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The hydrothermal synthesis, single-crystal structure analysis, spectroscopic studies, and thermal stability of the
compounds C#ln;—xFe)(POy)(HPOy)2°H20 (0 < x < 1) are reported. The framework of these new phases is
based on linear chains (/[101]) formed by (M)@ctahedra and (P(HPQO,) tetrahedra sharing corners. The
(HPOy) groups and water molecules link the chains through hydrogen bonding to form layers stacked perpendicular
to the ¢ axis. The calcium cations are located between the layers and are coordinated by nine oxide anions.
Crystal data: Can(PQy)(HPQy),+H-0, space grou@2/c (No. 15),a= 7.573(1) Ab = 15.838(1) Ac = 9.3126(7)

A, B = 113.55(1y; Cay(Ino.sFen5)(POs)(HPOy)2:H20, C2/c (No. 15),a = 7.548(2) A,b = 15.670(3) A,c =
9.241(2) A, = 113.62(3}; CaFe(PQ)(HPQy)2-H20, C2/c (No. 15),a = 7.503(2) A,b = 15.477(2) Ac =

9.142(1) A, = 113.60(23. The phases lose two water molecules between 350 and®@0 form the series
Cay(In1—xF8)(PQy)(P207) (0 < x < 1), which are isostructural with Qe(PO,)(P.07). Solid state magic angle
spinning (MAS)3P NMR of Caln(PQy)(HPQy),-H20 confirms two phosphorous moieties in roughly a 2:1 ratio.

A CP-MAS buildup study yielded polarization transfer rat&g (%) of 2128 and 15973 for the HPQ (—2.4

ppm) and PQ (—0.9 ppm) sites, respectively. Ad—31P WISE experiment indicates the presence of motional
narrowing and hydrogen exchange between the water molecules and hydroxyl protons.

Introduction Li1xTiz—xINy(PQy)3 is particularly important due to its high i

ion conductivity3.14

. Fund_amental understa_nding of materials pr_operties _and Recent investigations of transition metal '((Mphosphates
increasing demands for high-performance materials constltuteled to the synthesis of a number of new phases with versatile

the main reasons for the exploratory synthesis and characteriza- .
tion of open-framework soliltjj§3 In rr):ecgnt years, a few open- structural properties. For ex%mple,gﬁePOA;)(HPQ;)z-HgO and
framework ternary indium phosphates have been discoveredSPM(POn2(HoPQ:) (M = VI or Fel) have pseudo layered

. : . . frameworks built up of chains of corner-sharing M@rtahedra
through solid state high-temperature techniques or mild hydro-
thermgal synthesis mgthods,pmainly in the qsystel*ln—m'”—y and phosphate tetrahedfa® CaMy(PQy)o(HPQy) (M = V!" or

S : - Fe") has a three-dimensional framework built from dimers of
POy)/(AsOs) (AT = alkali cation). Examples include ki i
I(nngg)(lz S (;)Lé+xTi2—x|nxP301274 Naglrz(PQl)z,E’vGFl)\laglnz( AsOp,®7  €dge-sharing Mooctahedra and PDAPQ, tetrahedrd’ SrFe-
NaCdin(PO)s8  KIn(OH)POL® RbIN(OH)PQ,X Rbin- (POy)3(HPOy) has a framework containing Fe@rigonal bi-

HPQy),, 1t and Cs[In(POy)(HP H.O)].22 Th d pyramids and dimers of face-sharing ke@tahedrd® The
(HPQ)2™ and Cs{In(PO)(HPQ:)(H-0)] € compotin three-dimensional framework of BafHPOy)4,-H,O generates

interconnecting tunnefs.
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rechargeable lithium batteri@$,materials for fossil energy  Table 1. Crystal Data and Structure Refinement Data for
conversion and sensotsmaterials for corrosion inhibition and ~ Ca(Ini-Fe)(PQ)(HPOy)2rH:0 (x = 0, 0.5, 1)

