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a b s t r a c t

A copper(II) malonate complex with formula [Cu(mal)(phen)(H2O)]2�3H2O (1) [H2mal = malonic acid,
phen = 1,10-phenanthroline] has been synthesized and its crystal structure has been re-determined with
an improved R value (the compound 1 was originally synthesized and crystallographically characterized
by Kwik et al. with R = 0.047, see: J. Chem. Soc. Dalton Trans. (1986) 2529) with the water hydrogen atom
positions located. This has led to the revelation that the water molecules organize around the carboxylate
group of the malonate ligand forming tetramer, hexamer and octameric water cluster mimics. These
cooperative hydrogen-bonding forces and various p-forces (p� � �p, Cu(II)� � �p, carbonyl� � �p) involving
1,10-phenanthroline aromatic rings determine the overall packing of the molecular units in the unit cell.
There exists two identical monomers in the asymmetric unit with Z// = 2. TG measurements reveal the
loss of water molecules that are all released at 120 �C. The water sorption/desorption process is reversible
as supported by FTIR spectroscopic and XRPD studies.

� 2010 Elsevier B.V. All rights reserved.

1. Introduction

Quoting Dunitz, [1] a crystalline solid is a ‘‘supermolecule per
excellence”. Crystals nucleate and grow in the self-assembly pro-
cess from molecular, atomic and sometimes even from soluble
pre-formed 0D, 1D or 2D secondary building units. Our under-
standing regarding the self-assembly process at present is some-
what primitive which is reflected in Maddox’s commentary that
‘‘one of the continuing scandals in physical sciences is the inability
to predict a crystal structure even for the simplest of building
blocks” [2,3]. The complicacies and sophistication of self-assembly
process is due to the presence of various possible interactions
which can lead to many ways of assembling the building blocks.
Usually the strength of these possible interactions also come in a
wide range including strong covalent force, intermediate coordina-
tive force [4–7] and various weak forces such as hydrogen bonding
[8–14], p���p interaction [15–30], C–H���p interaction [31,32],

metal���p [33–38], anion���p interaction [39] and lone pair���p inter-
action [40–48]. The existence of phenomena like polymorphism
[49–55] and high Z/ or Z// crystal structures [56–60] are typical
examples of this complexity (where Z/ = Z/M; M is the multiplicity
of the general position and Z is the number of residues in the unit
cell, Z// denotes the number of crystallographically non-equivalent
molecules [60]). Even though we have some understanding how a
set of molecular building blocks will mutually interact, sometimes
the complexity of the self-assembly process is compounded even
more due to the unpredictable inclusion of solvent molecules,
especially water, that can drastically change the course of self-
assembly. Under these circumstances to achieve the professed goal
of crystal engineering – ‘‘the designed synthesis of crystals”, one
urgently needs to understand how various strong and weak forces
can operate simultaneously in crystal packing – in other words
how do these forces compete and/or cooperate? Although a knowl-
edge-based approach [61] through data mining and analysis of
structural databases such as CSD or ICSD seems to be the best
way, sometimes a careful scrutiny of individual crystal structures
can throw some light on the finer details and important principles
of mutual cooperation and interaction of a number of strong and
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weak forces operating simultaneously. In the present paper we
report the re-determined [62] single-crystal X-ray structure of
[Cu(mal)(phen)(H2O)]2�3H2O (1) [mal = malonate dianion;
phen = 1,10-phenanthroline] complex with improved R value
(0.0263 as compared to 0.047 in [62]) and importantly with the
water hydrogen atom positions determined from the difference
Fourier map. This has helped us to unravel an important way in
which the water molecules do cooperate among themselves and
interact with the malonate ligands stabilizing the crystal packing
crucially. Moreover, an in-depth analysis of the mode of operation
of a number of weak forces (hydrogen bonding, p–p, metal–p and
carbonyl–p) simultaneously occurring in the crystal structure has
been carried out, which throws some light on the principle of coop-
eration of these forces. We show that relatively stronger hydrogen-
bonding forces and comparatively weaker p-forces operate in a
particular manner and the assemblies propagated by them are ex-
tended in mutually orthogonal direction. It is also shown that the
weakest of the forces involved in the supramolecular assembly,
namely, carbonyl–p and metal–p interactions are probably respon-
sible for rendering the present solid-state structure into a class
called ‘‘high Z// structures”, which contains more than one identical
molecular entity in the crystal asymmetric unit. Carbonyl���p inter-
action is a recent addition to the kitty of weak forces and the role it
has played in the present crystal structure deserves attention.
Another new revelation regarding this compound is its interesting
reversible water sorption/desorption properties as evidenced by IR,
TG and XRPD studies. This behavior is in consonance with the crys-
tal structure and is possibly expected considering the fact that
water molecules play important stabilizing roles in the crystal
packing. Interestingly, compound 1 exhibits non-zero antiferro-
magnetic exchange interactions between the Cu(II) centers
although these are part of monomeric complexes. The strong
hydrogen bond interactions, as well as, the weak non-bonded
metal–p, carbonyl–p and p–p interactions are responsible for
these weak antiferromagnetic exchange interactions.

