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A new type of cyclic water hexamer chain was found to
occupy the host channel of a supramolecule, formulated
as [Zn(bdc)en-3(H,0)],, (1) [H,bdc = 1,3-benzenedicar-
boxylic acid; en = ethylenediamine] and characterized
by X-ray crystallography. As each water molecule was
only involved in hydrogen bonding, facile removal of the
lattice water was anticipated. The hydrogen-bonded
water chain was completely removed by heating 1 at
96°C, forming the dehydrated solid [Zn(bdc)en], (2).
Interestingly, complex 1 can be regenerated in water
vapor by a gas—solid reaction.

Keywords: Water cluster; Hydrogen bond; Gas-solid reaction;
X-ray structure

INTRODUCTION

Small water clusters (H,0), (n=2-10) are
currently of considerable interest and have been
extensively studied both theoretically and experi-
mentally [1-7]. A detailed understanding of the
various possible structures and characteristics of
water aggregates can provide an insight into the
nature of water—water interactions in bulk water
and in ice, as well as in biological and chemical
processes. Among water clusters, the hexamer is
of particular interest [8-12]. Recent studies
indicate the water hexamer to be the smallest
possible unit that can reveal some of the proper-
ties of liquid water [13]. Theoretical studies based
on ab initio Hartree—Fock (HF) and density
functional theory (DFT) calculations have pre-
dicted several isomers for water hexamers (see
Scheme 1) [14-17], of which the three-dimensional

cage structure with eight hydrogen bonds was
found to be of minimum energy; this most stable
form was confirmed experimentally [18]. The
cyclic hexamer (‘ring’ in Scheme 1), almost
isoenergetic with the cage isomer, was first formed
in liquid helium droplets and characterized by IR
spectroscopy [19]. It is particularly significant as it
is the building block of ice Iy and I. [20,21].

The lattice of the crystal host may offer an
alternative environment to stabilize water clusters
of various topologies. Recently, various water
clusters [22-27], including cyclic water hexamers
[28-31], found in a number of crystal hosts, have
been structurally characterized. For example, cyclic
water hexamers were found in a porous lantha-
nide—organic framework with both boat and chair
configurations [32]; the conformation of water
hexamers trapped within channels of a crystal of
a dirhodium molecule was a twist boat [33]; some
of the cyclic water hexamers were of high energy
and displayed very different configurations
from their theoretical counterparts [34].
We report here the synthesis of the coordinate
polymer [Zn(bdc)en-3(H,O)], [Hybdc=1,3-
benzenedicarboxylic acid; en = ethylenediamine]
with one-dimensional channels, for which we have
reported preliminary crystal data elsewhere [35].
We found planar hexamers linked with wuudd
tetramers enclathrated in the channels of the as-
synthesized supramolecular complex. Further-
more, complete removal or regeneration of the
water hexameric chains by moderate heating or
exposure to water vapor has been successfully
performed for the first time.
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bag cage prism

SCHEME 1 Calculated configurations of water hexamer isomers
[14-17].

(a)

RESULTS AND DISCUSSION

Crystal Structure

The crystal structure of 1 [36] was reported in our
previous paper [35], in which we mainly discussed
the architecture of the host molecules. In brief, the
chemical formula of 1 consists of one zinc ion, one bdc
ligand, one en ligand and three water molecules. Each
bdc or en ligand acts as doubly bridging ligand,
bonding to four Zn(Il) ions to form a rectangular frame.
The tetrahedral coordination polyhedron of Zn(II)
then allows the extension of these rectangular frames
into infinite sheets as shown in Fig. 1. These sheets
mutually interdigitate by m-stacking interactions
between the nearest-neighbor bdc benzene rings,
leading to the formation of two types of extended
one-dimensional channels along the crystallographic
a axis, with dimensions of 7.286 X 10.207 and

FIGURE 1 (a) The building unit present in the extended solid-state structure of complex 1 shown with nonhydrogen atoms.
The displacement ellipsoids are drawn at the 50% probability level. (b) Crystal packing viewed along the a axis, showing water molecules
trapped within the larger one-dimensional channels.
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6.240 x 10.207 A. The larger channels are occupied by
water guests as shown in Fig. 1b.

