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Two organically templated nickel sulfates of the compositions [C4NaH12][NisF2(SQ4)3(H20);] (1) and [C4NaH12][NiFs-
(SO4)H,0] (I1) with open architectures have been synthesized under hydro/solvothermal conditions in the presence
of piperazine. | has a layered structure formed by sinusoidal chains comprising hexameric units, whereas Il has a
three-dimensional structure with 10-membered channels. The layered Ni(ll) sulfate, |, is ferrimagnetic, exhibiting
hysteresis at low temperatures. The three-dimensional Ni(ll) sulfate, I, is essentially paramagnetic. We have also
obtained layered compounds isostructural with | containing other amines.

sulfates, layered or 3-dimensional nickel sulfates have not
, ) i . been synthesized hitherto. Three-dimensional organically
Inorganic open-framework structures involving silicates, templated sulfates of uraniuftanthanun?, and scandiun

phosphate$,and carboxylatés' have been widely investi- o ever have been reported recently.' We have been able
gated in th(_e past few years. It has been demonstrated recently, prepare both layered and 3-dimensional nickel sulfates
that oxyanions such as selerfiteelenaté,and sulfatécan ¢ 0ving piperazine as the structure-directing agent. In this
also be made use of to build up open architectures. ;1o \ve report the synthesis, structure, and magnetic
Accordingly, several layered sglfates.of iron and. (;obalt have properties of [GNH1[Ni sFA(SQx)s(H:0)s], I, and [GNaHx-

been reported,but no three-dimensional transm_o_n metal [Ni>F4(SQ)H-0], I, containing piperazine. Interestingly,
sulfate appears to be known. Among the transition metal with the layered structure exhibits ferrimagnetism, whereas

P S o be add 5 e @ the three-dimensiondll is essentially paramagnetic. We have
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: : X also been able to prepare compounds isomorphous Iwith
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Introduction

Experimental Section

Synthesis and Characterization.Compoundsl and Il were
synthesized by employing mild hydro/solvothermal methods in the
presence of organic amines. Compoundvas synthesized as
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follows. NiO (0.074 g) was dissolved in an ethylene glycol (EG)/
H,O mixture (4.6 and 0.9 mL, respectively) under constant stirring.
To this solution was added 0.16 mL ob80, (98%) and 0.2 mL

of HF (48%). Finally, 0.258 g of piperazine (PIP) was added to
the mixture, and the mixture was stirredrf@ h to obtain a
homogeneous gel. The final mixture with the molar composition
of NiO/H,SO/HF/PIP/EG/HO (1:3:2:3:50:50) was transferred into
a 23-mL Teflon-lined acid digestion bomb and heated at 480

for 3 days under autogenous pressure. The product containing greer\%ﬁ)me 7
needle-shaped crystals was monophasic (yield 80% with respectz

to Ni).
Compound| was prepared by employing piperazine sulfate as

the source of the sulfate and the amine. Piperazinium sulfate , (mm)

[H3aN(CH,)sNH3]SOsH,O (PIPS) was prepared following the
procedure reported in the literatufeln a typical synthesis, 0.148

g of NiO was dispersed in an ethanol/water mixture under constant

stirring. To this mixture, 0.502 g of PIPS and 0.2 mL of HF were
added and the mixture was stirred for 1 h. The final mixture with
the molar composition of NiO/PIFBF/H,O/ethanol (2:2.5:3:50:
50) was transferred into a 7-mL Teflon-lined acid digestion bomb
and heated at 18T for 48 h to obtain green needle-shaped crystals
(yield 65%).

Initial characterization of andll was carried out by powder
X-ray diffraction (PXRD), energy dispersive analysis of X-rays
(EDAX), chemical analysis, thermogravimetric analysis (TGA), and

Table 1. Crystal Data and Structure Refinement Parameters for
Compoundd andll

empiriCa' C4H16Ni3F2N201433 (|) Cy H12F4N2Ni2055 (” )
formula

formula mass  626.47 395.65

crystal system  orthorhombic tetragonal

space group  Pnma(62) P4(1) (76)

a(h) 9.9255(8) 10.8722(2)

b (A) 22.137(2) 10.8722(2)
7.2316(6) 8.9098(2)
1588.9(2) 1053.18(4)
4 4

T(°C) 20 20

2 (Mo Ka) (&) 0.71073 0.71073

Pealc(gem 3) 2.619 2.495
4.018 3.849

R[I > 20(1)]
R (all data)

ARy = J[Fol — [Fel; WRe = {[W(F? — FAZ[W(FAT}2 w =
1[0X(Fo)? + (aP)2 + bP], P = [Fo? + 2Fc?)/3; wherea = 0.0454 and =
0 for I, anda = 0.0207 ancb = O for Il .

