2912 Chem. Mater2005,17,2912-2917

Inorganic—Organic Hybrid Compounds: Synthesis, Structure, and
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A hydrothermal reaction of a mixture containing iron(ll) oxalate dihydrate, phosphorus acid, piperazine,
and water at 150C for 72 h gave light-yellow cubes of a new hybrid iron oxatapdosphite, [GNH12]-
[FE'4(HPG;)2(C204)3], I. The structure, formed by FgOHPG;, and oxalate building units, possesses
infinite one-dimensional chains of FO—Fe, formed by Fg,, dimers. The phosphite units are grafted
to these chains, and the oxalate moieties bond with the iron center thioywd#ine and out-of-plane
connectivity forming a three-dimensional structure with intersecting channels. The organic amine molecule
occupies the middle of the channels. The connectivity between the phosphite units and-te Fe
chains resembles the tancoite structure. Magnetic investigations reveal that the iron is presett@in the
oxidation state and orders antiferromagnetically.

Introduction compounds, resulting in oxalatophosphate frameworks. A

Intense research activity in the area of open-framework large number of oxalatophosphates of transition and main-
>IVILY P ) roup elements have been prepared and characterized during
metal phosphates during the last twq decades gave rise to %e past few years:1s The oxalatophosphates generally
g??nnuggigggr?gm ycgr:&zusr;dsir;vrllth r?;;/ey:astggcgércis of adopt three-dimensional framework structures, though lower-
ying A » Iron pnosp Y dimensional structures have also been prepared. The oxalato-
an important positiod. 4 Metal—organic framework (MOF)

e : hosphite frameworks, on the other hand, have not been
compounds have also been gaining much interest recentl . . ; .
: . . . explored hitherto. We have been interested to investigate the
for their many interesting structures and properties.

Recently, the pseudotetrahedral phosphite group was Suc]‘ormauon of new bifunctional inorganieorganic hybrid

cessfully employed as a building unit giving fise to a new frameworks incorporating the phosphite ligdfido this end,

series of framework compoungs.® Oxalate anions have also we hav_e now prepared an organically templ_ated oxalato-

been used in the preparation of inorganazganic hybrid phosphite, [GNoHa[Fe"s((HPO)o(C0u)], 1, with three-
dimensional structure. In addition to being the first oxalato-

phosphite hybrid compounds original in that it possesses
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Table 1. Crystal Data and Structure Refinement Parameters for
[C4N2H 12][Fe4” (CzO4)3(HPO3)2], |12
empirical formula FeP10oCsN1H7
formula weight 367.7723
crystal system monoclinic
space group P2,/c (no.14)
a(h) 7.7286(2)
b (A) 7.5874(2)
™~ c(A) 17.9816(3)
& p (deg) 98.2140(10)
iy volume (. 1043.62(4)
£ z 4
E T(K) 293(2)
Pealc (9 CMT3) 2.341
W u (mm1) 2.976
\J 0 range (deg) 2.2923.28
2 (Mo Ka) (A) 0.71073
total data collected 4263
unique data 1503
refinement method full-matrix least-squares|BA
Rierg 0.0278
T ' T ! T i ! ' Rindexes [ > 20(1)] R = 0.0298, vir, = 0.0790
10 20 30 40 50 R (all data) R. = 0.0330, VR, = 0.0811
26 goodness of fit ($9 1.082
Figure 1. Powder XRD pattern (Cu &) of [C4NzH12][Fe"4(HPOs),- no. variables 164

(C204)3), I. (a) (@) Experimental; (b) simulated.

hydrothermal conditions using iron(ll) oxalate dihydrate as the

g of HPO; was added. Finally, 0.334 g of piperazine (PIP) was

largest difference map hole
and peak e A3

1.237 and-0.549

ARy = ¥ ||Fo| — IFcll/3|Fol; WRe = { T [W(F2 — FA Y [W(FoA)F} 2 w
source of iron. In a typical synthesis, 0.279 g of iron(ll) oxalate = 1/[p’(Fo)*+ (aP¥ + bP]. P=[max(F,, O) + 2(Fc)4/3, wherea = 0.0345
dihydrate was dissolved in 7 mL of deionized water. To this, 0.318 andb = 4.0050.

