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ABSTRACT

Crystal engineering, the ability to predict and control the packing
of molecular building units in the solid state, has attracted much
attention over the past three decades owing to its potential
exploitation for the synthesis of technologically important materi-
als. We present here the development of crystal-engineering
strategies toward the synthesis of noncentrosymmetric infinite
coordination networks for use as second-order nonlinear optical
(NLO) materials. Work performed mainly in our laboratory has
demonstrated that noncentrosymmetric solids based on infinite
networks can be rationally synthesized by combining unsym-
metrical bridging ligands and metal centers with well-defined
coordination geometries. Specifically, coordination networks based
on 3D diamondoid and 2D grid structures can be successfully
engineered with a high degree of probability and predictability to
crystallize in noncentrosymmetric space groups. We have also
included noncentrosymmetric solids based on 1D chains and
related helical structures for comparison.

Introduction

The field of crystal engineering is primarily concerned with
the ability to predictably synthesize supramolecular struc-
tures from well-designed building blocks.! The organic
solid-state community has strived to achieve the dream
of rationally constructing functional supramolecular as-
semblies since Schmidt coined the term “crystal engineer-
ing” three decades ago.? To date, precise prediction of the
structure of a molecular solid still is a daunting task, even
with the most powerful computational approaches, be-
cause crystal packing is governed by many weak non-
covalent intermolecular forces.® The inability to predict
the structure of even the simplest crystalline solids from
a knowledge of their chemical composition has greatly
hampered the progress of crystal engineering of functional
solids.
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A seemingly unorthodox approach to the crystal engi-
neering of functional solids relies on the construction of
polymeric networks. In this approach, a single strong
interaction, such as hydrogen bonding or metal—ligand
coordination, is utilized to assemble supramolecular
networks with desired topologies from their constituent
building blocks. Because a single strong interaction domi-
nates in such systems, other weak intermolecular inter-
actions play a less important role in the crystal packing.
It is conceptually simpler to design appropriate molecular
subunits (modules) to enhance the dominant hydrogen
bonding or metal—ligand coordination interaction and,
thus, induce the construction of noncentrosymmetric
solids. The modular nature of such an approach also
allows precise engineering of a multitude of properties via
systematic tuning of the molecular modules. Since the
properties of such solids are not only dependent upon the
individual molecular components but are also a direct
result of the arrangement of these constituents within the
crystal lattice, these solids typically are not amenable to
traditional characterization techniques developed for
discrete molecules. Fortunately, single-crystal X-ray dif-
fraction techniques have undergone revolutionary growth
over the past few years and have helped develop su-
pramolecular crystal engineering into an emerging field
of interdisciplinary science. Notable examples include
recent successful design of hydrogen-bonded lamellar
frameworks based on guanidinium ion and various orga-
nosulfonates* and construction of highly porous solids
based on metal—organic coordination networks.®

Our interest in supramolecular crystal engineering has
been primarily concerned with the rational design of
noncentrosymmetric solids for applications in second-
order nonlinear optics (NLO). Second-order NLO materials
are key to the future photonics technology.® There has
been an intense research effort in second-order NLO
materials over the past two decades, particularly in
discrete organic molecular NLO chromophores.” In such
molecule-based NLO materials, the optical properties can
be readily fine-tuned through subtle changes in the
molecular structure using the tools of synthetic organic
chemistry. Indeed, guided by theoretical models, many
NLO chromophores with extremely high first hyperpolar-
izability (8) have been synthesized. However, to date,
organic NLO materials have yet to find practical applica-
tions;” inorganic materials such as lithium niobate and
potassium dihydrogen phosphate (KDP) are exclusively
used in electrooptic devices.® The unsuitability of organic
NLO materials for practical applications is primarily due
to the requirement of noncentrosymmetric arrangements
of molecular chromophores. Bulk second-order NLO
susceptibility (x?) is a third-rank tensor and will vanish in
a centrosymmetric environment.® Ideal NLO chromophores
typically contain a good electron donor and acceptor
connected through a conjugated bridge. Efficient NLO
chromophores are, therefore, electronically asymmetric
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and highly dipolar, and tend to adopt centrosymmetric
arrangements as a result of the dominance of centrosym-
metric dipole—dipole repulsions. To align NLO chro-
mophores into a noncentrosymmetric bulk, several ap-
proaches, including poled-polymers,” Langmuir—Blodgett
films,® and self-assembled multilayers'® have been ex-
plored. Despite tremendous progress in these areas,
fabrication of organic NLO materials with high temporal
and thermal stabilities remains a challenge.