R1=0.0342, wWR2=0.0778 R¥* 0.0301,wR2=0.0649
R3= 0.0472, wR2=0.0841 R2=0.0350, wR2= 0.0668

600 cnt! region. The stretching and bending modes eftand
O—H bands were in the expected range.

Single-Crystal Structure Determination. A suitable single
crystal of each compound was carefully selected under a polarizing
microscope and mounted at the tip of the thin glass fiber using
cyanoacrylate adhesive (super glue). Single-crystal structure de-

IR spectroscopy. Magnetic measurements on powdered sampledémination by X-ray diffraction was performed on a Siemens
were performed at temperatures between 2 and 300 K, using aSMART-CCD diffractometer equipped with a normal focus, 2.4-

Quantum Design SQUID magnetometer. The PXRD pattern kW, sealed-tube X-ray source (MocKradiation,A = 0.71073A)

exclusively exhibited reflections of a hitherto unknown material;

operating at 40 kv and 40 mA. The structure was solved by direct

and was consistent with the structure determined by single-crystal Methods using SHELXS-86,which readily revealed all the heavy

XRD, which gave the compositions bandll as [GN,H12][Ni sF2-
(SOy)3(H20),] and [GiN2H12] NioF4(SOy) H,0], respectively. Both

atom positions (Ni, S) and enabled us to locate the other non-
hydrogen (C, N, O, and F) positions from the difference Fourier

the nickel sulfates gave satisfactory elemental analysis. The Maps. An empirical absorption correction based on symmetry

experimental and calculated (in wt %) values of C, H, N were as
follows.1: C,7.4;N, 4.1; H, 3.7 (calc.: C,7.6;N, 4.4;H, 2.8):
C,11.5;N, 6.8;H,5 (calc.: C,12.1;N, 7; H, 3.6). EDAX indicated
the ratios of Ni and S to be 1:1 ihand 2:1 inll, in agreement
with the molecular formulas. Quantitative analysis of nickel Ifor
was 27.3% (calc. 29.6%) and 27.2% fbi(calc. 28.1%). The sulfate
content was found to be 44.6% irand 23.8% inl compared to

equivalent reflections was applied using SADABSAIl the

hydrogen positions were found in the difference Fourier maps. For
the final refinement, the hydrogen atom of both the framework and
the amine were placed geometrically and held in the riding mode.
The last cycles of refinement included atomic positions; anisotropic
thermal parameters for all the non-hydrogen atoms and isotropic
thermal parameters for all the hydrogen atoms. Full-matrix least-

45.8% and 24.2% expected on the basis of the formulas. TGA SAuares structure refinement agaiffst was carri_ed out using the
showed loss of water corresponding to two and one water molecules, SHELXTL-PLUS® package of programs. Details of the structure

respectively, inl andIl (TGA data are provided as Supporting
Information). These analytical data confirm the molecular formulas
of I andll from crystallography and their fluorine content as shown.
In the TGA curve ofl, there was a two-step weight loss
corresponding to the loss of the water in the range 130 to°C70
[obs, 5.26%; calc, 5.21% ] and to the loss of amine, HF, ang SO
in the range 300 to 558C [obs, 57.7%; calc, 56.4%]. The PXRD
pattern of the sample heated to 900 corresponded to K&,
(JCPDS file card 44-1418). Itl, there was a four-step weight
loss: of water at 125180°C [obs, 5.5%; calc, 4.6%], of the amine
at 300°C [obs, 22.6%; calc, 22.3%], of HF and &t 380°C [obs,
21.1%; calc, 19.7%], and of SCat 450°C [obs, 17.2%; calc,
16.4%)]. The PXRD pattern of the sample heated to 900

corresponded to NiO (JCPDS file card 22-1189). Infrared spectra

of | andll showed characteristic bands in the 98@10 cnr?!
region due tov; and in the 10961140 cm! region due tovs of
the sulfate group? The bending mode of S@ was in the 456-

(11) Jayaraman, K.; Choudhury, A.; Rao, C. N.Jlid State Sci2002
4, 413.

