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Amine-Templated One-Dimensional Metal Sulfates Including a Mixed-
Valent Fe Compound with a Half-Kagome Structure

J. N. Behera™"! and C. N. R. Rao*!*"!

Abstract: Organically templated metal
sulfates are relatively new. Six amine-
templated transition-metal sulfates
with different types of chain structures,
including a novel iron sulfate with a

hedra. [CoN,H,5][Mn(SO,),(H,0),] (2)
and  [CN,H,][Ni(SO,),(H,0),] (3)
have ladder structures comprising four-
membered rings formed by SO, tetra-
hedra and metal-oxygen octahedra,

[C.N,H,,][V(OH)(SO,),]- H,O (4) and
[CiN,H,,][VF5(SO,)] (5) exhibit chain
topologies of the minerals tancoite and
butlerite, respectively. The structure of
[C/N,H,,|[H;0][Fe"Fe"" F4(SO,)] (6) is

chain structure corresponding to one just as in
half of the kagome structure, were syn-
thesized by hydro/solvothermal meth-
ods. Amongst the one-dimensional
metal sulfates, [C,,N,H;(][Zn(SO,)Cl,]
(1) is the simplest, being formed by
corner-linked ZnO,Cl, and SO, tetra-

half-kagome
metal sulfates
chains

Introduction

Although a large number of metal silicates,!! phosphates,?!
and carboxylates® with open-framework architectures have
been synthesized and characterized over the years, open-
framework metal sulfates are relatively new. In the last few
years, a few open-framework materials involving oxyanions
of Group 16 elements such as sulfate, selenite,” and sele-
natel”) have been reported. An interesting aspect of the
metal phosphates and carboxylates is the occurrence of ma-
terials with different dimensions. A few organically templat-
ed metal sulfates with different dimensional structures have
also been described recently.”! These results suggest that the
sulfate ion can be used effectively to design open-framework
and hybrid materials. The objective of the present study was
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the mineral krohnkite. noteworthy in that it corresponds to
half of the hexagonal kagome struc-
Keywords: crystal engineering ture. It exhibits ferrimagnetic proper-

ties at low temperatures and the ab-
sence of frustration, unlike the mixed-
valent iron sulfate with the full kagome
structure.

to prepare metal sulfates with one-dimensional chain struc-
tures templated by organic amines. We have, indeed, suc-
ceeded in preparing and characterizing five amine-templated
metal sulfates of composition [C;,N,H;(][Zn(SO,4)Cl,] (1),
[CsN-H 5] [Mn(SO,),(H,0),] (2), [CN,H,(][Ni(SO,),(H,0),]
(3), [CNHp][V'(OH)(SO,),]' H,O (4), and [C,N,H,,][VF;
(SO,)] (5), all of which have chain structures comparable to
those in some of the minerals. Of these, 1 has the simplest
possible chain structure formed by SO, and ZnO,(l, tetra-
hedra. What is more significant, however, is that we were
able to prepare an amine-templated mixed-valent iron sul-
fate with the formula [C,N,H,][H;O][Fe"™Fe" F4(SO,)] (6),
which corresponds to half of the hexagonal kagome struc-
ture with Fe in two oxidation states. Such a compound is of
significance in view of the great interest in the synthesis and
magnetic properties of compounds with the hexagonal
kagome-type layers.’! Interestingly, the half-kagome struc-
ture exhibits magnetic properties that are different from
those of a regular kagome structure containing mixed-valent
iron.

Results and Discussion
We first describe the structures of the five amine-templated

metal sulfates with chain structures akin to those of the min-
erals chalcanthite, krohnkite, tancoite, and butlerite.
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[C1yN:Hy,][Zn(SO,)CL,] (1)

The asymmetric unit of 1 consists of 20 non-hydrogen
atoms, six of which belong to the inorganic framework and
14 to 4,4-bipyridine (bpy). There is one crystallographically
distinct Zn atom and one S atom, with the Zn atom in a tet-
rahedral coordination. Two unidentate SO,*~ groups and
two Cl atoms tetrahedrally coordinate the Zn atom. The
Zn—Cl bond lengths of 2.221(2) and 2.221(3) A are consider-
ably longer than the Zn—O(sulfate) bond lengths of 1.978(4)
and 1.993(4) A. The sulfate is a regular tetrahedron and acts
as a bidentate bridging metal linker. All the O—S—O angles
and S—O bond lengths are in the normal range. Selected
bond lengths and angles of 1 are listed in Table 1.

The extended structure of 1 consists of parallel inorganic
chains templated by bpy; the individual chains contain
corner-sharing ZnO,Cl, and SO, tetrahedra. Each sulfate
ligand uses two oxygen atoms to link two zinc centers and
bridges two ZnO,Cl, tetrahedra, each of which, in turn,
share their vertices with two SO, groups. This generates a
simple —Zn—O—S—O—Zn— [T—T] wirelike chain along the
a axis (Figure 1a). Adjacent chains interact through hydro-
gen bonds involving the terminal S=O and Zn—Cl bonds as
well as bpy to form a three-dimensional assembly (Fig-
ure 1b). A similar single-stranded structure of zinc sulfate in
which zinc is in octahedral coordination was reported re-
cently.”) The [M(TO,)d,] chain backbone observed in 1 is
the simplest possible [T—T] 1D structure. Notably, the min-
eral chalcanthite has an O—T chain structure. It is inter-
esting that bpy is in the interchain region with the protonat-
ed nitrogen atom in 1 instead of coordinating to the metal.

