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Variation of cation size and/or charge produces profound structural changes in the networks formed
by pyrazole-4-sulfonate (L) with alkali and alkaline-earth metal cations. The zwitterionic ligand (HL) itself
forms a robust three-dimensional H-bonded network: tetragonal P42/mbc, a ¼ 10.863(1) Å, c ¼ 9.195(1) Å,
V ¼ 1085.0(2) Å3, Z ¼ 8. The Na, K, Ca and Ba salts described herein are the first structurally characterized
networks formed by L. NaL(H2O)2 , orthorhombic Pbca, a ¼ 9.979(3) Å, b ¼ 7.848(3) Å, c ¼ 20.583(7) Å,
V ¼ 1612.0(9) Å, Z ¼ 8; KL(H2O), orthorhombic Pbca, a ¼ 8.174(1) Å, b ¼ 8.972(1) Å, c ¼ 19.912(3) Å,
V ¼ 1460.4(4) Å, Z ¼ 8; CaL(H2O)3 , triclinic P1̄, a ¼ 5.9972(6) Å, b ¼ 9.2102(9) Å, c ¼ 12.957(1) Å,
a ¼ 76.536(2)�, b ¼ 89.264(2)�, g ¼ 79.057(2)�, V ¼ 683.0(1) Å, Z ¼ 2; BaL(H2O)�H2O, monoclinic
P21/c, a ¼ 11.386(1) Å, b ¼ 4.9098(6) Å, c ¼ 24.348(3) Å, b ¼ 90.702(2)�, V ¼ 1361.0(3) Å, Z ¼ 4.
All four metal sulfonate networks have an alternating inorganic–organic layered structure, reinforced
by multiple H-bonding within the inorganic layer as well as between the organic and inorganic layers;
extended p–p stacking and edge-to-face aromatic interactions within the organic layer provide further
lattice strength.

Introduction

The study of extended two- and three-dimensional coordina-
tion polymers is an active area of research, due both to their
interesting topological features1,2 and potential applications
as porous materials for gas storage, separation and catalysis,3

sensors,4 non-linear optical materials5 and molecular-based
magnets.6 Among the increasing variety of functional coordi-
nation networks, a central place is occupied by layered metal
phosphonates. These mixed inorganic–organic materials are
comprised of PO3-bridged metal centres (inorganic layer) alter-
nating with layers containing the organic backbones. The
use of different organic substituents allows the modification
of the organic layer size and polarity and consequently the
properties of the material.7

Sulfonates, RSO3
�, which as structural analogues of phos-

phonates, RPO3
2� (Scheme 1), also adopt layered structures

in their metal salts, have received less attention due to the fact
that the sulfonate group is weakly coordinating.8–10 Indeed,
while phosphonates can alone satisfy the coordination
requirements of metal centres, sulfonates are often incapable
of replacing coordinated water molecules.9a,10a,d,e,11 Weak
interactions, however, are source of greater coordination
flexibility and ultimately of structural diversity.

The majority of studies on metal-organic coordination net-
works are directed towards transition metals, while alkali
and alkaline-earth metals virtually fall out of interest for appli-
cation purposes. Even though group-1 and -2 metals do not
have some of the attractive properties of d metals (e.g., redox
and catalytic activity, magnetic properties), metals such as Na,
K and Ca have some important advantages over transition
metals. First, they are non-toxic and environmentally friendly,
representing attractive green chemistry candidates. Second,
their compounds are usually water soluble, eliminating the
use of organic solvents for their synthesis. Finally, they are
inexpensive and readily available, an important factor when
it comes to large-scale applications. Consequently, those
metals are attractive alternatives for the preparation of materi-
als in which they only play a structural role. With regard to
the design of functional materials based on s-metal sulfonates,
the first steps have already been made: pillared, robust barium
sulfonate networks have been shown to selectively adsorb
H2S

8a and exchange Cl� for F� ions.8b

Designing and preparing novel three-dimensional networks
with predetermined structure and function is not a trivial
task.12 While the relatively strong coordinate bond is widely
used for the construction of coordination networks,1–6 the
emerging field of crystal engineering13 is aiming at understand-
ing and exploiting weak intermolecular forces, such as H-
bonding,14 halogen-bonding,15 aromatic,16 aurophilic17 and
other non-covalent interactions,18 in order to assemble mole-
cules into materials with useful properties. Our ligand of
choice, pyrazole-4-sulfonate (Scheme 1), is capable of coordi-
nating to metals through its oxygen and/or nitrogen atoms,
is both a H-donor and acceptor and has a polarized p-ring
susceptible for aromatic interactions.
The preparation of pyrazole-4-sulfonic acid (HL) was first

reported almost fifty years ago,19 but its solid state structureScheme 1
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has been hitherto unknown and its capability of forming coor-
dination networks, as expected based on its ditopic nature, has
not been explored. Calcium N-alkyl-pyrazole-4-sulfonates
have been used as fuel and lubricant detergents and antioxi-
dants.20 The only reported structure containing pyrazole-4-
sulfonate is that of monomeric [Co(NH3)5(4-SO3-pzH)]3+,
obtained as a result of an electrophilic substitution study.21