2. Experimental

2.1. Materials

Malonic acid, basic copper(II) carbonate and 1,10-phenanthro-
line were purchased from Sigma and used as received. Doubly dis-
tilled water was used throughout.

2.2. Synthesis of [Cu(mal)(phen)(H2O)]2�3H2O (1)

Basic copper(II) carbonate, CuCO3�Cu(OH)2, (0.221 g, 1 mmol)
suspended in 20 mL ofwaterwas allowed to reactwithmalonic acid
(0.104 g, 1 mmol) at 50 �C to give a clear blue solution. Next, phe-
nanthroline (0.180 g, 1 mmol) dissolved in 10 mL of methanol was
added into the above solution at 50 �C under stirring. The resulting
deep blue solution was heated at 50 �C for half an hour with contin-
uous stirring. Then the solutionwas allowed to cool to room temper-
ature and was left unperturbed for the slow evaporation of the
solvent. Flat, deep blue, single crystals suitable for X-ray diffraction
analysis appeared after 2 days. The crystalswere filtered off, washed
with cold water, and dried on filter paper. The yield was 65%. Anal.
Calcd. for C30H30N4O13Cu2: C, 46.10; H, 3.87; N, 7.17. Found: C,
45.85; H, 3.61; N, 6.89. This method of preparation is essentially
the sameas originally described [62] excepting thatweused adiffer-
ent Cu(II) salt instead of CuCl2.2H2O used by Kwik et al. [62] and the
order of addition of the reagents differ.

2.3. Physical measurements

IR spectra of 1 were recorded on a Perkin–Elmer RXI FTIR spec-
trophotometer with the sample prepared as a KBr pellet in the

range (4000–600 cm�1). Elemental analyses (C, H, N) were per-
formed on a Perkin–Elmer 240C elemental analyzer. Magnetization
and variable-temperature (2–300 K) magnetic susceptibility mea-
surements were carried out with a Quantum Design SQUID Magne-
tometer MPMS-XL at a static magnetic field of 0.5 T. Samples were
fixed in gelatin capsules and held in drinking straws. Magnetiza-
tion vs applied field measurements were carried out at 2.0 K in
the field range of 0–5 T. Experimental data were corrected for
the sample holder and for the diamagnetic contribution calculated
from Pascal constants [63]. TGA analyses were carried out by using
a Mettler Toledo TGA/SDTA 851e system.

2.4. X-ray crystal structure determination

A single crystal having dimension 0.23 � 0.23 � 0.25 mm3 for 1
was used for data collection on an ‘Bruker SMART APEX II’ diffrac-
tometer equipped with graphite monochromated Mo Ka radiation
(k = 0.71073 Å) at 150 K. Theta range for data collection was
1.7–28.2�. A total of 15987 reflections were measured to give
7334 unique reflections (Rint = 0.015) for 1. The 6567 data
[I > 2r] were used for solution and refinement by full-matrix least
squares on F2 using the SHELX-97 package [64]. The non-hydrogen
atoms were refined anisotropically. The H atoms of the water mol-
ecules were located by difference Fourier map and their coordi-
nates and thermal parameters were kept fixed. The other H
atoms were treated by a riding model. The final R and Rw values
are 0.0234 and 0.0660, respectively. Information concerning crys-
tallographic data collection, refinement, bond length and angles,
and supramolecular interactions are listed in Tables 1–5.

3. Results and discussion

3.1. Infrared spectroscopy

The absorption band at 3365 cm�1 (Fig. S1) can be assigned to the
stretching vibration, t(O–H), of the water molecules. tas(OCO) and
ts(OCO) absorptions are observed at 1588 cm�1 and 1427 cm�1,

Table 1

Crystallographic data for compound 1.