Recent success in the design and synthesis of novel
materials based on metal—organic coordination net-
works!! has prompted us to examine supramolecular
engineering of noncentrosymmetric solids by exploiting
the strong and highly directional metal—ligand coordina-
tion bonds. We envision that coordination bonds can be
utilized to counteract unfavorable centrosymmetric in-
termolecular interactions in the solid state. Noncen-
trosymmetric coordination networks with desired topolo-
gies can be rationally designed by taking advantage of
well-defined metal coordination geometries in combina-
tion with carefully chosen rigid bridging ligands. We wish
to describe in this Account our successful development
of several crystal-engineering strategies toward the syn-
thesis of noncentrosymmetric coordination networks and
preliminary evaluation of their second-order NLO proper-
ties. We will divide this Account into three sections on
the basis of the dimensionality of coordination networks:
specifically, three-dimensional (3D) diamondoid net-
works,*? two-dimensional (2D) grid structures,'® and one-
dimensional (1D) and related helical systems.'4

3D Diamondoid Networks. General principles govern-
ing the topologies of 3D coordination networks have
recently been outlined by Robson et al.'®> A coordination
network is defined as a mathematical net or a series of
metal connecting points (nodes) connected to a fixed
number of bridging ligands (spacers). The crystal engi-
neering of noncentrosymmetric coordination networks
requires (a) identification of those nets that are not
predisposed to pack in centrosymmetric space groups and
(b) identification of potential nodes and spacers that can
lead to the desired noncentrosymmetric topology.

The most obvious choice of 3D network for crystal
engineering of noncentrosymmetric solids is the diamon-
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doid network (DN). Numerous metal—organic DNs have
been synthesized over the past few years.!6 DNs are not
predisposed to pack in centrosymmetric space groups
owing to the lack of inversion centers on the connecting
points. In fact, the prototypical NLO material KDP crystal-
lizes as a DN.” We surmise that a noncentrosymmetric
DN will arise if unsymmetrical bridging ligands are used
to connect tetrahedral metal centers. It is also well-known
that metal—organic DNs have a high propensity to inter-
penetrate in order to fill any void space.'® Despite the
inherent noncentrosymmetric nature of individual DN,
an even-number-fold interpenetration could potentially
lead to inversion centers relating pairs of mutually inde-
pendent diamondoid nets. On the other hand, an odd-
number-fold interpenetrated DN synthesized from unsym-
metrical bridging ligands will be necessarily noncentro-
symmetric.

Our preliminary work focused on the use of tetrahedral
(or pseudotetrahedral) metal centers (nodes) and unsym-
metrical rigid linear p-pyridinecarboxylate bridging ligands
(spacers). The d'® metal ions Zn?" and Cd?" have been
used as connecting points in order to avoid unwanted
optical losses from d—d transitions in the visible region.
When coordinated to both pyridyl and carboxylate groups
(either in monodentate or chelating fashion) of the
p-pyridinecarboxylate ligands, these d*® metal ions will
have tetrahedral (or pseudotetrahedral) extension and,
thus, have a high propensity of adopting DN structures
(Scheme 1). Rigid conjugate bridging ligands have been
chosen in order to minimize potential packing complexity
due to ligand conformational flexibility. Furthermore, the
use of an unsymmetrical linking group also introduces
electronic asymmetry, and the rigidity of the bridging
ligands is synergistic with good conjugation between the
electron donors and acceptors. Both of these factors are
necessary for second-order NLO effects.

We have taken advantage of hydro(solvo)thermal tech-
niques to synthesize metal—organic DNs. Hydro(solvo)-
thermal synthesis provides an ideal condition for rapid
growth of single crystals owing to lower solvent viscosity
and facile diffusion processes under such conditions.'®
Elevated temperatures during hydro(solvo)thermal syn-
theses also allow the formation of pyridinecarboxylate
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ligands from a wide variety of precursors (Scheme 2, L;—
Ls). We have demonstrated that the in situ slow hydrolysis
of precursor ligands containing cyano or ester function-
alites can result in less soluble phases not accessible from
their corresponding acids by virtue of the presence of a
large excess of metal ions under such synthetic conditions.
X-ray diffraction-quality single crystals of metal—organic
DNs have been readily obtained using hydro(solvo)-
thermal techniques.

