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Structural investigations on a series of six analogous metal( II) isonicotinate tetrahydrates, M(iso)2(H2O)4 with M = Mn, Fe, Co,
Ni, Cu and Zn, all crystallizing in P1– space symmetry, have been carried out. In the crystal structure of each of the six metal
complexes of type tetraaquabis(isonicotinato)metal( II), extensive intermolecular hydrogen bonds involving all possible donor
and acceptor sites lead to the formation of a 3D supramolecular network that has been analysed by the graph-set approach.
Their comparable lattice parameters and similar PXRD patterns indicate close structural similarity within the series. However,
the crystallographic isostructurality of the species evaluated by the method of Kálmán and Fábián suggests that the Cu spe-
cies presents some differences from the rest. In an overall sense, this behaviour is reflective of the Irving-Williams order of
stability of octahedral complexes formed by bivalent metal ions.

Keywords: Meta(II) isonicotinates, R4
4 (12) graph-set, isostructurality, Kálmán and Fábián, powder X-ray diffraction, Irving-Wil-

liams order.

Introduction
Chemical compounds having analogous composition and

structure are commonly termed as isostructural. In a crystal-
lographic sense, a pair of isostructural compounds is required
to belong to the same structure type, i.e. their space groups
are identical which ensures nearly identical crystal packing.
Kálmán and Fábián have developed an approach based on
volumetric measure to estimate the degree of isostructuality
between two crystalline compounds from a crystallographic
point of view1. Two crystal structures may be compared by a
parameter called unit cell similarity index given by

 = [(a + b + c)/(a + b + c)] – 1
(a + b + c > a + b + c)

Here a, b, c and a, b, c  are the orthogonalized lattice
parameters of the structures being compared. If the struc-
tural similarity is very high, the  value is expected to be
practically equal to zero. Two other parameters viz. mean
elongation value () and the asphericity index (A), are also
used to establish the structural closeness of the species be-
ing compared. The  value describes the difference in cell
size, the asphericity index (A) accounts for the shape distor-
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tions of the two unit cells. The concept of isostructurality has
also been studied in relation to the opposing concept of poly-
morphism for organic crystalline molecules2. Formation of
isostructural crystalline species was also reported to have
resulted via an exchange of halogen atoms3.

Such studies on metal-organic compounds are not com-
mon, however. Using this approach, we had earlier evalu-
ated the isostructurality of two species of composition
[M(H2O)3(SO4)(4-CNpy)2].H2O for M = Co and Ni which
present an inverse bilayer structure due only to supramo-
lecular effects4.

Isonicotinic (or 4-pyridine carboxylic) acid (isoH) is a po-
tentially tridentate ligand and, by acting in this fashion, it is
known to form polymeric species such as bis(iso)MII. Coor-
dination of the pyridyl-N as well as the carboxyl ends of 4-
pyridinecarboxylate anion occurs under non-aqueous/hydro-
thermal conditions5, while in complexes formed in aqueous
medium the pyridyl-N atom is only coordinated6. The latter
situation leaves the uncoordinated carboxyl end as a suit-
able acceptor in the formation of intermolecular hydrogen
bonds. The 1D coordination polymer [Cl(isoH)Cu(I)]n, pre-
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pared under hydrothermal conditions at 140ºC, has N-bound
isonicotinic acid as the ligand, while -COOH groups from two
adjacent chains take part in the formation of a pair O-H...O
bonds to add a second dimension to the coordination poly-
mer7. Okabe et al. reported8 the crystal structure of a com-
pound formulated as Cu(iso)2(H2O)2.2H2O. The CuII coordi-
nation geometry in this compound was described as being
square planar with N2O2 coordination, with two additional
water molecules being present in the crystal lattice as sol-
vent of crystallization.

The crystal structures of several other metal( II)
isonicotinates with a chemical composition analogous to
Cu(iso)2(H2O)2.2H2O, but formulated either as M(iso)2(H2O)4,
or M(iso).4H2O have been determined by us9,10 as well as
other authors11–14. The thermogravimetric (TG) behaviour
of several metal(II) isonicotinate tetrahydrates  formed by Mn,
Fe, Co, Ni, Cu and Zn was also reported15 by us earlier.
These compounds crystallize in triclinic P1– space symmetry
and comparable unit cell parameters. Herein, we present the
detailed analysis of the crystal structure with an emphasis
on the supramolecular aspects and also the powder X-ray
diffraction behaviour of this series of six compounds, which
may also be formulated as  M(iso)2.4H2O, with M = Mn (1),
Fe (2), Co (3), Ni (4), Cu(5) and Zn (6). Further, the close
similarity of their crystal packing behaviour is analysed by
evaluating the isostructurality of the crystalline species by
following the method of Kálmán and Fábián1.

