Inorg. Chem.2001,40, 53815384 5381

Synthesis and Characterization of Fluorinated Metal Arsenates with a Layer Structure:
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Two fluorinated metal arsenates, 4G N2)1 {M sF5(HAsO4)2(AsO,)] (M = Fe, Ga), have been synthesized under
hydrothermal conditions and characterized by single-crystal X-ray diffraction, magnetic susceptibighader
spectroscopy, antiGa NMR spectroscopy. The two compounds are isostructural and crystallize in the monoclinic
space groufP2:/c (No. 14) witha = 8.394(1) A,b = 21.992(3) A,c = 10.847(1) A, = 96.188(2), andZ =

4 for the Fe compound, aral= 8.398(1) A,b = 21.730(3) A,c = 10.679(1) A, = 95.318(2}, andZ = 4 for

the Ga compound. The structure consists of infinite chains of corner-sharing(X1X O, F) octahedra and
dimers of edge-sharing MyB; octahedra, which are linked into two-dimensional sheets through arsenate tetrahedra
with diprotonated piperazinium cations between the sheets. Magnetic susceptibility astdavier spectroscopy
confirm the presence of Fe(lll). THEGa MAS NMR spectrum clearly shows a line shape consisting of three
components, corresponding to three crystallographically distinct Ga sites.

Introduction synthesis conditions for arsenates are analogous to those for
The synthesis of organically templated transition metal phosphates. Metal ch_Ior_ldes or nitrates have been used as the
reactants. Iron metal in its elemental form has also been used

phosphates is a subject of intense research because of thel*ror the synthesis of mixed-valence iron arsendfé& therefore

interesting structural chemistry and potential applications as solid extended our search for oen frameworks into the metal arsenate
catalysts. The first such metallophosphates were prepared with P

molybdenum and vanadiu#?. A large number of organically systems. By usin_g piperazine as a structure-direc;ing agent and
templated iron phosphates have also been repéft&tese iron HF as ahmlnerzllzezlund.er h)(/jd(othermal synthes(ljs .Cond'tl'l(.) ns,
phosphates have been prepared in agueous or predominantl)\é‘ve lsynt edS|ze 'bad golnnate ron arsenate and its gallium
nonaqueous solvents using iron chloride or nitrate as the source hajogue described below.
of iron3 An alternative route using HF as the mineralizer and
FeOs; as the source of iron was initiated by rEg and
co-workers? An interesting set of compounds labeled ULiM- Synthesis and Initial Characterization. The hydrothermal reactions

or MIL-n were prepared, in which most of the materials have were carried out under autogenous pressure in Teflon-lined stainless
fluorine directly bonded to iron. The use of HF produced a steel Parr acid digestion bombs. All chemicals were purchased from
number of novel microporous phosphate frameworks that do Aldrich Chemical_s. Arsenic acid was prepared from a reaction gDAs

not form in a fluoride-free medium. Little work, however, has air;)ir;bz(i)r?e ngﬁ%rglg)fHFFec(i:gR'/\Z/?O/(lorgmn?B)’ ;br?dsf/)v‘lat(elro(fg)mn?l?)' or
been carried out on the arsenate as compared to the phosphat¢, ' 9, F0 ML), -

and to date only several arsenates of gallium, molybdenum g days at 160°C followed by slow cooling at 5C h™* to room

. . . . ' temperature produced {81:N2)1 f[FesFs(HASOx)2(AsOs)], 1, as pale
vanadium, and iron have been reported in the literéittieThe pink plate crystals in 85% yield based on iron. The pale pink color