Compound 1

Formula C30H30N4O13Cu2

M 781.66
Crystal system Triclinic
Space group P�1 (No. 2)
a/Å 11.4644(6)
b/Å 11.6953(6)
c/Å 12.4544(6)
a (o) 92.041(2)
b (o) 105.502 (2)
c (o) 110.007 (2)
F(0 0 0) 800
S(GOF) 1.07
V/Å3 1497.06(13)
Z 2
T/K 150
Theta min–max (�) 1.7–28.2
qcalc/Mg m�3 1.734
k(Mo Ka)/Å 0.71073
l(Mo Ka)/ mm�1 1.50
Total reflections 15987
Unique data (Rint) 7334 (0.015)
Observed data [I > 2r(I)] 6567
Independent reflections [I > 2r(I)] 7334
R1, I > 2r(I) (all) 0.0234
wR2, I > 2r(I) (all) 0.0660
Goodness of fit 1.07
Min. and max. resd. dens. (e/Å3) �0.48, 0.30
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respectively. d(OCO) absorptions are located at 790 and 724 cm�1.
The compound has been heated at 120 �C for 2 h under vacuum
(0.1 mm Hg) in order to eliminate all the water molecules. Deliber-
ate exposure to the laboratory atmosphere (34–36 �C, relative
humidity 85–88%), such heated sample re-absorbed water mole-
cules into the lattice as indicated by the IR spectrum (Fig. S2) when
the re-appearance of the characteristic O–H stretching (3373 cm�1)
vibration is noticed. IR spectrumof 1 just after the heating could not
be recorded because during the course of sample preparation and
subsequent measurement, the heated sample started absorbing
water, resulting in the observation of the characteristic O–H stretch-
ing vibration.

3.2. Thermal study

Thermogravimetric analyses (Figs. S3–S5) of compound 1 show
that dehydration starts at about 65 �C and that all the lattice and
coordinated water molecules are lost at 110 �C (calculated weight%
forfive latticewatermolecules: 11.51%; found:10.85%). The rangeof
temperature to complete the dehydration suggests that the hydro-
gen-bonding association of the water molecules in the self-assem-
bled structure is fairly strong. The complete decomposition of the
dehydrated structure is achieved at �560 �C. Next, compound 1

has been heated for 2 h at 120 �C under 0.1 mmHg pressure to com-
pletely remove all the water molecules prior to thermogravimetric
analysis. The results show thatwater has been totally removed from
the material since the corresponding loss step is not observed
(Fig. S4). On deliberate exposure to ambient atmosphere for a few
hours (34–36 �C, relative humidity 85–88%), the heated sample is
capable of re-absorbingwater which is evidenced by the emergence
of the water loss steps in the TG curve (Fig. S5). The water desorp-
tion/sorption process is therefore fully reversible.

3.3. X-ray powder diffraction study

X-ray powder diffraction patterns (Figs. S6–S8) of compound 1

show major changes both in the peak positions and their intensi-
ties before and after water expulsion. Fig. S6 illustrates the XRD
pattern of 1 at normal condition. The XRD pattern of 1 just after
heating is depicted in Fig. S7, which shows the modifications of
the peak positions and intensities (Figs. S6 and S7) arising from
the complete removal of the water molecules. After cooling of
the sample, its XRD pattern has been once more recorded which
is comparable with that of the one obtained applying normal con-
dition (Figs. S6 and S8). These XRPD study thus suggest that the
cooled sample has re-absorbed water and that the process is
reversible.

3.4. Description of the molecular structure of

[Cu(mal)(phen)(H2O)]2�3H2O (1)

The asymmetric unit consists of two crystallographically inde-
pendent monomeric [Cu(mal)(phen)(H2O)] units and three lattice
water molecules. The ORTEP diagram of 1 is shown in Fig. 1. The
coordination geometry around each copper(II) ions can be best
described as a distorted square-pyramid with a CuN2O2O

/ chromo-
phore. The s value for Cu(1) is 0.07, while it is 0.15 for Cu(2). The
structure index is defined as s = (b � a)/60, where b and a are the
largest coordination angles [65]. The Cu(1) and Cu(2) atoms reside
0.195(2) and 0.1523(2) Å above the basal plane, respectively,
towards the coordinated water molecules. The basal plain for
Cu1 unit is formed by the atoms N1/N2/O1/O2. The axial position
is occupied by the oxygen atom O5 of a water molecule. The basal
plane for Cu2 unit is completed by the atoms N3/N4/O6/O7. The
axial position is occupied by the oxygen atom O10 of a water mol-
ecule. The angles subtended by the malonate ligands are 94.65�

Table 2

Selected bond lengths (Å) and angles (deg) for 1.

Cu(1)-O(1) 1.9287(12) Cu(2)-N(4) 2.0258(12)
Cu(1)-O(2) 1.9097(10) Cu(2)-O(7) 1.9046(13)
Cu(1)-O(5) 2.2458(11) Cu(2)-O(10) 2.2724(12)
Cu(1)-N(1) 2.0160(13) Cu(2)-O(6) 1.9303(10)
Cu(1)-N(2) 2.0233(13) Cu(2)-N(3) 1.9920(14)
O(1)-C(13) 1.2784(19) O(6)-C(30) 1.2743(19)
O(2)-C(15) 1.270(2) O(7)-C(28) 1.2731(19)
O(3)-C(13) 1.2429(19) O(8)-C(30) 1.2422(17)
O(4)-C(15) 1.2394(18) O(9)-C(28) 1.240(2)
C(13)-C(14) 1.521(2) C(28)-C(29) 1.514(2)
C(14)-C(15) 1.521(2) C(29)-C(30) 1.519(2)