[C¢N,Hy3][Mn(S50,),(H,0),] (2) and
[C.N,H,,][Ni(SO,),(H,0),] (3)

The inorganic framework structures of 2 and 3 are similar;
both have the topology of the mineral krohnkite, [Na,Cu'-
(50,),]-2H,0." The only difference between the structures
of 2 and 3 is in the templated amine (Figure 2). Compound
2 is a one-dimensional manganese sulfate templated by hex-
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Table 1. Selected bond lengths and angles in 1.1

Moiety Bond length [A] Moiety Angle [°]
Zn(1)-0(1) 1.978(4) O(1)—Zn(1)—0(2) 99.3(2)
Zn(1)-0(2) 1.993(4) O(1)-Zn(1)—CI(1) 112.6(2)
Zn(1)-CI(1) 2.221(2) 0(2)—Zn(1)—CI(1) 111.6(2)
Zn(1)-Cl(2) 2.227(3) 0O(1)~Zn(1)—C1(2) 102.3(2)
S(1)—0(3) 1.449(4) 0(2)—Zn(1)—C1(2) 111.16(14)
S(1)-0(4) 1.451(4) Cl(1)—Zn(1)—CI1(2) 117.97(8)
S(1)-0(1) 1.466(4) 0(3)-S(1)-0(4) 109.5(3)
S(1)-0(2) 1.483(4) O(3)-S(1)-O(1)#1 110.7(3)
N(1)—C(5) 1.305(9) 0(4)-S(1)-0(1)#1 110.2(3)
N(1)—-C(1) 1.309(10) 0(3)-S(1)-0(2) 111.3(3)
C(1)-C(2) 1.354(10) 0(4)-S(1)-0(2) 107.6(3)
C(2)—C(3) 1.370(9) O(1)#1-S(1)-0(2) 107.5(3)
C(3)—-C(4) 1.372(9) S(1)#2-0(1)—Zn(1) 129.4(3)
C(3)-C(3)#3 1.474(12) S(1)-0O(2)—Zn(1) 126.5(2)
C(4)—C(5) 1.349(10) C(5)-N(1)—-C(1) 121.3(7)
N(2)—C(10) 1.312(7) N(1)—C(1)—C(2) 120.4(8)
N(2)—C(6) 1.322(8) C(1)—-C(2)—C((3) 120.9(8)
C(6)-C(7) 1.379(8) C(2)—C(3)—C(4) 115.7(6)
C(7)—C(8) 1.374(8) C(2)—C(3)—C(3)#3 122.0(8)
C(8)—C(9) 1.373(8) C(4)—C(3)—C(3)#3 122.3(8)
C(8)-C(8)#4 1.506(11) C(5)-C(4)—C(3) 121.5(7)
C(9)—C(10) 1.380(8) N(1)—C(5)—C(4) 120.1(7)
C(10)—N(2)—C(6) 121.8(6)
N(2)—-C(6)—C(7) 120.1(6)
C(8)—-C(7)—C(6) 120.1(6)
C(9)—C(8)—C(7) 117.7(5)
C(9)-C(8)—C(8)#4 121.3(6)
C(7)—-C(8)—C(8)#4 121.1(6)
C(8)—C(9)—C(10) 120.2(6)
N(2)—-C(10)—C(9) 120.2(6)

[a] Symmetry transformations used to generate equivalent atoms: #1: x+
Ly z;#2:x=1,y, z; #3: —x+2, —y, —z; #4: —x+2, —y, —z+1.

amethylenediamine (hmda), whereas 3 is a one-dimensional
nickel sulfate templated by ethylenediamine (en). The asym-
metric unit of 2 consists of 11 non-hydrogen atoms, seven of
which belong to the inorganic framework and four to the
amine molecules, whereas that of 3 consists of nine non-hy-
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a) a

Figure 1. a) Polyhedral view of the inorganic part of [C,N,H,(][Zn-
(SO,4)CL,] (1) along the a axis. b) 3D assembly formed by the chains and
the amine molecules in 1, creating the channels.

MnO4(H20)2

NiO4(H20)2

Figure 2. Polyhedral view of a)[CsN,H;5][Mn(SO,),(H,0),] (2) and
b) [CN,H,(][Ni(SO,),(H,0),] (3) showing the chain of corner-sharing
four-membered rings. Amine molecules are present in the interchain
space.
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drogen atoms, of which seven belong to the framework and
two to the amine part. There is one crystallographically dis-
tinct metal atom and one S atom, with the metal atom in oc-
tahedral geometry. The octahedral coordination around the
metal atom is defined by four p-O groups from four sulfate
and two aqua ligands. The sulfate ion is distorted and shares
two corners with two adjacent metal octahedra, leaving two
terminal S=O bonds. The bonds to the coordinating oxygen
atoms are significantly longer than the S=O bonds. Selected
bond lengths and angles of 2 are listed in Table 2.

Table 2. Selected bond lengths and angles in 2.1

Moiety Bond length [A] Moiety Angle [°]
Mn-O(4) 2.149(3) O(4)-Mn—O(4)#1 180.000(2)
Mn-O(1)#2  2187(3) O(4)-Mn—O(1)#2 93.73(11)
Mn-0(3) 2208(3) O@)#1-Mn—O(1)}#2  86.27(11)
$-0(5) 1.452(3) O(L)#2-Mn-O(1)#3  179.999(2)
$-0(2) 1.462(3) O(4)-Mn-0(3) 89.60(14)
S-0(4) 1.469(3) O(4)#1-Mn—0(3) 90.40(14)
$-0(1) 1.480(3) O(1)#2-Mn-0(3) 89.45(12)
N(1)-C(1) 1.474(6) O(1)#3-Mn—0(3) 90.55(12)
C(1)-CQ) 1.510(7) O(4)-Mn—-O(3)#1 90.40(14)
C(2)-C(3) 1.516(7) 0(3)-Mn—0(3) 179.999(1)
0(5)-S-0(2) 11.7(2)
0(5)-S-0(4) 1102(2)
0(2)-S-0(4) 106.4(2)
0(5)-S-0(1) 109.5(2)
0(2)-S-0(1) 109.4(2)
0(4)-S-0(1) 109.5(2)
S—O(1)-Mn 135.3(2)
S—O(4)-Mn 136.8(2)
N(1)-C(1)-C(2) 111.5(4)
C(1)-C(2)-C(3) 112.3(4)
C(2)-C(3)-C(3)#5 113.8(5)

[a] Symmetry transformations used to generate equivalent atoms: #1: —x,
—y+2, —z+2; #2: —x—1, —y+2, —z+2; #3: x+1,y, z; #4: x—1, y, z; #5:
—X, —y+2, —z+1.

