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The 1D chain complex [{Cu(Il)(bpp)(malonate)(H,0)}(H20)4], (1) (bpp = 1,3-bis(4-pyridyl)propane) self-
assembles to form a 2D ribbed sheet stabilized by an acyclic pentameric water cluster, which in turn,
influences the conformation of the bpp ligand.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

To date a large number of water clusters isolated in a number of
crystal hosts including oligomers (tetramer [1,2], pentamer [3],
hexamer [4], heptamer [5-7], octamer [8,9], decamer [10], dodeca-
mers [11] etc.) and polymers (1D chain [12], helix [13,14], tape [15]
and 2D sheet [16]) have been structurally characterized and pro-
vided detailed information about cooperative hydrogen bonding
behavior in these diverse geometries. Coordinated water molecules
in metal complexes also take part in the cluster formation and even
with the participation of coordinated water molecules the cluster
attains its regular geometry in many cases [17]. Recently, the
advantage of water cluster research, the upsurge in studying small
water clusters in different environments by systematically varying
the size and the research to understand the properties of the con-
densed phase have been well-documented in a special issue of Syn-
thesis and Reactivity in Inorganic, Metal-Organic, and Nano-Metal
Chemistry [18]. Curiously, it has been seen that water oligomers of
even number of water molecules are abundant in metal-organic
frameworks whereas odd numbered clusters are scarcely observed
[19]. In the current article we present an acyclic water pentamer in
the context of self-assembly of a coordination polymer. Till date,
only two acyclic water pentamers have been reported in literature
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[20,21]. The overall self-assembly of a crystalline material is the
penultimate outcome of the competitiveness as well as cooperativ-
ity of weaker forces (hydrogen bonding, n-n and C-H. ..w interac-
tion etc.) and stronger forces (coordinative and covalent) in the
organization of metal nodes with flexible organic ligands. The pres-
ent crystal structure nicely represents an example, where this
competitiveness and cooperativity has been borne out in the self-
assembled supramolecular structure. In this paper we wish to
highlight the cooperativity among a set of water molecules, malon-
ate ligands and flexible 1,3-bis(4-pyridyl)propane(bpp) ligands,
resulting the organization of water molecules in the form of an
acyclic water pentamer.

2. Experimental
2.1. Materials and general methods

All the reagents and solvents for synthesis were commercially
available and used as received without further purification. Ele-
mental analyses (C, H, N) were performed on a Perkin-Elmer
240C analyzer.

IR spectra were measured from KBr pellets on a Nicolet 520 FTIR
spectrometer.

2.2. Synthesis of complex 1

Copper-malonate was prepared by adding CuCOs-Cu(OH),
slowly to the aqueous solution of malonic acid with continuous
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Table 1

Hydrogen bonding geometry.
D-H.. A D-H(A) H.A(A) D..A(A) <D-H-A(A)
01W-H1W1..02! 0.81(3) 1.91(3) 2.703(3) 170(3)
02W-H1W2...041 0.79(3) 1.99(3) 2.777(3) 176(3)
05W-H2W5..04 0.82(3) 1.99(3) 2.773(3) 161(3)
02W-H2W2..01W  0.76(5) 2.16(4) 2.866(4) 156(4)
05W-H1W5..04W  0.88(4) 1.91(4) 2.766(4) 165(4)
O1W-H2W1..05W  0.72(4) 1.99(4) 2.705(4) 174(4)
04W-H2W4...03" 0.88(7) 2.09(6) 2.933(4) 161(6)
03W-H1W3..02W  0.94(4) 1.94(4) 2.857(4) 165(4)
03W-H2W3..01Y 0.77(4) 2.25(4) 3.008(4) 167(5)
C1-H1..03W" 0.9300 2.3900 3.210(4) 147.00
C13-H13..05W 0.9300 2.5600 3.478(3) 169.00

Symmetry code: (i) —x, -y, 3 — z; (ii) —x, -y, 2 —z; (iii) 1 +x,y, z; (iv) 1 — %, -y,
2-27,(V) =X, -y,3 -z, (Vi) X, 1+y,~1+2z

stirring. The resulting deep blue solution was evaporated to obtain
the blue copper-malonate. 0.5 mmol of the prepared copper-mal-
onate was dissolved 100 mL water. 1,3-Bis-(4-pyridyl)propane
(0.5 mmol) dissolved in 50 mL of methanol, was slowly added to
this solution and the mixture was stirred at room temperature
for 2 h. It was then filtered and the blue filtrate was kept inside a
CaCl, desiccator. After 4 weeks triangular plate shaped deep blue
crystals appeared. Yield 85%. Anal. Calcd. for: C;gH;gCuN,Os,
4(H,0): C, 42.33; H, 5.77; N, 6.17%. Found: C, 42.23; H, 5.12; N,
5.70%. IR data: 3448.29 (m), 1589.06 (s), 1505.07 (w), 1425.76
(s), 1391.00 (m), 742.32 (w) cm™ .