O(1)-Cu(1)-O(2) 94.65(5) O(7)-Cu(2)-O(10) 95.92(5)
O(1)-Cu(1)-O(5) 93.53(5) O(7)-Cu(2)-N(4) 90.61(5)
O(1)-Cu(1)-N(2) 92.64(5) O(10)-Cu(2)-N(3) 85.97(5)
O(2)-Cu(1)-O(5) 98.94(5) O(10)-Cu(2)-N(4) 94.48(5)
O(2)-Cu(1)-N(1) 89.01(5) N(3)-Cu(2)-N(4) 81.96(5)
O(5)-Cu(1)-N(1) 96.37(5) O(6)-Cu(2)-O(7) 94.39(5)
Cu(1)-O(1)-C(13) 128.12(9) Cu(2)-O(6)-C(30) 126.39(10)
Cu(1)-O(2)-C(15) 129.61(10) Cu(2)-O(7)-C(28) 127.32(11)
C(13)-C(14)-C(15) 122.71(14) O(6)-Cu(2)-O(10) 100.51(4)
O(1)-C(13)-O(3) 121.93(13) O(6)-Cu(2)-N(3) 92.43(5)
O(2)-C(15)-O(4) 121.81(14) C(28)-C(29)-C(30) 119.22(12)
O(5)-Cu(1)-N(2) 93.97(5) O(7)-C(28)-O(9) 121.91(14)
N(1)-Cu(1)-N(2) 81.46(5) O(6)-C(30)-O(8) 122.60(14)

Table 3

Relevant H-bonds in compound 1.

D–H� � �A D–H (Å) H� � �A (Å) D� � �A (Å) D–H� � �A (�)

O5–H5A� � �O3[a] 0.84 1.97 2.8014(18) 173
O5–H5B� � �O8 0.95 1.77 2.7075(16) 166
O10–H10A� � �O13[b] 0.92 1.85 2.757(2) 168
O10–H10B� � �O4 0.84 2.12 2.9313(17) 164
O11–H11A� � �O9 0.93 1.97 2.8882(19) 168
O11–H11B� � �O7[c] 0.89 2.60 3.3001(18) 137
O11–H11B� � �O9[c] 0.89 2.02 2.8908(17) 168
O12–H12A� � �O3 0.90 2.06 2.9536(17) 174
O12–H12B� � �O8[d] 0.87 1.96 2.8157(18) 168
O13–H13A� � �O11[b] 0.86 1.95 2.7976(19) 171
O13–H13B� � �O4[e] 0.86 1.91 2.7700(17) 176
C4–H4� � �O12[b] 0.95 2.41 3.236(2) 145
C7–H7� � �O9[f] 0.95 2.45 3.252(2) 142
C18–H18� � �O12[g] 0.95 2.42 3.2787(19) 149

[a] = 2 � x, 1 � y, 1 � z, [b] = 1 � x, 1 � y, 1 � z, [c] = 1 � x, 2 � y, � z,
[d] = x, �1 + y, z, [e] = x, y, 1 + z, [f] = 1 � x, 2 � y, 1 � z and [g] = x, 1 + y, �1 + z.

Table 4

p–p interactions in 1.

Cg(I)a? Cg(J) Cg–Cg Dihedral angle

Cg(3)? Cg(4)i 4.0234(9) 3.53
Cg(4) ? Cg(12)ii 3.5525(9) 2.31
Cg(12) ? Cg(12)iii 3.7688(9) 0.00

Symmetry code: (i) 1 � x, 1 � y, 1 � z; (ii) x, y, 1 + z; (iii) 2 � x, 2 � y, �z.
a Cg(I) denotes centroid of Ith ring; Ring (3) N(1)/C(1)/C(5)/C(4)/C(3)/C(2); Ring (4)

N(2)/C(11)/C(10)/C(9)/C(8)/C(12); Ring (12) N(4)/C(16)/C(20)/C(19)/C(18)/C(17).

Table 5

Metal–p interactions in 1.

Cg(I)a?Me(J) Cg(I)–Me(J)

Cg(4)? Cu(1)i 3.87
Cg(5)? Cu(1)i 3.81
Cg(12)? Cu(2)ii 3.64

Symmetry code: (i) = 1 � x, 1 � y, 1 � z; (ii) = 2 � x, 2 � y, �z.
a Cg(I) denotes centroid of Ith ring; Ring (4) N(2)/C(11)/C(10)/C(9)/C(8)/C(12);

Ring (5) C(1)/C(5)/C(6)/C(7)/C(8)/C(12); Ring (12) N(4)/C(16)/C(20)/C(19)/C(18)/
C(17).
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and 94.39� for Cu1 and Cu2, respectively. No unusual bond lengths
and bond angles are found for the chelated malonate ligand in 1

with respect to other malonate-containing copper(II) compounds
[66]. The malonate moiety coordinated to the Cu(2) atom is more
puckered than the one bond to the Cu(1) atom. The methylene car-
bon is more shifted than the chelate ring plane coordinated to
Cu(2) compared to that of Cu(1).