There are no X-ray structures reported for five-membered aro-
matic heterocyclic sulfonates. In this paper we describe the
extended crystal structures of pyrazole-4-sulfonic acid (HL)
and its four three-dimensional network structures formed with
alkali and alkaline-earth metals. NaL(H2O)2 , KL(H2O),
CaL2(H2O)3 and BaL2(H2O)�H2O presented herein are the first
structurally characterized networks containing pyrazole-4-
sulfonate.

Results

Reaction of pyrazole-4-sulfonic acid in aqueous solution with
Na2CO3 , K2CO3 , CaCO3 and BaCO3 , respectively, provides
the corresponding metal-sulfonate complexes, obtained as col-
ourless crystals after water evaporation. All four complexes, as
well as the free ligand, are soluble in water and DMSO
but insoluble in other common organic solvents. Ab initio cal-
culations suggest large dipole moments of 17 and 11 debye for
zwitterionic pyrazole-4-sulfonic acid and the deprotonated
ligand anion, respectively.

Description of the X-ray crystal structures

4-SO3-pzH2. Pyrazole-4-sulfonic acid has a zwitterionic
structure, as expected for nitrogen-containing heterocycles
bearing acidic groups (Fig. 1). All bond lengths and angles
are within the expected ranges (Table 1). The pyrazole unit is
planar (mean deviation from least-squares plane: 0.0010 Å),
with a mirror plane through O1, S1, C2 bisecting the N–N
bond. Both N–H hydrogen atoms of the zwitterion are
involved in H-bonding with sulfonate O-atoms of two adjacent
molecules (N10� � �O2: 2.813(2) Å, N100� � �O2: 2.857(2) Å). This
is reflected in the two longer sulfur–oxygen distances of
1.452(1) Å, compared to 1.436(2) Å for the O-atom not
involved in H-bonding. The charge-assisted H-bond network
is responsible for the three-dimensional structure of HL
(Fig. 2). The crystallographically imposed dihedral angles of
90� between the pyrazole planes define square channels along
the c-axis, with dimensions of 4.48� 4.48 Å.

Na(4-SO3-pzH)(H2O)2. The Na-ion is six-coordinate, in a
distorted octahedral environment, by two O-atoms from two
different SO3

� groups and four H2O molecules (Fig. 3) (Table
2). The inorganic layer (Fig. 4) is comprised of Na-ions at dis-
tances of 3.581(2) and 4.303(1) Å from each other, bridged by

H2O molecules and sulfonate groups above and below the
Na-layer. The H2O molecules form intralayer H-bonds to sul-
fonate O-atoms (O4*� � �O20: 3.047(3) Å, O4*� � �O300: 2.836(2)
Å, O5#� � �O100: 2.904(2) Å) and interlayer ones to pyrazole
N-atoms (O500� � �N1: 2.986(3) Å). The layers are further con-
nected by H-bonds between the other pyrazole N-atom and
the non-coordinating sulfonate O-atom (N2� � �O30: 2.810(3)
Å) (Fig. 5). Fig. 6 depicts a perpendicular view to the organic
layer, in which the pyrazole moieties are organized in a typical
herringbone pattern, similar to the packing of the prototype
molecule, naphthalene.13j Edge-to-face aromatic interactions
are responsible for this pattern, with the closest contacts of
H300� � �C1: 2.97 Å and H10� � �C2: 3.031 Å (H-centroid distances
are 3.02 and 3.15 Å, respectively; dihedral angle: 65.2�).