added to the mixture and homogenized for 30 min at room the weight loss due to the decomposition of the occluded amine
temperature. The final mixture with the composition, 1.0 fe< and the oxalate units and the weight gain due to the oxidation of
2H,0:2.0 HPO::2.0 (PIP):200 HO, was transferred in to a 23- the Fé and P! ions resulted in a net lower observed weight loss.
mL acid-digestion bomb and heated at 180 for 72 h. The The diprotonated organic amine molecule, during the decomposi-
resulting product contained only light-yellow-color cubelike single tion, contributed two protons. By consideration of this to be the
crystals in large quantities. The crystals were filtered, washed with equilibrium, the net weight loss will be 37.45 6.52+ 4.35=
deionized water, and dried at ambient conditions. The yield of the 48.32%, which matches very well with the expected calculated total
product was~80% based on Fe. The initial and final pH of the weight loss (47.88%). The decompositionlofan be understood
reaction mixture was-4. as follows

The initial characterization was carried out using powder X-ray
diffraction (XRD), thermogravimetric analysis (TGA), and infrared
(IR) measurements. An EDAX analysis on many single crystals
indicated an Fe:P ratio of 2:1, consistent with the single-crystal
X-ray data. The powder XRD patterns were recorded on crushed
single crystals in the@range 5-50° using Cu ku radiation (Philips . . . i
X'pert). The XRD pattern was entirely consistent with the structure R SPectroscopic studies carried out in the range-4aI0 et
determined using the single-crystal XRD. The observed and USiNg the KBr pellet method (Bruker IFS-66v) exhibited typical
simulated XRD pattern is shown in Figure 1. peaks corresponding to the piperazine, oxalate, andstifiieties.

TGA has been carried out (Mettler-Toledo, TG850) in oxygen 'R bands:»(NH) = 3015 cmr®, »(CH) = 2970 cm, v(PH) =
atmosphere (flow rate: 50 mL/min) in the temperature range25 2390 e, va{CO) = 1655 cnt, 6(NH) = 1605 cm™, 6(CH) =
800 °C (heating rate= 5 °C/min-3). The studies show a single 1480 cni?, v(CO) = 1420 cm*, vo{POy) = 1137 cmt, 5(HP)
sharp weight loss in the range 37850 °C. The total observed = 1045 cnt, v(PO;) = 1006 cnt?, (PQ;) = 600 cn™, das
weight loss was found to be 37.45%. In most of the framework (POs) =492 cnrt.

compounds, this weight loss, under the flow of oxygen, generally  The temperature variation of the magnetic susceptibility studies

corresponds to the loss of the organic amine and the decompositionas peen carried out on powdered single crystals in the range®
of the oxalate units. The final decomposed productsidéntified K with a SQUID magnetometer (Quantum Design Inc., USA).
by powder XRD were F&PVO, (JCPDS 17-0837) and B0

(JCPDS 47-1409). The calculated weight loss due to decomposition Single-Crystal Structure Determination. A suitable colorless

of organic amine and oxalate moiety is 47.88%, but the observed single crystal was carefully selected under a polarizing microscope
weight loss was only 37.45%. This discrepancy between the and glued to a thin glass fiber with cyanoacrylate (superglue)
calculated and observed weight loss in the TGA studiek cz#n adhesive. Crystal structure determination by XRD was performed
be explained by considering the oxidation of' ke Fe'' and P to on Siemens SMART-CCD diffractometer equipped with a normal
P¥ during the decomposition. In oxygen atmosphere, the anionic focus and a 2.4-kW sealed-tube X-ray source (Mo ddiation,A
framework ofl was oxidized to a mixture of F#0z and Fé'PVO, = 0.71073A) operating at 40 kV and 40 mA. A hemisphere of
powders, and the remaining products were gases @@ HO). intensity data was collected at room temperature in 1321 frames
From the molecular formula, the calculated gain in weight due to with o scans (width of 0.30and exposure time of 10 s per frame)
the oxidation of F& to Fd' and P! to PV were 6.52 and 4.35%, in the 2 range 3-46.5. Pertinent experimental details for the
respectively. Thus, during the TGA studies, the competition between structure determination df are presented in Table 1.

