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New metal-organic frameworks (MOFs) [Ni(C;,NyH;0)-
(H20)][CeH3(COO0)2(COOH)] (I), [Coz(Hz0)6][CeH3(COO);5],-
(C4N,H 1) (H20), (ID), [Nig( Hzo )6l[CoH3(COO)3]5+(C4NoH o)-

(H20), (1), [NI(C13N2H14)(H20)][CeHs(COO) (COOH)] (IV),

[Niz(H20)s][CsH3(COO)3] (V) and [Co(C4N2Hy)(HoO0)[[CeHs-
(CO0)3] (VI) {C6H3(COOH)3 trimesic acid, C{,N,H;oq =
1,10-phenanthroline, C4;N,H;, = piperazine dication,
Cy3NoHyy = 1,3-bis(4-pyridyl)propane and CyN,H, =
pyrazine} have been synthesized by using an interface be-
tween two immiscible solvents, water and cyclohexanol. The
compounds are constructed from the connectivity between
the octahedral M?* (M = Ni, Co) ions coordinated by oxygen
atoms of carboxylate groups and water molecules and/or by

nitrogen atoms of the ligand amines and the carboxylate
units to form a variety of structures of different dimensional-
ity. Strong hydrogen bonds of the type O-H---O are present
in all the compounds, which give rise to supramolecularly
organized higher-dimensional structures. In some cases m-n
interactions are also observed. Magnetic studies indicate
weak ferromagnetic interactions in I, IV and V and weak
antiferromagnetic interactions in the other compounds (II, III
and VI). All the compounds have been characterized by a
variety of techniques.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

Metal-organic frameworks (MOFs) have been in the
forefront of research for their applications in the areas of
adsorption,!' separation and catalysis.”) Additionally, the
ability to incorporate almost all the elements of the periodic
table along with the possibility of introducing functionality
through the organic linkers provide the added impetus for
the continuing interest.}] Of the many MOFs that have
been synthesized,*! those with transition metals are impor-
tant.’] The transition elements, with their varied oxidation
states and coordination preferences, present an excellent op-
portunity to correlate magnetic, spectroscopic and related
properties with the framework structure.[®! The organic lin-
kers, with varying lengths and functionalities, can form
MOFs with adjustable channels and impart chemical reac-
tivity and in some cases chirality.[”]

A detailed study of the available literature clearly reveals
that the number of metal-organic framework compounds
formed by aromatic carboxylates is far more than that
formed by aliphatic ones.[**81 Of the many aromatic carb-
oxylic acid based MOFs, those of trimesic acid!®'”! (ben-
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zene-1,3,5-tricarboxylic acid, Hstma) form the largest
number of high-symmetry structures.['”l Most of these com-
pounds are prepared by using a mild hydrothermal reaction
between a metal salt, trimesic acid and a base.[102:10.10d]
Recently, there have been many attempts to modify the syn-
thesis conditions, which has given rise to newer approaches,
such as the biphasic solvothermal method!'?! and those that
use ionic liquids,!'!) etc. Of these, the biphasic approach ap-
pears to have distinct advantages. In biphasic reactions, the
metal salt is generally in aqueous medium and the organic
acid is in an organic solvent, which is usually immiscible
with water (cyclohexanol). The formation of the product
phase is usually at or near the interface between the two
liquids. This approach has been employed profitably for the
preparation of many inorganic—organic hybrid compounds
by Cheetham and co-workers.['?) Recently, the liquid—liquid
interface has also been employed for the synthesis of nano-
particles, nanocrystals, etc.['3]

The biphasic synthesis is advantageous while working
with metals that have low reduction potentials, i.e. metals
that are easily reducible — as is the case for Cu?* ions.[?]
It also offers the possibility to work with organic solvents
that may be unstable under hydrothermal conditions. Yaghi
and co-workers employed a modified approach for the
preparation of MOFs of aromatic dicarboxylates by em-
ploying two different solvents. Thus, Zn(NOj3),6H,O and
naphthalene-2,6-dicarboxylic acid were dissolved in a mix-
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ture of diethyl formamide (def) and chlorobenzene (ClBz),
and the solution was kept at room temperature without
contact in a vessel containing def and triethylamine (tea).
This approach resulted in isolating a new framework struc-
ture, Zn,[C,oHg(COO),]-[(Htea)(def)(CIBz)],.l'Y" In ad-
dition, they used a mixture of miscible solvents to crys-
tallize related metal-organic frameworks.!'* This approach,
although it uses a variety of organic solvents, cannot truly
be considered a biphasic method, since the solvents em-
ployed are generally miscible.

