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a b s t r a c t

Reaction of 2.5-dicarboxy-1-methylpyridinium (DCMP) chloride and Zn(NO3)2 �6H2O in the presence of

NaHCO3 in water gave an expected acentric diamondoid network [Zn(DCMP)2] with a three-fold

interpenetration. With long Zn–Zn separations, very large cavities are formed within each diamondoid

network with high propensity to interpenetration, which makes it show a promising non-linear optical

property with SHG efficiency approximately 7 times higher than that of potassium dihydrogen

phosphate (KDP). The design strategy of ligand through methylation of the corresponding pyrdine-

carboxylic acid can be extended to other widely used carboxylic acids, more importantly, to lead to an

unsymmetric bifunctional bridging ligand, which is essential for generating polar solids.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

Second-order nonlinear optical (NLO) materials find practical
applications in electrooptic devices [1–7]. This kind of materials
requires noncentrosymmetric arrangement of the molecule in the
bulk, which is opposite to the favorable centrosymmetric arrange-
ment for most molecules; therefore it is a great challenge for
scientists to synthetize those materials. Consequently, several
approaches towards alignment of NLO chromophores into an acentric
bulk, including poled-polymers, Langmuir–Blodgett films, and self-
assembled multilayers [8–12], acentric hydrogen-bonded aggregates
[13], antiparallel alignment of ionic sheets [14], head-to-tail align-
ment of dipolar guests confined in channels of organic host lattices
[15], and symmetry control [16] have been explored. Diamondoid
networks are of great interest in the field of supramolecular chem-
istry and crystal engineering because of their predisposition to pack
in acentric space groups, which are relevant to NLO properties.
Different strategies have been used to prepare such materials through
covalent linkage, metal coordination, hydrogen bond, donor–acceptor
interactions, or van der Waals forces. The organic diamondoid
structures are frequently achieved either directly from homo- or
heterogeneous tetrahedral building blocks or through the appropriate
linear node connectors [17,18], while the engineering of most
inorganic, metal-organic, or organometallic diamondoid networks is
achieved by the tetrahedral metal centers with bifunctional bridging
ligands [19–21], in which the use of asymmetric pyridinecarboxylate
ligands produced a series of acentric diamondoid networks with
ll rights reserved.
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interesting SHG properties. This strategy is very efficient to make the
NLO materials, and it relies on the design and synthesis of the
bifunctional ligand possessing electron pull–push effect. In this
context, we modified the widely used 2.5-pyridinedicarboxylic acid
for metal-organic frameworks through methylation to produce 2.5-
dicarboxy-1-methylpyridinium (H2DCMP) chloride. The methylation
blocks the coordination site of pyridine, which are quite often
involved in the coordination [22,23], making the multiple coordina-
tion sites easy control. DCMP ligand becomes a linear spacer in
contrast to 2.5-pyridinedicarboxylic acid. Moreover, the positive
charge after methylation makes the DCMP have a total charge �1
when depronated, which is suitable for making diamondoid network
with divalent metal center. As expected, the resulting Zn(DCMP)2 1
indeed has an acentric diamondoid architecture, which are reported
herein.
2. Experimental section

2.1. Materials and general methods

The ligand 2.5-dicarboxy-1-methylpyridinium (H2DCMP)
chloride was prepared according to the literature method [24].
All other chemicals used in this work were of reagent grade. They
were commercially available and used as purchased without
further purification. Thermogravimetric analysis was performed
on an instrument TGA 2050 Thermogravimetric Analyzer with a
heating rate of 5 1C/min up to 650 1C. A pulsed Q-switched
Nd:YAG laser at a wavelength of 1064 nm was used to generate
the SHG signal. The back-scattered SHG light was collected using
a spherical concave mirror and passed through a filter that
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Table 2

Selected distances (Å) and angles (1) in compound 1.