[Fe,"(C,0,)5(HP" 0,),]*” + 2(H") +3.5(Q) —
Fe," O, + 2F€"P'O, + 6CO,(g)t + 2H,0(g)
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Table 2. Selected Bond Distances and Angles in
[C4N2H 12][F€'4“ (CzO4)3(HPO3)2], |2

bond distance, A bond distance, A
Fe(1)-0O(1) 2.000(3) Fe(2y0(4) 2.130(3)
Fe(1)-0(2) 2.077(3) Fe(2)0(9) 2.135(3)
Fe(1)-0(3) 2.102(3) Fe(2)0(3) 2.223(3)
Fe(1)-0(4) 2.122(3) Fe(2yO(6) #1 2.397(3)
Fe(1)-0O(5) 2.217(3) P(1)yO(7) #2 1.504(3)
Fe(1)-0O(6) 2.277(3) P(1)0O(1) #1 1.525(3)
Fe(2)-(7) 1.981(3) P(1)0O(4) 1.529(3)

Fe (2)-0 (8) 2.124(3)
amplitude amplitude
angle (deg) angle (deg)

O(1)-Fe(1)-0(2) 152.11(12) O(LyFe(1)}-0(3) 101.01(12)
O(2)—Fe(1)-0(3) 101.13(12) O(HyFe(1)-0O(4) 107.97(12)
O(2)—Fe(1}-0(4) 92.56(12) O(3)Fe(1)>-0(4) 79.57(11)
O(1)-Fe(1)-0(5) 84.96(12) O(2yFe(1)-0O(5) 83.70(12)
O(3)—Fe(1)-0(5) 77.04(11) O(4yFe(1)-0O(5) 155.09(11)
O(1)—Fe(1)-0O(6) 84.17(11) O(2yFe(1)-0O(6) 76.55(11)
O(3)—Fe(1)-0(6) 170.39(11) O(4)Fe(1)-0(b6) 91.16(11)
O(5)—Fe(1)-0(6) 111.69(11) O(HFe(2)-0(8) 170.02(12)
O(7)—Fe(2)-0(4) 100.26(13) O(8}Fe(2)-0(4) 89.70(11)
O(7)—Fe(2)-0(9) 92.53(12) O(8)yFe(2)-0(9) 77.52(11)
O(4)—Fe(2)-0(9) 164.19(12) O(#HFe(2)-0(3) 89.61(12) b
O(8)—Fe(2)-0(3) 91.97(12) O(4yFe(2)-0(3) 76.74(11)
O(9)—Fe(2-0(3) 94.23(11) O(7rFe(2)-0O(6) #1 85.98(12)
O(8)—Fe(2)-0O(6) #1 92.74(11) O(4)Fe(2)-O(6)#1 102.01(10)
0O(9)—Fe(2)-0(6)#1 88.03(10) O(3)Fe(2)-O(6)#l  175.13(11) i

P(L)#2-O(1)-Fe(l)  128.66(18) P(HO(4)—Fe(1) 124.51(17)
P(1)-O(4)-Fe(2) 129.09(17) Fe(¥O(4)-Fe(2)  102.48(12)
P(#-0(7)-Fe(2)  135.08(19) Fe(HO(6)-Fe(2)#2 108.52(11)
Fe(1)-O(3)-Fe(2) 100.05(11) C(4)O(2)-Fe(l) 117.3(3)

CE#A-O@B)-Fe(l)  117.1(3)  C(B#40(3)—Fe(2)  139.5(3) (a) (b)
C(5)-0(5)—Fe(1) 1122(3)  C(3)#30(6)-Fe(l) 108.52(11)

o . Figure 2. (a) The one-dimensional F®©—Fe chain inl. (b) The one-
C(3)#3-0(6)—Fe(2)#2 129.7(3 C(3)O(8)—Fe(2 114.9(3 . : ) . .
CE4§—O(9)(—339(2)( ) 114_2((3)) Of?}C%Sg—O(((S)LS 127_524; dimensional structure formed by the linkage between iron and phosphite

units. Oxalate units are not shown for clarity.