Experimental
Materials and methods:
All materials used in this work were obtained from com-

mercial sources and used without further purification. 4-
Cyanopyridine and isonicotinic acid were obtained from
Sigma-Aldrich, while the metal salts-nickel(II) acetate, chlo-
rides, nitrates or sulfates were purchased from various In-
dian manufacturers/suppliers.

Preparation and crystallization of M(iso)2(H2O)4  [M = Mn
(1), Fe (2), Co (3), Ni (4), Cu (5), Zn (6)]:

The metal(II) isonicotinate tetrahydrates were prepared
in very good to excellent yield by following procedures de-
scribed by us earlier10a. Neutralized isonicotinic acid (4-pyri-
dine carboxylic acid) was reacted with appropriate salts of
the above metals and the reaction mixture was stirred for 2–
4 h. The microcrystalline products formed were filtered,

washed with water followed by rectified spirit and diethyl ether
and dried in air. Yield: ~70% (M = Fe, Co); ~100% (M = Mn,
Ni, Cu, Zn). Analytical and other data on the complexes were
reported earlier10.

X-Ray crystallographic procedures:
Molecular and crystal structures of 1-6 were determined

by using the method of single crystal X-ray diffraction. While
the crystals of compounds 1, 2, 3, 5 and 6 were obtained
from undisturbed preparative reaction mixtures kept at room
temperature, to obtain compound 4 in crystalline form
Ni(OAc)2.4H2O was reacted with 4-cyanopyridine under hy-
drothermal conditions at 210ºC. The chosen crystals of suit-
able size were mounted on glass fibres for intensity data
collection at room temperature using graphite mono-
chromatized Mo-K radiation (0.7107 Å) on a Bruker SMART
CCD Diffractometer16. The crystals were found to be stable
against thermal/oxidative decomposition and X-radiation in-
duced decay at room temperature. The crystal structures were
solved by direct methods (SHELXS) and refined by full-ma-
trix least squares technique (SHELXL) with SHELX-9717 us-
ing the WinGX18 platform. All non-hydrogen atoms were re-
fined anisotropically. The hydrogen atoms in all the six com-
pounds were located in difference Fourier maps and refined
with isotropic atomic displacement parameters. The struc-
tural diagrams were drawn using ORTEP-III19 for Windows,
Diamond20 and Mercury21. Crystal and structure refinement
data for 1-6 are summarized in Table 1.

Powder X-ray diffraction data in the 3–60º 2-range were
recorded on a Philips X’Pert PRO instrument using Cu-K
radiation (1.5418 Å) at a scan rate of 0.5 s (0.5º 2) per step
at 40 KV/30 mA. The calculated diffraction patterns assum-
ing Bragg-Brentano geometry were obtained from results of
single crystal structure analyses using PowderCell22.

Results and discussion
The complexes 1, 2, 3, 4, 5, and 6 of the type

M(iso)2(H2O)4 with M = Mn, Fe, Co, Ni, Cu, Zn respectively
have been prepared at room temperature following a high
yield general route10a. In this procedure the sodium salt of
isonicotinic acid is treated with a suitable M2+ salt in aque-
ous solution to obtain the desired products as precipitates.
The NiII analogue, 4 was originally prepared as a mixture of
rod-shaped crystals and powder by reacting nickel acetate
tetrahydrate with 4 cyanopyridine under hydrothermal con-
ditions at 210ºC23. Under the high-pressure condition, the
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nitrile group of 4-cyanopyridine (py-4-CN) undergoes hydroly-
sis to form 4-pyridine carboxylic acid, i.e. isonicotinic acid
(py-4-COOH) which reacts in situ with the nickel salt to pro-
duce 4. Although these complexes may be prepared9a from
the isolated metal(II) salts and sodium isonicotinate taken in
the 1:2 ratio, the method was subsequently simplified9b by
making use of a NaOH-neutralized aqueous solution of
isonicotinic acid instead of sodium isonicotinate in solid form.