(12) Nakamato, Kinfrared and Raman Spectra of Inorganic and Coor-
dination CompoundsWiley-Interscience: New York, 1978.

determination and final refinements foendlIl are listed in Table

1. The positions of the fluorine atoms ofand Il are located
primarily looking at their thermal parameters; assigning them as
oxygens instead of fluorine invariably leads to nonpositive definite
values when they were refined with anisotropic displacement
parameters. X-ray diffraction patterns bfand Il were in good
agreement with the simulated patterns based on single-crystal data,
indicative of their phase purity.

Results and Discussion

Layered [C4NoH12][NigF2(SOs)3(H20)2], I. The asym-
metric unit ofl contains 17 non-hydrogen atoms, of which
14 belong to the inorganic framework and 3 belong to the

(13) Sheldrick, G. MSHELXS-86 Program for Crystal Structure Deter-
minatiort University of Gottingen: Gottingen, Germany, 1986. (b)
Sheldrick, G. M.Acta Crystallogr, Sect. A199Q 46, 467.

(14) Sheldrick, G. M.SADABS Siemens Area Detector Absorption
Correction program University of Gottingen: Gottingen, Germany,
1994.

(15) Sheldrick, G. M.SHELXTL-PLUS Program for Crystal Structure
Solution and Refinementniversity of Gottingen: Gottingen, Ger-
many.
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Figure 1. (a) ORTEP plot of [GN2H12][NisF2(SOs)3(H20),], |. The
asymmetric unit is labeled. Thermal ellipsoids are given at 50% probability.
(b) Polyhedral representation of the hexameric uniis Mote the presence

of two four-membered and one three-membered rings. (c) The infinite chain
formed by the connectivity of the hexameric units.

extraframework amine molecule (Figure 1a). There are two
crystallographically distinct Ni and S atoms, of which one
nickel and one sulfur atom [Ni(1) and S(1)] are in special
positions with an occupancy of 0.5. The structurel a§
constructed from macroanionic inorganic framework layers
of [NisF2(SQy)3(H20),]?~ held together by strong hydrogen
bonds with the amine molecules residing in the interlamellar
space. The Ni atoms inare octahedrally coordinated to four
oxygens and two fluorine atoms. The-ND/F bond distances
are in the range 2.065(50.129(5) A and O/FNi—O/F
bond angles in the range 79.72(£2)79.5(2). Of the two
sulfur atoms, S(2) has four-80—Ni linkages and S(1) has
three such connections, with one terminal S(®)(4) bond.
The S-O bond distances are in the range 1.47+#)87-

(4) A and the average ©5—0 bond angle is 108°2Bond
valence sum calculations fobased on the method of Brown
and Altermatt® using p (Ni—F) =1.596 and ¢ (Ni—O) =
1.670 A, show that the valence sums for Ni&)1.98, Ni-

(16) Brown, I. D.; Altermatt, D Acta Crystallogr 1985 B47, 244.
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Table 2. Selected Bond Distances and Angled in

Bond Distances

moiety distance (A) moiety distance (A)
Ni(1)—0(1) 2.026(4) Ni(2)-F(2) 2.048(4)
Ni(1)—0(2) 2.048(4) O(1)S(1) 1.480(4)
Ni(1)—O(3) 2.058(4) O(3)yS(1)#1 1.487(4)
Ni(1)—O(4) 2.055(5) 0o(5)S(1) 1.471(4)
Ni(1)—F(1)#1 2.061(3) O(8YS(1) 1.447(4)
Ni(1)—F(2) 2.082(3) 0(2¥S(2) 1.474(4)
Ni(2)—0(5) 2.011(4) 0O(6) S(2)#5 1.461(5)
Ni(2)—0O(5) #2 2.011(4) O(HS(2) 1.475(5)
Ni(2)—0(6) 2.060(5) O(4YH(7) 0.70(11)
Ni(2)—0(7) 2.129(5) O(4YH(8) 0.77(6)
Ni(2)—F(1) 2.015(4)