Zn1–O1 1.9583 (17)

Zn1–O1#1 1.9583 (17)

Zn1–O4#2 1.9596 (17)

Zn1–O4#3 1.9596 (17)

O1–Zn1–O1#1 100.72 (11)

O1–Zn1—O4#2 109.74 (7)

O1#1–Zn1–O4#2 118.46 (8)

O1—Zn1—O4#3 118.46 (8)

O1#1–Zn1–O4#3 109.74 (7)

O4#2–Zn1–O4#3 100.67 (11)

O2–C1–O1 127.5(2)

O3–C8–O4 128.1(2)

Symmetry codes: (#1)�xþ1, �y, z; (#2) xþ1/4, �yþ1/4,

z�3/4; and (#3) �xþ3/4, y�1/4, z�3/4;
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transmits only 532 nm radiation. Approximate estimations of the
second order nonlinear optical intensity were obtained by com-
parison of the results obtained from a powdered sample in the
form of a pellet (Kurtz powder test), with that obtained for KDP.

2.2. Synthesis of compound 1

Preparation of compound 1. 2.5-dicarboxy-1-methylpyridinium
(H2DCMP) chloride (2 mmol, 44 mg) was dissolved in 10 mL water
and neutralized by double molar equivalent 1 N NaHCO3 solution.
Then Zn(NO3)2 �6H2O (1 mmol, 30 mg) aqueous solution was
added dropwise. Upon evaporation, the colorless block shaped
after a week. Crystal yield based on DCMP is 34%. Anal. Calc. (%) for
1: C, 45.07; H, 2.82; N, 6.57. Found: C, 45.48; H, 2.32; N, 6.16.

2.3. Crystallography

The crystal data were collected on a SMART CCD 1000 with
MoKa radiation (l¼0.71073 Å) at 150 K. The structures were
solved by direction methods and refined by a full matrix least
squares technique based on F2 using SHELXL 97 program. All
hydrogen atoms were located from the difference Fourier maps
and refined isotropicallly. A summary of the crystallographic data
and structural determination for 1 is shown in Table 1.
Fig. 1. Molecular structure of [Zn(DCMP)2] unit in 1.
3. Results and discussion

3.1. Single-crystal X-ray diffraction

Single-crystal X-ray diffraction analysis revealed that
Zn(DCMP)2 1 crystallizes in a noncentric space group Fdd2 and
forms a 3D diamondoid network as expected. Selected bond
lengths and angles are listed in Table 2. An Ortep drawing of
the structure of compound 1 is illustrated in Fig. 1. The Zn ions are
located on a 2-fold position and coordinated with four oxygen
atoms from the monodendate carboxyl group of DCMP ligand.
The Zn1–O1 and Zn1–O4#2 bond lengths are 1.9583(17) and
1.9596(17) Å, respectively, which are consistent with the corre-
sponding values found in other zinc carboxylate complexes
[24,25]. The central Zn ion has a tetrahedral geometry with
O–Zn–O angle within the range of 100.7–118.51, slightly deviated
from the ideal tetrahedral geometry. Both carboxyl groups of the
DCMP ligand are deprotonated and bridge two Zn ions in a
Table 1
Crystal and refinement data for compound 1.

Empirical formula C16H12N2O8Zn

Formula wt. 425.65

Crystal system Orthorhombic

Space group Fdd2

a (Å) 12.7423 (8)

b (Å ) 34.469 (2)

c (Å ) 7.2327 (5)

V (Å3) 3176.7 (4)

Z 8

rcalcd (mg m�3) 1.780

m (mm�1) 1.60

F000 1728

Reflections collected 7234

Unique reflections, Rint 1930, 0.054

Observed reflections [I42s(I)] 1848

Index range (h,k,l) �16rhr16,�45rkr45,�9r lr9

R1, WR2 (F242s(F2))a 0.029, 0.077

a Weights during refinement were w¼1/[s2(Fo
2)þ(0.052P)2

þ1.5055P], where

P¼(Fo
2
þ2Fc

2)/3.
monodentate mode. The carboxyl group O1–C1–O2 is close to
be coplanar with the central pyridyl plane with a twisting angle of
10.01, while the other carboxyl group O3–C8–O4 is more twisted
with an angle of 37.31. Apparently, the carboxyl group O3–C8–O4
has more steric hindrance from the methyl group.