The crystalline compounds are characteristically coloured,
air-stable and moisture-insensitive solids that are sparingly
soluble in water and common organic solvents. The bright
yellow colour of the air stable iron(II) compound, 2, resulting
from an absorption occurring at 388 nm due to an MLCT
transition10a, is quite notable. In addition, this iron(II) com-
plex characterized by its 1A1g ground state instead of the
more usual 5T2g ground state is diamagnetic in nature10a.
The eff values observed (at 298 K) for the paramagnetic
species, 1 (5.67 BM), 3 (4.74 BM), 4 (3.15 BM) and 5 (1.79
BM) are in the expected ranges for high-spin d5-Mn2+ (5.65–
6.10 BM), high-spin d7-Co2+ (4.30–5.20 BM), d8-Ni2+ (2.80–
3.50 BM) and d9-Cu2+ (1.70–2.20 BM) respectively10a. Ther-
mal decomposition of the compounds takes place in two well-
defined steps in the 50–600ºC range15. While the first step
involves dehydration commencing at relatively high initiation
temperatures, the second step is due to the decomposition
of the isonicotinato ligands to produce metal oxides as the
final products.

Fig. 1. Thermal ellipsoid plot of Mn(iso)2(H2O)4 (1) with anisotropic
atoms drawn as 50% probability ellipsoids. The ‘i’ superscripted
atoms belong to the centrosymmetrically related half of the
molecule.

Table 2. Comparison of selected bond parameters in compounds 1, 2, 3, 4, 5 and 6
Bond parameters Mn (1) Fe (2) Co (3) Ni (4) Cu (5) Zn (6)
Distances (Å)
M(1)-O(1) 2.206(1) 2.122(1) 2.083(1) 2.061(2) 1.986(1) 2.100(2)
M(1)-O(2) 2.171(1) 2.137(1) 2.132(1) 2.100(2) 2.452(2) 2.167(2)
M(1)-N(1) 2.274(1) 2.206(1) 2.150(1) 2.092(2) 2.006(2) 2.130(2)
O(3)-C(6) 1.262(2) 1.253(2) 1.256(2) 1.255(3) 1.253(2) 1.249(3)
O(4)-C(6) 1.255(2) 1.257(2) 1.254(2) 1.250(3) 1.248(2) 1.259(3)
Angles (º)
O(1)i-M(1)-O(2) 86.45(4) 86.03(5) 86.80(4) 86.97(7) 85.99(7) 86.69(8)
O(1)i-M(1)-N(1) 86.65(4) 87.25(4) 88.37(4) 88.11(6) 90.09(6) 88.31(8)
O(2)i-M(1)-N(1) 87.64(4 87.69(4) 88.22(4) 89.21(6) 91.16(6) 88.54(8)
O(2)-M(1)-O(1) 93.55(4) 93.97(5) 93.20(4) 93.03(7) 94.01(7) 93.31(8)
O(2)-M(1)-N(1) 92.36(4) 92.31(5) 91.78(4) 90.79(6) 88.84(6) 91.46(8)
O(1)-M(1)-N(1) 93.35(4) 92.75(4) 91.63(4) 91.89(6) 89.91(6) 91.69(8)
O(4)-C(6)-O(3) 125.8(1) 125.6(1) 125.6(1) 125.9(2) 125.9(2) 125.8(3)
Symmetry code: i, –x, –y, –z.

Crystal structures of 210b and 510a were reported earlier
from this laboratory. Herein we present a detailed analysis of
supramolecular aspects of the crystal structures of 1-6 and
the same time, a comparison of the structural parameters of
the six analogues formed by the bivalent metal ions. The
crystallographic and structure refinement data on all mem-
bers of this series are presented in Table 1. All six compounds
crystallize with triclinic unit cells of analogous distance and
angular parameters. In all cases the metal ions lie at a cen-
tre of symmetry (0,0,0) in the crystal lattice. Thus, in each
case the asymmetric unit consists of one-half the octahedral
complex. The thermal ellipsoid plot shown in Fig. 1 is for the
manganese compound (1), but similar diagrams may be
drawn for the other compounds as well. We compare the
geometric parameters for all six structures in Table 2. Identi-
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cal atom naming schemes have been adopted for the struc-
tures.