Bond Angles

moiety angle(deg) moiety angle(deg)
O(1)-Ni(1)-0(2)  95.9(2) F(2)-Ni(2)—0(7) 91.3(2)
O(1)-Ni(1)—0O(4) 87.8(2) O(6)-Ni(2)—0(7) 81.0(2)
O(1)-Ni(1)-0(3)  85.3(2) S(1}0(1)-Ni(1) 135.0(2)
0O(2)-Ni(1)-0(3)  84.0(2) S(2)0(2)—Ni(1) 126.5(2)
O(2)—Ni(1)—0(4) 175.8(2) S(1)#10(3)—Ni(1) 132.4(2)
O(4-Ni(1)-0(3)  94.2(2) Ni(2-F(1)-Ni(1)#3  129.10(9)
O(1)-Ni(1)—F(1)#1 174.2(2)  Ni(L)#3F(1)-Ni(1)#4 99.6(2)
O(2)-Ni(1)—F(1)#1 88.6(2) Ni(2)-F(2)-Ni(1) 119.42(14)
O(3)—-Ni(1)—F(1)#1 98.79(14) Ni(LyF(2)—Ni(1)#2 98.3(2)
O(4)-Ni(1)-F(L)#1 87.9(2) S(HO(5)-Ni(2) 132.9(2)
O(1)-Ni(1)—F(2)  96.74(14) S(2)#50(6)—Ni(2) 146.5(3)
O(2)—-Ni(1)—F(2) 88.0(2) S(2yO(7)—Ni(2) 120.4(3)
OB)-Ni(1)-F(2)  172.0(2) O(8)S(1-0O(5) 108.8(2)
O(4)—Ni(1)—F(2) 93.6(2) O(8yS(1)-0(1) 109.8(2)
F(L#1-Ni(1)—-F(2) 79.72(12) O(5}S(1)}-0(1) 110.7(2)
F(1)-Ni(2)—F(2) 88.2(2) O(8YS(1)-O(3)#4 110.5(2)
O(5)-Ni(2)—F(1)  89.70(11) O(5)S(1-0O(3)#4 109.4(2)
O(5)-Ni(2)—F(2)  98.23(11) O(1}S(1)-O(3)#4 107.6(2)
O(5)—-Ni(2)—0O(6)  81.92(11) O(6)#6S(2)-0(2) 107.5(2)
F(1)-Ni(2)—0(6)  99.6(2) 0(2)-S(2-0(2)#2 111.2(3)
F(2)—-Ni(2)—0(6) 172.2(2) O(6)#6S(2)-0(7) 110.8(3)
O(5)-Ni(2)—0(7)  90.38(11) O(2rS(2)-0(7) 109.9(2)
F(1)-Ni(2)—0(7) 179.5(2)

a Symmetry transformations used to generate equivalent atom&ly, #1
Y, =2+ Yy #2X, =y + Yo, Z #3X — Y, =y + Yo, —z+ U3, #4 X — Yy,
Y, —Z+ Yy #5X — sy, =24 35, #6 X + Yo, ¥, =2+ 3o #7 —x + 1, —y
+1,-z+ 2.

(2) = 1.92 A and F(1)= 0.606, F(2)= 0.563. The charges
on Niand S are clearly-2 and+6, respectively. These data
are consistent with the stated composition and the presence
of fluorine. Selected bond distances and angldsasé listed
in Table 2.

The framework ofl is built up of Ni(1)R04, Ni(2)F,04
octahedra and SQetrahedra sharing edges asiui—F—
Ni bonds and vertexes as NO—S bonds. The Ni(1)fO,
octahedra are dimerized by sharing edges with two fluorines
(FL and F) to form NiF,Os moiety. Ni(2)RO, octahedra
link to the anion at one end of the shared edges to form
trimeric NigF3012 units. The S(1)@tetrahedra cap the trimers
from both ends while the S(2)Qetrahedra are grafted on
to the trimers in such a way that they share three corners
with three octahedra, giving rise to the hexameric unit as
shown in Figure 1b. The connectivity of the octahedra and
tetrahedra inside the unit results in two four-membered and
one three-membered ring. These units are connected to one
another through corner-sharing-ND—S linkages, thereby
forming the sinusoidal chain shown in Figure 1c. Such chains
run along the [010] direction and are covalently bonded to
each other by the S(2)@roup forming the layer structure.
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Table 3. Crystal Structures of Other Amine-Templated Nickel Sulfates
Structurally Analogous td

parameter 1,3-DAP DABCO?
empirical CnggNig'FzNzOls& CﬁH]_aNi3F2N2014Sg
formula
formula mass 632.50 652.49
crystal system monoclinic orthorhombic
space group Pc(7) Pbcm(57)
a(A) 9.8933 7.4812
b (A) 7.3387 9.8553
c(A) 11.9891 24.0836
B(R) 97.977
volume (A)  862.03 1775.67
z 2 8
T(°C) 20 20
A(Mo Ka) (A) 0.71073 0.71073
peac(gend)  2.421 2.435
w (mm1) 3.683 3.592