indicated an iron(lll) compound. A crystal was selected for structure
determination by single-crystal X-ray diffraction. The bulk product was
monophasic as judged by the total consistency of its powder X-ray
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references therein. (20 mmol), HF (40 wt %, 0.5 mL), and water (10 mL) under the same
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Table 1. Crystallographic Data for Table 2. Selected Bond Lengths (A) for
(C4H12N2)1.5[F63F5(HASO4)2(ASO4)] (1) and (C4H12N2)15[F93F5(HASO4)2(ASO4)] (1) and
(CaH12No)1  GagFs(HASO)2(ASOs)] (2) (CaH12N2)1 f{GagFs(HASOs)2(ASOL)] (22
1 2 Compoundl
gNhemical formula 8?;5E80N3012AS3FQ; C855F|55|‘::.2;)N3012AS3G&; ﬁ:gig_ggég 122%%3; ﬁ:gi;ggig 1?;1%3;
spg\ce group P2;/c (No. 14) P2,/c (No. 14) ﬁzgg_gg% 1%@8; ﬁ:ggg%gg 12??%
Y 2'1333(21()3) 2'133%%1()3) As(3-0(9)  1.687(2) As(3-0(10)  1.698(2)
c,A 10847(1) 10.679(1 P 20520 Fe(ir@ Lo%6(2)
g . 5 e . e .
vk e asios Sres N B O
' ’ : e . e .
. 395(2) ‘;95(2) Fe(2)-F(1) 2.014(2) Fe(2)F(2) 1.987(2)
/I&Mo Ka), A 0.71073 0.71073 Fe(2-0(3) 1.997(2) Fe(2)0O(5) 1.971(3)
pesca G cnr2 5714 5927 Fe(2)-0(8) 1.980(3) Fe(2)0(12) 1.975(2)
C?\/clo Ko), mm-? 795 033 Fe(3)-F(3) 2.011(2) Fe(3)F(3) 2.058(2)
Mo Ka). 12 o o3 s Fe(3)-F(5) 1.867(2) Fe(3)0(2) 1.925(2)
WR 0.0699 0.0770 Fe(3)-0(10) 2.024(2) Fe(3)0O(11) 1.967(2)
) : N(1)—-C(1) 1.490(5) N(1)-C(2) 1.491(5)
AR1= 3 ||Fo| — |Fdll/3|Fol. "WR2= { T [W(F* — F?)2/ Y [W(F?)7} 2, N(2)—C(3) 1.503(6) N(2)-C(4) 1.491(6)
w = 1/[0%(Fo)? + (aP)? + bP], P = [Max(F,,0) + 2(Fo)3/3, wherea N(3)—C(5) 1.449(9) N(3)-C(6) 1.46(1)
= 0.0299 andh = 4.77 for1 anda = 0.0317 ancb = 6.36 for 2. C(1)-C(3) 1.503(6) C(2yC(4) 1.507(7)
C(5)—C(6) 1.481(9) H(1)}O(4) 1.010
Structure Determination. A pale pink crystal ofl with dimensions :%_%g& gggg H(1-0(10) 1.657
0.25 x 0.1 x 0.1 mm and a colorless crystal @fwith dimensions '
0.35x 0.15x 0.15 mm were selected for indexing and intensity data Compound?
collection on a Siemens SMART CCD diffractometer equipped witha ~ AS(1)~O(1) 1.700(3) As(1y0(2) 1.662(4)
normal focus, 3-kW sealed tube X-ray source. Intensity data were As(1)-0(3) 1.668(3) AS(1yO(4) 1.738(4)
collected at room temperature in 1271 frames with increasifigidth ﬁ:ggigg% 1?3% ﬁ:gggggg 12228
0.3C per frame). The 2 range is 3.756.6°. Empirical absorption As(3)-0(9) 1.682(3) As(3}0(10) 1'699(3)
corrections based on symmetry equivalents were applig@iax = As(3)-0(11) 1'.692(3) As(3Y0(12) 1:663(3)
0.522/0.984 forl, 0.599/0.951 fo).*? On the basis of the systematic Ga(1)-F(1) 2.033(3) Ga(BF(2) 1.964(3)
absence conditions in the reduced data and the subsequent successfulga(1)-F(4) 1.878(3) Ga(H0(1) 1.907(3)
solution and refinement of the structure, the space groups were Ga(1)>-0(6) 1.937(3) Ga(B0(9) 1.917(3)
determined to b&2i/c (No. 14). Both structures were solved by direct Ga(2-F(1) 1.976(3) Ga(F(2) 1.952(3)
methods and difference Fourier syntheses. Bond-valence calculations Ga(2)-0(3) 1.959(3) Ga(2y0O(5) 1.934(4)
indicate that O(4) and O(7) are hydroxo oxygen atéfrighere are Ga(2)-0(8) 1.948(3) Ga(2y0(12) 1.944(3)
one AsQ®" and two HAsQ?~ groups per asymmetric unit. To balance ~ Ga(3)-F(3) 1.986(3) Ga(3yF(3) 1.998(3)
charge all atoms which connect neighboring metal atoms or coordinate  Ga(3)-F(5) 1.836(3) Ga(3y0(2) 1.900(3)
to metal atoms as terminal ligands are fluorine atoms. There are five Ga(3)-0(10) 1.970(3) Ga(3)0(11) 1.926(3)
F atoms per asymmetric unit in accord with the result from electron mgg:g%g 132%8 Hggggg %i?ggg
probe microanalysis. All hydrogen atoms were located in difference N(3)— ) )