The M-O and M-N bond lengths in these compounds (1-
6) of type M(iso)2(H2O)4 are clearly dependent on the metal
ions present in them. The observed M-N(1) bond distances
in compounds 1-6 follow the order given below, which is also
the order of the M2+ ionic radii24.

observed M-N(1) distances are according to the well-known
Irving-Williams series (Mn2+ < Fe2+ < Co2+ < Ni2+ < Cu2+ >
Zn2+). It is also seen that in going from Mn to Zn the M-O(2)
bond distances follow the same order with the only excep-
tion of Cu. This is attributed to the distorted octahedral ge-
ometry of six-coordinate copper(II) complex resulting from
Jahn-Teller effect which is common in six-coordinate com-
plexes of Cu2+. In the crystal structure of Cu(iso)2(H2O)4 (5)
two of the M-L bonds [M-O(2)]  are over 2.4 Å in length, while
the other four [M-O(1) and M-N(1)] are near 2.0 Å.

The most remarkable structural feature in the crystal struc-
ture of 1 and its analogues is the formation of an exhaustive
hydrogen-bonded network involving all possible hydrogen
bond acceptors and donors (Fig. 3). The discrete complexes
[M(iso)2(H2O)4] are thus strongly linked to one another to
give rise to a supramolecular polymer. As shown in Fig. 4,
hydrogen bonds between dangling carboxyl groups from the
isonicotinato ligand and the water molecules join the mol-
ecules into layers that are interconnected through further
hydrogen bonds forming a robust 3D architecture. The O-
H...O bond lengths and angles listed in Table 3 indicate that
their shortness coupled with near-linearity results in strong
hydrogen-bonding interactions leading to stability against the
loss of coordinated water molecules under ambient condi-
tions as well as low solubility in water and other media.

Fig. 2. The (a) M-N(1) and (b) M-O(2) bond distances of M(iso)2(H2O)4
in 1-6.

Fig. 3. Unit cell packing diagram viewed along a in crystal structures
of M(iso)2(H2O)4 (1-6).

M2+ Mn2+ Fe2+ Co2+ Ni2+ Cu2+ Zn2+

M-N1, Å 2.274 2.206 2.150 2.092 2.006 2.130
rM2+, Å 0.97 0.92 0.89 0.83 0.87 0.88

A plot of the observed M-N(1) (and also the M-O(2)) dis-
tances with respect to the metal ions present in the com-
plexes is shown in Fig. 2. It is interesting to note that the

(a)

(b)
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As shown in Fig. 5, graph set analysis of the crystal struc-
ture of M(iso)2(H2O)4 suggests the presence of three rings
formed by O-H...O hydrogen bonds. The 8-membered ring
comprised of two aqua ligands, a carboxylate anion and the
metal ion generates a R2

2 (8) cyclic motif as per notations of
Bernstein et al.24. A 12-membered twisted ring involving two

Table 3. Hydrogen bond parameters (distances in Å and angles in º) in compounds 1-6
Hydrogen bonds Mn (1) Fe (2) Co (3) Ni (4) Cu (5) Zn (6)
O(1)-H(5)...O(4)#1
d(D-H) 0.86(3) 0.81(3) 0.82(2) 0.73(3) 0.71(3) 0.74(6)
d(H...A) 1.90(3) 1.84(3) 1.82(2) 1.92(4) 2.03(3) 2.07(5)
d(D...A) 2.762(2) 2.650(1) 2.642(1) 2.651(2) 2.73(2) 2.793(3)
(DHA) 177(2) 178(2) 177(2) 178(3) 168(3) 165(5)
O(1)-H(6)...O(3)#2
d(D-H) 0.85(3) 0.79(2) 0.81(2) 0.73(3) 0.70(3) 0.81(5)
d(H...A) 1.97(3) 2.01(2) 1.98(2) 2.06(3) 1.92(4) 2.07(5)
d(D...A) 2.816(2) 2.796(2) 2.787(1) 2.792(2) 2.623(2) 2.868(3)
(DHA) 171(2) 176(2) 174(2) 171(3) 176(4) 166(6)
O(2)-H(7)...O(3)#3
d(D-H) 0.83(3) 0.84(3) 0.82(3) 0.89(4) 0.75(4) 0.73(5)
d(H...A) 1.95(3) 2.01(3) 2.04(3) 2.00(4) 2.08(4) 2.08(5)
d(D...A) 2.775(2) 2.833(2) 2.854(2) 2.872(2) 2.827(3) 2.787(3)
(DHA) 174(2) 170(3) 173(2) 169(3) 175(4) 164(5)
O(2)-H(8)...O(4)#4
d(D-H) 0.85(3) 0.83(2) 0.81(2) 0.82(3) 0.80(4) 0.81(5)
d(H...A) 1.79(3) 1.94(2) 1.97(2) 1.99(3) 2.18(4) 1.83(5)
d(D...A) 2.643(2 2.761(2) 2.784(2) 2.811(2) 2.961(3) 2.642(3)
(DHA) 174(3) 179(2) 179(2) 177(3) 163(3) 180(4)