K(4-SO3-pzH)(H2O). The K-ion is eight-coordinate by six
O-atoms from four different SO3

� groups and two H2O mole-
cules (Fig. 7) (Table 3). The structure of the inorganic layer is
built on an approximately rectangular grid of K-ions (Fig. 8),
with K–K separations of 4.1849(7) Å and 4.488(1) Å and
K–K–K angles of 89.62 and 90.38�. Sulfonate groups cap the
K4-rectangles, while H2O molecules bridge their longer edge.
There are two H-bonds formed by the H2O molecules: an
intralayer H-bond to a sulfonate O-atom (O40� � �O1: 2.854(4)
Å) and an interlayer one to a pyrazole N-atom (O4*� � �N1:
2.972(5) Å) (Fig. 9). The pyrazole N–H hydrogen atoms form
a weak, symmetrically bifurcated H-bond to a sulfonate and a
water O-atom (N2� � �O30: 3.066(5) Å, N2� � �O400: 3.072(6) Å).
In the organic layer, the pyrazole rings are organized in a

Fig. 1 Thermal ellipsoid plot (50%) of HL zwitterion. Symmetry
code: 0) x, y, 2� z.

Fig. 2 Three-dimensional structure of HL, as viewed parallel to the
c-axis. H-bonds are shown with dotted lines (the ones parallel to the
c-axis are not shown; yellow ¼ sulfur, red ¼ oxygen, blue ¼
nitrogen, black ¼ carbon, grey ¼ hydrogen). Symmetry code: 0)
x+0.5, 0.5� y, z.

Table 1 Bond lengths (Å) and angles (�) for HL

S1–O1: 1.436(2) N1–C1: 1.322(2)

S1–O2: 1.452(1) N1–N1a: 1.345(4)

S1–C2: 1.758(3) C1–C2: 1.381(2)

O1–S1–O2: 113.69(7) C1–N1–N1a: 108.96(11)

O2–S1–O2a: 112.26(11) C1–C2–C1a: 105.9(2)

O1–S1–C2: 106.74(11) N1–C1–C2: 108.09(18)

O2–S1–C2: 104.72(7) C1–C2–S1: 127.05(11)

a Symmetry transformation used to generate equivalent atoms: a) x, y,

2� z
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typical sandwich-herringbone pattern, as in the packing of the
prototype pyrene molecule.13j Considerably closer p–p stack-
ing and edge-to-face aromatic interactions are observed in this
case than in the Na structure (Fig. 10). The distance between
the two pyrazole planes (dihedral angle: 0�, crystallographi-
cally imposed) of the ‘‘ sandwich ’’ is 3.18 Å, with a centroid–
centroid distance of 3.49 Å and an angle of 24� between these
two vectors. These values are typical for strong p–p stacking
interactions in metal complexes with aromatic nitrogen-
containing ligands.16b The pyrazole pairs that form the ‘‘ sand-
wiches ’’ are further organized in a herringbone pattern by
short edge-to-face contacts, H10� � �N1: 2.66 Å (H1-centroid
distance: 2.94 Å; dihedral angle: 73.9�).

Ca(4-SO3-pzH)2(H2O)3. The Ca-ion is seven-coordinate by
three O-atoms from three different SO3

� groups, three water
molecules and a pyrazole N-atom (Fig. 11) (Table 4). While
still displaying a layered inorganic–organic arrangement, the
structure of CaL2(H2O)3 differs significantly from the other
metal-sulfonate structures described here. Infinite ribbons
along the b-axis (perpendicular to the direction of the inor-
ganic layer) are locked together in the other two dimensions
by multiple H-bonding to give a robust three dimensional net-
work (Figs. 12, 13). The repeating unit of the ribbon consists of
two Ca-ions bridged by two m2-SO3

� groups (Ca–Ca separa-
tion: 6.026(1) Å), with the pyrazole moieties of the same ligand
coordinating through their N-atom to a Ca-ion of the next
unit. Each Ca-ion bears an additional terminal sulfonate group
and three terminal water molecules. There is a remarkable
H-bonding pattern interconnecting the infinite ribbons. In
the direction of the a-axis (inter-ribbon Ca–Ca separation:
5.9972(6) Å), a coordinated H2O molecule of one unit is H-
bonded to the two bridging sulfonate groups of the parallel
unit (O90� � �O1&: 2.912(3) Å, O90� � �O2*: 2.830(3) Å), while
another H2O molecule is H-bonded to a terminal sulfonate
group (O6#� � �O8: 2.792(3) Å). In addition, the terminal
ligands form H-bonds to non-coordinating N-atoms of brid-
ging ligands through an SO3

� oxygen atom (N20� � �O400:
2.949(3) Å) and to two H2O molecules through their pyrazole
N-atoms (N300� � �O7: 2.882(3) Å, N400� � �O8: 2.947(3) Å). In
the direction of the c-axis (inter-ribbon Ca–Ca separation:
6.574(1) Å), ribbons are H-bonded through two sulfonate O-
atoms of one ribbon and two H2O molecules of the next one
(O500� � �O7: 2.967(3) Å, O600� � �O8: 2.793(3) Å). Within the

organic layer, pyrazole groups are arranged in a brick-wall
pattern, with alternating pairs of symmetry related rows
(Fig. 14). Close p–p stacking, suggesting significant interac-
tions, exists between pyrazole rings of adjacent rows; intrapair
dihedral angle: 0�, interpair dihedral angle: 10.9�.