R[l > 20(I)] R1=0.0467, wR2=0.0999 RI=0.0449, wR2=0.1001
R (all data) R%=0.0676, wR2=0.1280 R%=0.0729, wR2=0.1144

ARy = Y |Fol — IFd; "wRe = {[W(Fo® — FAWFA}2 w =
1/[03(Fo)? + (aP)2 + bP], P = [F¢? + 2Fc?/3; wherea = 0.0565 and =
_ _ , _ 2.0499 for DAP, and = 0.0604207 and = O for DABCO. 1,3-DAP =
Figure 2. Polyhedral representation of the inorganic layel in theab- 1,3-diaminopropane; DABCO= 1,4-Diazabicyclo[2.2.2]octane.
plane. Note the presence of eight-membered apertures.
1,3-diaminopropane has three crystallographically distinct Ni
and S atoms in the asymmetric unit instead of two and has
contained one additional lattice water. The presence of
different amines in the interlamellar space causes the
materials to be crystallized in different space groups. The
crystallographic details are listed in Table 3. The structures
of the DABCO- and DAP-derived Ni(ll) sulfates are given
in Figure 4.

We show the variable temperature magnetic susceptibility
(x) data of | recorded at 5000 Oe in Figure 5. In the
paramagnetic region, the susceptibility follows the Curie
Weiss law with a negative Curie temperature-6f4K as
obtained from the fit of theyy ! data in the 106300 K
range (inset of Figure 5). The negati®e&alue suggests that
the exchange interaction is antiferromagnetic. The effective

. . s , . magnetic moment of Ni is 3.14g, comparable to that of
ayers in1. Fycrogen bondng interactions between e amime and he Nickel(Il) compounds reported in the lteratfe? The data
framework oxygen are shown by dotted lines. in Figure 5 also show a magnetic transition at low temper-

ature. The dc magnetic susceptibility data under zero-field-
The S(2)Q tetrahedra from the adjacent chains connect cooled (ZFC) and field-cooled (FC) conditions (100 Oe)
alternatively via four Ni-O—S linkages to form four  clearly show divergence (Figure 6), suggesting that the low
connected tetrahedra, leading to the formation of an eight- temperature transition is ferrimagnetic. Interestingshows
membered aperture in tia-plane (shown in Figure 2). The  good magnetic hysteresis & K (see inset of Figure 6).
inorganic layers are stacked along thexis in the ABAB  Complete saturation occurs at fairly high fields.
fashion and the interlayer space is occupied by the dipro-  hree-Dimensional [CNoH 15][Ni 2Fo(SOs) H,0], I1. The
tonated amine, which ensures the stability of the structure nicxe| sulfatell is a three-dimensional network structure
through extensive hydrogen bonding as ghown in Figurg 3. made up of Ni(1)§O, Ni(2)F.0, octahedra, and SO
The structure can be compared to the mineral sulfobérite yotranedra incorporating diprotonated piperazine molecules
which is made up of complex sheets of (Mg@nd (SQ) within the pores. The asymmetric unit bf consists of 17
tetrahedra. In the mineral amarantite, octahedral tetramersnon-hydrogen atoms, of which 11 belong to the inorganic
are polymerized to form octahedral chains parallel to [100] famework and 6 belong to the guest as shown in the Figure
and linked by (SQ) tetrahedra, with the linkage between 75 There are two crystallographically distinct Ni atoms and

sheets being provided by [B(OHf)etrahedra. ~ one S atom with both the nickel atoms in octahedral
We have obtained nickel sulfates with a structure similar coordination with respect to the O/F neighbors. The-Si

to that ofl by using DABCO and 1,3-diaminopropane (DAP)

as well, the only difference being that the compound with (18) Gao, Q.; Guillou, N.; Nogues, M.; Cheetam, A. K.; Ferey Gem.