Fig. 4. The 3-D network produced by O-H...O hydrogen bonds present
in crystals of M(iso)2(H2O)4.

Fig. 5. Graph-set description of the hydrogen-bonded network occur-
ring in the crystal structure of M(iso)2(H2O)4 (1-6). The inset at
the top shows the twisted ring of description R4

4 (12).

aqua lignds and two carboxylate anions with a description of
R4

4 (12) is also observed as a unique pattern in the crystal
structures of 1-6. We are not aware about the occurrence of
such rings in other reported crystal structures. This ring unites
four M(iso)2(H2O)4 molecules involving two coordinated wa-
ter molecules and two -COO– groups from the isonicotinato
ligands. An even larger 18-membered R2

2 (18) ring involving
two isonicotinato ligands, two aqua ligands and two metal
centres is also found in the crystal structure of the compounds.
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The aromatic rings of the isonicotinato ligands are in-
volved in intermolecular - interactions in the crystal struc-
tures of M(iso)2(H2O)4 (Fig. 6). The centroid-centroid con-
tact between two pyridine ring fragments in compound 1 is
found to be 3.894 Å. The observed - interaction involving
the pyridyl rings in 1-6 is of offset or slipped stacking type
because the aromatic rings are displaced from each other in
a parallel manner to give rise to a - type of attraction be-
tween the stacked rings. The displacement value of  = 27º,
i.e. the angle () between the ring-centroid vector and the

It is evident from the various structural data that except
the Cu complex (5), the other complexes are more similar. In
compound 529, the coordination sphere is considerably dis-
torted due to Jahn-Teller effect which leads to the familiar
(4,2) coordination geometry around the copper(II) centre. The
two trans isonicotinato ligands are present at distances
[Cu(1)-N(1) = 2.006(2) Å] comparable to those of the others.
On the other hand, while the Cu(1)-O(1) distance of 1.986(1)
Å is normal, the Cu(1)-O(2) distance of 2.452(2) Å is much
longer. The four-fold rotation axis of the approximately D4h
coordination geometry around Cu is along the O(2)-Cu(1)-
O(2)i direction, which is perpendicular to the plane formed
by O(1), N(1), O(1)i, N(1)i and Cu(1).

The Powder X-ray diffraction patterns of compounds 1-6
are shown in Fig. 7. For each species the powder diffraction
patterns calculated from the atomic coordinates obtained from

Table 4. Pyridine ring centroid...centroid distances in 1-6
Compounds Centroid...Centroid separations (Å)
Mn(iso)2(H2O)4 1 3.894
Fe(iso)2(H2O)4 2 3.880
Co(iso)2(H2O)4 3 3.882
Ni(iso)2(H2O)4 4 3.878
Cu(iso)2(H2O)4 5 4.248
Zn(iso)2(H2O)4 6 3.910

Fig. 6. - interactions observed between the pyridyl rings of
isonicotinato ligands in compounds 1-6. Symmetry code: i,
1–x, –y, 1–z.

ring normal to one of the pyridine ring planes in 1 is compa-
rable with values observed for other nitrogen containing aro-
matic ligands26. Similar values can be obtained for the other
complexes in the series. The centroid-centroid distances for
1-6 are listed in Table 4. The displacement of the pyridyl rings
of 5 is greater and hence a higher centroid-centroid separa-
tion of 4.248 Å is observed in this compound. Once again,
the departure of the Cu species from the expected range of
values may be attributed to the structural differences between
compound 5 and the other member of the series.