Ba(4-SO3-pzH)2(H2O) .H2O. The Ba-ions are ten-coordi-
nate by a pyrazole N-atom, eight O-atoms from six different
SO3

� groups and a H2O molecule (Fig. 15) (Table 5). The
three-dimensional architecture of BaL2(H2O)�H2O can be best
described as layers consisting of infinite inorganic ribbons,
bridged by pyrazole-4-sulfonate ligands (Fig. 16). Within the
inorganic ribbon, the Ba-ions are arranged in a ladder-shaped
pattern, with Ba–Ba distances of 4.653(1) Å (across the ladder)
and 4.910(1) Å (along the ladder), and Ba–Ba–Ba angles of

Table 2 Selected bond lengths (Å) for NaL(H2O)2

Na1–O1: 2.362(2) Na1–O4a: 2.463(2) S1–O1: 1.442(2)

Na1–O2a: 2.373(2) Na1–O5: 2.387(2) S1–O2: 1.441(2)

Na1–O4: 2.482(2) Na1–O5b: 2.466(2) S1–O3: 1.459(2)

a Symmetry transformations used to generate equivalent atoms: a)

0.5�x, y� 0.5, z; b) �x, �y, 1� z

Fig. 4 View of the inorganic layer in NaL(H2O)2 parallel to the
c-axis (pyrazole rings are not shown for clarity). Symmetry codes: 0)
�x� 1, �y� 1, �z; 00) x+0.5, �y� 1.5, �z; *) �x� 0.5, y� 0.5,
z; #) �x, �y� 1, �z.

Fig. 5 View of the inorganic–organic layered structure of NaL-
(H2O)2 parallel to the b-axis. Symmetry codes: 0) x+0.5, y, 0.5� z;00)
x� 0.5, y, 0.5� z; *) �x� 1.5, 1� y, z� 0.5.

Fig. 3 Thermal ellipsoid plot (50%) of NaL(H2O)2 , showing the
coordination sphere around sodium. Symmetry codes: a) 0.5� x,
y� 0.5, z; b) �x, �y, 1� z.

New J. Chem., 2003, 27, 1399–1407 1401
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89.62 and 90.38�, respectively. The rectangles defined by two
steps of the ladder are bridged on either side by a sulfonate
group. The parallel ladders (Ba–Ba separation: 6.742(1) Å)
are interconnected by bridging pyrazole-4-sulfonate ligands,
with a N-atom coordinating to a Ba-ion of one ladder and
two O-atoms of the sulfonate group to two Ba-ions of the adja-
cent ladder. The remaining N- and O-atoms of the bridging
ligand are H-bonded to a sulfonate O-atom (N40� � �O200:
2.805(5) Å) and to a pyrazole N-atom from another layer
(O50� � �N200: 2.817(5) Å), respectively. Each Ba-ion bears one
terminal H2O, which is in H-bonding distance from a sulfonate
O-atom of a bridging ligand (O7� � �O60: 3.045(5) Å) and a pyr-
azole N-atom from another layer (O7� � �N100: 2.860(6) Å). Such
a bonding pattern generates infinite channels parallel to the
b-axis (Fig. 17). These channels are filled by water molecules
forming a single H-bonded zig-zag file (O8*� � �O8#: 2.834(6)
Å), with additional H-bonds to sulfonate O-atoms of the chan-
nel walls (O8*� � �O50: 2.917(5) Å). In contrast to the previously
described sulfonate structures, the inorganic and organic layers
of BaL2(H2O)�H2O are not stacked along one of the unit cell
axes, but in an oblique direction (Fig. 17). Within the organic
layer, the pyrazole rings are arranged in herringbone-type
strips running along opposite directions (Fig. 18). Each strip
consists of four rows, which are interconnected by edge-to-face
aromatic interactions (closest contact/H-centroid distance/
dihedral angle, H4A� � �C200: 2.75 Å/3.11 Å/97.1�; H60� � �C6:
2.68 Å/2.84 Å/71.4�; H1� � �N4: 2.80 Å/2.88 Å/82.9�). Weak
p–p interactions exist between adjacent strips (distance
between pyrazole planes: 3.47 Å, centroid–centroid distance:
4.91 Å).