The first noncentrosymmetric DN bis(isonicotinato)-
zinc, 1, was synthesized from a hydro(solvo)thermal
reaction between Zn(ClO,),-6H,0O and 4-cyanopyridine
(Ly) at 130 °C (eq 1).22 An X-ray single-crystal structure
determination reveals the formation of a 3-fold interpen-
etrated DN (Figure 1). Owing to the 3-fold interpenetra-
tion, 1 is necessarily noncentrosymmetric and, in fact,
crystallizes in the chiral space group P2,2,2;.

Subsequent reactions between Cd(NO3),:4H,0 and L,
in the presence of ethanol or pyrazine afforded [Cd-
(isonicotinato),(EtOH)][EtOH], 2, and [Cd(isonicotinato),-
(H20)][pyrazine], 3, respectively (eq 2).1%* In contrast to
1, both 2 and 3 adopt a 2-fold interpenetrated DN,
presumably owing to the tendency of Cd?* ions to adopt
a higher coordination number than Zn?* ions (Figure 2).
The coordination of a solvent molecule has prohibited the
formation a 3-fold interpenetrated DN. The void space
remaining after 2-fold interpenetration is effectively filled
by included ethanol or pyrazine guest molecules. Both 2
and 3 contain a center of inversion relating the two
independent networks and crystallize in the centrosym-
metric space group Pbca. We have demonstrated that the
framework structure of 2 could be maintained upon
evacuation of ethanol guests to generate a microporous
metal—organic solid.

VOL. 35, NO. 7, 2002 / ACCOUNTS OF CHEMICAL RESEARCH 513



Crystal Engineering of NLO Materials Evans and Lin

FIGURE 1. (a) Diamondoid network of 1. (b) Diagram showing the
3-fold interpenetration in 1.

FIGURE 2. Diagram illustrating the 2-fold diamondoid network in
2.

A hydro(solvo)thermal reaction of Zn(ClO,),-6H,0 and
L, in a mixture of methanol and water afforded Zn(4-
pyridylacrylate),, 4 (eq 3).1> Compound 4 adopts a 5-fold
interpenetrated DN and crystallizes in noncentrosymmet-
ric space group Cc (Figure 3). Interestingly, when the
reaction between Zn(Cl0O,),-6H,0 and L, was carried out
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in a mixture of 1-butanol and water, [Zn(4-pyridylacrylate),]-
[trans-2-butene], 5, was obtained (eq 4).1%¢ Compound 5
adopts a 4-fold diamondoid structure. The void space left
after interpenetration is effectively filled by trans-2-butene
guest molecules that formed from in situ dehydration of
1-butanol. As a result of 4-fold interpenetration, 5 crystal-
lizes in the centrosymmetric space group Pnna.

A similar reaction between Cd(ClO,),-6H,0 and Lz in
ethanol afforded [Cd(4-pyridylacrylate),](H.0), 6 (eq 5).1%
Compound 6 adopts a 5-fold interpenetrated DN with a
similar topology as 4. It is interesting to note that although
the network topologies of compounds 2 and 3 seem to
be sensitive to changes in the local metal coordination
environments, the network topologies of 4 and 6 seem to
be unaffected. These results may be attributed to the
longer length of L and, hence, slightly increased flexibility
of the linking group. This flexibility allows slight distortions
in the DN, thereby accommodating similar network
topologies for both Zn?" and Cd?* ions.

In an effort to delineate the relationship between ligand
length and degree of interpenetration, we have synthe-
sized p-pyridinecarboxylate precursor L, via a Stille cou-
pling reaction between 4-trimethylstannylpyridine and
4-bromobenzonitrile. A reaction of Zn(ClO,),-6H,0 and
L4 in a mixture of water, pyridine, and ethanol afforded
[ZNn,(u-OH)(4-(4-pyridyl)benzoate)s][EtOH], 7 (eq 6).1 The
dizinc unit in 7 adopts a pseudotetrahedral arrangement
of 4-(4-pyridyl)benzoate linking groups. Each dizinc unit
is thus connected to four adjacent dizinc units to form a
DN via two distinct linking groups. Two of the four linking
groups are the expected unsymmetrical 4-(4-pyridylben-
zoate) bridging ligands, and the other two are symmetrical
bis[4-(4-pyridyl)benzoate] double bridges that are related
by an inversion center. As a result, the individual DNs in
7 are inherently centrosymmetric. Compound 7 thus
crystallizes in the centrosymmetric space group P2;/n
despite 5-fold interpenetration. The formation of sym-
metrical bis[4-(4-pyridyl)benzoate] bridges in 7 is akin to
using symmetrical 4,4-bipyridine or 1,4-benzenedicar-
boxylate as bridging groups. This result emphasizes the
importance of unsymmetrical linking groups in the syn-
thesis of noncentrosymmetric metal—organic frameworks

