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The current interest for the self-assembly of net-
worked coordination polymers,! because of their poten-
tial properties as novel zeolite-like materials,? for
molecular sieving, ion exchange, gas storage, molecular
sensing, and catalysis, has afforded many noteworthy
two-dimensional (2D) and three-dimensional (3D) frames.
However, the crystal engineering of networks with
desired topologies and specific properties still remains
a hard challenge, and the variety of factors that can
influence a particular self-assembly process are not yet
well understood. Indeed, besides a careful choice of
suitable building blocks and reaction conditions, no
model for the network formation from the solution is
presently available. Because the final outcome of the
crystallization can be driven by the details of the
process, the investigation of these factors cannot be less
important than the correct selection of the reagents.

In this concern the use of microscopic techniques at
different levels (optical or scanning probe microscopy,
SPM), paralleling the crystallographic structural char-
acterization of the products, can be useful for many
purposes, including the following: (i) the study of the
factors influencing the kinetic nucleation and crystal
growth; (ii) the diagnostic monitoring of the crystalliza-
tion process to reveal the possible crystal transforma-
tions with time or upon a change in the reaction
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conditions; (iii) the analysis of correlations between
crystal structure and crystal morphology, and, particu-
larly, the growth rates in different directions; (iv) the
investigation of the surface phenomena under crystal
transformation. Few studies concerning some of these
features have been reported for metal complexes® and,
in particular, none, to our knowledge, for coordination
polymers.* Indeed, we have recently obtained interest-
ing results from the AFM monitoring of the nanoporous
behavior of a catenated spongelike 3D coordination
network.56

We have therefore investigated, using the above
approach, the networking ability of the conformationally
flexible bidentate ligand 1,3-bis(4-pyridyl)propane (bpp)
with the chlorides of M2* cations (M = Co, Ni, Cu, Cd),
in variated crystallization conditions. We report here
on these studies, carried out at a phenomenological
level, that have lead to some interesting and unpredict-
able results.

Different polymeric species have been obtained, de-
pending on the solvent system. Two main bulk products
have been isolated with all the metal salts by the direct
reactions carried out using a bpp to MCI, molar ratio
of 2:1, that is, the one-dimensional (1D) polymer
[M(bpp)sCl;] from water solutions, and the interpen-
etrated diamondoid network [M(bpp).Cl,] from mixed
solvent systems involving water and an organic solvent
(alcohols, acetone, dichloromethane, and others).” We
have then focused our investigation on the copper
system. However, in the attempt of obtaining the 1D
polymer from water, we have also observed the prelimi-
nary formation of crystals of a third species. We
therefore describe here the structures of the three
copper polymers, namely, [Cu(bpp)sCl;]-2H,O (1),
[Cu(bpp).CI]CI-1.5H,0 (2), and [Cu(bpp).Cl;]-2.75H,0
(3) that are 1D, 2D, and 3D polymers, respectively.8-10

This system has been the object of growth studies
using optical microscopy. We have observed that the
formation of 1 is preceded by the nucleation and growth
of crystals of 2, not observed in the bulk reactions of
the other salts. Both 1 and 2 are obtained from water
solutions of the reagents, but in successive periods of
time. The crystal growth and the solid transformation
mediated by the solvent have been followed by means
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Figure 1. Monitoring of the crystal transformation 2 — 1;
small crystals on the background belong to 2. Crystals of 1
nucleated approximately after 2 h since solution mixing
(elapsed time reported; 2.5 mm on the long side).