passivation of metal surfacésand heterogeneous cataly&is. x=0 x=0.5 x=1
Structural _stud|es of iron phosphates have showr_1 that_t_hey can rmula Caln(PQ)-  CalnoFesPQ)- CaFe(PQ)-
form a variety of complex structural typ&s?>The similarities (HPQ)»H,0  (HPQy)»H,0 (HPQy)H,0
between I&" and transition metals in theé-3 oxidation state a(A) 7.573(1) 7.548(2) 7.503(2)
suggest that this structural diversity may also exist in the systems b (&) 15.838(1) 15.670(3) 15.477(2)
AZ*—Inll—(PQ,) (A2* = alkaline earth cations). Our earlier ¢ (A) 9.3126(7) 9.241(2) 9.142(1)
: o . . 8 (deg) 113.55(1) 113.62(3) 113.60(2)
investigation of this system led to the discovery of GEP®y),- V (A3
) ’ 26 (A3 1024.0(2) 1001.5(4) 972.8(3)
(HPQy), whose framework contains 4010 dimersz°® Here, we z 4 4 4
report the hydrothermal synthesis and characterization of the fw 499.92 470.44 440.95
solid solution CaIn;—xFe)(POy)(HPOy)2H0 (0 < x < 1) space group  C2/c (No. 15) C2/c (No. 15) C2/c (No. 15)
whose framework is based on linear chains made up of edge- T (K) 298(1) 298(1) 298(1)
; P ; 0.71073 0.71073 0.71073
sharing octahedra and tetrahedra. The chains interact with eac 3
ther through hyd bonding to form | Solid state Peac(@Cm) 3243 3.120 3.011
other through hydrogen bonding to form layers. Solid state ' cyrs) 385 351 318
nuclear magnetic resonance (NMR) spectroscopy was used toRja 0.031 0.030 0.027
characterize the phosphorus local environments, the proximity wR2¢ 0.073 0.074 0.069

of prot.ons.to the phgsphate chalns., .and rglatlve protqn moblllty. AR, = S|IFol — [Fell/S|Fol. PWR2 = [S[W(Fe2 — FAS [(WFR] V2.
Investigation of their thermal stability using a combination of ¢ -1 = g2(F.2) + (aP)2 + bP whereP = (Max(F,30) + 2F2)/3,a =
TGA/DTA and X-ray powder diffraction shows that these 0.028 andb = 0.00 for Caln(PQy)(HPQ,)2H-0, a = 0.038 andb =
compounds can be used as precursors to preparing new mixedz2.17 for Ca(Ino sFey.s)(POs)(HP Q)2 H-0, anda = 0.034 anch = 0.71
metal phosphatespyrophosphates. for CaFe(PQ)(HPQy)2:H:0.

Experimental Section Table 2. Atomic Coordinates, Equivalent Isotropic Displacement
) Parameters (A, and Bond Valence Sums for
Synthesis. Can(PO4)(HPO,)2rH-0. CaO (0.2244 g) (Alfa, reagent,  Caln(POy)(Hpos)2-H-0
95%), 2 mL of 0.5 M InC{ solution (prepared from Ingl Aldrich,

98%), 2 mL ¢ 1 M tetramethylammonium hydroxide (TMAOH) X y z Uea) 3¢
solution (prepared from (CHNOH-5H,0, Aldrich, 97%), and 8 mL In 0.25 0.25 0.5 0.00816(9) 3.23
of 2 M HsPQ, solution (prepared from #PQ;, Fisher, 85% aqueous ~ Ca 0.27075(9) 0.49214(4) 0.56442(8) 0.0142(1) 2.00
solution) were mixed in a 23 mL Teflon-lined stainless steel autoclave. P(1) 0 0.40189(7) 0.25 0.0076(2)  5.06
The resulting gel had a molar ratio of CaO:lgEMAOH:H3PO, = P(2)  0.1746(1) 0.14741(5) 0.15174(9) 0.0094(2) 5.01

4:1:4:16. The reaction was carried out in a tubular furnace at°C90 O(1) 0.0330(4) 0.4559(2) 0.1289(3) 0.0184(5) 212

for 3 days and then furnace cooled to room temperature. The product 8% 8(1)2421%2; 88282% 8?%3% 88%2% igg
was filtered, washed with water and acetone, and dried at room 0(4) 0.2651(4) 0.1610(2) 0.3278(3) 0.0214(5) 193

temperature. It consisted of colorless monoclinic columnlike crystals O(5) 0.0445(4) 0.2194(2) 0.0622(3) 0.0167(5) 1.84

in 63% yield based on indium. _ O(6) 0.3335(4) 0.1378(2) 0.0829(3) 0.0196(5) 1.26
CayFe(POy)(HPO4)22H20. Fe(NGy); instead of InC§ was used for o(7) 05 0.5976(3) 0.75 0.0207(8)  0.43

the preparation of G&e(PQ)(HPQy)2*H2O. The other chemicals, H(1) 0.36() 0.184¢) 0.06(-) 0.03(-)