Though the biphasic method is seemingly advantageous,
this approach for the preparation of inorganic-organic hy-
brid compounds has not caught the imagination of rese-
arches. We sought to use this technique, in an exploratory
way, for the preparation of benzenecarboxylates of cobalt
and nickel. Our studies have been successful, and we have
prepared six new compounds: [Ni(C;,N,H()(H,0)][CsHs-
(COO)(COOH)] (I), [M2(H,0)6][CeH3(COO)3]o+(CaN-Hi)-
(H,0), {M = Co'' (ID, Ni"' (I}, [Ni(H,0)(C;3N,H,4)]-
[CsH3(COO),(COOH)] (IV), [Nis(H,0)s][CeH3(COO)sL (V)
and [Co(C4N,H,)(H,0)][C¢H3(COO),(COOH)] (VI). 1,10-
Phenanthroline was used for I, piperazine for II and III,
1,3-bis(4-pyridyl)propane for IV and pyrazine for VI,
whereas V was synthesized without any N-containing li-
gand. The compounds have 1D (I, II, III and IV) and 2D
(V and VI) extended structures. In this paper, the synthesis,
structure and properties of the compounds are presented.

Results and Discussion
Structures Description

[Ni(C;2N>H 1) (H>0) ][ CsH3(COO0)(COOH) |

The asymmetric unit of I consists of 35 non-hydrogen
atoms with one Ni*>" ion that is crystallographically inde-
pendent. The Ni** ion has a distorted octahedral geometry,
which is formed by three carboxylate oxygen atoms, two
nitrogen atoms of the phenanthroline ring and a bound
water molecule. The Ni-O/N bonds have lengths in the
range 2.021-2.148 A (av. 2.08 A) and the O/N-Ni-O/N
bond angles are in the range 77.9(1)-173.0(1)° (Table 1).
The structure consists of two NiO3;N,(H»O) octahedra con-
nected through two p; carboxylate oxygen atoms [O(3)] (us-
O connected to two Ni*? ions and one carbon atom) to
form an edge-shared dimer. The dimers are connected by
[Htma]> ligands to form a ladderlike one-dimensional
structure (Figure 1a). The structure is stabilized by hydro-
gen-bond interactions and 7w interactions between
[Htma]*>~ and 1,10-phenanthroline molecules. Strong O-
H--O hydrogen-bond interactions between the bonded
water molecules and the carboxylate oxygen atoms give rise
to a supramolecularly organized two-dimensional structure
along the ¢ axis (Figure 1b). The important hydrogen-bond
interactions are given in Table 2. This structure is closely
related to the cobalt compound [Co(C;2N-Hg)-
(H,0)][CcH5(CO0),(COOH)] reported previously.[!3]
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Table 1. Selected bond lengths in compounds I-1V and VL[

Bond Distance [A] Bond Distance [A]
I

Ni(1)-O(1) 2.021(3) Ni(1)-O3)#1  2.148(3)
Ni(1)-0(2) 2.046(3) Ni(1)-N(1) 2.063(3)
Ni(1)-0(3) 2.093(3) Ni(1)-N(2) 2.093(3)
I

Co(1)-O(1)#1 2.0788(15) Co(2)-0(4) 2.041(2)
Co(1)-0O(1) 2.0788(15) Co(2)-O4)#2 2.041(2)
Co(1)-0(2)#1 2.0927(16) Co(2)-0O(5#2 2.1161(16)
Co(1)-0(2) 2.0927(16) Co(2)-0(5) 2.1161(16)
Co(1)-0(3)#1 2.1205(16) Co(2)-0(6)#2  2.1776(16)
Co(1)-0(3) 2.1205(16) Co(2)-0(6) 2.1776(16)
I

Ni(1)-O(1)#1 2.043(3) Ni(2)-0(4) 2.046(4)
Ni(1)-0(1) 2.043(3) Ni(2)-O(d)#2  2.046(4)
Ni(1)-0(2)#1 2.057(3) Ni(2)-O(5)#2  2.076(3)
Ni(1)-0(2) 2.057(3) Ni(2)-0(5) 2.076(3)
Ni(1)-O(3)#1 2.085(3) Ni(2)-O(6)#2  2.129(3)
Ni(1)-0O(3) 2.085(3) Ni(2)-0(5) 2.129(3)
v