Figure 2. View of a single zigzag chain in coumpound 1 (top)
and of the interdigitation of the polymers (bottom) in the (0 0
1) plane (horizontal axis a, vertical axis b). The coordination
geometry is distorted octahedral and relevant bond parameters
are as follows: Cu—N 2.050(4)—2.054(4) A; Cu—Cl 2.795(1)—
2.802(1) A.

of an optical microscope coupled to a CCD camera with
automatic time series image acquisition. The pictures
show (Figure 1) that after a few hours a large amount
of dark-blue crystals of 2 were formed as the unique
product, and then the system evolved to 1, which gives
larger crystals of a lighter blue color with a character-
istic morphology, while the crystals of 2 were progres-
sively destroyed. The transformation (at room temper-
ature) takes place with different rates at different
ligand-to-metal molar ratios. Relatively high concentra-
tions of the reagents and/or lower ligand-to-metal ratios
favor the formation of crystals of 2 at the expense of
1.11 When the proper conditions are used, therefore, the
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Figure 3. View of a single (4,4) layer in 2 (top) and of the 3D
architecture formed by interpenetration of the three sets of
layers down the a axis (bottom). The stacking of the layers is
ABAB for all three sets. The open channels running down [1
0 0] are evidenced. Relevant bond parameters are as follows:
Cu—N 2.015(8)—2.089(8) A; Cu—Cl 2.499(3)—2.537(4) A.

2 — 1 transformation can be stopped or driven to
completion so that we were able to obtain pure crystal
samples of both species suitable for a single-crystal
X-ray analysis.1?

The structure of compound 1 consists of zigzag Cu-
(bpp) chains all running in the [1 0 0] direction and
exhibiting also two monocoordinated ligands per metal
atom (Figure 2); these parallel 1D polymers (with a
period equal to a, 17.19 A) are arranged in (0 0 1) planes

(8) Both compounds 1 and 2 are obtained from water solution as
pure samples. For 1: a solution of the bpp ligand (24.1 mg; 0.122 mmol)
in water (4 mL) is added to a stirred solution of CuCl,*2H,0 (6.8 mg;
0.040 mmol) dissolved in 4 mL of water. A blue precipitate formed
immediately, which was left to stir for 40 min, filtered, and dried under
vacuum (yield: 46%). 2 is obtained following the above procedure with
23.7 mg (0.1220 mmol) of bpp ligand and 10.3 mg (0.060 mmol) of CuCl,*
2H,0 (yield: 40%). The synthesis of 3 was carried out as follows: a
solution of bpp (40.5 mg; 0.204 mmol) in ethanol (4 mL) was added to
a stirred solution of CuCl,*2H,0 (17.4 mg; 0.102 mmol) dissolved in 4
mL of ethanol. A blue precipitate formed immediately, which was left
to stir for 40 min, filtered, and dried under vacuum (yield: 52%). The
pure nature of these powdered samples was confirmed by XRPD
methods. Variable elemental analyses were obtained because of the
loss in the air of solvent molecules (3—4%). For example, calcd. for 1,
C39H46Cl,CuNgO,, C 61.21, H 6.06, N 10.98; found, C 61.9, H 6.0, N
11.1; for 2, CoeH31CI,CuN4O; 5, C 55.96, H 5.60, N 10.04; found, C 56.8,
H 5.5, N 10.1; for 3, Cz6H335CI,CuN4O; 75, C 53.79, H 5.82, N 9.65;
found, C 54.5, H 5.8, N 9.7.
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with high interdigitation of their dangling ligands. The
layers of interdigitated chains stack along the c crystal-
lographic axis, interacting in this direction only via 7—x
contacts involving the uncoordinated pyridyl rings.13
Thermogravimetric analysis shows that compound 1 is
stable up to ~120 °C.

The structure of 2 consists of tassellated (4,4) sheets
(Figure 3, top) based on five-coordinated copper atoms
in a square-pyramidal geometry (with four equatorial
pyridyl groups and an axial chloride ion). There are
three almost identical but crystallographically indepen-
dent sets of sheets (in red, green, and blue in Figure 3,
bottom), which lie parallel to the (0 1 0) (red) and (0 0
1) (green and blue) planes and display “inclined” inter-
penetration,'#15 resulting in an overall 3D array. The
space-filling model of 2 down the a axis, illustrated in
Figure 3 (bottom), clearly shows that there are open
channels within the network (four per unit cell of free
volume of ~280 A3 each) occupied by the included water
molecules and free Cl~ anions (omitted for clarity).