reaction conditions, and product handling were the same as those usedH(21) 0.60(1) 0.626(6) 0.77(2) 0.03(3)

for the preparation of Gan(POy)(HPOs),*H,0. The molar ratio of the H(22) 0.54(2) 0.622(6) 0.70(1) 0.02(3)
starting materials was CaO:Fe(B)@TMAOH:H3PO, = 4:1:4:16. The
product was obtained in 76% yield based on Fe. It crystallized as pale-
yellow monoclinic needlelike crystals.
Cau(InosFe0.9)(POL)(HPO4)+H.0. The compound was prepared wavelengths (238.204, 239.562, and 259.939 nm) and three In
using the same method as described above. The molar ratio of theWavelengths (230.606, 325.609, and 303.936 nm). The sample (0.0192

aBond valence sums were calculated without hydrogen.

starting materials was CaO:Fe(N@INClz TMAOH:HZPQ, = 8:1:1: g) was dissolved in 25.0 mLf& M HCI, and the solution was diluted
4:32. The product consisted of colorless blocklike crystals. The yield With distilled, deionized water to a volume of 1000.0 mL. The dilute
was 63% based on indium or iron. solution was analyzed at each of the six wavelengths. Calibration curves

Elemental Analysis.Energy-dispersive X-ray analyses (EDAX) of =~ Were calculated for each of the wavelengths using three standards: one
the crystalline products were obtained using a Philips 515 scanning Plank, one containing 1.00 ppm Fe and In, and one containing 10.0
electron microscope equipped with a microprobe. The analyses PPM Fe _and In. Results of these analyses are submitted as Supporting
confirmed the presence of Ca, In (or Fe), and P. No chlorine was found, Information. _ _

The phase GéinosFe, ) (POs)(HPQy),-H,0 was analyzed for Fe and Infrared_ Absorption Spectroscopy.The IR absorp_tlon spectra were
In using using a Perkin-Elmer Optima 3100-XL ICP-OES at three Fe fécorded in the range between 3600 and 400ansing KBr pellets
on a Mattson Instrument 4020 Galaxy FT-IR with Enhanced FIRST
(20) Masquelier, C.; Padhi, A. K.; Nanjundaswamy, K. S.; Goodenough, Software. ) -

J. B.J. Solid State Chen1.998 135 228-234. Thermal Analysis. The thermal stability of C&lni—Fe)(PQy)-
(21) Lazoryak, B. I. IfFundamental Study of New Materials and Processes (HPQ)>*H2O (x = 0, 0.5, 1) was investigated using a Netzsch STA

in the SubstancesMoscow University Press: Moscow, 1994; p 54. 409 TGA/DTA apparatus. Samples were heated under nitrogen flow
(22) g)sgﬂglssg) \2\2’5—'\2%&(5' At(t;;itmsqf’_“\‘/’;v ;J'rgﬁxmgh'LFe)h (z:i()rl\r/lo-sii’grcslia (22 mL/min) to 90C°C at 5°C/min and then cooled to room temperature

33 Catal.i980 63 ('2) 496-500. 9 T B " at 20°C/min. Caln(POy)(HPQO,)2-H20O loses a total of 7.2% in two
(23) Moffat, J. B.Catal. Re. Sci. Eng.197§ 18 (2), 199-258. not-well-resolved endothermic steps. The study indicates a one-step
(24) (a) Moore, P.; Shen, Blature1983 306, 356-358. (b) Moore, P. In endothermic weight loss of 7.6% and 7.9% for the compoungdriGa

The Second International Congress on Phosphorus Compounds Fe,£)(PQy)(HPQy),H,0 and CaFe(PQ)(HPQy)2-H,0, respectively. The

(25) ’(DS’CL‘?.Q?J”E'SAg”Lﬁé_é? 1C9h8e0n31|° Slc?c5- Dalton Trang995 No. 4 thermal decomposition products were analyzed using a Philipps X-ray
ii, K.-H.; Huang, CJ. ) . .4, ) e
571-574. (b) Gabelica-Robert, M.; Goreaud, M.; Labbe, Ph.; Raveau, powder diffractometer (Cu & radiation).