A similar reaction between Cd(ClO,),-6H,0O and L4
afforded [Cd(4-(4-pyridyl)benzoate),][H.O], 8 (eq 7).*
Compound 8 adopts the expected DN structure (Figure
4). Owing to the longer length of the 4-(4-pyridyl)benzoate
groups versus the 4-pyridylacrylate groups, there is con-
siderably more void space inside each DN of 8 than those
of 4—6. As a result, 8 adopts 7-fold interpenetration and
crystallizes in the noncentrosymmetric space group la.

We have further extended this crystal engineering
strategy to an even longer 4-[2-(4-pyridyl)ethenyl]benzoate
bridging ligand.*?® Hydro(solvo)thermal reactions between
M(CIO,),-6H,0 and Ls afforded M{4-[2-(4-pyridyl)ethenyl]-
benzoate}, (M =Zn, 9; M = Cd, 10) (eq 8). The Zn centers
in 9 adopt both tetrahedral and octahedral coordination
environments, and the Cd centers in 10 adopt only
octahedral environments. Despite the different metal
coordination environments, both 9 and 10 adopt 8-fold
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FIGURE 4. (a) One of the diamondoid networks in 8. (b) Diagram illustrating the 7-fold interpenetration in 8.

interpenetrated DNs with essentially the same network
topologies (Figure 5). In fact, both 9 and 10 crystallize in
the chiral space group C2 despite an 8-fold interpenetra-
tion. These results reinforce the notion that an even-
number-fold interpenetration can, but may not, lead to
the formation of centrosymmetric solids. Furthermore, the
same network topology between 9 and 10 suggests that
the formation of diamondoid solids depends mostly on
the nature of the linking group, but is not sensitive to the
local metal coordination environments. The similar net-
work topology between 4 and 6 further supports this
argument.

Our systematic study has convincingly demonstrated
that metal p-pyridinecarboxylate frameworks have a high
propensity to form diamondoid solids. Moreover, the
combination of unsymmetrical bridging ligands and metal
centers with appropriate geometry has led to the success-
ful design of noncentrosymmetric solids. Although an even
number-fold interpenetration can (but may not) introduce
unwanted inversion centers and lead to bulk centrosym-
metry, an odd-number-fold DN with unsymmetrical bridg-

ing ligands will necessarily crystallize in a noncentrosym-
metric space group. Furthermore, there is compelling
evidence to suggest that the degree of interpenetration is
entirely dependent upon the length of the bridging ligand
(Figure 6). Therefore, when armed with the versatility of
organic synthesis, we can readily design ligands of the
appropriate length to induce the formation of odd-
number-fold interpenetrated DNs. We have, thus, for the
first time conclusively demonstrated the crystal engineer-
ing of noncentrosymmetric solids based on 3D diamon-
doid coordination networks.

We have investigated the NLO properties of noncen-
trosymmetric diamondoid networks using the Kurtz pow-
der techniques (Table 1).1° Measurements were carried out
on ground samples with a particle size of 76 £+ 13 um using
a fundamental wavelength of 1064 nm. Consistent with
their noncentrosymmetric structures, 1, 4, 6, and 8—10
are SHG-active. In fact, the second-order NLO properties
of 9 and 10 approach that of technologically important
lithium niobate. These results are very encouraging,
considering the limited donor/acceptor ability of p-
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FIGURE 5. (a) Diamondoid network structure of 9. (b) Diagram illustrating the interpenetration of eight independent diamondoid nets in 9.
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FIGURE 6. Dependence of degree of interpenetration of diamondoid networks on the length of bridging p-pyridinecarboxylate ligands.