Mater. 1999 11, 2937.
(17) Hawthrone, F. C.; Krivovichev, S. V.; Burns, P. Be. Miner. (19) Guillou, N.; Gao, Q.; Nogues, M.; Cheetam, A. K.; Ferey,S8lid
Geochem200Q 40, 55. State Sci2002 4, 1179.
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(b)

Figure 4. Structures of Ni(ll) sulfates isomorphous witlobtained with
(a) DABCO and (b) 1,3-diaminopropane (DAP).
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Figure 5. Temperature variation of the magnetic susceptibility.dhset

shows the variation of inverse susceptibility.

bond distances are in the range 2.0972)30(4) A [Ni-
(1)—0a = 2.059, Ni(2)-O. = 2.066 A]. Ni-F bond
distances are in the range 1.98%2)059(4) A [Ni(1)Fay
= 2.033, Ni(2)-Fa, = 2.016 A]. The trans F/ONi—O/F
bond angles are in the range 175.9(2%8.7(2) and the
cis F/O—Ni —O/F angles are in the range 78.89(14)1.1-
(2)° with averages of 172.4 and 8506espectively. Selected
bond distances and angleslinare listed in Table 4. Of the
two Ni atoms, Ni(1) makes four NiF—Ni bonds and one
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Figure 6. Temperature dependence of the DC magnetic susceptibility of
I measured at 100 Oe under field-cooled (FC) and zero-field-cooled (ZFC)
conditions. The hysteresis loop is shown in the inset.

8
Fl4) H(13)
Q

Figure 7. (a) ORTEP plot of [GN2H12][NiFsSOy(H20),], Il. The
asymmetric unit is labeled. Thermal ellipsoids are given at 50% probability.
(b) Layer in theac-plane formed by the infinite chains. Note the presence
of 11-membered rings.

Ni—O-S linkage, with the sixth coordination being com-
pleted by linking to a HO molecule. Ni(2) forms four N+
F—Ni and two Ni-O—S linkages. The fluorine atoms act
as a bridge between the Ni centers, similar to that in
phosphates of nickel and iron reported in the literatdré.
The unique S atom is tetrahedrally coordinated by the oxygen
neighbors with the SO bond distance ranging between
1.489(4) and 1.459(4) with an average bond distance of 1.474
A. The S-atom makes three-®—Ni linkages and the fourth
one is terminal. Bond-valence sum (BVS) calculations (Ni-

(20) Liu, Y.; Zhang, L.; Shi, Z.; Yuan, H.; Pang, W. Solid State Chem
2001 158 68.

(21) Mandal, S.; Natarajan, S.; Greneche, J. M.; Riou-Cavellec, M.; Ferey,
G. Chem. Mater2002 14, 3751.



Amine-Templated Open-Framework Nickel(ll) Sulfates

Table 4. Selected Bond Distances and Angles for
[CaN2H12[Ni 2FaSOy(H20)] 112

Bond Distances

moiety distance (A) moiety distance (A)
Ni(1)—F(1) 20.030(4) Ni(2rO@3)#4  2.036(4)
Ni(1)-F(1)#1  2.030(4) Ni(2)}F(4) 2.026(3)
Ni()-F#2  2.041(4) Ni(2yF(4)y#4  2.029(4)
Ni(1)—F(2) 2.032(4) Ni(2)-0(4) 2.097(4)
Ni(1)—O(1) 2.059(4) S(0(4) 1.482(4)
Ni(1)—0(2) 2.060(4) S(H0(3) 1.489(4)
Ni(2)—-F(3)#3  1.987(4) S(HO(5) 1.459(4)
Ni(2)—F(3) 2.023(3) S(30(2) 1.480(4)

Bond Angles
moiety angle (deg) moiety angle (deg)
F(1)-Ni(1)—F(2) 87.52(14) F(4)#4Ni(2)—O(3)#4 84.8(2)
F#1-Ni(L)-F(2)  79.1(2) F(4)-Ni(2)—0(4) 85.37(14)
F(L)#1-Ni(1)—F(2)#2 170.36(12) F(4)#4Ni(2)—0O(4) 97.70(14) Figure 8. Polyhedral view ofll along the [010] direction.