B. J. Solid State Cheni982 45 (3), 389-395. Crystal Structure Determination. Cazln(PO4)(HPO,)rH20. A
(26) Tang, X.; Lachgar, AZ. Anorg. Allg. Chem1996 622 (3), 513- colorless monoclinic columnlike single crystal of BEPOy)(HPOy).:
517. H.O was mounted in a thin-walled glass capillary for diffraction studies.
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Table 3. Selected Bond Distances (A) and Angles (deg) fosl@®Qs)(HPQy),-H0?
InOs Octahedron

In o2y 0(2) o(5y O(5f O(4) O(4y
o(2y 2.103(2) 180.00 86.9(1) 93.1(1) 88.8(1) 91.2(1)
0(2) 2.103(2) 93.1(1) 86.9(1) 91.2(1) 88.8(1)
o(5y 2.124(3) 180.00 90.6(1) 89.4(1)
O(5y 2.124(3) 89.4(1) 90.6(1)
O(4) 2.172(3) 180.00
o4y 2.172(3)
P(1)Q, Tetrahedron
P(1) o(1y 0(1) o(2y 0(2)
oLy 1.513(2) 111.2(2) 108.2(2) 107.1(2)
0(1) 1.513(2) 107.1(2) 108.2(1)
o2y 1.546(3) 115.0(2)
0(2) 1.546(3)
P(2)Q, Tetrahedron
P(2) 0O(3) O(4) O(5) O(6)
O(3) 1.516(3) 108.3(2) 115.3(2) 101.5(2)
0o(4) 1.518(3) 113.6(2) 111.3(2)
O(5) 1.520(3) 106.3(2)
O(6) 1.580(3)
Ca—0 Bond Lengths
Ca—O(1y 2.268(3) Ca0(7) 2.528(3) CaO(4y 2.681(3)
Ca-O(1p 2.356(3) CaO(3y 2.623(3) CaO(3y 2.821(3)
Ca—0O(3f 2.360(3) CaO(6y 2.639(3) Ca0(2) 2.983(3)
H Bonds
O(6)—H(1) 0.82¢) H(1)---O(5) 2.18¢) O(6)+-O(5) 2.965(4)
O(7)-H(21) 0.81(6) H(21)y-0(2) 2.30(10) O(7)y-0(2) 2.939(3)
O(7)—-H(22) 0.81(6) H(22)-0(2) 2.25(8) O(7¥-0(2) 2.939(3)

aSymmetry codes: (ayx + 1/2,-y+ 1/2,—z+ 1; (b) =%, y, —z+ 1/2; (c)x + /12, =y + 1/2,z+ 1/2; d) x, =y + 1,z + 1/2; (€)—x +
12,y + 1/2,—z + 1/2.

The data were collected at room temperature on a Siemens P4parameters were restrained to be the same, and their occupancies were

diffractometer with Mo K radiation ¢ = 0.71073 A). The unit cell refined with the restraint that their sum corresponds to the full
parameters were determined from centering and least-squares refineoccupancy of the metal site. The final refinement gave occupancies of
ments of 45 randomly chosen reflections between 6 arfdir3@0: 0.537(2) and 0.463(2) for Fe and In, respectively. The hydrogen atom
Intensity data were collected on a monoclinic unit cell usinga26 H(1) of the HPQ unit could not be refined independently and was
scan mode with variable scan rate between 4 artéhif. A total of included in the refinement with the constraint that the ©{@j1)
5653 reflections were collected with a maximurél @f 60° for the distance be 0.82 A. The isotropic thermal parameter of H(1) was

sphereth, £k, +I. The crystal showed no detectable decay during the allowed to vary independently. The hydrogen of the water molecule,
data collection as monitored by periodically measuring the intensities H(2), was located from a difference Fourier map; its position and
of three selected standard reflections. The intensity data were correctedsotropic thermal parameter were refined independently from those of
for Lorentz and polarization effects, and an empirical absorption O(7). The main crystallographic data are listed in Table 1. The details

correction based ogp-scans of 10 reflectionsTfin = 0.322, Tmax = of data collection and refinement and bond distances and angles are
0.517) was applied. The observed systematic absences were found teubmitted in CIF format as Supporting Information.
be consistent with the space grou@®/c (No. 15) andCc (No. 9). The CaFe(PQy)(HPO4)*H-0. The crystal handling, data collection and

structure dgtermination and refinement were carried out in the cen- reduction, and structure determination and refinements were the same
trosymmetric space group2/c using the Shelxtl-plus program package. as those used for @a(PQy)(HPQy)2H.0. The hydrogen in this
Direct methods were used to locate calcium, indium, and phosphorus, structure were found to behave as in the mixed indiimon isomorph.

and the remaining atoms were located from successive Fourier The main crystallographic data are given in Table 1. The details of
difference maps. All hydrogen atoms were located from a difference data collection and refinement and bond distances and angles are
Fourier synthesis. The hydrogen atom H(1) of the HR@It could submitted in CIF format as Supporting Information.