Spectral and thermogravimetric analysis

The infrared spectra of the complexes show a strong, broad
absorption band with several maxima between 3550–3110
cm�1, characteristic of the stretching vibrations of N–H and
O–H groups involved in extensive H-bonding. The absence
of bands above 3120 cm�1 in the spectrum of HL confirms
its water-free solid state lattice determined by X-ray diffrac-
tion. C–H stretching vibrations are observed in the 3075–
2930 cm�1 region. Bands corresponding to the vibrations
of the pyrazole rings spread over the regions 1670–1380
and 1150–600 cm�1. The strong bands in the 1290–1160
cm�1 region are attributed to vibrations of the sulfonate
group.22

Thermogravimetric analysis (TGA) shows no weight loss for
HL up to 305 �C. Above this temperature a sharp weight loss
of 87% is observed up to 400 �C, then the rest of the material
(100%) is lost slowly up to 560 �C.
For NaL(H2O)2 , the TGA analysis shows the loss of both

water molecules from 65 to 105 �C (calc. 17.5%, obs. 17.7%).
In the case of KL(H2O), the loss of the H2O molecule occurs
from 70 to 105 �C (calc. 8.8%, obs. 9.0%). For CaL(H2O)3 ,
sequential loss of water is observed: one H2O from 70 to
100 �C (calc. 4.6%, obs. 4.2%) and two H2O molecules from
115 to 140 �C (calc. 9.3%, obs. 9.5%). In the case of BaL-
(H2O)�H2O, both the lattice and coordinated H2O molecules
are released in a single stage from 65 to 160 �C (calc. 7.7%,
obs. 7.4%). After dehydration, the four compounds are stable
up to 235, 270, 240 and 230 �C, respectively. Decomposition
occurs above those temperatures, leaving behind the corre-
sponding metal sulfates (% total loss, calc./obs.: 65/64, 57/
53, 65/64, 50/50).

Table 3 Selected bond lengths (Å) for KL(H2O)

K1–O1: 2.828(3) K1–O3b: 2.755(3) S1–O1: 1.458(3)

K1–O1c: 2.810(3) K1–O3c: 2.950(3) S1–O2: 1.442(3)

K1–O2: 3.005(3) K1–O4: 2.854(4) S1–O3: 1.450(3)

K1–O2a: 2.726(3) K1–O4c: 3.080(4)

a Symmetry transformations used to generate equivalent atoms: a)

x+0.5, y, 0.5� z; b) �x, y� 0.5, 0.5� z; c) 0.5� x, y� 0.5, z

Fig. 8 View of the inorganic layer in KL(H2O) parallel to the c-axis
(pyrazole rings are not shown for clarity). Symmetry code: 0) x� 0.5, y,
1.5� z.

Fig. 6 Perpendicular view to the organic layer in NaL(H2O)2 (paral-
lel to the c-axis), revealing the pyrazole rings organized in a herring-
bone pattern by edge-to-face aromatic interactions. Symmetry codes:
0) 1.5� x, y+0.5, z; 00) 2� x, y� 0.5, 0.5� z.

Fig. 7 Thermal ellipsoid plot (50%) of KL(H2O), showing the coor-
dination sphere around potassium. Symmetry codes: a) x+0.5, y,
0.5� z; b) �x, y� 0.5, 0.5� z; c) 0.5�x, y� 0.5, z.

1402 New J. Chem., 2003, 27, 1399–1407
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Discussion

The large dipole moment and the extended H-bond network of
the zwitterionic pyrazole-4-sulfonic acid induces an efficient
packing in the solid state, reflected in its high density of
1.814 g cm�3. Changing the most acidic proton for a cation
disrupts the close-packing of the ligand molecules and the
resulting salts adopt layered structures, with marked structural
differences allowed by the weak coordinating capability of
the sulfonate group and the uptake of varying amounts of
water.
The coordination number around the cations increases with

both their ionic radius and charge (Table 6). With the smaller
cations, Na+ and Ca2+, the sulfonate group displays either a
terminal or a m2-bridging coordination mode, while in the case
of the larger K+ and Ba2+ cations m2- and m4-bridging modes

are observed (Scheme 2). In the latter case the sulfonate group
displays also a chelating mode. The number of coordinated
H2O molecules decreases with increasing cation size and
increasing hapticity of the sulfonate ligand. The pyrazole
group is only coordinating to the cations with higher charge,
Ca2+ and Ba2+.
The three-dimensional, layered structures of all four salts