a Symmetry transformation used to generate equivalent atoms:-x#1 . .
S 1y — Yo 2+ s #2 X+ 1,y + Yo, —2+ s #3% — 1, Y, Z #4—X in the range 76.55(11) 170.39(11). The iron atoms are

+1, -y, —z+ L #5x+ 1y, 2 connected to a phosphorus atom through-©e-P bonds

N . . . ) and to oxalate groups through+8—C bonds with average

An empirical absorption correction was applied using the pond angles of 129.3 and 120, Irespectively. The iron
SADABS program’ The structure was solved and refined using atoms are also connected to each other through three-

the SHELXL suit of program&? The direct method solution readily . .
revealed sufficient fragments of the structure (Fe, P, and O) and ;?/g:gg]:tii C()))iylgeenbc?:](()ijn(g?e(g)'of()(f()):’j"?n'lth(g)—) OW'th

enabled the remainder of the non-hydrogen atoms to be located” A
from difference Fourier maps and the refinements to proce®l to distances have an average value of 1.519 A. All the other

< 10%. The hydrogen atom in the—® group and all other bond distances and angles are in the range expected for this
hydrogen positions were initially located in the difference Fourier type of bonding and matches well with those reported
map, and for the final refinement the hydrogen atoms were placed previously in the literaturé 1>
in geometrically ideal positions and refined using the riding mode.  The structure of is built up from a linkage involving the
The last cycles of refinements included atomic positions, anisotropic FeQ; octahedra, the HP{pseudotetrahedra, and the oxalate
thermal parameters for all the non-hydrogen atoms, and isotropic ynjts. The iron atoms are connected to each other through
thermal parameters f_or all the hy_drogen atom_s. Full-ma_trix-least- two three-coordinated oxygen atoms (O(3) and O(4)) forming
squares structure refinement r?%aurﬁs? was carried qut using the an edge-shared dimer, #&,. The edge-shared &, dimers
SHELXL package of progra - Selected bond distances and are arranged around a &rew axis connected through their
angles forl are presented in Table 2. - -

corners via another three-coordinate oxygen atom (O(6)),
giving rise to infinite one-dimensional chains of F@—Fe
(Figure 2a). The pseudotetrahedral phosphite units are grafted

The asymmetric unit af contains 18 non-hydrogen atoms, on to these chains forming a one-dimensional structure as

of which two iron atoms and a phosphorus atom are shown in Figure 2b. The oxalate moieties bond with the iron
crystallographically independent. The iron atoms are con- center througtin-planeconnectivity giving rise to a hybrid
nected with six oxygen atom neighbors and have octahedrallayer and byout-of-planeconnectivity with the hybrid layer
coordination with average Fe bond distances of 2.133 forming the three-dimensional structure. This type of con-
and 2.165 A, respectively. The-@e—0 bond angles are  hectivity gives rise to two types of channels along tiee

andac planes as shown in Figures 3 and 4. The diprotonated

(17) Sheldrick, G. M. SADABSSiemens Area Correction Absorption ~ Pip€razine molecule occupies the middle of the channels

%&ection Program University of Gdtingen: Gdtingen, Germany,  formed by this connectivity and participates in weak
(18) Sheldrick, G. MSHELXL-97 Program for Crystal Structure Solution hydrogen bond interactions with the framework oxygen

and Refinementniversity of Gdtingen: Gitingen, Germany, 1997. atoms.

Results and Discussion
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Figure 3. Structure ofl in the bc plane showing the channels. Piperazine
molecules occupy these channels (not shown).