Ni(1)-0(1) 1.997(2) Ni(1)-0(4) 2.137(2)
Ni(1)-0(2) 2.072(2) Ni(1)-N(1) 2.065(3)
Ni(1)-0(3) 2.120(2) Ni(1)-N(2) 2.103(3)
VI

Co(1)-0O(1) 2.009(4) Co(1)-0(4) 2.243(4)
Co(1)-0(2) 2.026(4) Co(1)-N(1) 2.182(5)
Co(1)-0(3) 2.136(4) Co(1)-N(2) 2.185(5)

[a] Symmetry transformations used to generate equivalent atoms —
L#l x+1,y+2, —z+ L Hland L #1 x+ 1,y +1,z+ 1;
#2-x+1,-y =z

[M>(H>0)6][ CsH3(COO0);3]>(CyN>H ) (H20) (M =
Co”, Ni”)

The compounds II (Co) and III (Ni) are isostructural
and have 24 non-hydrogen atoms in the asymmetric unit.
There are two crystallographically independent M>* ions,
both of them are octahedrally coordinated and occupy spe-
cial positions [M(1) at site 1b and M(2) at site lc with a
site multiplicity of 0.5], and one complete trimesate anion.
M(1) has two carboxylate oxygen atoms [O(1)] and four
water molecules [O(2), O(3)], and M(2) has two water mole-
cules [O(6)] and four carboxylate oxygen atoms [O(4), O(5)]
completing the octahedral coordination. The M-O bonds
have lengths in the range 2.041(2)-2.178(2) A (av. 2.105 A
for II and 2.072 A for III), and the O-M-O bond angles
are in the range 61.3(6)-180.0° (Table 1). Although the ma-
jority of the planar angles are close to 90° (ideal value for
the octahedral coordination), the angle O(5)-M(2)-O(6) is
61.3(6)°, which leads to distortions. The M(2)-O(5) and
M(2)-O(6) bonds are also relatively longer (Table 1). The
single-crystal structures of both compounds have been re-
ported earlier without any detailed description.['®! Here, we
describe the structures and also provide a detailed dis-
cussion of the weak interactions, such as hydrogen bond
and 77 interactions. The trianionic trimesate units link
the M>* ions, which gives rise to an anionic one-dimen-
sional structure (Figure 2a). The one-dimensional chains
are arranged in an orthogonal fashion, which leads to a
layerlike arrangement with void spaces (Figure 2b). The
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Figure 1. (a) The one-dimensional ladder in [Ni(C,N,H;0)(H,0)][CsH3(COO),(COOH)] (I). (b) Hydrogen-bond interactions between
the coordinated water and the carboxylate oxygen atoms in I. The 1,10-phenanthroline molecules, bonded to the Ni** ions, have been

omitted for clarity.

Table 2. Important H-bonding interactions present in compounds
I, IT and VL2

D-H~A D-H[A] H~A[A] D~A[A] D-H-A[]
I

0(2)-H(2a)~O(@)P! 0945 173 26255  158(6)
0(2)-H(2a)~O(6)#19 094(4) 1904  2778(5)  1534)
IL, III

0(2)-H(2a)~O(6)#1 0955  181(6) 27425  165(7)
O(2)-H(2b)+O(8)#2 0954  L71(4)  2.654@4)  1704)
O(3)-H(3a)+0(7) 095(5)  L75(5)  2.62805)  152(7)
O(3)-H(3b)O@8)#3 094(5)  181(6)  2716(4)  162(6)
O(4)-H(4a)~O(7)#4 0963)  1753) 26925  169(6)
O(100)-H(102)~O@#5  0.893)  1.97(3)  2.809@8)  157(4)
C(12)-H(12a)~0(3) 0.97 1.99 28925 154
C(12)-H(12b)--O(9)#6 0.97 178 2728(6) 165

VI

02-+H2A~O6#1 0958)  177(7)  2697(7)  165(7)
02-+H2B+04#2 0959)  1779)  2.6956)  164(11)