Despite the different stoichiometry, the 2 — 1 trans-
formation is spontaneous also if it implies that part of
the copper remains unreacted; 1 is clearly favored by
an excess of bpp, but the formation of 2 is observed even
at a large ligand-to-metal stoichiometric excess. The
process seems entropy-favored but the mechanism is not
clear.

Differently from the behavior in water solution, the
presence of ethanol or other organic solvents (methanol,
acetone, and CH>Cl,) leads to the formation of crystals
of 3 only.

The structure of 3 consists of four interpenetrating
diamondlike networks of octahedral metal centers linked

(9) Crystal data for 1, C39H4sCI,CuNgO2: monoclinic, space group
12/a (No. 15), a = 17.191(1) A, b = 16.242(1) A, ¢ = 26.859(2) A, 8 =
91.59(1)°, V = 7496.4(8) A3, Z = 8, pcaica = 1.356 Mg-m~3, final R1 value
0.0788 for 6615 independent reflections [I > 2¢(1)]. Crystal data for 2,
Cy6H31CI,CuN,4O; 5. orthorhombic, space group P2;2;2; (No. 19), a =
16.314(1) A, b = 18.211(1) A, ¢ = 36.247(3) A, V = 10768.8(14) A3, Z =
16, peaica = 1.377 Mg-m~3, final R1 value 0.0824 for 15 361 independent
reflections [I > 20(1)]. Crystal data for 3, CsH335Cl.CUN4O2 75: tet-
ragonal, spacegroup 141/a (No. 88), a = 17.221(1) A, b = 17.221(1) A,
¢ = 40.965(2) A, V = 12148.7(9) A3, Z = 16, peaica = 1.270 Mg-m~3,
final R1 value 0.0991 for 3921 independent reflections [I > 2¢(1)]. The
data collections were performed at room temperature for 1 and 2 and
at 223 K for 3 on a Bruker SMART CCD area-detector diffractometer,
using Mo Ka radiation (1 = 0.71073 A) by the w-scan method, within
the limits 3° < 6§ < 25°. Empirical absorption corrections (SADABS)
were applied. The structure was solved by direct methods (SIR97) and
refined by full-matrix least-squares on F2 (SHELX-97). Anisotropic
thermal factors were assigned to all the non-hydrogen atoms but to
the water molecules with half occupancy. Compound 2 shows a disorder
produced by partial inversion of the square-pyramidal geometry at each
copper center and modeled by two components of 84 and 16% for copper
and the bounded chlorine atom. The assignment of the absolute
structure for 2 was confirmed by the statistics and the refinement of
the absolute structure parameter as implemented in SHELX-97 to a
value of 0.00(2). All the diagrams were generated using the SCHAKAL
97 program.

(10) Different structures due to slight changes in the crystallization
conditions have already been reported for copper species. See, for
example, Janiak, C.; Scharmann, T. G.; Gunther, W.; Hinrichs, W.;
Lentz, D. Chem. Ber. 1996, 129, 991. Janiak, C.; Uehlin, L.; Wu, H.
P.; Klufers, P.; Piotrowski, H.; Scharmann, T. G. J. Chem. Soc., Dalton
Trans. 1999, 3121.

(11) Preliminary studies on the influence of the temperature show
that the formation of 2 seems favored by an increase of T.

(12) The transformations described here can be related by analogy
to the kinetic and thermodynamic factors recently reviewed by Bern-
stein et al. for concomitant polymorphs: Bernstein, J.; Davey, R. J.;
Henck, J.-O. Angew. Chem., Int. Ed. 1999, 38, 3441.

(13) Janiak, C. J. Chem. Soc., Dalton Trans. 2000, 3885.

(14) Batten, S. R.; Robson, R. Angew. Chem., Int. Ed. 1998, 37, 1461.