The Zn1 center is connected to four adjacent Zn centers
through the DCMP bridges to result in a three-dimensional
polymeric network with a diamondoid architecture, in which an
equal intraframe ZnyZn distance is ca. 10.67 Å. ZnyZn distance
in compound 1 is longer than that of bis(isonicotinato) zinc [19]
with Zn–Zn separations of 8.78 and 8.81 Å, respectively. With
long Zn–Zn separations, very large cavities are formed within
each diamondoid network in 1 (Fig. 2). If the DCMP bridge groups
are omitted, the Zn–Zn–Zn angles in 1 range from 72.31 to 118.91
and deviate moderately from the 109.451 expected for an idea-
lized diamond network. The same deviation is found in [Cd(iso-
nicotinate)2(EtOH)] [20], in which the Cd1 center is connected to
four adjacent Cd centers through the isonicotinate bridges to
result in a 3-dimensional diamondoid polymeric network with
the Cd–Cd–Cd angles ranging from 75.41 to 129.01. This com-
pound thus adopts a highly distorted diamondoid structure,
probably in order to accommodate the coordination of one
ethanol molecule. But, in our compound 1, no solvent molecule
has been included; the distortion may result from the steric
hindrance of the methyl group.

It is a well-known fact that the diamondoid frameworks have a
high propensity to interpenetration [21], which indeed occurs in
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compound 1. Frequently, observed features in interpenetration can be
listed: (a) this mode generates large channels of ‘‘ideal’’ square section
that run parallel to the direction of interpenetration and usually
contain the anions (anionic channels); (b) the adamantanoid cages
are stretched in the direction of interpenetration, and, moreover,
(c) this direction corresponds to the shortest crystallographic axis.
Obviously, compound 1 conforms to all the above points and has
effectively avoided the formation of a large void space via a 3-fold
interpenetration (Fig. 3). The degree of interpenetration remains
difficult to predict and fully explain [26]. It is strongly related to the
length of the spacer ligands, which dictates the M � � �M separations,
that is, the length of the edges of the adamantanoid cages, and hence
influences the number n of interpenetrating nets. However, even in
the presence of rigid ligands, a precise n/M � � �M correlation does not
exist. For example, the Ag � � �Ag separation in the ninefold diamond-
oids [Ag(bpcn)2]X [27,28] is about 16.4 Å, while the corresponding
separation in the eightfold interpenetrated network [Ag(3.30-dcpa)2]-
ClO4 �H2O is 17.02 Å [29]. In bis(isonicotinato) zinc [19], although
with shorter Zn–Zn separations of 8.78 and 8.81 Å than that of
compound 1, three-fold interpenetrated network even forms.

Apart from specific intermolecular noncovalent interactions, the
hydrogen bonds with well characterized geometry and robustness
are also frequently used in designing supramolecular arrays and
amongst hydrogen bonds, C–H � � �O hydrogen bonds play a domi-
nant role in the stability of organometallic crystals [30]. In compound
1, the uncoordinated oxygen atoms of carboxyl groups form
C–H � � �O hydrogen bonds [C3yO3#1

¼3.364(3) Å; C3–H3AyO3¼
Fig. 2. A single diamondoid network assembled by tetrahedral [Zn(DCMP)2]:

carbon, gray; oxygen, red; nitrogen, blue; and zinc, yellow. (For interpretation of

the references to color in this figure legend, the reader is referred to the web

version of this article.)

Fig. 3. The packing diagram of diamondoid net
152.11; C7yO3#1
¼3.288(4) Å; C7-H7DyO3#1