: ) ) . (3)—C(5) 1.47(1) N(3)-C(6) 1.45(1)
Fourier maps. The final cycles of least-squares refinement included C(1)-C(3) 1.500(8) C(2yC(4) 1511(9)
atomic coordinates and anisotropic thermal parameters for all non- C(5)-C(6) 1.48(1) H(10(4) 0.951
hydrogen atoms. The atomic positions and isotropic thermal parameters  1(2)—0(7) 0.980 H(1)--O(10) 1.686
for all hydrogen atoms were fixed. Maximum and minimum peaks in  H(2).--F(1) 1.562

final difference maps were 1.52;1.05 and 1.14-1.48 e A3 for 1 ) ) .
and2, respectively. All calculations were carried out with the PC version . 1he N-H and C-H bond lengths are given in the Supporting
of the SHELXTL program package. The crystallographic data is given 'nformation.

in Table 1, and selected bond distances are provided in Table 2. o ) o )

Magnetic Susceptibility and Mdssbauer MeasurementsyVariable- the fictitious spint/, approximation ¢ < vg). This was measured on
temperature magnetic susceptibiljtgT) data were obtained on 51.5 & 1M galllum nitrate solution that was also used as a refere_nce. The
mg of a polycrystalline sample df from 2 to 300 K in a magnetic simulation of a’Ga MAS NMR spectrum was performed with the
field of 5000 G after zero-field cooling using a SQUID magnetometer. WINFIT program of the Bruker WINNMR software package.
Correction for diamagnetism was made according to Selibdtie . )

STFe Misshauer measurements were made on a constant-acceleratiof€sults and Discussion

inst t at 300 K. | hift ted with tt i i . . .
}gﬁ :i;:%r;rg SOMET Shilts are reporied With Fespectfo aniron gy ctural Description. The asymmetric unit consists of 32

7iGa NMR Measurements.”*Ga magic angle spinning (MAS) NMR ~ Unigue non-hydrogen atoms..AII atoms are at geqe_ral positions.
experiments were carried out at room temperature on a Bruker ONe of the two crystallographically distinct piperazinium cations
AVANCE—400 spectrometer &tGa resonance frequency of 121.84  Sits on an inversion center. The Fe (or Ga) and As atoms are
MHz. The "?Ga MAS NMR spectrum was acquired by using a solid- Six- and four-coordinated, respectively. The three F atoms in
echo pulse sequence, i.e/2—7— /2 acquisition, where was set to M(1)OsF3; and M(3)QFs are in facial and meridional config-
be the rotor period. A high-speed 2.5 mm probehead for acquiring the uration, respectively. The two F atoms in M(2J® are cis to
'Ga MAS NMR spectrum at a spinning speed of 30 kHz was used. each other. All three octahedra are distorted, and the extent of
The applied rf field strength was carefully chosen to be well within  gistortion can be estimated by using the equatior (1/6)5 -
[(R — Ra)/Ra% whereR = individual bond lengths anB,,

(12) Sheldrick, G. M.SADABS Program Siemens Analytical X-ray = ayerage bond lengf®.The calculation results show that the
Instrument Division: Madison, WI, 1998.
(13) Brown, I. D.; Altermatt, DActa Crystallogr., Sect. B985 41, 244.