Interestingly, a close examination of the molecular
packing indicates that the water molecules are
associated by O—H:---O hydrogen bonds into cyclic
centrosymmetric hexamers that adopt a planar
conformation (Fig. 2a). Geometric parameters for the
cyclic water hexamers are summarized in Table I
The average O---O distance of 2.781(3) A within
the hexamers is slightly longer than the corresponding
value of 2.759 A found in ice I, at —90°C.
The torsion angles of Olw- - -O2w- - -O3w- - -Olw* and
O2w---O3w---O1lw® - -O2w?* are 1.2(2) and —1.1(2)°,
respectively [symmetry code: (a) 2 —x, —y, 2 — z],
indicating that the water hexamer is an approximate
planar structure. The water hexameric rings are almost
parallel to the bdc benzene rings, and self-assemble
along the channels by an O3w—H---O2w hydrogen
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FIGURE 2 (a) Representation of the planar configuration of the
cyclic water hexamer found in the channels of complex 1. (b) Self-
assembly of the water hexamers into a one-dimensional ladder-
like chain. (c) View of the water hexamer and its immediate
environment, showing hydrogen bonds between water cluster and
host organic ligands. Other water molecules in adjacent rings are
omitted for clarity.

bond into infinite ladder-like chains that consist of
alternate four- and six-membered rings (Fig. 2b). The
water tetramers (the four-membered ring) adopt the
well-known wuudd [37-39] configuration with an
average O---O distance of 2.774 A. They are nearly
perpendicular to the water hexameric rings. The
torsion angle of Olw- - -O2w- - -O3w- - 02w is 93.3(1)°
[symmetry code: (b) 1 — x, —y, 2 — z]. To the best of
our knowledge, this is a new conformation for the one-
dimensional water chain.

As shown in Fig. 2¢, hydrogen bonds also exist
between the water clusters and host organic ligands,
with average distances of 2.985(3) and 2.749(2) A for
Ow- - -N and Ow- - -O, respectively. These cooperative
interactions between guest water molecules and
crystal host help not only to form the less stable uudd
tetramer and planar cyclic hexamer of the water
clusters in the channels but also to stabilize the whole
structure. Each water molecule in the water chain is
involved in the formation of four hydrogen bonds in
an almost tetrahedral arrangement. O2w and O3w
are hydrogen bonded to three other water molecules
and one oxygen atom from the neighboring organic
ligand bdc, respectively, while Olw is hydrogen
bonded to two other water molecules and two
nitrogen atoms from the neighboring organic ligand
en. Each water molecule servers as both a hydrogen
bond donor and acceptor.

Reversible Removal/Formation of the Water Chain

Crystal structure study reveals that none of the water
molecules is covalently bonded to the host metal ion.
The relatively weak interactions with the host
framework suggest that the water chains are fairly
loosely held in the host channels. Therefore, facile
removal of these water molecules under moderate
heating is anticipated. Thermogravimetric analysis
(TGA) shows a first weight loss of 15.1% at 96°C,
corresponding to the removal of all three water
molecules (theor. 15.7%) per formulae unit. The
elemental analysis (see Experimental) supports the
formation of [Zn(bdc)(en)] (2). It should be pointed
out that there is a phase change after the removal of
lattice water, as the dehydrated solid 2 shows a very
different X-ray diffraction (XRD) pattern from that of
the initial complex 1 (see Fig. 3a,b). The phase change
could be due to the movement of the two-
dimensional framework on the bc plane.
Interestingly, when the dehydrated material 2 was
exposed to a moist environment, the product 3 had
almost the same XRD pattern as 1 (see Fig. 3).
Therefore, 1 has been successfully regenerated,
which has also been supported by elemental analysis
(see Experimental). In the XRD pattern of 3, the
diffraction peaks are slightly lower and wider than
that of 1, which indicates that the particle size of the
regenerated product 3 becomes smaller. To further



15:12 29 January 2011

Downl oaded At:

294 Y. -Q. JIANG AND Z. -X. XIE

TABLEI Geometrical parameters (A, °) for the cyclic water hexamers in 1

D—H.--A D—H H---A D---A D—H.--A
Olw—Hlw2:--O2w 0.84(1) 1.97(1) 2.786(2) 166(3)
Olw—Hlwl.--O3w? 0.84(1) 1.95(1) 2.787(3) 171(3)
O2w—H2w1.--02 0.84(1) 1.91(1) 2.743(2) 174(2)
O2w—H2w?2- - 03w 0.83(1) 1.96(1) 2.774(3) 165(3)
O3w—H3w2: - -02w” 0.85(1) 1.94(1) 2.778(2) 171(2)
O3w—H3w1---03 0.84(1) 1.93(1) 2.755(3) 164(3)
N2—H2n1- - -Olw* 0.86(1) 2.15(1) 3.001(3) 169(2)
N2—H2n2 --Olw? 0.85(1) 2.12(1) 2.968(2) 171(2)
0---0---0 0---0---0---0

Olw---O2w- - -O3w 125.2 Olw—O02w—0O3w—O1w? 1.2(2)
O2w---O3w- - -O1w? 118.2 O2w—O3w—O1w*—02w? -1.1(2)
O3w---Olw™ --O2w” 116.6 Olw—O02w—O03w—02w” 93.3(1)

Symmetry codes:a (—x +2, =y, —z+2;b(1 —x, —y2—2;cx—1,y2;d(-x+1,-y+1,—z+2).