Table 1. NLO Properties of Noncentrosymmetric
Diamondoid Networks

degree of space

compd interpenetration group 120/122(quartz)
1 3-fold P212121 15

4 5-fold Cc 126

6 5-fold Cc 18

8 7-fold la 310

9 8-fold Cc2 400

10 8-fold C2 345
LiNbO3 600

pyridinecarboxylates. It is also obvious from Table 1 that
increased ligand length results in enhanced SHG intensi-
ties. This correlation between SHG intensities and ligand
lengths suggests that the electronic asymmetry in the
p-pyridinecarboxylate ligands constitutes the molecular
origin of second-order nonlinearities of these solids.
Moreover, our work has demonstrated that efficient NLO
materials can be synthesized with modest electron donor/
acceptor combinations when all the constituents are
efficiently aligned to function cooperatively. NLO materials
based on metal—organic coordination networks are, there-
fore, advantageous in their transparency/nonlinearity
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tradeoff. There is, thus, a great potential for further crystal
engineering of noncentrosymmetric solids based on 3D
diamondoid coordination networks for practical second-
order NLO applications.

2D Coordination Networks. Our successful synthesis
of noncentrosymmetric solids based on 3D DNs has
prompted us to explore other structural motifs. We
hypothesize that the bent configuration of an m-pyridi-
necarboxylate ligand can accommodate the metal centers
to adopt infinite 2D grid structures. The metal centers in
either a cis-octahedral (with chelating carboxylate groups)
or a tetrahedral (with monodentate carboxylate groups)
environment can have at most C,, symmetry and, thus,
cannot possess an inversion center. When linked through
unsymmetrical bifunctional bridging ligands, noncen-
trosymmetric 2D grids will result. The use of unsym-
metrical m-pyridinecarboxylates also incorporates the
electronic asymmetry necessary for second-order NLO
properties. We have synthesized a series of noncen-
trosymmetric 2D grids from hydro(solvo)thermal reactions
between m-pyridinecarboxylate precursors Ls—L;; and
transparent d'° metal centers.
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FIGURE 7. 2D square grid structure of 11.

A hydro(solvo)thermal reaction between Zn(ClO,),
6H,0 and L¢ afforded colorless crystals of Zn(nicotinate)s,,
11 (eq 9).1% The Zn centers in 11 adopt pseudooctahedral
geometry by coordinating to two carboxylate groups and

to two pyridyl nitrogen atoms of four different nicotinate
groups in cis configuration. The Zn centers, thus, exhibit
C2 symmetry and are linked by nicotinate ligands to form
a chiral infinite grid structure. Individual grids stack via
interdigitation of 3-pyridyl groups to form a chiral solid
that crystallizes in space group P4;2,2 (Figure 7). A similar
reaction between Cd(ClO,),6H,0 and Lg, however, re-
sulted in a centrosymmetric solid bis(nicotinato)cad-
mium(ll), 12, which exhibits a complex 3D structure with
bridging carboxylate groups (eq 10).1% This result suggests
that the formation of 2D grids can be affected by changes
in the atomic radii of the metal connecting points.

A reaction of Zn(NOg3),-4H,0 and L; in a mixture of
ethanol, water, and pyridine at 105 °C affords colorless
crystals of Zn,{3-[2-(4-pyridyl)ethenyl]benzoato}g-{ 3-[2-
(4-pyridyl)ethenyl]benzoic acid}-(H,0), 13 (eq 11).1** Com-
pound 13 is built from four independent 2D grids that
stack in an ABC-type sequence (Figure 8). Two of these
rhombohedral grids exhibit 2-fold interweaving (A se-
quence) and the other two rhombohedral grids interdigi-
tate through 7— stacking (B and C sequences). The void
space in 13 is, thus, filled through 2-fold interweaving and
inclusion of a free 3-[2-(4-pyridyl)ethenyl]benzoic acid and

Scheme 3
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FIGURE 8. (a) 2D rhombohedral grid in 13. (b) Stacking of four
independent 2D rhombohedral grids along the ¢ axis.

water guest molecules. The interweaving observed in 13
is common among 2D grids built from long bridging
ligands and can potentially complicate the synthesis of
noncentrosymmetric solids. An even-number-fold inter-
weaving can also lead to unwanted inversions centers
relating pairs of 2D grids. Despite the presence of 2-fold
interweaving and inclusion of guest molecules, 13 fortu-
nately crystallizes in the noncentrosymmetric space group
Cc.