(14) Selwood, P. WMagnetochemistryinterscience: New York, 1956. (15) Shannon, R. DActa Crystallogr., Sect. A976 32, 751.
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Fe(3)QF; octahedra, which are joined by arsenate ligands. Each
Figure 1. Polyhedral view of the structure of along the [100] infinite chain sits on a-glide plane. All the bridging atoms
direction. FeX (X = O, F) octahedra and arsenate tetrahedra are shown yithin a chain are F atoms. Fe(1) is also bonded to a terminal
grgig!?mll\l 2?gm%r.e§26 Leirs(:‘l):g}'vlflgior??k circles: C atoms. Open ¢ atom, F_(4). Each dimer resi_des on an inversion center with

two bridging F and two terminal F atoms. There are three
distinct arsenate groups. HAs(1)@nd As(3)Q link the infinite
chains with dimers while HAs(2)$orms a bridge over three
Fe atoms within a chain. The topology of the chain can be
described with a pentameric secondary building unit (SBU)
which consists of the connection of two octahedra and three
tetrahedra by corner-sharing. An alternative description of the
chain is two types of SBU. One is SBU-6 (3 As® 3 FeX)
and the other is SBU-2 (1 AsOr 1 FeXs). Both of them have
been observed in ULM- phased. The dimeric edge-shared
dioctahedra have not been observed in iron phosphates but were
observed in aluminophosphates such as ULM-6 and MIES27.
Within a layer inl the Fe-O(F) octahedra share corners with
arsenate tetrahedra in alternating manner to form eight- and six-
sided windows. Consecutive layers are stacked one exactly
above another so that infinite tunnels are formed along the [100]
direction, in which the organic cations are located. The cations
are locked in their positions by hydrogen bonds to framework
oxygen or fluorine atoms. The cation which sits on an inversion
center forms weaker hydrogen bonds with the arsenate relative
to the cation at general position, as indicated from a comparison
of the N---O (or N---F) distances and the thermal parameters.

Magnetic Susceptibility and Mossbauer SpectroscopyAs

shown in Figure 4, theguT value decreases with decreasing
temperature in the range 5300 K, indicating that the main
magnetic intereactions between Fe atoms are antiferromagnetic.
In particular, the effective magnetic moment at 300 K is only
5.19ug/Fe as compared with 5.9&/Fe expected for spin-only
Figure 3. A fraction of an anionic sheet ih showing the connectivity and noninteracting Fé ions. The inverse magnetic susceptibility
and labeling of atoms. Thermal ellipsoids are shown at 50% probability. followed the Curie-Weiss law in the paramagnetic state (Tor
Small open circles represent hydrogen atoms. > 50 K), and the Weiss temperatuég is strongly negative

. . . o ) (6p = —91.6 K), which is consistent with strong antiferromag-
ngir (olf()l“rzzriaglrlg glztog;:)(; ISS L:VI f(gg%’alé()l)&':a)agigﬂg;@) netic interactions. The calculated Curie constant (13.1) based
respectively). The largest distortion in M(3¥& can be ascribed on three F& per formula unit is in good agreement with the

to an edge-sharing octahedral dimer (vide infra). In the following Experlrgen.tatl valuet ((113'0)' Th? fgrrortr)fagnetlc rlsg,'\:.ﬁ' at TA%ZI
only the structure ofl will be discussed in detail because the i can f In ertrr)]re ed as gan € antl err;)r&j;gne |tsm._ | g_Wer
two compounds are isostructural. emperatures the magnetic moments of different spin lattices