The solid-state structure of compound 1 possesses a remarkable
supramolecular architecture. Two monomeric [Cu(mal)(phen)-
(H2O)] units present in the asymmetric unit form a supramolecular
dimer through strong complementary O10–H10B� � �O4 and
O5–H5B� � �O8 hydrogen bonds assisted by weak carbonyl–p forces
(Fig. 2). The hydrogen bonded supramolecular dimer (Fig. 2) is
additionally stabilized by the recently recognized novel
carbonyl–p interaction [40–48]. Here it operates between the
carboxylate C(30)@O(8) group of the malonato ligand bound to
Cu(2) and the p system of the ring N1/C1/C5/C4/C3/C2 belonging
to the phenanthroline ligand coordinated to Cu(1) (Fig. 2).

Uncoordinated carboxylate oxygen atom O8 [which is also
involved in strong H bonding with water molecule, O5–H5B� � �
O8 = 2.7075(16) Å] is interacting with the pyridyl ring of the phe-
nanthroline ligand [C(30)–O(8)� � �Cg(3) = 3.3249(14) Å and the an-
gle C(30)–O(8)–Cg(3) is 93.43(9)�; Cg(3) is the centroid of the ring
defined by the atoms N1/C1/C5/C4/C3/C2]. The shortest separation
distance between the carbonyl group and the ring carbon atoms
that reflects this interaction as C30� � �C2 = 3.148(2) Å, which is be-
low the sum of the corresponding van der Waals radii [67]. A re-
cent analysis of the Cambridge Structural Database (CSD) for lone
pair� � �p interactions by Egli et al. [41] has shown that a strong car-
bonyl (p) – p (aromatic) stacking interaction is suggested by an an-
gle x ranging from 0� to 24�, x being the dihedral angle between
the C@O bond and the plane of the aromatic ring. In 1, the orienta-
tion of the carbonyl group is not parallel to the ring (x � 15.47�),
and is therefore indicative of a significant carbonyl (p) – p (aro-
matic) stacking interaction. As stated by Egli et al. [41], this orien-
tation potentially allows hydrogen bonding interactions with the

Fig. 1. ORTEP diagram of complex 1 at 50% ellipsoidal probability with atom numbering scheme. Presence of two identical units in the asymmetric unit (Z// = 2) and the
formation of supramolecular dimer by these units should be noted.

Fig. 2. Carbonyl���p contact within supramolecular dimer and the formation of supramolecular tetramer.
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oxygen lone pairs. A hydrogen bond is indeed observed for O8
which interacts with the oxygen atom O5 of a neighboring Cu(1)
unit (O5–H5B� � �O8 = 2.7075(16) Å; Table 3). Moreover, the dis-
tance D (corresponding to the distance between the carbonyl oxy-
gen atom and the ring centroid) and the angular distribution
[deviation of the angle a (a is the angle >C@O–Cg) from 120�] are
3.32 Å and 26.57�, respectively. These values are within the mean
values, i.e. 3.58 and 30.6�, calculated by Egli et al. [9b], Hence in 1,
significant carbonyl (p) – p (aromatic) stacking interaction exists
and due to its recent recognition, was naturally overlooked in the
previous and first report of 1 [62]. However, we have unraveled
an interesting scenario in which the strong hydrogen bonding force
[O5–H5B� � �O8 and O10–H10B� � �O4] and weak carbonyl–p force
can act in unison cooperating with each other although they oper-
ate in nearly orthogonal direction.

These supramolecular dimers, due to their inherent self-
complementarity, form supramolecular tetramers through the
O5–H5A� � �O3 hydrogen bonds (Fig. 2). These tetrameric units can
be considered as repeating units that generate the extended supra-
molecular layer structure (Fig. 3) present in 1.

The organization of these tetrameric units, producing a 2D
supramolecular sheet (Fig. 3), is achieved though the participation
of three lattice water molecules [O11(H11A, H11B); O12(H12A,
H12B); O13(H13A, H13B)] that act as stabilizing agents by saturat-
ing the uncoordinated malonate oxygen atoms through hydrogen
bonding interactions (Table 3). It is to be noted that these lattice
water molecules arrange in such a way that they produce water
cluster mimics – actually, structures analogous to those of planar
water tetramer [68], chair form water hexamer [69–77] and
ring-shaped water octamer [78] are formed. In these cluster mim-
ics, uncoordinated malonate O atoms of two symmetry related
counterparts have replaced two water molecules in each of the
above mentioned free water clusters motifs. The water oxygen
atom O11(H11A, H11B) and the malonate oxygen atom O9 gener-
ate the tetramer analogue with an average O� � �O distance of 2.89 Å.
This distance is close to that predicted from laser spectroscopic
(vibration–rotation–tunneling, VRT) experiment for a regular gas