Interestingly, a similar reaction between Cd(ClO,),
6H,O and L; afforded Cd{3-[2-(4-pyridyl)ethenyl]ben-
zoate},, 14 (eq 12).1% Compound 14 adopts the expected
infinite 2D-grid structure and crystallizes in noncen-
trosymmetric space group Fdd2 (Figure 9). Compound 14
exhibits 3-fold interweaving in order to fill the void space
created by the longer ligand length within each 2D grid.

A further examination of 14 also reveals that adjacent
3-fold interwoven grids are related via a glide plane. All
the Cd centers within each 2D grid have the same C2
chiral configuration. However, because of the presence
of the glide plane, Cd centers in adjacent layers adopt
opposite chirality to result in a supramolecular racemate.
This result reveals an intrinsic problem in the develop-
ment of crystal-engineering strategies based on 2D coor-
dination networks. Specifically, although individual 2D
networks can be designed to be necessarily noncen-
trosymmetric, stacking along the third dimension is still
dictated by weaker noncovalent interactions. Such inter-
molecular interactions can force 2D coordination net-
works to adopt bulk centrosymmetry in which adjacent
layers of 2D grids are related via inversion centers. It is,
thus, necessary to develop novel packing arrangements
that exhibit better interlayer registry and inhibit the
occurrence of centrosymmetry. The pleated-sheet topol-
ogy observed in 15—17 provides an interesting solution
to such a problem.
Zn{4-[2-(3-pyridyl)ethenyl]benzoato},+(H,0), 15 was
obtained by a reaction between Zn(ClO,),-6H,0 and Lg
(eq 13).1%» Compound 15 adopts a highly distorted rhom-
bohedral 2D grid structure with the Zn centers coordinat-
ing to two carboxylate groups in a monodentate fashion
and to two pyridyl nitrogen atoms. Adjacent rows of Zn
centers within each 2D grid are offset by 2.93 A along the
¢ axis to result in a pleated topology (Figure 10). The
puckered nature of 2D grids renders better interlayer
registry, and adjacent 2D grids are related only by
translational symmetry. The Zn centers in 15, thus, have
the same chirality to lead to a chiral solid that crystallizes
in space group P2,2,2. The pleated topology of 15 provides
an effective means for controlling the stacking of 2D grids
and represents an interesting structural motif for the
synthesis of noncentrosymmetric 2D coordination net-
works. Similar pleated-sheet structures have been ob-
served in Zn{5-[2-(3-pyridyl)ethenyl]thiophene-2-carbox-

FIGURE 9. (a) 2D rhombohedral grid in 14. (b) Schematic representation showing the interweaving of three independent rhombohedral grids

in 14.
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FIGURE 11. (a) 2D rhombohedral grid of 16. (b) Schematic representation showing stacking of ruffled 2-fold interweaved 2D rhombohedral

grids of 16.

ylate},, 16, and Cd(acetate){4-[2-(N-imidazolyl)ethenyl]-
benzoate}, 17.

Compound 16 was synthesized by a hydro(solvo)-
thermal reaction between Zn(ClO,),-6H,0 and Lo (eq
14).135 Similar to 15, adjacent rows of Zn centers in each
2D grid of 16 are offset, resulting in a pleated topology
(Figure 11). Compound 16, however, adopts a 2-fold
interweaved structure, and the two independent 2D grids
are related by an inversion center. Compound 16 thus
crystallizes in the centrosymmetric space group Pcca.
Compound 17 was synthesized similarly from Cd(acetate),
and Lo (eq 15).1% The presence of both bridging acetate
and carboxylate groups has led to a centrosymmetric 2D
grid structure that crystallizes in space group Pcab. The
2D grids in 17 are nonetheless highly puckered.

We have demonstrated the feasibility of crystal engi-
neering noncentrosymmetric solids based on 2D grids;
however, to ensure the noncentrosymmetry of bulk solid,
not only the degree of interweaving, but also the stacking
of 2D grids along the third dimension has to be carefully
controlled. It is, therefore, significantly more challenging
to engineer noncentrosymmetric solids based on 2D grids
than on 3D DNs.

Powder SHG measurements indicated that compounds
11 and 13—15 are all SHG-active, in agreement with their
noncentrosymmetric structures (Table 2). Compound 13
has a powder SHG intensity of 400 versus a-quartz, and
14 has a remarkable intensity of 800 versus o-quartz. For
comparison, technologically important LiNbO; has a SHG
intensity of 600 versus a-quartz. All of these 2D coordina-
tion networks are thermally robust and optically transpar-
ent, and they are, therefore, attractive candidates for
practical NLO applications.