not be refined independently and was included in the refinement with  Nuclear Magnetic Resonance SpectroscopyThe Caln(PQOy)-

the constraint that the 0(6)"(1) distance be 0.82 A All atoms except (H PQl)Z'HZO Samp|e was loaded mta 4 mmzirconia rotor and studied
hydrogen were refined anisotropically in the final full-matrix least- at ambient temperature on a Chemagnetics Infinity 400 MHz NMR
squares refinements, R10.031, wR2= 0.073. The isotropic thermal spectrometer in a MAS “Pencil Probe” from the same compagy (
parameter of H(1) was fixed at a value 1.3 times the equivalent isotropic (31p) = 161.990 MHzyo(*H) = 400.171 MHz). All spectra were taken
thermal parameter of its oxygen, O(6). As for the water molecule, two \hile spinning at 15 kHzt 2 Hz and referenced to 85%PIO; unless
possible hydrogen positions were located from the difference Fourier otherwise stated. Static and MAS single-pulse Bloch decay spectra were
map, and each was allowed to vary independently with a fixed recorded using standard CYCLOPS phase cydingd—3P CP-
occupancy of 0.50. The final difference Fourier map showed no \AS?829 spectra were recorded at the Hartmahtahn matching
significant residual density (maximum 0.76%9), indicating that the  condition (centerband) using a standard spin-lockimpproach and
structure solution is complete. The main crystallographic data are given \ere detected undéH decoupling. The CP-MAS spectra were recorded

in Table 1. Atomic positions, bond distances, and bond angles are givenyth contact times varying from 10s to 1.2 ms. A 203P—1H wide-

in Tables 2 and 3. Refinement of the structure in the polar space group|ine separation (WISE) experiment using a rotor frequency of 10 kHz
Cc gave higher reliability factors, R¥ 0.037 and wR2= 0.087.

Cax(Ino &€.5)(POx)(HPO4)2H-0. The crystal handling, data col- (27) Cavanagh, J.; Fairbrother, W. J.; Palmer, A. G., lll; Skelton, N. J.
lection and corrections, and structure determination and refinements Protein NMR Spectroscopy Principles and Practickcademic
were the same as above. The structure solution indicates that Fe and Press: New York, 1996.

In occupy the same crystallographic sitel4Their anisotropic thermal (28) Pines, A.; Gibby, M. G.; Waugh, J. $.Chem. Phys1973 59, 569.
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Figure 1. Projection along thé axis of one layer formed through hydrogen bonding of th©f3T—] chains in Caln(PQy)(HPQy)2-H20. The
chains are parallel to the [101] direction, and the water molecules are located between adjacent chains.

0(6)

Figure 2. Representation of the hydrogen bonding between neighboring
chains. Hydrogen bonding occurs through water molecules and; HPO
groups.

was conducted using the pulse sequence and phase cycling of K.
Schmidt-Rohr et ai*

Results and Discussion

Structural Description. The three compounds reported here
are isostructural and represent three members of a solid solution
between Can(PQy)(HPOy)-H,0 and CaFe(PQ)(HPOy)-H,0.

Here a detailed description of the structure of,IG&POy)- Figure 3. Perspective view of Gin(PQy)(HPQy)2-H-0 along the [101]
(HPQOy)-H,O is given. Crystallographic data for the three direction.
compounds are reported as a CIF file.

The framework of Can(POy)(HPOy)2:H20 is built of (INCs) with In—O bond distances between 2.103(2) and 2.124(2) A.
octahedra and (P@(HPQy) tetrahedra that share corners to form The (InQs) octahedron shares all six oxo ligands with two
infinite linear chains running along the [101] crystallographic (P(1)Q;) and four (HP(2)@Q) tetrahedra. The tetrahedra (P(3)O
direction (Figure 1). Adjacent chains are linked to each other share two oxygen ligands O(2) with (Ig0octahedra (P(1)
through hydrogen bonding via water molecules and (PO  O(2): 1.546(2) A); the two remaining ligands O(1) are unshared
(Figure 2) to form layers stacked parallel to theplane. The (P(1-0(1): 1.513(2) A). (HP(2)@) has one long and three
calcium cations are located within the interlayer spacing. short P-O bonds. The crystal structure analysis and bond

Indium is located at the inversion center and is coordinated valence sum calculatiofs(Table 2) show that O(6) bonds to
by six oxygen atoms in an almost regular octahedral geometry & hydrogen atom to form the hydroxyl ligand of the (HP(2)O
group. Water molecules O(7) are located between two neighbor-

(29) Hartmann, A. R.; Hahn, E. [Phys. Re. 1962 128 2024. ing chains and form hydrogen bonds with O(2) (Figure 2).
(30) glelhrin%ég/léPrinciples of High Resolution NMR in SolidSpringer: Additional hydrogen bonding is formed between two (HP@)O
erlin, .