incorporate two types of weak forces: H-bonding14 and aro-
matic interactions.16,24 The pyrazole moiety is recognized as
a particularly useful synthon for organization at the supramo-
lecular level, as it participates both as donor and acceptor in
the H-bond network. Within the organic layer, pyrazole rings
stemming from two adjacent inorganic layers are further con-
nected by p–p stacking and edge-to-face aromatic interactions.
Moreover, pyrazole-4-sulfonate acts as pillar between the inor-
ganic layers of the Ca salt at a distance of 8.96 Å, while larger
separations of 9.93, 9.96 and 10.29 Å are observed in the case
of the Ba, K and Na salts, respectively (distances are measured
between centres of consecutive inorganic layers). The order of
interlayer M–M separation, Ca < Ba < K < Na, is the oppo-
site to the order of the shortest intralayer M–M distances, Na
(3.58 Å) < K (4.18 Å) < Ba (4.65 Å) < Ca (6.00 Å). Remark-
ably, all oxygen, nitrogen and N–H, O–H hydrogen atoms
participate in the construction of the three-dimensional
architecture.
The structures of the pyrazole-sulfonate networks described

herein are similar to the ones reported for related sulfonates
and phosphonates, in that they all form alternating inorganic
and organic layers. On the other hand, the presence of the pyr-
azole groups render both the inorganic layer and the overall
three-dimensional structures unique. The structure of the inor-
ganic layer, and implicitly of the organic one, is primarily
determined by the nature of the metal ion. A small modifica-
tion of the organic group, however, induces a significant
change in the structure of the inorganic layer: changing a
hydroxo to an amino group in the organic backbone of a sul-
fonated azo-dye salt, for example, changes the coordination

Fig. 10 Perpendicular view to the organic layer in KL(H2O) (parallel
to the c-axis), revealing the pyrazole rings organized in a sandwich-her-
ringbone pattern by p–p stacking and edge-to-face aromatic interac-
tions. Symmetry codes: 0) x+0.5, 0.5� y, 1� z; 00) 2�x, 1� y, 1� z; *)
1.5�x, y+0.5, z.

Fig. 11 Thermal ellipsoid plot (50%) of CaL2(H2O)3 , showing the
coordination sphere around calcium. Symmetry codes: a) �x, 1� y,
1� z; b) 1� x, 1� y, 1� z; c) 2�x, 1� y, 1� z; d) x, y+1, z.

Fig. 9 View of the inorganic–organic layered structure of KL(H2O)
parallel to the b-axis. Symmetry codes: 0) �x, 1� y, 1� z; ’’) x,
0.5� y, z+0.5; *) 0.5� x, 1� y, z+0.5.

Table 4 Selected bond lengths (Å) for CaL2(H2O)3

Ca1–O1: 2.408(2) Ca1–O9: 2.371(2) S2–O4: 1.471(2)

Ca1–O3: 2.398(2) Ca1–N1: 2.593(2) S2–O5: 1.438(2)

Ca1–O4: 2.399(2) S1b–O1c: 1.468(2) S2–O6: 1.451(2)

Ca1–O7: 2.456(2) S1b–O2c: 1.442(2)

Ca1–O8: 2.405(2) S1b–O3d: 1.444(2)

a Symmetry transformations used to generate equivalent atoms: a) �x,

1� y, 1� z; b) 1� x, 1� y, 1� z; c) 2�x, 1� y, 1� z; d) x, 1+ y, z

New J. Chem., 2003, 27, 1399–1407 1403

D
ow

nl
oa

de
d 

on
 0

1 
N

ov
em

be
r 

20
10

Pu
bl

is
he

d 
on

 0
8 

A
ug

us
t 2

00
3 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
30

30
96

B
View Online

http://dx.doi.org/10.1039/B303096B


mode of the sulfonate from m3 to m2 in the case of the Na-salt
and from m2 to terminal in the case of the Ca-salt.25 This is
allowed by the coordination flexibility of the sulfonate group,
which adopts different coordination modes depending on the
attached organic group and the metal ion. While m2-, m3- and
m4-modes are all frequent in sodium sulfonate structures, the
majority of the K structures contain m4-sulfonate groups. In
the case of doubly charged Ca2+, the two charge-balancing
sulfonate ligands are usually m2-bridging or terminal. For the
larger Ba2+ cation terminal and m2- to m4-bridging modes have
been reported (a Cambridge Structural Database26 search
shows 93, 53, 16 and 8 relevant Na, K, Ca and Ba-sulfonate
structures, respectively). In most cases, as in the present case,
the coordination sphere around the cations is completed by
H2O molecules, whose decreasing number is correlated with
the increasing hapticity of the sulfonate ligand.
The present study demonstrates the architectural effects

induced by variations of ionic radii and charge, on the three-
dimensional structure of pyrazole-4-sulfonate networks. We
are currently extending this work to other main-group and
transition series metals.