F(1)-Ni(1)—O(1) 90.6(2)  O(3)#4Ni(2)—0(4) 98.2(2)
F(1)-Ni(1)—0(2) 168.7(2)  Ni(LyF(L)-Ni(L)#2 101.1(2)
F(#1-Ni(1)—-0(2) 97.0(2)  Ni(1}F(2)-Ni(l)#1  100.7(2)
F(2)-Ni(1)—0(2) 945(2)  Ni(2Q#4F3)-Ni2) 95.9(2)
FQ#2-Ni(1)—-0(2) 89.9(2)  Ni(2rF(4)-Ni(2#3 94.5(2)

F(2)-Ni(1)—O(1) 69.9(2)  O(5-S(1)-0(2) 109.5(3)
FQ#2-Ni(1)-0(1) 95.7(2)  O(5yS(1)-O(4) 109.4(3)
O(1)-Ni(1)-0(2)  89.3(2)  O(5)S(1)-0(3) 109.6(3)
F(3)-Ni(2)—F(4) 85.12(14)  O(2yS(1)-0(4) 108.7(2)
F(3)#3-Ni(2)—F(4)#4 73.94(14) O(S(1-0(3) 108.4(3)
F3)-Ni(2—O(3)#4 91.3(2)  O(4¥S(1)-0(3) 111.2(2)
F3#3-Ni(2-0O(4) 88.2(2)  S(1}YO(2)-Ni(1) 134.5(3)

F(3)—Ni(2)—0(4) 70.5(2)  S(IYO(B)-Ni(2#3  131.8(3)
F(4)-Ni(2-O@)#4 75.9(2)  S(HO(4)-Ni(2) 131.5(2)

a Symmetry transformations used to generate equivalent atoms:x#1,
+1,y—1,z— Yy #2,x+ 1, —y+ 1,2+ Yg #3,—x+ 1,y, 2 — Yy, #4,
X, —y+1,z+ Yy

(1) = 2.01, Ni(2)= 1.93) and the average NO/F bond
lengths indicate the oxidation states of both the nickels to
be +2 and S to bet6. The presence of the fluorine atoms Figure 9. View down the crystallographic-axis showing the inorganic
finds indirect support from BVS calculations (F(&)0.614, framework structure ofl , showing 10-membered channels.

F(2) = 0.607, F(3)= 0.66, F(4) = 0.62). Thus, the
framework structure of [NF4(SQy) H>O] with a net frame-
work charge of—2 is balanced by the protonation of the
amine molecule.

layers forms an elliptical channel along tb@xis as shown

in Figure 9. The width of the 10-membered channel is 12.3

x 6.12 A (longest and shortest atom atom compact

) ) ) distances, not including van der Waals radii). The channels
The prominent feature of structuteis a dimer of edge-  gre filled by the amine molecules which interact with the

sharing octahedra. The Ni(1) and Ni(2) octahedral units share¢. o nawork oxygen and fluorine through strongf-+-O and

edges through fluorine (Ni(£)F(1), F(2) and Ni(2)-F(3), C—H--+O hydrogen bonds. The structurelbfis somewhat

F(4)) to form the dimer units N{1)FsO0,(H20). and Nk(2)-  rgjated to the mineral phosphophe@evhich contains layers

FeO,, respectively. The dimers are linked by sharing of sinusoidal chains made up of edge-shared octahedral

octahedral edges to form two distinct infinite sinusoidal timers cross-linked by tetrahedral Panits.

chains along the [001] direction. These chains are alternately The variable temperature magnetic susceptibility data at

stacked one over the other along the [100] direction and ares400 Oe ofll are shown in Figure 10. The compound is

mfterr]lmked by sharlngfcornersl with thi tetrahedral cg)rnedrs predominantly paramagnetic and the inverse susceptibility
of the SQ groups to form a layer with an 11-membere data (see inset of Figure 10) show a linear behavior in the

aPeFt“fe in_ the [101] plane (Figure 7b). To our knovyledge, temperature range 500 K, yielding a small negative Curie
this is the first example of an 11-membered aperture in OPeN-temperature of-10 K, indicating weak antiferromagnetic

framework compounds. In the layer, each SF"fate shar_es Sinteractions. The effective magnetic moment per nickel atom
_three corners with thre_e octahedra of the gdjacent c_hams. Itealculated from the linear fit of thew ! versusT curve is

is connected to the Ni(1) octahedral chain by sharing one , 5 us, slightly lower than expected for Ni(ll) centers
oxygen atom, whereas it shares two oxygen atoms with two (theoreticalues = 2.83 ug). Zero-field-cooled (ZFC) and

neighboring octahedra of the Ni(2) chain. The layers thus fiejq.cooled (FC) susceptibility data (applied field of 500
formed are cross-linked by S@etrahedra along thie-axis