In both 2 and 3, a pair of sulfate tetrahedra share corners
to form a one-dimensional chain structure with four-mem-
bered rings by bridging the neighboring metal octahedra.
The chain is formed of alternating [M**0O,(H,0),] octahedra
and pairs of SO, teterahedra, with the H,O groups in a trans
arrangement around the divalent cation. The diammonium
cations are located between the chains; they form hydrogen
bonds with framework oxygen atoms that govern the stabili-
ty of the structure. Several naturally occurring minerals as
well as synthetic compounds with related structures are
known.!"!! Fleck et al.'? recently reviewed compounds with
the krohnkite-type topology and attempted to provide a
structural classification. The minerals collinsite, Ca,[Mg-
(PO,)(H,0),], and fairfieldite, Ca,[Mn(PO,),(H,0),], based
on the general [M(TO,),®,] chain, are part of the krohnkite
family. The common occurrence of the krohnkite-type chain
involving of PO,*, AsO,/", SO,>, and SeO,* anions is
probably because the corner link between MO¢ and TO,
groups is flexible, involving no steric constraints.

Chem. Asian J. 2006, 1, 742 -750



Amine-Templated 1D Metal Sulfates

[CNH,,][V"(OH)(SO,),]-H,0 (4)

The asymmetric unit of 4 consists of 19 non-hydrogen atoms
with one crystallographically distinct V and two S atoms.
The V atom makes four V-O—S and two V—(OH)—V linkag-
es to the neighboring S and V atoms, respectively. The S
atoms form two S—O—V bonds with each of the adjacent va-
nadium atoms, the remaining two being terminal S=O
bonds. The framework structure is built up of infinite chains
of [V(OH)(SO,),],>~ running along the caxis. The
VO,(OH), octahedra in 4 share vertices in a trans fashion
through the (OH) groups, and the SO, tetrahedra are graft-
ed onto the chain to form the tancoite-type topology
(Figure 3). The 1D chains are arranged parallel to one an-

Figure 3. Polyhedral view of [C,N,H,][V"(OH)(SO,),] H,O (4) along
the b axis with the symmetrical bridging of the sulfate tetrahedra. Note
the tancoite-type chains in 4.

other, with the diprotonated amine and water molecules re-
siding in the interchain space and forming strong hydrogen
bonds with the framework. Compound 4 is isostructural to
[CN,H,][VI(OH)(SO,),] H,0,™! templated by ethylenedi-
amine. The use of dabco as the templating amine has been
reported to give rise to the same type of chain®! with the
VO,(OH), octahedra sharing their vertices in an alternating
cis—trans fashion. It is not clear why a large number of vana-
dium sulfates occur with chain structures. To our knowledge,
no organically templated two- or three-dimensional vanadi-
um sulfate has been reported hitherto, unlike the two- and
three-dimensional vanadium phosphates.['’]

[H,N(CH,),NH,][VF;(S0,)] (5)

The asymmetric unit of 5 consists of 16 non-hydrogen
atoms, of which 10 belong to the inorganic framework and
six to the organic guest molecules. There are two crystallo-
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graphically distinct V atoms with octahedral geometry. The
V-0 bond lengths in 4 are in the range 1.997(5)-2.028(5) A
with an average of 2.012 A. The V—F bond lengths are in
the range 1.878(4)-1.963(4) A with an average of 1.909 A.
The cis-O/F—V—O/F bond angles are between 87.0(2) and
93.0(2)° ((cis-O/F=V(1)—-O/F),,=90.0° and (cis-O/F=V(2)—
O/F),,=90.0°) and the trans-O/F-V—O/F bond angle is
180°, indicating near-perfect octahedral geometry for 5.

The structure of [C,N,H;,][VF;(SO,)] consists of VF,O,
octahedra sharing vertices with the neighbors through the
fluorine atoms (Figure 4a). The sulfate tetrahedra are bridg-
ed onto the trans vertices of the metal octahedra along the
chain. The trans orientation of the bridging F atom creates a
zigzag {-F—V—F—V—} backbone to the linear chain of
VF,O, octahedra, forming an analogue of the butlerite-type
chain." In the sulfate tetrahedra, two oxygens bond to the
adjacent V sites of the vertex-shared VF,O, octahedra in a
symmetrical bridge, and the remaining two form terminal
S=O bonds. The individual chains are held together by hy-
drogen-bond interactions involving diprotonated amine mol-
ecules. The 1D chain in 5§ also interacts with the amine mol-
ecules through hydrogen bonding to form cavities. Bond va-
lence sum (BVS) calculations using the method of Brown
and Altermatt™ (V(1)=3.15, V(2)=3.20) indicate that the
valence state of V is +3 and confirm the position of the
fluorine atom (F(1)=0.62, F(2)=0.99, F(3)=0.60). The

b)
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Figure 4. a) Polyhedral view of [C,N,H,,][VF5(SO,)] (5) along the b axis
with alternating up-down bridging of the sulfate tetrahedron. Note the
butlerite-type chains. b) Temperature variation of the magnetic suscepti-
bility of 5. The inset shows the variation of inverse susceptibility.
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chain structure in 5 is isostructural to [C,N,H,][Fe™F;
(SO,)]¥! and is comparable to the chain of cis corner-shar-
ing octahedra in fiboferrite, [Fe**(OH)(H,0),(SO,)]-(H,0)s,
with a helical configuration. In fibroferite as well as butler-
ite, [Fe**(OH)(H,0),(SO,)], and parabutlerite, [Fe’*(OH)-
(H,0)(SOy)], the chains are linked solely by hydrogen
bonds, as there are no interstitial cations, whereas in organi-
cally templated compounds, the chains are held together by
the hydrogen-bond assembly of the diprotonated amine
molecules located in the interchain space to form the 3D as-
sembly.