(31) Schmidt-Rohr, K.; Clauss, J.; Spiess, H. Mlacromoleculesl992
25(12) 3273-3277. (32) Altermatt, D.; Brown, |. D Acta Crystallogr.1985 B41, 240-244.
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a) o« @®ow)

@ | 03 00

Figure 4. Coordination environment of calcium in @a(PQ,)(HPQy)-H,O: (a) nine oxygen atoms surrounding?Ca(b) the (Ca@) polyhedra
share edges to generate a 2D network.

Table 4. Hydrogen-Bonding Interactions in
Cay(In1-xF8)(PQy)(HPOs)2H0 (x = 0, 0.5, 1)

acceptor, H-+A  D-+A D—H:-+A H-D--A

donor, D A A A (deg) (deg) (@)
CalIn(POy)(HPOy)2-H0
O(6)-H(1) O(5) 2.18 2.965(4) 161 14

O(7)-H(21) 0(2) 2.30(10) 2.939(3) 137(12)  32(9)
O(7)-H(22) 0(2) 2.25(8) 2.939(3) 144(11)  27(9)

Cay(Fey5ing.s)(POy)(HPQy)o+H-0 80 60 40 20 0
O(6)-H(1) O(5) 2.24 2.898(3) 137 32 ppm
O(7)-H(2) 0() 2.22(4) 2.942(2)  153(4) 20(3)

CaFe(PQ)(HPQOy)2-H:0
O(6)-H(1) O(5) 2.08 2.820(3) 151 21
O(7)-H(2) 0(2) 2.11(5) 2.941(2) 161(5) 14(3)

-20 -40 -60 -80

(b)
Table 5. Unit Cell and Bond Length Changes for

Cap(In1-xF8)(POs)(HPQy)2-H20

x=0 x=0.5 x=1
a(A) 7.5732 7.548 7.503
b (A) 15.838 15.670 15.477 15 10 5 0 5 10 15
c(A) 9.3126 9.241 9.142 ppm
V (A3) 1023.9 1001.5 972.8
M—0(2) (A) 2.103 2.032 1.966
M—0(5) (A) 2.124 2.072 2.017
M—0(4) (A) 2.172 2.097 2.020
M-0 E\ ) (av) 2.133 2.067 2.001 ©
P—0 (A) (av) 1.532 1.534 1.530
Ca—0 (A) (av) 2.584 2.578 2.567

tetrahedra from neighboring chains (O{&)(1)---O(5)). Table
4 summarizes the hydrogen-bonding interactions in the three 15 10 5 o
compounds. ppm

The open-framework character of the structure is illustrated Figure 5. 3P solid state NMR spectra of @a(PQy)(HPQ)2H,0
in the perspective view shown in Figure 3. The?Caations crystalline powder: (a) static single-puld¢-decoupled spectrum; (b)
are located between the layers and coordinate to nine oxygent5 kHz*H decoupling; (c}'H-decoupled 15 kHz MAS'P spectrum.
atoms, forming (Cag) polyhedra. Each (Cafp polyhedron All spectra are referenced to 85%HP0.
shares one triangular face and two edges with three neighboring
(CaQ) polyhedra to generate a two-dimensional net of (a0 C@(INo s €s)(POs)(HPO4)2-H20. 3530 (w), 3200 (m), 2500
polyhedra (Figure 4). (m), 1630 (m), 1130 (s), 1070 (s), 1000 (m), 950 (m), 740 (w),
590 (m), 550 (m).
The absorption bands at 3668000 and 29062200 cnt?
are due to the ©H bond stretch from the water molecule and
(HPQy) groups. The bands at about 1600 Ensorrespond to
O—H librations of water molecules. The bands between 1200
and 400 cm? are due to PO bond vibrations.
- Thermal Stability Studies. The thermal stability of the
Infrared Absorption Spgct_roscopy. The IR spectra of the compounds Gainy_Fe)(POs)(HPQY)»-H,0 (x = 1, 0.5, 0) was
three compounds show similar features. studied using a combination of TGA and DTA techniques-Ca
Ca;In(PO4)(HPOy)2-H20. 3430 (m), 2300 (m), 1630 (M),  In(PQy)(HPQy)2*H20 shows a two-step weight loss. The first
1120 (s), 1065 (s), 1040 (s), 1000 (s), 920 (m), 740 (w), 590 step occurs in the temperature range -3500 °C and corre-
(m), 550 (m). sponds to a percent weight loss of 4.7%. The second step (2.5%)
CazFe(POy)(HPOy)2-H20. 3480 (m), 3070 (m), 2570 (m),  occurs between 500 and 600. The total weight loss of these
1630 (m), 1130 (s), 1060 (s), 1000 (s), 940 (m), 730 (w), 580 two steps (7.2%) agrees with the loss of two water molecules
(m), 570 (m), 490 (w). per molecular formula (calculated weight loss7.20%). One