through_ corner-sharing—@—Ni linkages to form.theT three- (22) Huminicki, D. M. C.. Hawthore, F. GRev. Miner. Geochem002
dimensional structure (Figure 8). Such cross-linking of the 48, 193.
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04T sulfatel with sinusoidal chains formed by hexameric units,
"T H = 5000 Oe ’:E?goo_ containing three NiO(F) octahedra, shows ferrimagnetism.
i o The 3D sulfatdl with sinusoidal chains formed by dimeric
03d 1 3 units of NiO(F) octahedra is paramagnetic. Most Ni(ll)
T 1007 compounds, specially the layered ones, are generally known
g to be antiferromagnetic. Dimensionality alone is not of much

significance here as pointed out by Ferey and co-workers in
the case of Ni(ll) phosphaté$the most important factor
being the way the NiO(F) octahedra are linked to one
another. Ni(ll) phosphates and other derivatives of Ni(ll) with
layered or 3D structures are antiferromagn&i. Good
examples of ferri- or ferromagnetic Ni(ll) compounds are
those of nickel succinattand nickel glutarat® with unusual
edge-sharing nickel octahedra. In the succinate, there are
T“'() 200 ' 300 unusual hexanickel units: the polyhedron sharing two trans
] o ] o edges with two neighboring junits. In the N§ unit, a dimer
Egg{eshlgv'vs Ifem\f’;:::gﬁ ﬁﬂ%ﬂ?&iu@fe&%%ﬁm susceptibilipfiof ¢ face-sharing octahedra is grafted onto a tetramer formed
by two dimers of edge-sharing octahedra. The face-sharing
340 nickel atoms are connected to the tetramer by edge-sharing
1 H=500 Oe with two adjacent nickel octahedra and corners with the
3204 FC opposite ones. In the glutarate, each nickel octahedron shares
1 three edges with three nickel octahedra, each of which shares
3004 two of its edges with two neighboring nickel octahedra. The
T layered nickel sulfate N{OH)(SQy)2(H20),26 containing
280+ ZFC corrugated sheets formed by chains of Ni@ctahedra,
E exhibits canted antiferromagnetism, with the three-dimen-
= 260

sionality in this compound arising from the connectivity of
the layers via the sulfate.
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Supporting Information Available: TGA curves ofl andll,
hydrogen bonding interactions Inandll , and bond distances of
structural analogues of(pdf), and crystallographic data forand

Il (cif). This material is available free of charge via the Internet at
0 50 http://pubs.acs.org.
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Figure 11. Temperature dependence of the DC magnetic susceptibility

of Il measured at 500 Oe under field-cooled (FC) and zero-field-cooled
(ZFC) conditions.

(23) (a) Guillou, N.; Gao, Q.; Nogues, M.; Morris, R. E.; Herview, M.;
Ferey, G.; Cheetam, A. KC. R. Acad. Sci. Ser. 11£999 2, 387. (b)
. . . . Guillou, N.; Gao, Q.; Forster, P. M.; Chang, J. S.; Nogues, M.; Park,
Oe) shown in Figure 11 show only a slight divergence below  §"g° e "G %heetam, A Kangew. Chermint. Ed 2001, 40,
8 K. We did not observe magnetic hysteresis at 5 K. 2831. (c) Richard-Plouet, M.; Vilminot, S.; Guillot, M.; Kurmoo, M.
Chem. Mater2002 14, 3829. (d) Sanz, F.; Parada, C.; Rojo, J. M.;
Ruiz-Valero, C.Chem. Mater2001, 13, 1334. (e) Goni, A.; Rius, J.;
Insausti, M.; Lezama, L. M.; Pizarro, J. L.; Arriortua, M. |.; Rojo, T.
ina- i Chem. Mater1996 8, 1052.
Amine-templated Ni(ll) sulfates of layered _and 3D channel (24) Guillow, N.: Livage, C.. Van Beek, W.: Nogues, M.; Ferey ABgew.
structures have been successfully synthesized under hydro-" " chem Int. Ed 2003 42, 644.
thermal conditions, establishing thereby the versatility of the (25) Guillou, N.; Livage, C.; Drillon, M.; Ferey, GAngew. Chemint.

sulfate group in building open architectures. The magnetic (26) Ed. 2003 42, 5314.

’ - o - Vilminot, S.; Richard-Plouet, M.; Andre, G.; Swierczynski, D.; Bouree-
behavior of the two nickel sulfates is interesting. The layered Vigneron, F.; Kurmoo, Mlnorg. Chem 2003 42, 6859.

Conclusions
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