Figure 4. The connectivity between Fe and oxalate units forming dh Fe

Chem. Mater., Vol. 17, No. 11, 202815

X (emwmole)

T(K)

Figure 5. Temperature variation of susceptibility. Inset shows thevl/
T plot. The solid line is a high-temperature fit to the Fisher’s formula, and
the dashed line is the low-temperature fit (see text).

corners giving rise to an infinite one-dimensiona-&@—

Fe chain. In the phosphatexalate structure, on the other
hand, the Fg€y dimers are isolated and are connected by
the phosphate groups. Both the compounds have the pip-
erazine molecule in the middle of the channels in ltte
plane. An alternate description of the structuré obuld be

as a simple Peoxalate structure formed biyn-plane and
out-of-planeconnectivity of the oxalate units, templated by
the piperazine molecules. This visualization and description
is possible because the phosphite groups do not contribute
to the connectivity of the overall structure and appear to
decorate only the FeO—Fe chains ifl by linking with three

Fe centers through the oxygen atoms (Figure 4). This
situation may be contrasted with that of the phosphate
oxalate structuré? Fe' oxalate templated by organic amine
molecules exhibiting three-dimensional structure has not been
described in the literature, though such a structure has been
realized in a zinc oxalate containing both fineplane and
out-of-planeoxalate linkage®’ It is likely that the combined
presence of oxalate and*Pions might have facilitated the
formation of this unusual feature in

Magnetic susceptibility studies have been performed in
the temperature range 306@.2 K using a SQUID magne-
tometer. The studies indicate that the compound orders
antiferromagnetically at low temperatures. The temperature
variation of the magnetic susceptibility is given in Figure 5.

oxalate three-dimensional structure. The piperazine molecules occupy theMagnetic investigations show that at very low temperature

channels (see text).

The structure of is closely related to the iron phosphate
oxalate, [GN2H4[Fes(HPOy)2(C,04)35], structure reported
earlier’® | has similarities in the connectivity with respect
to the iron phosphateoxalate and the lattice parameters also
have comparable values. In the structurel ptwo FeQ
octahedra are connected to form the,®:g edge-shared
dimers, whereas in the phosphatalate structure FeQ
and FeQ@ polyhedral units are connected forming the®e
dimers. Inl, the FeO; dimers are connected through the

(~8 K) there is an upward rise ip as theT is lowered,;
although abovel = 8 K, | appears to order antiferromag-
netically. At high temperatured (= 300 K), the susceptibil-
ity value saturates to the paramagnetic spin only value of an
Fet spin (4.85uB). A Curie-Weiss fit of the high-
temperature datal(= 100—300 K) to a formy = (C/T —
0) gives a value of 13.2 and-21.2 K for C and 6,
respectively (inset of Figure 5).

Short-range order is generally associated with the low-
dimensional antiferromagnetic systefA8y assumption of

(19) Choudhury, A.; Natarajan, S.; Rao, C. N.JRSolid State Chemi999
146, 538.

(20) Vaidhyanathan, R.; Natarajan, S.; Cheetham, A. K.; Rao, C. N. R.
Chem. Mater1999 11, 3636.
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Chart 1 crossover, whereby the exchanges between the chains in the
planes and in the third direction become dominant. This is
because exchanges through the oxalate are very weak and
only become relevant at temperatures corresponding to their
magnitudes = kgT). Interestingly, the angle corresponding
to the orbital overlap for exchange processes through an
oxalate group gives rise to ferromagnetic interactions,
although the overlap itself is quite small (not effective). This
explains the upward rise g¢f below T = 8 K. It is quite
interesting that the low-temperature thermodynamic proper-
ties reveal the three-dimensional couplings, their strength,
and characteristic forms. To verify whether there exist any
ferromagnetic coupling at low temperature, we have carried
out magnetization studies as a function of magnetic field at
T =2 K. The low-field magnetization measurements indicate
a very small hysteresis loop corresponding to the coupling
strength, which is extremely small. The hysteresis loop,
however, disappears at very high field.