Experimental

Materials and methods

All commercially available reagents are used as received.
Elemental analyses are performed by Galbraith Laboratories,
Inc., Knoxville, TN. Infrared spectra are recorded on a Nicolet
FT-IR 6000 in KBr pellets. TGA data are obtained on a
Shimadzu TGA-50 analyser, heated at 5 �C min�1 from 25 to
600 �C under air. Dipole moment calculations are performed
with PC Spartan Pro (Wavefunction, Inc., 1999) at the
Hartree–Fock level using the 6-31G** basis set.
X-ray diffraction data, collected at room temperature (298–

301 K) from a single crystal mounted atop a glass fibre with
a Siemens SMART-CCD diffractometer,27a are corrected for
Lorentz and polarization effects.27b The structures are solved
employing the SHELXTL-direct methods program and refined
by full-matrix least-squares methods on F2.27c Crystallo-
graphic details are summarized in Table 7.
CCDC reference numbers 201504–201508. See http://

www.rsc.org/suppdata/nj/b3/b303096b/ for crystallographic
files in .cif or other electronic format.

Synthesis and characterization

Pyrazole-4-sulfonic acid (HL) is prepared according to a litera-
ture method19 by sulfonation of pyrazole with excess oleum

Fig. 12 View of the inorganic layer in CaL2(H2O)3 parallel to the b-
axis (pyrazole rings are not shown for clarity). Symmetry codes: 0)
x+1, y, z; 00) 2�x, 2� y, 2� z; *) x, y+1, z; #) x� 1, y, z; &) 2�x,
1� y, 3� z.

Fig. 13 View of the inorganic–organic layered structure of
CaL2(H2O)3 parallel to the a-axis. Symmetry codes: 0) x, y+1, z; 00)
x� 1, y+1, z.

Fig. 14 Perpendicular view to the organic layer in CaL2(H2O)3 (par-
allel to the b-axis), revealing the pyrazole rings organized in a brick-
wall pattern by p–p stacking interactions. Symmetry codes: 0) x+1,
y, z; 00) 1� x, 1� y, 1� z.

Fig. 15 Thermal ellipsoid plot (50%) of BaL2(H2O)�H2O, showing
the coordination sphere around barium. Symmetry codes: a) x, y� 1,
z; b) 2� x, 2� y, 1� z; c) x, y+1, z; d) 2�x, 1� y, 1� z; e) �x,
y+0.5, 1.5� z.
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(20% SO3). The product is separated from the excess H2SO4

via its water-soluble Ba salt and recrystallized from hot water
(X-ray quality crystals). Dissolution of HL and the corre-
sponding alkali or alkaline-earth carbonates (in the required
molar ratios) in H2O provides the Na, K and Ca complexes in
quantitative yield after removal of the solvent. The Ba complex is
isolated as an intermediate during the synthesis of ligand
HL. Colourless crystals suitable for X-ray diffraction study
are obtained by slow evaporation of aqueous solutions; the
Ba complex also crystallizes by layering a concentrated aqu-
eous solution with ethanol.

HL. IR (KBr, cm�1): 3120 vs, 3052 vs, 2879 s, 2809 s, 2733
m, 2657 m, 1812 w, 1701 w, 1554 m, 1459 m, 1388 m, 1315 w,
1274 m, 1248 vs, 1235 vs, 1192 vs, 1088 vs, 1047 vs, 957 vs, 906
s, 898 s, 802 vs, 667 vs, 650 vs, 557 vs.

NaL(H2O)2. For C3H7N2NaO5S, calculated/found: C,
17.47/17.59%; H, 3.43/3.59%; N, 13.59/13.62%. IR (KBr,
cm�1): 3546 vs, 3488 vs, 3425 vs, 3293 s, 3206 vs, 3122 s,
3114 s, 3066 m, 2995 m, 2934 m, 1739 w, 1665 s, 1633 s,
1547 m, 1536 m, 1477 s, 1384 s, 1286 s, 1241 vs, 1201 vs,
1139 s, 1070 vs, 1057 vs, 968 s, 940 s, 871 vs, 779 s, 664 vs,
630 s, 559 s, 546 s, 497 s.