5  -10 15

The major structural features of &hn—xFe)(POy)-
(HPQy)2-H20 (x =1, 0.5) are the same as those described above
for x = 0. In the case ok = 0.5, Fe and In are statistically
distributed over the metal site. The unit cell parameters and
bond lengths increase aslecreases (Table 5), which correlates
well with increasing occupancy of the larger metal ioftln
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Figure 6. Cross-polarization spectra of &a(PO,)(HPO,)2-H0. Left side:

600 800 1000 1200

Tep (W)

400

1D*H—3'P cross-polarization MAS spectra with varying contact time.

The data is fit using a two Lorentzian peak model with fixed chemical shift and peak width values of 125-B®atpm and 340 Hz at2.4 ppm

for the PQ and HPQ groups, respectively. Right side: Using the areas

extracted from the Lorentzian peak fits and the relative 2:1 peak ratios, the

normalized polarization buildup of the twéP peaks is plotted as a function of contact time. The extracted time conskghtsf poth components

are given.

water molecule comes from the water of crystallization, and
the second results from the condensation of two (fjR@ups
to form a (BROy) group:

CaIn(PO)(HPO,),-H,0 %

Ca,In(PO,)(P,0,) + 2H,0

A third step (% losse 1%) is exothermic and occurs between
600 and 80CC. This step could be attributed to the presence
of an amorphous impurity which could not be detected by X-ray
diffraction.

The product obtained after heating at S is analyzed by
X-ray diffraction. The X-ray powder pattern is indexed on the
basis of the calculated powder pattern of the previously reported
vanadium pyrophosphate S4PO,)(P-0;).1” Refinement of the
unit cell constants based on 45 reflections°(¥026 < 67°)
leads to a monoclinic unit cell wita= 6.474(2) Ab = 6.761-

(4) A, c=19.27(1) A 8 = 99.17(4}, confirming that the final
dehydration product corresponds to the phas¢n(RO,)(P.0y).

The dehydration of Gé&e(PQ)(HPOy)2*H20 occurs in one
step at temperatures between 400 and 360 The percent
weight loss of 7.9% corresponds to a loss of two water
molecules (calculated % weight loss: 8.14%).

CaFe(PQ)(HPO,),-H,0 “ 2%

CaFe(PQ)(P,0,) + 2H,0

As in the case of Gin(PQy)(HPOy)2-H,0, a 1% weight loss
occurs between 600 and 80C. The powder pattern of the
dehydration product at 90TC can be indexed on the basis of
the known structure of G&(PO4)(P.Oy). Refinement of cell
constants using 39 reflections (16 20 < 70 °) yields a
monoclinic cell witha = 6.390(2) A,b = 6.653(3) A,c =
19.086(6) A8 = 99.21(4y.

Ca(Ing sFen.s)(POy)(HPOy)2-H,0O exhibits thermal behavior
similar to that of its iron and indium analogues:

350-550°C
_—

Cay(F& 5N 9(PO,)(HPO,),H,0
Cay(Fe 5Ny 9 (PO)(P,07) + 2H,0
The dehydration product at 90 corresponds to the phase

Cap(Ino sFe& 5)(POy) (P207). Refinement of the unit cell param-
eters using 32 reflections with (10< 20 < 67°) leads to a

monoclinic cell: a = 6.4480(3) Ab = 6.727(4) A,c = 19.46-
(2) A, B = 99.95(4y.