The variable-temperature magnetic-susceptibility data of
5 at 5000 Oe are shown in Figure 4b. The compound is pre-
dominantly paramagnetic, and the inverse susceptibility data
(inset of Figure 4b) show a linear behavior in the tempera-
ture range 50-300 K, yielding a small negative Weiss tem-
perature of —5 K which indicates weak antiferrimagnetic in-
teraction. The effective magnetic moment per vanadium
atom calculated from the fit of the y\ ' versus T curve is
2.4 pp, which is slightly lower than expected for V"' centers
(theoretical u.;=2.8 yg).

[C,N,H,,][H;0][Fe™Fe"F((SO,)] (6) with a Half-Kagome
Structure

The asymmetric unit of 6 consists of 21 non-hydrogen
atoms, 14 of which belong to the inorganic framework with
three crystallographically distinct Fe atoms and one S atom
and 7 belong to the extraframework guest molecules; one
extraframework oxygen atom belongs to the hydronium ion.
Two Fe atoms (Fe(2) and Fe(3)) are in special positions (oc-
cupancy =0.5). The structure of 6 consists of anionic chains
of vertex-sharing Fe"F;O, Fe''F,O, octahedra and sulfate
tetrahedral units, which are fused together by Fe/'—F—Fe"
" and Fe"""~0O-S bonds. The Fe—O bond lengths in 6 are in
the range 2.054(5)-2.139(5) A and the Fe—F bond lengths
are 1.903(4)-2.111(4) A ((Fe(1)"-F),, =192 A, Fe(2)"—
F),=2.05 A, Fe(3)"-F),,=2.06 A). The bond lengths and
angles indicate perfect octahedral geometry around Fe cen-
ters. BVS calculations™ using ry(Fe—F)=1.679 and r,(Fe—
0)=1.759 A gave valence sums Fe(1)=3.03, Fe(2)=2.12,
Fe(3)=2.09. The average Fe—O/F bond lengths also indicate
the oxidation state of Fe(1) to be +3, and the remaining
two Fe centers to be +2. The position of the fluorine atoms
find indirect support from BVS calculations (F(1)=0.54,
F(2)=0.51, F(3)=0.84, F(4)=0.50, F(5)=0.82, F(6)=0.80).
Thus, the framework stoichiometry of [Fe"™Fe"F((SO,)] with
a —3 charge requires the amine to be doubly protonated, in
addition to the presence of the hydronium ion. The Mdssba-
uer spectrum at room temperature confirms the presence of
two types of Fe" and one Fe™ species in 6. Selected bond
lengths and angles of 6 are listed in Table 3.

The fluorine and the oxygen neighbors in 6 are coordinat-
ed octahedrally to the Fe atoms (Fe(1)"F;O, Fe(2)"F,0,,
Fe(3)"F,0,). The Fe(2)"F,0, and Fe(3)'F,0, octahedra are
vertex-shared through trans Fe(2)—F(6)—Fe(3) linkages,
which run along the a axis of the unit cell. Each of the octa-
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Table 3. Selected bond lengths and angles in 6.1

Moiety Bond length [A] Moiety Bond length [A]
Fe(1)-F(1) 1.903(4) S(1)—-0(3) 1.447(5)
Fe(1)-F(3) 1.924(4) S(1)—-0(4) 1.477(5)
Fe(1)-F(2) 1.925(4) S(1)—0(2) 1.478(5)
Fe(1)-F(4) 1.926(4) S(1)—0(1) 1.479(5)
Fe(1)-F(5) 1.931(4) N(1)—C(2) 1.447(11)
Fe(1)-0O(1) 2.054(5) N(1)-C(4) 1.499(12)
Fe(2)—F(6) 2.023(4) C(1)-C(2) 1.445(11)
Fe(2)-F(3) 2.085(4) C(1)-N(2) 1.504(12)
Fe(2)—0O(2) 2.132(5) C(3)—-C(4) 1.433(11)
Fe(3)-F(6) 2.014(4) C(3)-N(2) 1.498(11)
Fe(3)—F(4) 2.111(4)

Fe(3)—0O(4) 2.140(5)