(15) Batten, S. R. CrystEngComm 2001, 18.
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Figure 4. View of the 4-fold interpenetrated diamondoid
network in compound 3 (left) and of the isolated solvent-
containing chambers represented down the [0 0 1] direction.
Relevant bond parameters are as follows: Cu—N 2.036(7)—
2.069(5) A; Cu—Cl 2.679(2)—2.832(3) A.

by bpp bridges, which occupy the four equatorial posi-
tions of the copper coordination sphere, which is com-
pleted by two Cl~ anions (in the trans positions) (see
Figure 4, left). The four independent frameworks are
related by translation along the c tetragonal axis in
the usual interpenetration topology for diamondoid
frames.1#15 However, in a set of adamantane cages the
ligands display patterns that are rotated by 90° about
¢ upon passing from one frame to the successive one
(Figure 4, right). This creates isolated cavities to host
the solvent molecules, in contrast to the typical open
channels in the normal “parallely” interpenetrated
n-fold diamondlike nets. Indeed, despite interpenetra-
tion, the coordination network of 3 still contains large
voids, filled by solvated molecules, mainly of water.1®

The great influence of the solvent in this system has
been confirmed by direct observation by optical micros-
copy of the trasformation to compound 3 of crystals of
both 1 and 2 suspended in ethanol, according to the
overall Scheme. Likely ethanol has a templating effect
on the formation of 3, by filling the isolated cavities.1®
All the transformations have been confirmed by XRPD
methods.

A morphological analysis has also been carried out,
with face indexing of all the crystalline species to
correlate the crystallographic parameters, and therefore
the polymerization vectors of the networks, to the
growth directions of crystals.

(16) An analysis of these regions in a unit cell, performed by
neglecting all the solvent molecules, shows four equivalent isolated
chambers, probably templated by the ethanol—water solvent, of volume
770 A3 each, that add up to 25% of the cell volume (Speck, A. L.
PLATON, A Multipurpose Crystallographic Tool, Utrecht University,
1999). Thermal treatment, monitored by XRPD, indicates that the
network is retained after desolvation (up to ~100 °C) and that guest
water molecules can be readily reintroduced in the material by
exposure to water vapors.
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Figure 5. Top: correlation between crystal morphology and structure in compound 1. Bottom: AFM monitoring of the crystal
growth of 1 (scan size 2 x 2 um?) showing tangential accretion with monomolecular layers around a complex dislocation source.

Scheme 1

EtOH

This has shown the following features: in compound
3 the highest growing rate is coincident with the
tetragonal axis, along which the adamantanoid cages
are interpenetrated. The most surprising result, how-
ever, is that in 1 the preferential growth direction of
the crystals is along [0 1 0], which corresponds to the
packing direction of the 1D polymers, coincident with

the interdigitation of the chains, and not with the
direction of extension of the chains along [1 0 0] (see
Figure 5, top). Indeed, the periodic bond chain theory
(PBC) stresses the role, clearly recognized and tested,

(17) Hartman, P.; Perdok, W. G. Acta Crystallogr. 1955, 8, 49; 1955,
8, 521; 1955, 8, 525.
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of intermolecular forces in determining the morphology
of crystals?® but, on this ground, we would expect the
[1 0 O] growth direction to be the preferred one, owing
to the more intense metal—ligand interactions.

Finally, preliminary studies with in situ AFM moni-
toring of the crystal growth of 1 reveals that this
proceeds by tangential accretion of monomolecular
layers (height of half of the c axis) corresponding to the
(0 0 2) plane (Figure 5, bottom). Also on this scale the
anisotropy of the interactions in the (0 0 1) plane shows
growth rates v[0 1 0] > »[1 0 0], with profiles resembling
those of the mature crystals.

We have pointed our attention to these kinds of
studies about the crystallogenesis of the polymeric

(18) Berkovitch-Yellin, Z. 3. Am. Chem. Soc. 1985, 107, 8239.
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materials because they may be useful in achieving a
better understanding of the driving factors operative in
the self-assembly of the coordination networks. Besides
the interesting features described here, this approach
seems promising for general application to a variety of
polymeric systems and supramolecular arrays.
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