KL(H2O). For C3H5KN2O4S, calculated/found: C, 17.64/
17.67%; H, 2.47/2.46%; N, 13.72/13.74%. IR (KBr, cm�1):
3466 vs, 3395 vs, 3308 s, 3136 s, 3125 s, 3075 w, 3013 w,

Table 5 Selected bond lengths (Å) for BaL2(H2O)�H2O

Ba1–O1: 2.890(3) Ba1–O4: 3.053(3) S1–O1: 1.460(3)

Ba1–O1b: 2.872(3) Ba1–O4a: 2.786(3) S1–O2: 1.457(3)

Ba1–O2c: 2.910(3) Ba1–O6: 2.899(3) S1–O3d: 1.451(3)

Ba1–O3: 2.826(3) Ba1–O7: 2.785(4) S2e–O4e: 1.456(3)

Ba1–O3c: 3.177(3) Ba1–N3: 2.910(4) S2e–O5e: 1.441(3)

S2e–O6e: 1.451(3)

a Symmetry transformations used to generate equivalent atoms: a) x,

y� 1, z; b) 2�x, 2� y, 1� z; c) x, y+1, z; d) 2� x, 1� y, 1� z; e)

�x, y+0.5, 1.5� z

Table 6 Ionic radii and coordination parameters for NaL(H2O)2 ,
KL(H2O), CaL2(H2O)3 and BaL2(H2O)�H2O

Cation

Ionic

radiusa /Å

Coordination

number

Number of

coordinated

H2O molecules

Sulfonate

coordination

mode

Na+ 1.02 6 4 m2
K+ 1.51 8 2 m4
Ca2+ 1.06 7 3 m2 and Z1

Ba2+ 1.52 10 1 m4 and m2
a Effective ionic radii correspond to the observed coordination

numbers23

Fig. 18 View of the organic layer in BaL2(H2O)�H2O. Symmetry
codes: 0) �x, y+0.5, 2.5� z; 00) x, y+1, z.

Scheme 2 Sulfonate coordination modes (this work).

Fig. 17 View of the inorganic–organic layered structure of BaL2-
(H2O)�H2O parallel to the b-axis. H atoms for O7 could not be located.
Symmetry codes: 0) 2� x, y� 0.5, 1.5� z; 00) x� 1, y� 1, z; *) 2�x,
2� y, 1� z; #) x� 1, 1.5� y, z+0.5.

Fig. 16 View of the inorganic layer in BaL2(H2O)�H2O parallel to the
a-axis (pyrazole rings perpendicular to this layer are not shown for
clarity). Symmetry codes: 0) �x, y� 0.5, 1.5� z; 00) �x, y� 1.5, 1.5� z.
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2959 w, 1707 w, 1646 m, 1547 w, 1487 m, 1392 m, 1328 w, 1298
m, 1218 vs, 1199 vs, 1145 s, 1062 vs, 969 s, 945 w, 879 s, 859 w,
669 vs, 607 s, 558 s, 543 s, 523 s.

CaL(H2O)3. For C6H12CaN4O9S2 , calculated/found: C,
18.55/18.69%; H, 3.12/3.18%; N, 14.43/14.43%. IR (KBr,
cm�1): 3507 vs, 3460 vs, 3411 vs, 3275 vs, 3144 s, 3107 s,
3082 m, 3018 m, 2962 m, 1719 w, 1663 s, 1545 m, 1490 m,
1480 m, 1399 s, 1344 m, 1301 s, 1287 s, 1246 vs, 1199 vs,
1164 vs, 1066 vs, 1051 vs, 970 vs, 953 s, 944 s, 897 m, 874 s,
858 m, 800 s, 719 s, 652 vs, 621 vs, 562 s, 544 s, 521 s, 405 m.

BaL(H2O) .H2O. For C6H10BaN4O8S2 , calculated/found:
C, 15.41/15.42%; H, 2.16/2.10%; N, 11.98/12.43%. IR (KBr,
cm�1): 3549 s, 3314 vs, 3270 vs, 3146 s, 3135 s, 3117 s, 2997
w, 2934 w, 1654 m, 1534 w, 1474 w, 1384 s, 1344 w, 1286 m,
1230 vs, 1188 vs, 1163 vs, 1065 s, 970 s, 964 s, 939 s, 906 m,
890 m, 876 w, 852 w, 787 w, 739 m, 678 s, 656 vs, 630 s, 572
s, 544 m.
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