Moiety Angle [°] Moiety Angle [°]
F(1)—Fe(1)-F(3) 92.0(2) F(6)—Fe(3)—F(4) 91.6(2)
F(1)~Fe(1)-F(2) 89.6(2) F(6)#2-Fe(3)-F(4)  88.4(2)
F(3)-Fe(1)-F(2) 89.6(2) F(4)-Fe(3)—-F(4)#2 180.000(1)
F(1)-Fe(1)-F(4) 90.6(2) F(6)—Fe(3)—0O(4) 95.4(2)
F(3)—Fe(1)-F(4) 89.4(2) F(6)#2-Fe(3)-0O(4)  84.6(2)
F(2)-Fe(1)—-F(4) 178.9(2) F(4)-Fe(3)—0O(4) 92.8(2)
F(1)-Fe(1)-F(5) 92.2(2) O(4)#2-Fe(3)-O(4) 180
F(3)-Fe(1)-F(5) 175.7(2) 0O(3)-S(1)-0(4) 110.5(3)
F(2)-Fe(1)-F(5) 90.3(2) 0(3)-S(1)-0(2) 109.8(3)
F(4)-Fe(1)—F(5) 90.8(2) 0(4)-S(1)-0(2) 108.9(3)
F(1)-Fe(1)—O(1) 177.4(2) 0O(3)-S(1)-0(1) 109.6(3)
F(3)-Fe(1)—O(1) 89.8(2) O(4)-S(1)-0(1) 108.6(3)
F(2)-Fe(1)—O(1) 88.5(2) 0(2)-S(1)-0(1) 109.5(3)
F(4)-Fe(1)—O(1) 91.3(2) Fe(1)—F(3)—Fe(2) 135.0(2)
F(5)-Fe(1)—O(1) 85.9(2) Fe(1)—F(4)—Fe(3) 132.3(2)
F(6)-Fe(2)—F(6)#1 180 S(1)—O(1)—Fe(1) 136.3(3)
F(6)-Fe(2)—F(3) 91.6(2) Fe(3)—F(6)—Fe(2) 127.1(2)
F(6)-Fe(2)—F(3) 88.4(2) S(1)—O(2)—Fe(2) 127.6(3)
F(3)-Fe(2)-F(3)#1 180 S(1)—O(4)—Fe(3) 126.9(3)
F(3)—Fe(2)-0(2) 88.9(2) C(2)-N(1)-C(4) 111.2(7)
F(6)—Fe(2)—0O(2) 94.9(2) C(2)—C(1)-N(2) 113.1(7)
F(6)-Fe(2)—0O(2) 85.1(2) C(1)—C(2)-N(1) 114.1(7)
F(3)—Fe(2)-0(2) 91.1(2) C(4)-C(3)-N(2) 112.4(7)
O2)#1-Fe(2)-0(2)  179.999(1)  C(3)—C(4)-N(1) 112.2(7)
F(6)—Fe(3)—F(6)#2 180 C(3)~N(2)—C(1) 109.9(7)

[a] Symmetry transformations used to generate equivalent atoms: #1: —x,
—y+1, —z+2; #2: —x+1, —y+1, —z+2.

hedra shares four of its Fe—F vertices with similar neighbors.
Fe(1)"MFsO octahedra share one Fe—F vertex each with
Fe(2)" and Fe(3)" octahedra in an up and down manner.
Such connectivity creates a triangular lattice formed by
Fe(1)™F;O, Fe(2)"F,0,, and Fe(3)"F,0, octahedra (Fig-
ure Sa). The sulfate tetrahedron caps the triangular lattice
in a manner similar to that in jarosites with the kagome lat-
tice, in which Fe is in the +3 oxidation state.'® The struc-
ture can be described as half-kagome, as two such chains
can produce the complete one. In the full kagome structure,
each octahedron shares four of its M—F vertices with similar
neighbors with the M—F—M bonds roughly aligned in the ab
plane. The presence of three Fe(1)—F terminal bonds in 6
could be responsible for not forming the complete kagome
structure. The individual chains are held together by strong
hydrogen-bond interactions (N—H--O, N—H--F, C—H--O,
and C—H--F) by the framework oxygen and fluorine atoms
with protonated water and diprotonated amine molecules to
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a) Fe(1)"FsO

Figure 5. a) Polyhedral view of the inorganic chain of [C,N,H;,][H;0]-
[Fe'Fe"F4(SO,)] (6) along the a axis. The three-membered apertures are
capped by sulfate moieties. b) Ball and stick view of 6 in the ac plane. Di-
protonated amine and protonated water molecules occupy positions in-
between the chains.

stabilize the structure (Figure 5b). The various hydrogen-
bond interactions for 1, 2, and 6 are given in Table 4.

In Figure 6a, we show the variable-temperature magnetic
susceptibility (y) data of 6 recorded at 100 Oe under zero-
field-cooled (ZFC) and field-cooled (FC) conditions. From
this figure, we see that although there are some differences
between the ZFC and FC data, there is no clear indication
of frustration as in the case of the mixed-valent iron
kagome structure reported in the literature.'”’ In the inset of
Figure 6a, we show the variation of inverse susceptibility
with temperature. In the paramagnetic region, the suscepti-
bility follows the Curie—Weiss law with a Weiss temperature
of —90 K as obtained from the fit of the y,, ' data in the
100-300 K range. The negative 6, value suggests that the ex-
change interaction is antiferrimagnetic. The effective mag-
netic moment of Fe is 5.2 ug, slightly lower than the expect-
ed spin-only value of 5.4 s which lies between typical
values for high-spin Fe" and Fe'™, confirming the mixed-
valent state of iron.

In Figure 6b we show the variation of y7 with tempera-
ture. The behavior is reminiscent of a ferrimagnetic system.
Accordingly, the 7T data at low temperatures do not obey
the Curie law. As the system consists of Fe** and Fe** ions
arranged in a sawtooth lattice with almost equal exchange
coupling, the three Fe—F—Fe angles being nearly the same
(~130°), the low-energy spectrum is expected to be irregular
in total spin or magnetization. Notably, this is a J;, J, system
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Table 4. Hydrogen-bonding interactions in compounds 1, 2, and 6.

D-H-A D-H[A] H+A[A] D-A[A] D-H-AI[]
1

N(1)—-H(1)--0(3) 0.861(10) 1.906(9)  2.700(9)  152.8(8)

N(2)—H(6)--O(4) 0.860(7) 1.818(7)  2.677(7)  178.7(6)

C(1)~H(2)-CI(1)
C(2)-H(3)-CI(1)

0.928(13) 2.738(10) 3.575(10) 150.4(10)
0.930(12) 2.698(9)  3.531(10) 149.5(9)