[a] Symmetry transformations used to generate equivalent atoms —
L#l-1+x, - 1+yzIE# L —x,—p 1 -z#21+x, 1+, z
#H3x, 1l+yzn#dx, pl+z# —x,—p,2-z# 1 +x, 1+, z;
VI #1 x, 1 + y, z; #2 —x, 1 — y, —z. [b] Intramolecular. [c] Intermo-
lecular.

void is occupied by charge compensating protonated piper-
azine and water molecules (Figure 2b). The presence of
bonded and lattice water molecules in close proximity gives
rise to O-H--+O type hydrogen bonds (Figure 3a, Table 2).
In addition n---7 interactions between the benzene rings are
also observed.
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One of the notable features in the structure of II and III
is the presence of cyclic water tetramer units. Hydrogen-
bond interactions between the bound water [O(4)] and lat-
tice water [O(100)] lead to a tetramer with an average O-O
distance of 2.78 A (Figure 3a, b). Formation of water clus-
ters of different shapes and sizes has been an important
feature in many MOF compounds.'”! The study of water
clusters, especially the energies involved, are expected to
provide valuable information regarding the role of the hy-
drogen-bond interactions in bulk water (ice) and in some
MOF compounds and their role in the structural stability.
Since the present compounds have low-dimensional charac-
ter, such a study would be important to understand the role
of hydrogen bonds in stabilizing such structures. To this
end, we have performed some preliminary calculations on
the stability of the water cluster using the Gaussian98 pack-
age'! A single-point energy calculation was performed
without symmetry constraints. A value of 27.41 kcalmol !
for the water tetramer was obtained, which is comparable
with the values generally obtained for O-H:+O hydrogen
bonds.'”! Since the water tetramer is formed from the
bound as well as the lattice water, this energy may be impor-
tant for the structural stability.

[Ni(H>0)(C3N;:H,4) ][ CsH3(COO0),(COOH) |
Compound IV has 35 non-hydrogen atoms in the asym-

metric unit. The crystallographically independent Ni** ion

is surrounded by three carboxylate oxygen atoms, two nitro-
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Figure 2. (a) The one-dimensional zig-zag chain in [Niy(H,0)4][CsH3(COO);],*(C4N,H1,)(H,0), (III). (b) Packing diagram of III showing
the open apertures occupied by the piperazine and water molecules. H atoms have been omitted for clarity.
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Figure 3. (a) View of hydrogen-bond interactions between the lattice water, the coordinated water and the C—O group of the carboxylate
in III. Note the formation of a cyclic water tetramer by bonded and lattice water molecules (encircled). (b) View of the water tetramer.

gen atoms of 1,3-bis(4-pyridyl)propane (bpp) and a water
molecule and has a distorted octahedral environment
[Ni(H,O)O3N,]. There is one trimesate unit in the structure,
which is dianionic, and one bis(pyridyl)propane unit. The
Ni-O/N bonds have lengths in the range 1.997(2)-
2.138(2) A (av. 2.083 A), and the O/N-Ni-O/N bond angles
are in the range 61.8(7)-178.9(1)° (Table 1). The structure is
composed of linkages between the Ni*>* ions, two dianionic
3504
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trimesate anions and one bpp unit to give rise to a one-
dimensional ladderlike structure that resembles a column.
The dianionic trimesate groups can be classified into two
different types on the basis of their coordination with metal
ions; in acid-1, two carboxylate groups are bidentately con-
nected to Ni**, and in acid-2, two carboxylate groups are
monodentately connected. The NiO4N, octahedra are con-
nected to two bpp units to form a dimer, which is connected

Eur. J. Inorg. Chem. 2008, 3501-3514



Liquid-Liquid Interface for Benzenetricarboxylate Complexes of Co and Ni

Eur|IC

by acid-1 and acid-2 alternatively to form a columnlike ar-
rangement as shown in Figure 4a. The columns are supra-
molecularly organized through strong O-H---O hydrogen
bonds involving the free -COOH group of the trimesate
dianion, with average O—O contact distances of 2.6 A (Fig-
ure 4b). Although —-COOH dimers have been well estab-
lished in supramolecularly organized organic com-
pounds,?? this is the first example of such interactions
forming a three-dimensional structure through columns in
a metal-organic framework system.