phase tetramer water cluster (2.79 Å) [79]. In the formation of
the water hexamer mimic, one coordinated water molecule
[O10(H10A, H10B)], one lattice water molecule [O13(H13A,
H13B)] and the oxygen atom O4 from a malonate are involved.
Whereas the coordinated O10 atom acts as double donor and the
malonate O4 atom behaves as double acceptor, the lattice water
molecule O13 acts as both single donor and single acceptor within
the water hexamer cluster mimic. The average O� � �O distance in
the hexamer mimic is 2.82 Å, which is close to the distance found
in liquid water (2.85 Å) [80]. The corresponding value is 2.759 Å in
ice Ih at �90 �C [81]. The bond angles in the hexamer mimic vary
widely with the average angle being 107.71�, which is interestingly
very close to the corresponding value of 109.3� found in hexagonal
ice. Hence, the average O� � �O distances and angles found in this
mimic are similar to those of a regular hexagonal water cluster
in chair conformation [69–77]. The fact that the cluster mimic is
structurally close to a regular water cluster although it is generated
by the simultaneous participation of coordinated water molecules
and malonate O atoms is interesting. Indeed, this feature suggests
that the clustering tendency of water molecules probably has some
structure-assembling influence in the supramolecular self-assem-
bly. Regular octamer water clusters have been found in various
three-dimensional topologies [82–86,71,87,88], but the ring-form
water cluster has been first observed in a crystalline host [78].
The stability of the ring-form water octamer has been subse-
quently established through ab initio computational studies
[82,89–95]. The present octamer cluster mimic is generated from
one coordinated water molecule O12(H12A,H12B), one lattice
water molecule O5(H5A,H5B), two malonate O atoms (O8 from
the Cu2 unit and O3 from the Cu1 unit) and their symmetry related
counterparts. The average O� � �O distance in this case is 2.82 Å.

The supramolecular sheet achieved through the simultaneous
formation of tetramer, hexamer and octamer water mimics is
found in the (�1 0 2) crystal plane. The particular arrangement in
this plane can be further visualized as the integration of ribbons
running parallel to each other and joined at their edges through
the octamer mimics (Fig. 3). At the center of each ribbon runs

Fig. 3. Assembly of supramolecular dimers through water–oxygen (malonate) cluster motifs that mimic water tetramer, hexamer and octamer (phenanthroline ligands are
omitted for the clarity of the picture).
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the polymeric chain of successive tetramer and hexamer water
mimics (Fig. 4), along the crystallographic b-axis.

Phenanthroline ligands on this plane are organized in such a
way that it protrude out on both sides (Fig. S9), facilitating the
packing of successive sheets through p–p, metal–p and car-
bonyl–p interactions. Cooperation of these p forces has been
depicted in Fig. 5.

As can be seen from Fig. 5, adjacent Cu1 centers interact among
themselves through p� � �p (4.02 Å) and Cu(II)� � �p (3.87 and 3.81 Å)
(Tables 4 and 5). These forces generate a dimeric unit comprising of
two Cu1 units. Carbonyl� � �p interactions (3.69 and 3.64 Å) join Cu2
units on either side of the above-mentioned dimeric units of Cu1,
thus generating a tetrameric unit comprising two Cu2 units and
two Cu1 units. Successive Cu2 units are joined by p� � �p (3.77 Å)
and Cu2� � �p (3.64 Å) interaction. The appearance of two crystallo-
graphic non-equivalent Cu centers (Cu1 and Cu2) can be assigned
to the two carbonyl� � �p interactions between successive Cu1 and
Cu2 centers. It has to be noted that whereas the hydrogen bonding
interactions lead to the organization of the monomeric units into a

planar sheet structure, relatively weaker p-interaction forces oper-
ate to extend the supramolecular assembly in a perpendicular
direction. This mode of operation of strong hydrogen-bonding
forces and weak p–p forces has been recently utilized by us to
engineer layered crystalline materials [96] and has been observed
in a number of other cases [97–99]. The important point to be
noted is the non-interfering nature of weak and strong forces
present simultaneously in a competitive environment.

3.5. Magnetic study

The magnetic properties of 1 in the form of a vMT vs T plot [vM

being the molar susceptibility per copper(II) ion] are shown in
Fig. 6. vMT at room temperature is 0.413 cm3 mol�1 K, which is
an expected value for a magnetically isolated spin doublet with
g = 2.10, and remains almost constant down to 10 K. Below this
temperature, the vMT product decreases sharply to reach a value
of 0.36 cm3 mol�1 K at 2 K. This behaviour is consistent with the
presence of a very weak antiferromagnetic interaction between
the Cu(II) atoms. The susceptibility data follow the Curie–Weiss
law with a Weiss constant h value of �0.08 K. The Weiss constant
can be used to estimate the value of the interaction by using the
mean-field expression: h = zJS(S + 1)/3k, where z is the number of
nearest neighbours, J is the exchange coupling constant, S is the
spin and k the Boltzmann constant. The estimated value is
zJ = �0.21 cm�1.