C(5)~H(5)~CI(2) 0.929(10) 2.743(9)  3461(9) 134.8(8)
C(6)~H(7)--0(2) 0.929(10) 2.545(8)  3.385(9)  150.4(7)
C(6)~H(7)--0(4) 0.929(10) 2.443(8)  3.265(9)  147.4(7)
C(10)—H(10)~CI(2) 0.929(10) 2.783(7)  3.413(9)  126.0(6)
2
N(1)-H(1)~0(3) 0.83(5)  248(5)  3.093(6) 132(4)
N(1)~H(1)~O(5) 0.83(5)  2.19(5)  2.782(6)  128(4)
N(1)-H(2)--0(2) 095(8)  2.16(9)  3.048(6)  156(7)
N(1)-H(2)-0(4) 0.95(8)  2.15(8)  2.900(5)  135(7)
N(1)-H(3)-0(2) 0.87(7)  1.99(7)  2.854(6) 171(6)
O(3)—H(10)--O(1) 091(7)  2.03(7)  2.825(4)  146(6)
Intra O(3)-H(11)--O(5) 0.83(7)  1.86(8)  2.649(5) 159(7)
C(1)-H(4)--0(5) 0.99(6)  2.56(5)  3.099(6)  114(4)
6
N(1)-H(1)--F(5) 0.920(13) 2.510(10) 3.19(10)  131.1(10)
N(1)-H(2)--0(2) 0.920(13) 2.568(11) 3337(11) 141.4(10)

N(2)-H(11)--F(4)
N(2)-H(12)--F(3)

0.920(13) 2.516(10) 3.355(10) 151.9(10)
0.920(13) 2.411(10) 3.119(10) 133.8(9)

0(50)—H(13)--F(6) 1.08(5)  1.73(4)  2.787(8)  166(8)
0(50)—H(14)--F(5) 1L17(6)  1.66(7)  2.80009)  164(7)
0(50)—H(15)--F(2) 122) 2204 2792(9)  107(24)
0(50)—H(15)--F(2) 122)  24(4) 3313(8)  129(26)
0(50)—H(15)--0(1) 12)  2303) 2913(8)  107(15)
C(1)-H(3)--0(2) 0.990(13) 2.452(10) 3.294(11) 142.6(8)
C(1)-H(4)F(1) 0.991(13) 2.429(9) 321009) 135.3(9)
C(2)-H(5)~F(1) 0.991(11) 1.694(9) 2.684(9)  177.6(8)
C(2)-H(6)-0(4) 0.990(11) 2.001(9) 2.791(9)  135.1(8)
C(3)-H(7)~F(2) 0.990(11) 1.892(9) 2.816(9)  154.0(8)
C(3)-H(8)--0(3) 0.991(11) 1.925(9) 2.874(9)  159.5(8)

C(4)-H(10)--F(5) 0.990(13) 2.387(10) 3.327(10) 158.4(9)

with alternate J, missing. The ground state of 6 appears to
involve fluctuations in the spin moment of each of the Fe
ions, and the total magnetization of the ground state is 0.5
times the number of triangles. The lowest excited state
would have a magnetization one unit lower than the
ground-state spin value. Thereafter, within small energy in-
tervals, the magnetization of the levels fluctuates, showing
irregularities in terms of alternate lower and higher magnet-
izations values.'"” The sharp and well-rounded minimum in
the x7T plot at low temperatures is due to such irregular
magnetization values in the low-energy spectrum. The mini-
mum is due to states with magnetizations smaller than the
ground-state magnetization becoming populated at low tem-
peratures. Owing to the mixed-spin nature, the sawtooth lat-
tice does not experience frustration. The low-temperature
susceptibility is purely due to the low-energy spectrum of a
typical ferrimagnetic system with competing interactions.!""!
At the lowest temperatures, the y 7T value should be equal to
the fluctuation in the ground-state magnetization. However,
the susceptibility becomes small and nearly vanishes owing
to higher dimensional coupling. We do not observe distinct
magnetic hysteresis in 6 owing to weak interactions between
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Figure 6. a) Temperature variation of the magnetic susceptibility of 6.
The inset shows the variation of inverse susceptibility. b) Variation of ;7T
with temperature. The inset shows the M—H curve at 5 K.

the chains. However, nonlinear M—H behavior is observed,
as shown in the inset of Figure 6b.

The half-kagome structure of 6 is different from the
mixed-valent kagome compound reported earlier.'”! In the
mixed-valent kagome compound, the frustration is prevalent
as the magnetic triangles are strongly connected to the hex-
agonal structure through corner-shared octahedra. In addi-
tion, ferrimagnetic interactions are observed owing to the
presence of the integral spin Fe’* (S=2) in the system.!"!
On the other hand, very weak interactions exist between the

Table 5. Synthetic conditions and analysis of compounds 1-6.

J.N. Behera and C. N. R. Rao

chains of the half-kagome compound, effects of which are
seen only at very low temperatures. Notably, pure Fe’*
kagome structures show magnetic frustration or AFM order-
ing at low temperatures. Thus, Nocera et al.*”! found a pure
Fe’* jarosite to show AFM ordering at 61.4 K.

Conclusions

In summary, six organically templated transition-metal sul-
fates with 1D structures, with organic amines as templating
agents, have been synthesized and characterized, establish-
ing thereby the use of the sulfate group in building different
architectures. The formation of chain structures similar to
krohnkite, butlerite, and tancoite in these compounds just as
in the organically templated metal phosphates, suggests that
it should be possible to obtain complex 2D and 3D open-
framework metal sulfates derived from these chains under
appropriate conditions. The half-kagome structure of 6 in-
volving mixed-valent Fe is especially interesting as it exhib-
its ferrimagnetic properties at low temperatures and shows
no clear evidence of frustration.