2.3. X-ray crystallographic studies of complex 1

X-ray single-crystal diffraction measurements for complex 1
were carried out on a Bruker Smart 1000 CCD area detector diffrac-
tometer equipped with a graphite crystal monochromator. The
determinations of unit cell parameters and data collections were
performed with Mo K, radiation (1=0.71073 A) by the  scan
mode. There was no evidence of crystal decay during data collec-
tion. The program SAINT [22] was used for integration of the dif-
fraction profiles. Semi-empirical absorption corrections were
applied using SADABS program [23]. The structure was solved by
a direct method using the SHELXS program of the SHELXTL package
and refined with SHELXL [24]. Metal atoms in complex 1 were lo-
cated from the E-maps, and other non-hydrogen atoms were lo-
cated in successive difference Fourier syntheses and refined with
anisotropic thermal parameters on F2. The water hydrogens were
located from difference Fourier map and refined isotropically but
the other hydrogen positions were calculated geometrically with

a fixed thermal parameter 1.2 times of their parent atoms. Crystal-
lographic data and experimental details for structural analyses are
listed in Table S1, selected bond distances/bond angles are listed in
Table S2 and H-bonding geometries are listed in Table 1. CCDC No.
606406 contains the supplementary crystallographic data for com-
plex 1. This material can be obtained free of charge via http://
www.ccdc.cam.ac.uk/deposit, or from the Cambridge Crystallo-
graphic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK;
fax: (+44) 1223 336 033; or e-mail: deposit@ccdc.cam.ac.uk.

2.4. Ab initio computation

The ab initio geometry optimization of bpp in TT, TG and GG’
conformations were performed using Gaussian 03 package at the
HF/3-21G level of theory. The optimized geometries are character-
ized by harmonic-vibrational frequencies, which confirmed that
the structures obtained are minimum on the potential energy sur-
face. All calculations were performed with using GAUSSIAN 03 pro-
gram [25].

3. Results and discussion
3.1. Crystal structure of complex 1

The X-ray structure determination of the synthesized crystal re-
veals that complex (1) consists of 1D polymeric chains of Cu (II)
with square pyramidal geometry (t=0.16) [26] (Figs. 1 and
Table S1). Oxygen (01, 03) atoms of chelating malonate and nitro-
gen (N1, N2) atoms of bridging bpp form the basal plane. The oxy-
gen (O1w) atom of coordinated water molecule occupies the axial
position (Fig. 1). Selected bond distances and angles have been pro-
vided in Table S2 which shows the usual coordination geometry for
this kind of system.

Four lattice water molecules combine with the coordinated
water molecule to form an acyclic water pentamer (Fig. 2), which
folds into two nearly perpendicular directions. One fold forms a
cyclic motif A [R4*(10) in Etter’s graph [27] set notation] and prop-
agates the network along a axis, whereas the other fold forms an-
other cyclic motif B [R¢®(16)] (Figs. 3 and S2) that propagates the
network along ¢ axis. In motif R4*(10) and R¢®(16), malonate con-
tributes two and four acceptors, respectively whereas water oxy-
gen act as rest of the acceptors.

It is to be noted that motif A resembles the planar cyclic water
tetramer with one of the water molecules replaced by COO~ func-
tional group of malonate. Similarly, motif B is the replica of cyclic
water hexamer in chair conformation in which, COO~ functional

Fig. 1. The 1D polymeric chain of the complex (hydrogen atoms omitted).
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Fig. 2. The acyclic water pentamer.

groups of two malonates replace two water molecules. Motif A is
more compact (O5W...04W =2.766 A, <OSW-H1W5-04W 164°)
than motif B (O3W...02W = 2.858 A, <O3W-H13W-02W 165.32°)
(Table 1). Strongest association within the acyclic water pentamer
is between O1W and O5W (O1W..05W 270A, <O1W-
HIW1..05W 1740)' 0.0 distan;es (2.70-2.86 A) is co_mparable Fig. 3. The supramolecular channel assembled by motif A and B [color code: Cu-
to the O...0 distances observed in other water clusters in metal-

Cyan; O(water)-Red, C-Gray]. (For interpretation of the references to color in this
organic frameworks [28,29] and the corresponding values in figure legend, the reader is referred to the web version of this article.)
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Fig. 4. The supramolecular ribbed sheet with wide and narrow grids and the channels as its ribs (color code: Cu-Cyan; O(water)-Red, C-Gray; O(malonate)-Yellow), bpp
omitted. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. The correlation between wide-narrow grid topology and long-short flex of bpp in TG mode demonstrates that even in certain cases weaker forces can cooperatively
compete with covalent forces and may be suitably used to influence the conformation and coordination mode of ligands.

regular ice, in liquid water, and in the vapor phase are 2.74, 2.85
and 2.98 A, respectively.