¼163.81; C5yO2#2
¼

3.193(3) Å; C5-H5AyO2#2
¼149.61; #1:x,y,�1þz; #2:x,y,1þz] with

the C atoms from the adjacent set of the diamondoid network,
stabilizing the 3D network of 1. C–H � � �O hydrogen bond, in organic
compounds, is assumed to exist in those cases where the C � � �O
distance (D), H � � �O distance (d), and the C-H � � �O angle (y) are
such that 2.8oDo4.0 Å, 2.0odo3.0 Å, and 110oyo1801, respec-
tively [31]. Actually, a reliable C–H � � �O hydrogen bond is considered
to be one where the C � � �O distance, H � � �O distance, and C-H � � �O
angle are in the ranges 3.10–3.50 Å, 2.00–2.80 Å, and 150–1801,
respectively [32]. It is their directionality that makes them important
as crystal structure directors [30]. Therefore, it is useful to discuss
hydrogen-bond lengths and angles jointly. Very short C–H � � �O
contacts should be viewed with some skepticism. In cases of doubt,
angular considerations should take precedence over length considera-
tions. In the present report of compound 1, the parameters related to
C–H � � �O interactions viz. C � � �O distance and C–H � � �O angle lie in
the ranges 3.193–3.364 Å and 149.6–163.81, respectively. They are in
close agreement with the above quoted reports of organic and
organometallic compounds and consistent with the corresponding
values found in organotellurium carboxylate complexes [33]; hence it
is concluded that the compound 1 contains C–H � � �O hydrogen
bonds. The oxygen of C–O of carboxylate group acts as acceptor of
hydrogen bond from acidic –CH3 and –CH2– groups resulting in
intermolecular C(sp3)-H � � �O and C(sp2)-H � � �O hydrogen bonds,
respectively. Although, on the basis of the above available data, it is
difficult to comment on the strength (strong or weak), but it is clear
that they do form supramolecular assemblies (Fig. 4).

3.2. SHG efficiency

Requirements for NLO effects are the absence of a center of
symmetry and the presence of asymmetric ligands that can
introduce electronic asymmetry (push–pull effect). The examples
of Zn networks exhibiting NLO effects are [Zn(ini)2]n [19],
[Zn(pya)2]n [34], and [Zn(bpeb)2]n [35] that all are of diamondoid
type. Owing to the lack of an inversion center at the tetrahedral
connectivities diamondoid frameworks are often associated with
acentric space groups. Consequently, diamond-related coordina-
tion networks based on transparent (tetrahedral)d10 metal ions and
asymmetric ligands are generally potential candidates for practical
second-order NLO applications. [Zn(ini)2]n, [Zn(pya)2]n, and
[Zn(bpeb)2]n possess robust, interpenetrated network structures
that are thermally stable up to 360–400 1C. In [Zn(ini)2]n each Zn is
coordinated by two pyridine nitrogens and two carboxylate oxy-
gens; the 3D structure is 3-fold interpenetrated, while 5-fold
interpenetration occurs in the case of [Zn(pya)2]n. As pointed out
in [19], diamond-based frameworks with an odd number-fold
interpenetration are necessarily acentric, while those with an even
number-fold interpenetration can be either centrosymmetric or
work with three-fold interpenetration in 1.



Fig. 4. Molecules of compounds 1 connected through C–H � � �O hydrogen bonds.
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acentric. A preliminary second harmonic generation (SHG) mea-
surement on powdery sample of 1 confirmed its acentricity and
odd number-fold interpenetration (3-fold). Compound 1 has a SHG
efficiency approximately 7 times higher than that of potassium
dihydrogen phosphate (KDP), suggesting that compound 1 be a
potential second-order NLO material. The large SHG response
is presumably related to the large electronic push–pull effects
due to the positive charge of methylpydinium. Compound 1 also
exhibits remarkable thermal stability. Thermogravimetric analysis
(TGA) shows no weight loss and the compound is stable up
to 410 1C.

The notable feature of this work is deliberate design of the
ligand and the structural prediction of its metal complex. A well
documented diamondoid networks are based on the divalent Zn
and Cd ions with unsymmetrical pyridine-carboxylate ligands
[19,20]. Though 2.5-pyridinedicarboxylic acid is unsymmetrical in
nature and has been widely used for metal-organic frameworks,
no diamondoid network has been reported. Methylation of
2.5-pyridinedicarboxylic acid blocks the coordination site of
pyridine, which are quite often involved in the coordination.
This makes the DCMP resemble the benzodicaroxyl acid in
terms of potential coordination mode, but the charge is reduced
from �2 to �1. More importantly, it leads to an unsymmetric
bifunctional bridging ligand, which is essential for generating
polar solids. To the best of our knowledge, 1 is defined as the first
DCPM metal complex reported so far.
4. Conclusions

A novel metal-organic network with a diamondoid architec-
ture has been obtained through a rational design, which exhibits a
promising SHG property. The design strategy of ligand through
methylation of the corresponding pyrdinecarboxylic acid can be
extended to other widely used carboxylic acids. Efforts are
currently underway to explore the scope of this new strategy to
form new metal-organic frameworks with useful physiochemical
properties.
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