Experimental Section
Synthesis and Initial Characterization

Compounds 1-6 were synthesized by employing mild hydro/solvothermal
methods. In a typical synthesis of 1, ZnCl, (0.136 g) was dissolved in
water (3.6 mL) under constant stirring. H,SO, (0.16 mL) and bpy
(0.468 g) were added to this solution, and the mixture was stirred for
30 min. The final mixture with molar composition ZnCl,/bpy/H,SO,/H,O
1:2:3:200 was transferred to a 7-mL PTFE-lined acid-digestion bomb and
heated at 150°C for 48 h. The product contained brownish needle-shaped
crystals of 1 in 80% yield. For the preparation of 6, Fe(NO;);9H,0
(0.404 g) was dissolved in ethyleneglycol (eg) (4.6 mL) under constant
stirring. Piperazine (pip) (0.3445 g) and sulfuric acid (98%) (0.22 mL)
were added to this mixture followed by the addition of HF (40%)
(036 mL). The resultant mixture with the molar composition Fe-
(NO;);9H,0/H,SO,/pip/eg/HF 1:4:4:8:8 had an initial pH value <2 after
stirring for 2 h. The mixture was taken in a 23-mL PTFE-lined acid-diges-
tion bomb and heated at 180°C for 2 days. After cooling to room temper-
ature, pink rod-shaped crystals of 6 were isolated in 60 % yield. The syn-
thetic conditions employed for the preparation of 1-6 are listed in
Table 5.

Initial characterization of 1-6 was carried out by powder X-ray diffrac-
tion (PXRD), energy-dispersive analysis of X-rays (EDAX), thermogra-
vimetric analysis (TGA), and IR spectroscopy. Magnetic measurements
on powdered samples were performed at temperatures between 2 and
300K on a vibrating-sample magnetometer using a physical-property

Starting composition!! T [K] t [h] pH m/st! Formula Yield [%)]
1 ZnCL/H,SO,/bpy/H,0 (1:3:2:200) 423 48 2 1:1 [C1oN,H,)][Zn(SO,)CLy] 80
2 Mn(OAC),/H,SO,/hmda/H,O/butan-1-0l (1:4:2.5:50:50) 423 ) 2 12 CN,H,4][Mn(SO,),(H,0),] 70
3 NiO/H,SO,/en/H,0/egl (1:3:2:50:50) 453 48 2 12 [C,N,H,,][Ni(SO,),(H,0),] 50
4 V(acac)9VH,SO,/pip/H,0leg 453 7 2 12 [C.N,H,,][V(OH)(SO,),].H,O 60
5 VOSO,5H,0/H,SO,/pip/H,0/eg/HF (2:3:3:50:100:4) 453 48 2 1:1 [C.NLH L] [V'E5(SO,)] 65
6  Fe(NO,),9H,0/H,SO,/pip/eg/HF (1:4:4:80:8) 453 48 2 2:1 [C.N,H,,)][H:O][Fe"Fe""F(SO,)] 60
[a] H,SO,: 98% (w/w) in water; HF: 48% (w/w) in water. [b] The metal to sulfur ratios obtained by EDAX. [c] Ethylene glycol. [d] Vanadium(III)

acetyl acetonate.
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measurement system (quantum design). PXRD patterns indicated the
products to be new materials and monophasic, the patterns being consis-
tent with those generated from single-crystal X-ray diffraction. EDAX
gave the expected metal/sulfate ratios of 1:1, 1:2, 1:2, 1:1, 1:2, and 2:1 for
1-6, respectively.

Infrared spectra of 1-6 showed characteristic bands due to the sulfate ion
in the 1100 and 620 cm ™' regions, besides bands due to C—H stretching
and bending vibrations as well as those due to the amine moiety.?!) A
band at around 1020-1040 cm ™' in 4 is observed as a result of the V-O—
H bending mode. Bands at around 3500 cm ™' were found in 4 and 6 due
to the presence of water. A band at around 1620-1640 cm ™' for 2 and 3
was assigned to coordinated water.

Thermogravimetric analysis of 1-6 was carried out under constant flow
of N, at a heating rate of 5°Cmin~" in the temperature range 30-900°C.
Compound 1 showed a two-step weight loss corresponding to the loss of
bpy in the range 200-250°C (obs=43.8%, calcd=44.1%) followed by
the removal of SO; and Cl, in the range 400-800°C (obs=21.3%,
caled=22.6%).

The PXRD pattern of the sample heated to 900°C corresponded to ZnO
(JCPDS file card 01-1136). In 2, there was a three-step weight loss corre-
sponding to the loss of water in the range 100-200°C (obs=9.3%,
calcd=89%), the amine molecules at 300°C (obs=28.9%, calcd=
29.3%), and decomposition of sulfate in the range 400-800°C (obs=
44%, calcd=42.4%). The PXRD pattern of the sample heated to 900°C
corresponded to Mn;O,4 (JCPDS file card 08-0017). Compound 3 showed
a two-step weight loss at around 100-120°C corresponding to the loss of
water molecules (obs=11%, calcd=10.3%). The second weight loss in
the broad temperature range 200-550°C is due to the loss of the amine
and SO; (obs=59.86%, calcd=62.8%). The PXRD pattern of the
sample heated to 900°C corresponded to NiO (JCPDS file card 22—
1189). Compound 4 showed a three-step weight loss corresponding to the
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loss of water molecules at 150°C (obs=5.1%, calcd=4.9 %), amine and
SO, in the range 300-450°C (obs=52.4%, calcd=50.8%), and removal
of rest of SO; in the range 450-800°C (obs=19.6 %, caled=18.6%). The
PXRD pattern of the sample heated to 900°C corresponded to V,0;
(JCPDS file card 26-0278). Compound 5 showed a sharp two-step weight
loss at around 300-400°C corresponding to the loss of piperazine, HF,
and F, (obs=55%, calcd=534%) and SO; (obs=22.6%, caled=
21.5%). The PXRD pattern of the sample heated to 900°C corresponded
to V,0; (JCPDS file card 34-0187). Compound 6 revealed a three-step
weight loss corresponding to loss of water at 100°C (obs=4.7%, caled=
42 %), amine, HF, and F, in the 250-400°C range (obs=48.3%, calcd=
47.4%) and decomposition of the sulfate in the 400-800°C range (obs=
11.8%, caled=11.6%). The powder X-ray diffraction pattern of the de-
composed product corresponded to Fe,O; (JCPDS file card 33-0664).