The motifs formed by the pentamer play two important roles: (i)
two oppositely running supramolecular chains, formed by the
self-assembly of motif A, link each other through motif B to form
a tubular assembly along the c axis (Figs. 3 and S3) and (ii) these
tubes line up side by side along the a axis and are connected to each
other through hydrogen bonding interactions between O5W of
motif A and O1w of motif B leading to a 2D ribbed sheet in the ac
plane (Fig. 4). The tubes form the rib of the supramolecular sheet
and in-between two ribs alternate narrow and wider grids are pres-
ent (Fig. S4). The total width of successive narrow and wide grid
along a rib is equal to the distance between successive Cu (II) cen-
ters (11.269 A separation) (Fig. 5). This distance is just right for the
trans-gauche (TG) mode of flexible bpp ligand. The obvious correla-
tion between the wide-narrow network topology of the supramo-
lecular sheet and the long-short flex of the bpp ligand in its TG
conformation is clearly evident in Fig. 5. At this point we were curi-
ous about this particular conformation of bpp which generally
adopts two other conformations trans-trans (TT) and guche-
antiguche (GG) [30]. To find the lowest energy conformation among
these three modes, we have performed the ab initio geometry opti-
mization of bpp in these three modes. The optimized energies of the
respective conformations are found to be Err=-605.9330633,
Ecc = —605.9328347 and Erg = —605.9298547 Hartree, showing
TT as lowest energy conformation. Thus the supramolecular ribbed
sheet architecture, is the result of the self-assembly of bpp, malon-
ate and water molecules around Cu centers, in which the coopera-
tivity between water molecules, malonates and bpp ligands has
been borne out in the generation of R4*(10) and R¢%(16) water-mal-
onate cluster motifs and the adoption of higher energy TG (A[TG-
TT] = 2.01 kcal/mol; A[GG'-TT] = 1.87 kcal/mol) conformation of
bpp.

In general, the Cu-malonate moieties have a tendency to assem-
ble into a 2D coordination polymeric sheet [31-33]. By the intro-
duction of a competing ligand bpp, and the participation of water
in the coordination sphere of Cu, the donor atoms of malonate pre-
ferred to form novel motifs A and B with water molecules that
compete over the tendency of malonate O-atoms to coordinatively
bind to adjacent metal centers. This inhibits the malonate O-atoms
to opt for the coordination bonds to adjacent Cu centers and the
sheet formation is disrupted, instead a 2D supramolecular ribbed
sheet is preferred. The synchronization of strong and weak interac-

tions is further evidenced by the adoption of a high-energy TG con-
formation (than TT conformation) of bpp. This investigation
focuses on the importance of both strong and weak interactions
simultaneously in the assembly of crystalline materials.

Interestingly, in the present crystal structure motif A mimics
the planar water tetramer and motif B mimics the cyclic water
hexamer with chair conformation. From literature survey, we real-
ized that when a number of water molecules are present in the
crystal structure, they often tend to self-organize themselves in
the form of regular water clusters such as tetramer, hexamer etc.
The self-assembly of the water clusters are so robust that they
can withstand appreciable amount of strain arisen from the pene-
tration of perturbing organic ligands and they preserve their regu-
lar cluster geometry. The observation, that the malonate
penetrates the motif A (tetramer) and motif B (hexamer), nicely
substantiates above view.

3.2. Thermogravimetric analysis

The thermal stability of the water pentamer was studied.
The compound was heated up to 200°C at a rate of heating

T u T . T . T g

TGA (%Wt

100 +
95 4

90

Wt(%) —

85 -

80+ T

7 S —
20 40 60 80 100 120 140 160 180 200

Temp(’C) —

Fig. 6. The thermal analysis of compound 1 was plotted.
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10 °C/min. The thermal analysis was plotted in Fig. 6. The water
loss of the compound was happening in two steps. The weight loss
starts from 45 °C, four water molecules were lost between 45 and
100 °C and the coordinated water molecule was lost within 110-
130 °C.

4. Conclusion

In summary, the self-assembly of an acyclic water pentamer
with malonate induces a supramolecular ribbed sheet by coopera-
tivity and competitiveness of weak and covalent forces. The adop-
tion of high-energy TG conformation by bpp indicates that the
weak forces can compete the strong covalent forces and act in uni-
son cooperatively. Further, an interesting observation is that the
water clusters preserve their regular geometry even with the
replacement of some water molecules by the acceptor atoms of
perturbing ligands.
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Appendix A. Supplementary data

ORTEP diagram of the complex and figures of grid topology
have been supplied as supplementary materials (Figs. S1-S4). CIF
file for complex 1 bears the CCDC No. 606406. These data can be
obtained free of charge via http://www.ccdc.cam.ac.uk/conts/
retrieving.html, or from the Cambridge Crystallographic Data Cen-
tre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223 336
033; or e-mail: deposit@ccdc.cam.ac.uk. Supplementary data asso-
ciated with this article can be found, in the online version, at
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