Three magnetic exchange pathways can mainly operative in this
compound: (i) strong hydrogen bond interactions involving the
coordinated water molecule and axial position and one of the oxy-
gen atoms of the malonate ligand belonging to a neighbouring
molecule (Cu–Ow–O–C–O–Cu) (ii) strong hydrogen bond interac-
tions involving the coordinated water molecule, one non-coordi-
nated water molecules and the malonate ligand from another
neighbouring molecule (Cu–Ow–Ow–O–C–O–Cu) (iii) the p–p
interactions between phenantroline rings and (iv) the carbonyl–p
interaction and metal–p interactions. All these magnetic exchange
pathways are known to be very poor in mediating magnetic ex-
change couplings, which is consistent with the very small J value
observed for 1. Among the magnetic exchange pathways, the r
ones (i) and (ii) are probably the more efficient in mediating the
magnetic coupling. Because (i) is shorter that (ii), the former must
be the main contribution to the observed J value.

3.6. Discussion on the crystal structure of 1

The formation of coordination or supramolecular architectures
obviously depends on the choice of the set of building blocks.

Fig. 4. Water cluster mimics, octamer (a), tetramer (b), and hexamer (c), in which
some of the water molecules have been replaced by malonate oxygen atoms.

Fig. 5. p� � �p, Cu(II)� � �p and carbonyl� � �p interactions among successive Cu1 and
Cu2 centers generating two crystallographically non-equivalent Cu centers (Z// = 2).

Fig. 6. Temperature dependence of vMT (squares) and 1/vM vs T (circles) for 1. The
solid line represents the fit of experimental data to the Curie–Weiss equation in the
form 1/vM = (T � h)/C.

136 S.R. Choudhury et al. / Journal of Molecular Structure 967 (2010) 131–139



Transition or rare-earth metals are generally used in the design of
metal–organic frameworks in which they act as nodes in the net-
work propagated by various bridging ligands (usually organic spe-
cies) or by supramolecular links. Due to the inherent information
encoding capability through their preferred coordination geome-
tries, these metal atoms like the bridging ligands also, determine
the architecture of the network. Depending upon the ligand envi-
ronment, transition metals including Cu(II) show many preferred
coordination geometries. For the successful prediction of a crystal
structure which is one of the stated goals of crystal engineering,
a clear understanding of the conditions in which a targeted coordi-
nation environment is achieved is essential. For instance, five-coor-
dinate copper complexes may adopt a square-pyramidal or a
trigonal–bipyramidal coordination geometry. The choice of the li-
gands and the physico-chemical conditions in which the coordina-
tion materials are synthesized are undoubtedly playing a role in
the generation of the two different environments. In the present
case, the malonate ligand exhibits both chelating and bridging
capabilities while phenanthroline has only chelating abilities. A
retrospective analysis of the packing arrangements allows estab-
lishing the conditions under which the copper ion prefers a
square-pyramidal coordination environment. Due to relatively lar-
ger size of phenanthroline compared to malonate, no coordination
network through the bridging capability of malonate is possible;
instead, the malonate unit prefers to chelate the metal center
which most likely facilitates the formation of dimeric hydrogen-
bonded square-pyramidal copper(II) entity having an axially
coordinated water molecule. The influence of the choice of the
reaction medium is evident from the crucial role played by the
water molecules in the supramolecular network herein described.
The hydrogen-bonding association of the malonate ligands with
water molecules gives rise to a 2D supramolecular sheet. It is inter-
esting to notice that the water molecules and the malonate oxygen
atoms form distinct supramolecular motifs. These motifs can be
regarded as mimics of regular water clusters such as the tetramer,
the hexamer and the octamer cluster in which some of the water
molecules are replaced by O atoms frommalonate units. Even with
the intrusion of the water molecules in the tetramer mimic, the
average O� � �O distance is 2.89 Å, close to the one found in the
gas phase tetramer. [79] Generally, water hexamers have been
found in various nearly isoenergic forms like chair, boat, prism,
cage, book and bag [100–107]. In the present chair form water hex-
amer mimic, the average O� � �O distance is 2.82 Å – close to 2.85 Å
which has been found in the liquid phase [80]. Water octamers
usually are found in the cubic S4 or D2d form [101,102,108,109]
or in the open-cubic form [84,110]. In the ring-form water octamer
mimic found here, the average O� � �O distance is 2.82 Å and that
found in ab initio calculation is 2.71 Å. [105]. Moreover, in these
motifs, the water molecules include lattice water molecules as well
as coordinated water molecules. The fact that even with the partic-
ipation of coordinated water molecules the different molecular
arrangements try to reach the regular water cluster geometries
indicates that, in the overall supramolecular assembly, the cluster-
ing tendency of the water molecules is an important issue. Another
point to be noted is that the dimeric units and the water molecules
organize to form a supramolecular sheet in such a way that each
supramolecular motif and the dimer of dimer have a centrosym-
metric arrangement. Centric arrangements generally arise to quell
the imbalance in dipole moment and may be assumed to be a phe-
nomenon guiding the organization of water molecules into clusters
[111]. Most of the water molecules in the present structure are in-
volved in tri-directional interactions which is in agreement with
the inferred tendency of water molecules as shown by a CSD data-
base analysis [112]. The phenanthroline ligands due to their
p-electronic abundance tend to take part in p-stacking interactions
and the organization of the phenanthrolines in the supramolecular