Fig. 7. Comparison of powder XRD patterns observed for compounds
1-6.

single-crystal X-ray diffraction data are closely similar to the
observed patterns (Fig. 8). The close similarities between
observed and calculated XRD patterns suggest the purity of
crystalline bulk samples of the compounds and correctness
of the structures described by us. The d-spacings and rela-
tive intensities found by us for compounds 1-6 are given in
Table 5. The indexing of the powder patterns is based on the
comparison of the experimental and calculated powder XRD
patterns. It is interesting to note that identical reflections with
similar relative intensities are observed for all the compounds.
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There is however one odd member (5) in the group because
the structure of the copper compound is significantly influ-
enced by Jahn-Teller distortion which renders two of the six
Cu-L bonds to become different from the other four. Further,
in spite of the identical space symmetry of the six compounds,
compound 5 has the longest as well as the shortest hydro-

Fig. 8. Experimental and calculated X-ray powder diffraction patterns for compounds (a) 1, (b) 2, (c) 3, (d) 4, (e) 5 and (f) 6.

gen bonds among the six compounds (Table 3). Differences
in the molecular and supramolecular structures shown by 5
from the rest of the members in this family are thus believed
to be responsible for the differences in 2 values and rela-
tive intensities of some of the diffraction maxima obtained in
the PXRD patterns observed for 5.
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Table 6. Isostructurality parameters for M(iso)2(H2O)4 (1-6) evaluated by Kálmán-Fábián method1

Structure Unit cell Mean elongation Asphericity Lattice
pairs similarity index value index distortion index

() () (A) (A)
1/2 0.0030 0.0045 1.3298 0.0060
1/3 0.0073 0.0085 1.0166 0.0087
1/4 0.0095 0.0122 1.1221 0.0137
1/5 0.0084 0.0051 5.7229 0.0289
1/6 0.0060 0.0077 1.4178 0.0109
2/3 0.0043 0.0039 0.9385 0.0037
2/4 0.0065 0.0077 1.1031 0.0085
2/5 0.0054 0.0005 52.039 0.0272
2/6 0.0030 0.0032 1.8648 0.0060
3/4 0.0021 0.0037 1.4526 0.0054
3/5 0.0011 0.0035 7.3526 0.0254
3/6 0.0014 0.0008 3.5381 0.0027
4/5 0.0010 0.0071 3.2269 0.0232
4/6 0.0035 0.0045 0.6418 0.0029
5/6 0.0024 0.0027 8.8577 0.0236

The similar chemical composition, close similarity of lat-
tice parameters, identical space group symmetry and pow-
der XRD patterns of compounds 1-6 suggest the iso-
structurality among the compounds. In view of this, we have
studied the crystal structures by the method of Kálmán and
Fábián1, whereby two structures can be compared by their
unit cell similarity index (), mean elongation value (),
asphericity index (A) and the lattice distortion index (A).
Since we have six structures to be studied, a total of 15 dif-
ferent sets of calculations have been performed. The calcu-
lated parameters obtained for each pair of structures are sum-
marized in Table 6. The nearly zero value of  for each pair
of compounds suggests close similarity among the structures.
However, on careful examination one can notice relatively
higher A values for the pairs of structures containing 5 (the
Cu species) as a member viz. 5.72, 52.04, 7.35, 3.23 and
8.86 for the compound pairs 1/5, 2/5, 3/5, 4/5 and 6/5 re-
spectively. These higher values indicate structural dissimi-
larities between the two structures under comparison. As dis-
cussed above, Cu(iso)2(H2O)4 (5) has a more distorted struc-
ture compared to the other members in the group. This de-
viation is therefore supported by the isostructurality param-
eters determined by us.

Conclusions
Discrete molecular entities of M(iso)2(H2O)4 (M = Mn,

Fe, Co, Ni, Cu, Zn) are structurally similar with the Cu spe-
cies presenting some differences resulting from Jahn-Teller
distortion. The complexes are intimately linked to one an-
other via O-H...O hydrogen bonds involving all acceptor
(-COO–) and donor (water molecules) groups to form robust
3D supramolecular architectures of the species in the crys-
talline state. The observed - stacking interaction between
pyridyl rings is another important structure director for the
compounds. The analogous powder XRD patterns of the
species indicate the close structural relationship among the
six compounds. The isostructurality of the compounds in the
series, as evaluated crystallographically via volume-based
isostructurality measures, are found to tally with the well-
known Irving-Williams series of coordination chemistry.