check whether the water chain had been regenerated
in product 3, FTIR analyses were performed. Figure 4
shows the FTIR spectra of the original complex 1,
the dehydrated solid 2 and the regenerated product
3. The intensity of the bands at 3348, 3290 and
3223cm ™" decrease significantly in the dehydrated
solid 2 in comparison with that of the original
complex 1. These adsorption bands correspond to
the O—H stretching, which theoretically should
disappear when all the water had been removed.
However, we could not avoid the adsorption of
water when preparing the sample for IR analysis.
Meanwhile, a series of bands centered at 2580 cm ™
and ranging from 2958 to 1890cm ! in the original
complex 1 disappeared upon heating (for the
dehydrated solid). Because similar IR bands at
2528 cm™ " were thought to be the results of Fermi
resonance of vop; with the in-plane dopy and out-
plane yony bending modes [26] in the cyclic water

tetramer, we assigned the bands centered around
2580 cm ! as the characteristic O—H bending mode
in the water hexamers and tetramers. In the product
3, the characteristic bands of the water hexamer and
tetramer reappear in the IR spectrum, which is
almost identical to that of 1 (see Fig. 4), strongly
suggesting that the water chains have been success-
fully regenerated.

EXPERIMENTAL

Preparation

1,3-Benzenedicarboxylic acid (Hbdc, 5mmol) was
dissolved in ethanol (20ml) in the presence of
ethylenediamine (en, 20ml). A solution of zinc
nitrate (10mmol, 20ml) in water was added
dropwise and the mixture was refluxed for 4h,

(2)

Relative intensity
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FIGURE 3 X-ray powder diffraction patterns of (a) the original complex 1, (b) the dehydrated solid 2, and (c) the regenerated solid 3.



15:12 29 January 2011

Downl oaded At:

WATER HEXAMER CHAIN 295

(@)oo
807

607

Y%Transmittance

407

4000 3000

Wavenumbers (cm-")

%Transmittance

2000

3000

2000 1000

Wavenumbers(cm-')

FIGURE 4 (a) FTIR spectrum of the initial complex 1 (solid line) and the dehydrated solid 2 (broken line). (b) FTIR spectrum of the

dehydrated solid 2 (solid line) and the regenerated solid 3.

then filtered to remove the white precipitate formed.
Colorless products were crystallized from pale
yellow filtrations 2 days later. They were collected
and washed sequentially with water and ethanol.
Yield: ca. 78%. IR (KBr pellet, Cmfl) 3348s, 3290s,
3223s, 3141s, 2959m, 2895m, 2793w, 2716w, 2650w,
2580w, 2525w, 2420w, 2212w, 1942w, 1892w, 1626s,
1606s, 1557s, 1476m, 1445m, 1369s, 1313m, 1199m,
1166m, 1111s, 1078s, 1019s, 933w, 880w, 836m, 732s,
711s, 671m, 590m, 493w, 468w, 438m. Anal. Calcd for
ZnCqoH1sN-O7 (M 343.65): C 34.95%, H 5.28%, N
8.15%. Found: C 34.87%, H 5.44%, N 8.36%.

Dehydration

A freshly prepared sample of 1 (182 mg) was heated
at 96°C in a conventional oven for 4 h. The measured
weight loss (28.4mg) was equivalent to the loss of
three water molecules per formula unit of

[Zn(bdc)(en)(H,0)5] (1) (caled 28.6 mg). The weight
loss supported the formulation of the dehydrated
compound as [Zn(bdc)(en)] (2). This is consistent
with the elemental analysis. Calcd for ZnC;oH;2N>O4
(M 289.61): C 41.47%, H 4.18%, N 9.67%. Found: C:
40.86%, H 4.20%, N 9.62%.

Regeneration of the Water Hexamer Chain

Dehydrated material 2 (153.6 mg) was exposed to a
moist environment (by keeping the sample in the
upper part of a desiccator that contained water in the
lower part). Two days later, 1 was regenerated from
dehydrated material 2 by absorbing water vapor. The
increase in the weight (28.9 mg) was equivalent to the
gain of three water molecules per formula unit of
[Zn(bdc)(en)] (2) (caled 28.6mg). The regenerated
solids showed an identical XRD pattern and IR
spectrum to those of the original complex 1. Anal.
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Calcd for regenerated solid 3 ZnC;oH;sN>O7
(M 343.65): C 34.95%, H 5.28%, N 8.15%. Found: C
34.67%, H 5.58%, N 8.34%.

Instrumentation

Microanalysis (C, H, N) data were obtained with an
EA1110 CHNS-O elemental analyzer. The infrared
spectrum was recorded by using KBr pellets on a
Nicolet Avatar 360 FTIR spectrophotometer in the
range 4000-400cm™'. XRD powder patterns were
collected on a Panalytical X"pert X-ray diffractometer
using nickel-filtered Cu Ka radiation in the angular
range 260 = 5-60° with a step size of 0.008° and a scan
step time of 10.16s. TGA and DSC were performed
on a NTTZSCH STA 449C thermal analyzer
at a heating rate of 1°C/min under a nitrogen
atmosphere.
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