c d

FIG. 5. ORTEP view of the shape and size of the free windows corresponding to the four different kinds of tunnels present in the structure
of Na4Co3(PO4)2P2O7 : (a) The polyhedra which define the 6-ring window of B1 are helically arranged. (b) The 6-ring window of B2 is not such,
the octahedra and tetrahedra defining it are, like in B1, helically arranged. (c) Like in B1 and B2, the irregular 7-ring window of C1 is determined
by polyhedra which are helically arranged. (d) The only window which is defined by polyhedra arranged in a ring is that corresponding to the A1 tunnels.
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