The presence of fluorine atoms in 5 and 6 was confirmed by qualitative
analysis, bond valence sum calculations, and also from the absence of
electron density near fluorine in the difference Fourier map.

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 by
using cyanoacrylate (superglue) adhesive. Single-crystal-structure deter-
mination by X-ray diffraction was performed on a Siemens SMART-
CCD diffractometer equipped with a normal-focus 2.4-kW sealed-tube
X-ray source (Moy, radiation, A=0.71073 A) operating at 50 kv and
40 mA. The structure was solved by direct methods using SHELXS-86,!
which readily revealed all the heavy atom positions (Zn, Mn, Ni, V, Fe, S,
Cl) and enabled us to locate the other non-hydrogen (C, N, O, and F) po-
sitions from the difference Fourier maps. An empirical absorption correc-
tion based on symmetry-equivalent reflections was applied by using
SADABS™. All the hydrogen positions for compound 1-6 were found in

Table 6. Crystal data and structure refinement parameters for compounds 1-6.

Parameters 1 2 3 4 5 6
empirical formula C,H;,Cl, N, C;H,;;Mn,5sNO;S C,H,NiN,O,,S, C,HsN,0,,S,V C,H,F;N, C,HsFFe,N,O5S
0,SZn Oo,SV
crystal system triclinic triclinic triclinic monoclinic triclinic triclinic
space group P-1(2) P-1(2) P-1(2) P2/c (14) P-1(2) P-1(2)
crystal size [mm”] 0.30x0.15%0.15 0.20x0.16x0.12 0.16x0.12x0.08 0.24x 0.12x0.08 0.18x0.12x0.08 0.21x0.15%0.12
a[A] 4.912(3) 5.2330(2) 5.1738(7) 9.2964(7) 7.3363(13) 7.2301(9)
b [A] 8.460(9) 5.77580(10) 7.5094(10) 18.3093(15) 8.5711(14) 9.0548 (11)
c[A] 17.240(11) 12.9081(5) 7.6163(10) 7.1546(6) 8.5888(14) 9.5967(12)
o [°] 85.07(4) 92.202(2) 82.303(3) 90.00(0) 70.999(3) 95.137(2)
BI°] 88.51(6) 94.435(2) 70.743(2) 98.166(2) 73.464(3) 92.217(2)
v [°] 80.47(5) 102.481(2) 74.577(3) 90.000(0) 69.909(3) 96.901(2)
VA% 703.8(2) 379.17(2) 268.95(6) 1205.44(2) 470.40(14) 620.43(13)
VA 2 2 2 4 2 2
formula mass 390.53 200.66 348.98 366.24 292.15 428.94
Peatea [gEm™] 1.843 1.758 2.155 2.018 2.063 2.296
A (Moy,) [A] 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
u [mm™] 2.284 1.195 2.242 1.222 1.322 2.604
0 range [°] 1.19-23.28 1.58-23.28 2.82-23.24 2.21-23.27 2.56-23.29 2.13-23.28
total data collected 3030 1562 1115 1727 1985 2583
unique data 2024 1055 759 1001 1985 1769

refinement method

Full-matrix least
squares on | F?|

Full-matrix least
squares on | F?|

Full-matrix least
squares on | F*|

Full-matrix least
squares on | F?|

Full-matrix least
squares on | F*|

Full-matrix least
squares on | F?|

R 0.0322 0.0301 0.0389 0.0968 0.0417 0.0250
R[I>20(1)] R, =0.0467, R, =0.0473, R,=0.0377, R,=0.0752, R, =0.0608, R, =0.0546,
wR,=0.0942 WR,=0.1201 WR,=0.0908 wR,=0.1989 WR,=0.1195 wR,=0.1413
R (all data) R,=0.0738, R,=0.0531, R, =0.0434, R,=0.1219, R,=0.1081, R,=0.0702,
wR,=0.1113 WR,=0.1234 WR,=0.0928 wR,=0.2309 WR,=0.1427 WwR,=0.1525
goodness of fit (S) 1.051 1.005 0.987 0.957 1.055 1.017

largest difference map

0.517 and —0.545

0.542 and —0.733

0.583 and —0.730

0.932 and —977

0.546 and —0.595

1.948 and —0.804

peak and hole [eA]

[a] Ry =% |Fy| — | F.|/S| Fy| "WRy = ([W(E2—E2W[w(F2Y %, w=1[02(Fy +(aP)+bP] P=[F+2F2/3 (a=0.0482, 0.0904, 0.0393, 0.1535, 0.0452, 0.1066

and b=0, 0, 0, 0, 1.6190, 0 for 1-6, respectively).
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the difference Fourier maps. For the final refinement, hydrogen atom of
both the framework as well 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-squares structure refinement against | F?| was carried out with the
SHELXTL-PLUSPY package of programs. The positions of the fluorine
atoms in 5 and 6 were located primarily by looking at their thermal pa-
rameters; assignment as oxygen atoms instead of fluorine invariably
leads to nonpositive definite values when they are refined by anisotropic
displacement parameters. The absence of electron density near the fluo-
rine atom in the difference Fourier map also helped to differentiate fluo-
rine atoms and hydroxy groups in 5 and 6. Details of the structure deter-
mination and final refinements for 1-6 are listed in Table 6. Powder X-
ray diffraction patterns of 1-6 were in good agreement with the simulat-
ed patterns based on single-crystal data, indicative of their phase purity.

CCDC-600776-600781 (1-6, respectively) contains the supplementary
crystallographic data for this paper. These data can be obtained free of
charge at www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Data Centre, 12, Union Road, Cambridge CB2
1EZ, UK; fax: (+44) 1223-336-033; e-mail: deposit@ccdc.cam.ac.uk).
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