sheet is reflected by this feature. As a result, the phenanthroline
units are aligned outwards of the water/malonate mean plane, on
both sides, which is also the reason why the basic unit in the struc-
ture is a centrosymmetic dimer. This type of arrangement into a
planar sheet is a common phenomenon generally observed when
a combination of at least two ligands is used, one of them having
hydrogen bonding abilities (like dicarboxylates) and the other
having p-interaction capabilities (such as bipyridine and phenan-
throline). As expected, the sheets stack through p–p interaction
forming a 3D supramolecular assembly. The importance of p–p
interaction in crystal engineering has long been recognized
[25,26] and these have been explored theoretically also [27–30]
but the relatively weaker metal–p and carbonyl–p interactions
has been paid little attention that needs further theoretical study.
A subtle effect of these weak forces seems to be responsible for the
high Z// (Z// = 2) nature, i.e. more than one identical units are found
in the asymmetric unit (Fig. 1) of the complex. The appearance of
high Z/ or Z// complexes is an intriguing phenomenon, often
thought of as ‘relic fossils’ or ‘crystal on the way’ [56–60] and weak
forces are believed to be responsible for the appearance of such
rare crystals. Among the two Cu centers (Cu1 and Cu2) in the
asymmetric unit of the present complex, p–p and metal–p interac-
tions are involved in uniting Cu1� � �Cu1 centers but carbonyl–p,
p–p and metal–p interactions are responsible in uniting Cu1� � �Cu2
centers while the other one is solely involved in p–p interactions.
In the present complex the appearance of multiple non-equivalent
Cu units can probably be assigned to the asymmetric nature of the
cooperation of these weak forces.

4. Conclusions

In sum, the single-crystal X-ray structure of a coordination
compound, namely Cu(mal)(phen)(H2O)]2�3H2O (1), has been re-
determined and some important structural points regarding the
role of weak forces in the crystal lattice are emphasized. The
determination of the exact positions of the hydrogen atoms from
the water molecules reveals that these water molecules tend to
retain their regular vapor-phase geometries in the solid-state
structure of 1 albeit with the participation of donor oxygen atoms
from dicarboxylate ligands. It appears that these water arrange-
ments aid the stabilization of the supramolecular architecture.
Furthermore, compound 1 has reversible water sorption/desorp-
tion properties which most likely arise from the hydrogen-bond-
ing association between the water molecules and the organic
moieties observed in its crystal lattice. Finally, the role played
by weak forces, especially carbonyl–p and metal–p interactions,
appear to be crucial as they are most likely behind the presence
of multiple crystallographically non-equivalent identical entities
in the asymmetric unit – a phenomenon meagerly understood
but potentially important for crystal structure prediction. The
present crystal structure, though a case study, corroborates the
general belief that the origin of high Z// structures lies in the
mutually cooperative nature of weak forces like the ones found
here.

Acknowledgements

S.M. is grateful to UGC-CAS programme in the Department of
Chemistry, Jadavpur University for financial support of this work.
H.M.L. is grateful to the National Science Council of Taiwan for
financial support of this work. E.C. acknowledges the MEC (Spain)
(Project CTQ2005/0935) and the Junta de Andalucía (FQM-195) for
financial support.

S.R. Choudhury et al. / Journal of Molecular Structure 967 (2010) 131–139 137



Appendix A. Supplementary data

Full crystallographic data in CIF format for 1 have been depos-
ited with the Cambridge Crystallographic Data Centre (CCDC No.
718065). Copies of the data can be obtained, free of charge, on
application to CCDC, 12 Union Road, Cambridge, CB2 1EZ, U.K;
Fax: +44(0)-1223-336033; or email: deposit@ccdc.cam.ac.uk. Sup-
plementary data associated with this article can be found, in the
online version, at doi:10.1016/j.molstruc.2009.12.048.
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