Table 2. Second-Order NLO Properties of
Noncentrosymmetric 2D Networks

ocmpd space group 120120 (quartz)
11 P432,2 2

13 Cc 400

14 Fdd2 800

15 P2:2,2 sample decomp.
18 R32 130

LiNbO3 600

We have recently successfully synthesized the first
chiral octupolar metal—organic coordination network. It
has been shown that donor/acceptor molecules with
3-fold rotational symmetry (octupolar chromophores)
have four significant components of 5 and, thus, can have
an improved transparency/optical nonlinearity tradeoff
when compared to traditional dipolar chromophores.20:2!
We have discovered that a hydro(solvo)thermal reaction
between Cd(ClO,),-6H,0 and L;; under basic conditions
resulted in a novel octupolar 2D coordination network
formulated as [Cds(us-OH)(pyridine)s(Li1a)s](ClO4)2, 18 (eq
16).1%4 Compound 18 adopts an infinite 2D coordination
network based on an unprecedented “basic” tricadmium
carboxylate core (Figure 12). Unsymmetrical pyrdinecar-
boxylate linking groups connect the tricadmium car-
boxyate clusters, resulting in a chiral infinite 2D layer. The
2D layers in 18 stack along the c axis in an interdigitated
fashion, resulting in a chiral bulk solid (space group R32).
Kurtz powder SHG measurements indicated that 18 has
a powder SHG intensity of 130 versus a-quartz, which is
consistent with its chiral nature.

1D and Related Helical Coordination Networks. The
design of noncentrosymmetric 1D chains can be readily
achieved, but construction of a noncentrosymmetric solid
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FIGURE 12. (a) View of the octupolar [Cd(us-OH)(Lsa)s(py)e]*™ building block in 18. (b) Schematic representation showing the 2D {[Cds(us-

OH)(Lsa)a(py)e]* "} - Sheet in 18 down the ¢ axis.

Scheme 4
H,O
18-crown-6 + 3 KSCN + CdSO4 [(18-crown-6)KJ[Cd(SCN)3] (eq.17)
19
H,O
18-crown-6 + 3 NaSCN+ CdSO4 [(18'C|’0W”'6)2N82(H20)2]0.5[Cd(SCN)3] (eq18)
20
JKXCN + CdSO, — 22
RaNCI -+ + 4 [RaNJICI(XCN)g] (eq.19)

based on 1D chains can be a formidable task owing to
the lack of control in two other dimensions. Teo et al.
recently developed an elegant approach to 1D NLO-active
materials based on polymeric cadmium chalcogenocyan-
ates.?? Anionic [Cd(XCN);]. (X = S or Se) chains are
inherently noncentrosymmetric because strong trans ef-
fects force the chalcogen atoms to lie in positions trans
to the nitrogen atoms (Scheme 4). The packing of the
resulting individual [Cd(XCN); ] chains, however, strongly
depends on the symmetry of the cations. For instance,
the cation in compound 20 is dimeric and contains an
inversion center. As a result, 20 crystallizes in the cen-
trosymmetric space group P2;/n. On the other hand, the
monomeric cation [18-crown-6]K* in 19 lacks an inversion
center and leads to the formation of a noncentrosymmet-
ric solid. The same cation dependence was observed in
compounds 21—24. The tetraalkylammonium cations in
21-24 do not possess inversion centers and lead to
noncentrosymmetric solids. Compounds 19 and 2122
have SHG efficiencies 1.5 to 3 times of KDP (KDP has a
I?» of ~10 versus a-quartz). However, 23 and 24 display
negligible SHG efficiencies, because adjacent [CA(XCN)3 ]«
chains in 23 and 24 adopt an antiparallel arrangement to
result in effective cancellation of dipole moments of
individual chains which, in turn, nullifies any SHG effect.

We recently synthesized a novel noncentrosymmetric
1D coordination network with an interlocked structure Zn-
(4-[2-(4-pyridyl)vinyl]cinnamate),(H,0), 25.1%¢ The asym-
metric unit of 25 consists of one Zn center, one coordi-
nated water, and two 4-[2—4-pyridyl)vinyllcinnamate
groups. Although one of the ligands connects adjacent Zn

520 ACCOUNTS OF CHEMICAL RESEARCH [ VOL. 35, NO. 7, 2002

R=Et, X=S (21), Se (22);
R=Me, X=S (23), Se (24)

centers, resulting in 1D chains that run along the a axis,
the other ligand only coordinates to the Zn center through
a semichelating carboxylate group (with the pyridyl group
noncoordinating). The dangling ligands form an intricate
interlocking pattern via 7—x stacking interactions that
direct the packing of polar 1D chains into a noncen-
trosymmetric bulk solid (Figure 13).