%&lﬁ*
foks

1

Ni(H20)03N>

3

Acid-2

Figure 4. (a) The one-dimensional columnlike structure in
[NI(CIgNzH14)(H20)][CGHQ(COO)z(COOH)] (IV) Note the pres-
ence of two different types of carboxylic acid groups. (b) Schematic
diagram showing the arrangements of four different columns
around a single column, with all possible hydrogen-bonding inter-
actions shown.

[Ni3(H;0)s][ CsH3(CO0);] >

This compound has 42 non-hydrogen atoms in the asym-
metric unit, with four crystallographically independent Ni**
ions and two trimesate anions. The coordination geometry

Eur. J. Inorg. Chem. 2008, 3501-3514
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around the Ni** ions is similar to that observed in com-
pound III. The Ni-O bonds have lengths in the range
2.029(2)-2.139(2) A (av. 2.068 A), and the O-Ni-O bond
angles are in the range 81.1(1)-180.0°. Two sets of Ni spe-
cies [Ni(1) and Ni(3), and Ni(2) and Ni(4)] are connected
through p,-OH, and carboxylate bridges to form a trinu-
clear unit, which are linked by the trimesate anions to give
rise to a two-dimensional layer (Figure 5). This compound
has recently been isolated through a complex synthesis pro-
cedure,?!l and hence no further discussion will be provided
here.

Figure 5. View of the two-dimensional structure formed through
the connectivity between the Ni?* trimeric unit and the tma ligands
in [Ni3(H>0)5][CsH3(COO);] (V).

[Co(CyN>H,) (H0) ][ CsH3(COO0),(COOH) |

Compound VI has 23 non-hydrogen atoms in the asym-
metric unit. The crystallographically independent Co®* ion
is surrounded by three carboxylate oxygen atoms, two nitro-
gen atoms of pyrazine and a water molecule, which forms
a distorted octahedral environment, [Co(H,O)O3N,]. The
coordination environment around the Co®* ions is similar
to that observed around the Ni** ions in IV. The Co-
O/N bonds have lengths in the range 2.009(4)-2.243(4) A
(av. 2.13 A) (Table 1), and the O/N-Co-O/N bond angles
are in the range 59.8(2)-178.2(2)° (Table S6). The small
0O(1)-Co-0O(2) bond angle is due to the bidentate nature
of one the carboxylate groups towards the Co>* ion. The
connectivity between the Co?* ions and the trimesate
[Htma]> units leads to one-dimensional chains, which are
connected by pyrazine ligands to form the two-dimensional
structure with a 4,4-net topology (Figure 6a). The adjacent
layers are turned 180° relative to the first layer and results
in an ABAB-type layer arrangement (Figure 6b). The layers
are supramolecularly connected through hydrogen-bond in-
teractions to form a pseudo-three-dimensional structure
(Figure S1, Table 2).
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Figure 6. (a) The two-dimensional structure of [Co(C4N,Hy)-
(H,0)][CsH5(COO),(COOH)] (VI). Note the (4,4) nets. (b) The
stacking of the layers in the bc plane. Note that the layers are ar-
ranged in an ABAB... fashion.

Structural Comparison

All the structures obtained in the present study are
formed with trimesate anions, which are variably deproton-
ated. The structural features of compounds I-VI can be
compared and contrasted with other similar structures
formed using trimesic acid. Thus, I has a similar structure
to that of [Co(C;oN,Hg)(H,0)][CsH3(COO)5(COOH)].122)
In I, the secondary chelation occurs with 1,10-phenan-
throline and in [Co(C;(N,Hg)(H,0)][CcH3(COO),(COOH)]
with 2,2'-bipyridine.”?! The structures of II and III, al-
though appear to be unique in their arrangement, can be
correlated with the structure of [M3(H,0);,][CsH3(COO);],
(M = Co, Ni, Zn) reported by Yaghi and co-workers (Fig-
ure 7a).1?31 The overall connectivity in II and III and in the
structure reported by Yaghi and co-workers are compar-
able; the compounds have one-dimensional structures that
exhibit strong hydrogen-bonding interactions, which give
rise to channel structures. Unlike the structure reported by
Yaghi and co-workers,?* in II and III, the channels are not
empty but are occupied by piperazinium cations and water
molecules. The void space, thus, in II and III are fully occu-
pied and also gives rise to cyclic water tetramer units. In
the structure of Yaghi and co-workers,!>*! the void space
creates opportunities for the reversible adsorption behav-
3506
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iour. In this compound, the metal and the trianionic trimes-
ate units are in the ratio 3:2, and their connectivity gives
rise to a neutral one-dimensional chain structure, stabilized
by O-H--O hydrogen bonds. In IT and III, the metal and
the trimesate units are in the ratio 1:1, and their connectiv-
ity results in a one-dimensional structure, which is anionic.
Charge balance is achieved by the incorporation of proton-
ated piperazine molecules, which lead to additional hydro-
gen-bond interactions, which are absent in [M3(H>O0);,]-
[CeH5(COO0)5], (M = Co, Ni, Zn).?3]