Solid State NMR Studies.Solid state NMR is an excellent
probe of the local environment surrounding the nucleus under
scrutiny. Figure 5a shows a statlél-decoupled3’P NMR
spectrum of crystalline Gin(PQy)(HPO)2:H20 powder. A
typical chemical shift anisotropy (CSA) powder pattermat
observed, but rather we see a Gaussian broadened CSA pattern.
This broadening is due to heteronuclear and homonuclear dipolar
interactions. Studying the sample under MAS eliminates the
effects of residual homonuclear dipole coupling and largely
eliminates the effects of residual heteronuclear dipole coupling,
making it possible to clearly resolve the two distinctit4®
environments as displayed in Figure 5b. In Figure 5¢c we see
that the remainingdH—3'P heteronuclear dipolar interactions
are small under MAS as is evident from the lack of significant
line narrowing undetH decoupling. The twé'P peaks represent
the HPQ (—2.4 ppm) and PQ(—0.9 ppm) tetrahedra. The
isotropic chemical shift of the HPGsite is upfield from the
PO, resonance and has approximately a 2:1 ratio, as expected
from the X-ray crystal structure.

The primary difference between the twéP sites is their
proximity to hydroxyl protons and interstitial water molecules.
This is verified by the rate of the cross-polarization buildup
from the!H to 3'P nuclei via the through-space dipolar coupling,
which is inversely proportional to internuclear distance to the
third power. The CP buildup study was performed on the
centerband HartmanrHahn condition where1s = wy, in the
rotating frame. The larg€P—31P distance allows us to assume
that J transfer is negligible. The full series of CP spectra fits
quite well to two Lorentzian components with varying intensities
but constant chemical shifts and line widths. The extracted areas
are plotted as a function of contact timef in Figure 6. The
data were fit to the equation

M(t) = M(1 — &™)

which is valid in the high-spirtemperature limit while neglect-
ing spin—lattice relaxation effectsTg,) and effects due to
differences in chemical shift between the phosphorus néictéi.
These fits giveTis values of 470 and 626us for the

(33) Ding, S.; McDowell, C. A.; Ye, CJ. Magn. Reson. Ser. 2994 109
(1), 6-13.
(34) Meier B. H.Chem. Phys. Lett1992 188 (3—4), 201-207.
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Figure 7. 2D WISE and extracted projections of gPOy)(HPQy)2xH:0.

1H “slices” taken af'P chemical shift values of (a)2.4 ppm and (b)

—0.9 ppm from the (c) 2D WISE spectrum. (d) Projection of t#e dimension.

HPQ, and PQ 3P nuclei, respectively. This observation
confirms that the HP@site is more strongly dipole coupled to
protons than the P{site.

A 2D WISE experiment allows the indirect detection of
protons via their dipolar coupling to neighboring heteronuclear
spins. In Figure 7, 8H—31P 2D WISE spectrum is shown along
with the associated 1BH and3!P projections. From théH
projections it is evident that both phosphate groups share a
similar proton environment on NMR time scales. Béthpeaks
in the WISE projection fit to a Lorentzian curve with roughly
a 1.6 kHz line width. The similarity in proton environment and
the projectedH line widths indicates that partial averaging from

molecular motion and exchange occurs at rates comparable to

NMR time scalesH—H dipolar coupling forstaticinterstitial
water in a polycrystalline matrix is around 23.0 K3z
Conclusion

In contrast to most reported indium phosphates, which have
three-dimensional frameworks, £a(POy)(HPOy)2:H20 is the

first indium phosphate that is found to have an unusual pseudo

layered framework. The layers are built from linear chains
formed by corner-sharing (Ingp octahedra and (PQ(HPOy)
tetrahedra. A similar structure type has been found in the
vanadium phosphate 84POy)(HPQy)2-H,0 and SpV(POy)o(Ho-
PQ,).1516 The structures of some aluminum phosphates such
as NaAIl(OH)(HPO,)(PQy)%¢ contain similar types of chains.
However, (AlIQ) octahedra of neighboring chains directly link
to each other by sharing corners.

(35) Duncan, T. M.; Dybowski, CSurf. Sci. Rep1981, 1, 157.

Structural similarities have been reported among M(lll) metal
phosphate&11.1226 The preparation and characterization of
mixed indium-iron phosphates Gén;—F&)(PQy)(HPQy)2H20
(x =1, 0.5, 0) confirm the structural similarities between In-
(1, v, and Fe(lll) phosphates.

The two different phosphate moieties were confirmedi¥y
NMR; however, the 2D WISE experiment indicated no differ-
ence in proton environment. The line widths are consistent with
some form of averaging; most likely it is a combination of
chemical exchange and partial motional averaging of water and
hydroxyl protons.
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