Poeppelmeier and co-workers have explored the syn-
thesis of noncentrosymmetric solids based on transition
metal oxyfluoride anions [MO,F¢_,]>~ (M =V, Nb, Ta, x =
1; M = Mo, W, x = 2).2 Similar to the niobate anion in
LiNbO3, [MO,Fs—]? are inherently noncentrosymmetric
because of a distortion of the metal from the center of
the octahedron. Despite the noncentrosymmetric nature
of [MO,Fs_«]?~ anions, they often crystallize in centrosym-
metric space groups owing to orientational disorder of the
oxyfluoride anions. Cocrystallization with two different
cations has led to the ordering of the [MO,Fs_4]>~ anions.
This technique effectively reduces the local symmetry
about the [MO,F¢_,]?>~ anion and the number of possible
orientations, thereby promoting the formation of non-
centrosymmetric 1D chains. But packing these anionic 1D
chains into a noncentrosymmetric solid still remains a
challenge. Poeppelmeier and co-workers have recently
met this challenge by synthesizing a helical metal—
oxyfluoride Zn(pyrazine)(H,0),MoO,F,, 26 (Figure 14).
Widely found in nature, helical structural motifs exhibit
axial chirality, and solids based on helical structural motifs
can crystallize in noncentrosymmetric space groups. The
MoO,F,~2 anions in 26 are orientationally ordered and
coordinated cis to [Zn(pyrazine),(H,0),]?" cations in an
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FIGURE 14. Polyhedral presentation of a helical chain of 26 and the linking of neighboring helices to form a chiral solid.

alternating fashion, resulting in 3; helical chains running
along the c axis. All of the helices in 26 have the same
handedness and are linked by pyrazine bridges, resulting
in a 3D chiral solid.

We have also previously reported a chiral helical
compound Zn{ Z-[4-2-(3-pyridyl)ethenyl]benzoate} ,-0.5H,0,
27142 The skewed conformation of the bridging ligand in
27 has induced the formation of 6-fold helices. Just as in
26, neighboring helices of 27 have the same handedness
and are covalently bridged by pyridylethenylbenzoate
ligands, resulting in a chiral 3D coordination network.
Owing to nonconjugate nature of the Z conformation of
the bridging ligand, 27 exhibits a modest powder SHG
efficiency (1> of 6 vs a-quartz). The successful synthesis
of 26 and 27, thus, highlights the recurring theme of this
Account: the probability of obtaining a noncentrosym-
metric solid is significantly higher when it adopts a 3D
framework structure.

Concluding Remarks. In this Account, we have out-
lined several successful strategies toward a new class of
NLO materials based on polymeric metal—organic coor-
dination networks. We have demonstrated the feasibility
of crystal engineering of noncentrosymmetric solids by
exploiting the strong and highly directional nature of
metal—ligand coordination bonds. The key to our suc-
cessful approaches lies in the utilization of dominant
metal—ligand coordination to direct the assembly of
supramolecular networks with desired topologies. The
most successful strategy is based on 3D diamondoid
networks. In such cases, we have effectively reduced the
daunting task of crystal enginnering of noncentrosym-
metric solids to a simple choice of bridging ligands with
appropriate length. The synthesis of noncentrosymmetric

coordination networks with lower dimensionality is less
predictable. For example, centrosymmetry in 2D grids can
arise from an even-number-fold interweaving as well as
from the stacking of noncentrosymmetric sheets through
centrosymmetric symmetry operations. We have shown
that well-chosen metal centers and bridging ligands can
lead to pleated sheets with an odd-number-fold inter-
weaving, which will necessarily be noncentrosymmetric.
Finally, noncentrosymmetric solids based on 1D and
related helical networks can also be synthesized, albeit
with much less predictability. Noncentrosymmetric co-
ordination networks have a favorable combination of
thermal and chemical stability, solubility characteristics,
transparency, and second-order optical nonlinearity, and
are, thus, potential candidates for applications in elec-
trooptic devices. The present work serves as a nice
example in which functional solid-state materials can be
rationally designed.
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