The structure consists of two-dimensional anionic sheets of reach equivalency and the net__moment diminishes.
fluorinated iron arsenate in thee-plane with charge-compensat- The room ter_nperatur@Fe Mossbaue_r spectrum df was .
ing diprotonated piperazinium cations between the Sheetsleast—squares f't.ted by one doublet (Figure 5). The obtained
(Figures 1 and 2). The connectivity between iron atoms with parameters aré (isomer shifty= 0.403 mm/sAEq (quadrupole
the labeling scheme is Shown n Flgure s T.he anionic Sh.eets(16) Simon, N.; Loiseau, T.; Fey, G.J. Chem. Soc., Dalton Tran$999
are constructed from infinite chains of cis-corner-sharing 1147
Fe(1)QF; and Fe(2)GF; octahedra and dimers of edge-sharing (17) Simon, N.; Loiseau, T.; Fey, G.Solid State Sci1999 1, 339.

Figure 2. Structure ofl viewed along the [001] direction.
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Figure 6. Experimental’’Ga MAS NMR spectrum of2 with its
deconvolution shown in dashed lines.

2160 ppm

splitting) = 0.444 mm/s, and” (full width at half-height)=
0.33 mm/s. The isomer shift is characteristic of high-spiti Fe
According to Menil, the usual ranges of isomer shifts in oxides
are 0.29-0.50 and 1.031.28 mm/s for F& and Fé in
6-coordination, respective?f. Therefore, the valence of the iron
atoms inl is confirmed by Mssbauer spectroscopy.

IGa MAS NMR. Figure 6 shows the experiment&diGa
MAS NMR spectrum oR at 9.4 T, together with the simulation.
To retrieve isotropic chemical shifts and EFG (electric field
gradient) tensors, the observé@Ga NMR line shape was fitted

Luo et al.

site Il, 0cs = —45.8+ 5.0 ppm,Cq = 5.4+ 0.2 MHz, 7y =
0.05+ 0.02; site lll,0cs = 24.0+ 5.0 ppm,Cqo = 7.8+ 0.2
MHz, » = 0.02+ 0.02. Site lll is indicated from a comparison
with quadrupolar coupling constant to be assigned to Ga(3),
which has the most distorted coordination environment due to
edge-sharing. Th€q values for the other two sites are about
the same, although the octahedral distortion of Ga(1l) appears
considerably larger than that of Ga(2) on the basis of the Ga
O(F) bond lengths. Bradley et al. indicated that the presence of
a fluoride ion rather than an oxygen in the first coordination
sphere of a gallium atom would exert a deshielding influence,
thus causing a downfield shif?.Hence, site | and site Il are
assigned to Ga(l) and Ga(2), respectively, as inferred from a
comparison of the number of fluorine atoms bonded to Ga
atoms.

Concluding Remarks

Although a large number of organically templated metal
phosphates have been reported, only a few arsenates are known.
This work reports the synthesis and single-crystal X-ray structure
of a layered iron arsenate and its gallium analogue. Each layer
consists of infinite chains of corner-sharing M¥X = O, F)
octahedra and dimers of edge-sharing ##§octahedra, which
are linked by arsenate groups. It is a new structural type which
has not been observed in phosphates. Magnetic susceptibility
and Mtssbauer spectroscopy measurements are in good agree-
ment with the existence of high-spin Fe(lll) cationslin’'Ga
MAS NMR spectroscopy of confirms the presence of three
unique metal sites. The three resonances are assigned according
to the extent of octahedral distortion and the number of fluorine
atoms bonded to Ga atoms. The hydrothermal synthesis condi-
tions for arsenates are analogous to those for phosphates. The
use of HF as a mineralizer appears particularly useful to the
crystal growth of arsenates. Many other new compounds in the
metal arsenate systems with or without fluorine in the inorganic
frameworks have been prepared and will be reported elsewhere.
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accord with three unique Ga sites. The deconvoluted spectrum
as shown in dashed lines, neglecting CSA (chemical shift

anisotropy), yields NMR parameters for thré&a sites: site
I, dcs= —1.0+ 5.0 ppm,Cq (quadrupolar coupling constant)
= 4.5+ 0.2 MHz,  (asymmetry parametery 0.95+ 0.02;

(18) Menil, F.J. Phys. Chem. Solids985 46, 763.
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