Acknowledgements
Financial support from University Grants Commission,

India is gratefully acknowledged.

Supporting Information
CCDC 1902011, 1902012, 1902013, 164613, 628462,

and 1008892 contain the crystallographic data for the six



Das et al.: Isostructurality of complexes of the type tetraaquabis(isonicotinato)metal(II)

327

crystal structures described in this paper in CIF format. Cop-
ies of this information may be obtained free of charge from
http://www.ccdc.cam.ac.uk or from the corresponding author.

References
1. L. Fábián and A. Kálmán, Acta Cryst., 1999, B55, 1099.
2. (a)  R. Thakuria, N. K. Nath, S.  Roy and A. Nangia,

CrystEngComm, 2014, 16, 4681; (b) K. Suresh, U. B. Rao
Khandavilli, A. Gunnam and A. Nangia, CrystEngComm, 2017,
19, 918.

3. A. Singh, A. Ramanan and D. Bandyopadhyay, Cryst. Growth
Des., 2011, 11, 2743.

4. B. K. Das, S. J. Bora, M. K. Bhattacharyya and R. K. Barman,
Acta Cryst., 2009, B65, 467.

5. M. E. Chapman, P. Ayyappan, B. M. Foxman, G. T. Yee and W.
Lin, Cryst. Growth Des., 2001, 2, 159.

6. K. Waizumi, M. Takuno, N. Fukushima and H. Masuda, J. Coord.
Chem., 1998, 44, 269.

7. R. K. Barman, R. S. K. Singh and B. K.  Das, J. Chem. Cryst.,
2002, 32, 369.

8. N. Okabe, T. Nakamura and H. Fukuda, Acta Cryst., 1993, C49,
1761.

9. (a) M. Chakrabortty, PhD thesis, Gauhati University, 2008; (b)
S. J. Bora, PhD thesis, Gauhati University, 2009.

10. (a) B. K. Das, S. J. Bora, M. Chakrabortty, L. Kalita, R.
Chakrabarty, R. K. Barman, J. Chem. Sci., 2006, 118,
487; (b) S. J. Bora, M. Chakrabortty, J. N. Ganguli, S.
Karmakar and B. K. Das, J. Assam Sci. Soc., 2005, 45, 1.

11. R. Hauptman, M. Kondo and S. Kitagawa, Z. Kristallogr.,

2000, 215, 171.
12. Q. Liu, Y. Wei, W. Wang and S. Zhang, Acta Crystallogr.,

1999, C55, IUC9900127.
13. Z.-Q. Yan, Acta Cryst., 2004, E60, m116.
14. T.-H. Ma, J.-H. Yu, L. Ye, J.-Q. Xu, T.-G. Wang and C.-H.

Lu, J. Mol. Struct., 2003, 654, 47 and references therein.
15. M. Chakrabortty, J. N.Ganguli, S. J. Bora and B. K. Das,

Indian J. Chem., 2010, 49A, 876.
16. SMART/SAINT: Bruker  AXS Inc., Madison, Wisconsin,

USA, 2004.
17. G. M. Sheldrick, SHELX97, A Program for Crystal Struc-

ture Refinement of  Crystal Structures,  University of
Göttingen, Germany, 1997.

18. L. Farrugia, J. Appl. Cryst., 1999, 32, 837.
19. M. N. Brunett and C. K. Johnson, ORTEP-III: Oak Ridge

Thermal Ellipsoid Plot for Crystal Structure Illustrations,
Oak Ridge National Laboratory Report ORNL-6895, 1996.

20. K. Brandenburg, Diamond: Version 3.1f, Crystal Impact
GbR, Bonn, Germany, 2008.

21. Mercury: Version 1.4.2. CCDC, Cambridge, UK, 2007.
22. W. Kraus and G. Nolze, PowderCell for Windows, Version

2.4. 2000, Berlin: Federal Institute for Material Research
and Testing.

23. R. K. Barman, PhD thesis, Gauhati University, 2001.
24. F. A. Cotton and G. Wilkinson, "Advanced Inorganic

Chemistry", 5th ed., John Wiley & Sons, 1988.
25. J. Bernstein, R. E. Davis, L. Shimoni, and N.-L. Chang,

Angew. Chem. Int. Ed. Engl., 1995, 34, 1555.
26. C. Janiak, J. Chem. Soc., Dalton Trans., 2000, 3885.



328