The alternative explanation for the rise in susceptibility
at very low temperature can be through Dzyaloshiasky
. Moriya (DM) interactiond* caused by spirorbit coupling
P and differences in the local environments of the adjacent Fe
H centers. Although DM interaction$ipy = 2D;*SxS) are

comparatively weaker than the superexchange teigs (

= 2J;°S°9) (D =~ Jy/5], at low temperature, the coupling
classical spins, Fisher's formula can be use@he high- with other magnetic centers in all three dimensions can give
temperature part can be fitted with an inverse temperaturerise to canted magnetic species with weak ferromagnetic
form for y, equivalent to an expression obtained for dimer, polarizatior?® This can, however, be confirmed by changing
yur = A exp(—A/ksT)/ksT. The fitting is shown as a solid  the groups (with distance as a parameter) in the interchain
line in Figure 5, withA = 18.4 K. The low-temperature  directions. However, for this system, it is true that either an
region T < 8 K), however, is not well reproduced by the angle-dependent anti-symmetric exchange or a weak ferro-
simple yur formula given above. For magnetic excitations magnetic coupling between the interchain magnetic centers
corresponding to parabolic magnon dispersion, it has beenbecomes important at very low temperature8(K), sug-
suggested that a general formyotan be usedy = A exp- gesting a possible change in exchange pathway with dimen-
(—A/ksT)/(ksT)7, with the exponent related to the extended  Sional crossover.
nature of the antiferromagnetic interactions at low temper- From the structural point of view, the structure bf
ature? By fitting the above form of the susceptibility with  presents many unique features. The first and foremost is the
the experimental data, we find that the best fit is obtained presence of infinite one-dimensional F&—Fe chains.
with A = 25.3 K andr = 1.25 (dashed line in Figure 5). Though infinite Fe-O—Fe chains have been observed before
Clearly this exponent gives the idea of the optimum length in ironphosphate& such a structural feature has not been
scale of the exchange processes in the system at temperature®@mmonly observed in inorgani@rganic hybrid structures.
corresponding to the maximum gfat T = ~25 K. Second, the connectivity between the phosphite units and

At very low temperature, the susceptibility starts rising Fe—O—Fe chains give rise to a one-dimensional tancoite-
asT — 0, signaling ferromagnetic polarization. It is quite like structure. It has been observed that the one-dimensional
interesting that, in such a small temperature scale, signaturgron phosphates, in general, form with the tancoite struéture.
of completely opposite exchange processes can be obtainedn I, the FeO,, dimer replaces the single Fe center in the
A careful investigation of the exchange pathways reveals tancoite structure. The E®;o dimer is, in fact, similar to
that the dimers of P& are linked by oxygens in the chain the FeOy and CeO, dimers observed in the phosphate
direction and through oxalate groups in the other directions oxalate structure®:?The corner sharing between the dimers,
(see Chart 1). At high temperature, the dominating exchangeobserved i, is unique and has been observed for the first
processes are through the oxygen atoms, which are clearlytime.
antiferromagnetic in nature. This pathway dominates the The coordination environment of iron centers in phos-
entire temperature scale down To= 8 K. Below this phates, phosphites, and oxalates presents an interesting

temperature, however, the system goes through a dimensionaj
P Y 9 9 824) Dzyaloshinskii, I. ESa. Phys. JETPL965 20, 665.

(25) Zheludev, A.; Sato, T.; Masuda, T.; Uchinokura, K.; Shirane, G.;

(21) Chitra, R.; Pati, S. K.; Krishnamurthy, H. R.; Sen, D.; Ramasesha, S. Roessli, B.Phys. Re. B 2003 68, 024428.
Phys. Re. 1995 B52, 6581. (26) Choudhury, A.; Natarajan, S.; Rao, C. N.Ghem. CommuriL999
(22) Fisher, M. EAm. J. Phys1964 32, 343. 1305.
(23) Johnston, D. C.; Kremer, R. K.; Troyer, M.; Wang, X.;'Kiper, A; (27) Cavellec, M.; Riou, D.; Greneche, J.-M.; FereyJit@drg. Chem1997,
Bud’ko, S. L.; Panchula, A. F.; Canfield, P. Bhys. Re. 200Q B61, 36, 2187.

9558. (28) Choudhury, A.; Natarajan, Solid State Sci200Q 2, 365.
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comparison. The Fe centers in iron phosphates and phos-oxalate moieties, the presence of,®g dimers and the

phites, in general, have either five or six coordination forming infinite Fe—O—Fe one-dimensional chains are noteworthy
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