The structure of IV appears to have a close resemblance
to [Cd(C3N,H 4),][CH;(CO0),(COOH)] (Figure 7b).?* In
both the structures, we have [Htma]*>~ and one free -COOH
group. The one-dimensional chains formed by Cd?* and the
[Htma] % ions are similar to those observed in IV (Fig-
ure 7b). In IV, the bpp ligands connect two chains to form
a unique one-dimensional columnlike structure (Figure 4a),
whereas in the Cd compound, the bpp ligands are bonded
along the opposite side of each chain to form a simple two-
dimensional layer structure (Figure 7b). The structure of VI
is similar to [le(c10N2H8)(H20)][C6H3(COO)2(COOH)]
reported earlier (Figure 7¢).>%1 A gridlike structure con-
sisting of two Ni-tma chains connected by 4,4’-bipyridine
has been observed in [Niy(C;oN,Hg)(H,O)][CcH3(COO),-
(COOH)], whereas the pyrazine molecule connects the Co
centres in VI. The smaller linker pyrazine gives rise to a
shorter Co—Co distance (7.14 A) than the Ni-Ni distance
in the nickel compound [Ni,(C;oN,Hg)(H,O)][CsH3(COO),-
(COOH)] (11.25 A) (Figure 7c).

Role of Weak Interactions

The use of hydrogen bonding in inorganic crystal design
has been of much focus recently.?®) A hydrogen bond of the
type D-H--A can be broadly defined as one that requires
a donor (D) that forms a polar ¢ bond with hydrogen (D—
H) and interacts through the hydrogen atom in an attractive
manner with at least one acceptor atom or group (A) by
virtue of a lone pair of electrons or other accumulation of
electron density on the acceptor (A). Thus, a hydrogen
bond is an interaction between a Lewis acid and a Lewis
base, wherein D-H serves as a Lewis acid and A as the
Lewis base. When considering the hydrogen bonds in inor-
ganic systems, the strength of the hydrogen-bond interac-
tions, the reliability of the hydrogen-bonded recognition
motifs and the attainability of a particular hydrogen bond
may be important. To this end, the definitions for a variety
of hydrogen bonds provided by Desiraju and Steiner®”! is
of considerable importance. For a D-H---O hydrogen bond
(D, A = O or N) to be strong, the energies are likely to be
in the range 4-15 kcalmol!. The strong hydrogen bonds
can effectively participate through directed assembly of the
building units. On the basis of the many structures available
in the literature, the participating functional groups can be
carbonyl, amide, oxime, alcohol, amine, etc. and the met-
als.?!

Many of the present structures are low-dimensional, and
hydrogen-bond interactions play a key role in the stability

Eur. J. Inorg. Chem. 2008, 3501-3514
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Figure 7. (a) The one-dimensional chain in [M3(H,0),][CcH3(COO)3], (M = Co, Ni, Zn) and in III. (b) View of the two-dimensional
structure formed by the linking of Cd-tma chains by bpp ligands in [Cd(C;3N,H 4),][CH3(COO),(COOH)]. (c¢) The two-dimensional
gridlike structure of [Ni(C;oN,Hg)(H,O)][CcH3(COO),(COOH)] and VI. Note the difference between the Ni centres because of the
difference in the linking ligand (see text).

of such structures. Many hydrogen-bonded motifs involving ~ well established and reported in the literature.l*” Of these,
carboxylate and/or amine/amide-based synthons have been ~ we have observed the classic dimer motif along with a few
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new ones that involve the water molecules. In I and VI, we
observed an O-H--O interaction between the carboxylate
group and the water molecules (Figure 8), where both the
water hydrogen atoms act as the donor and one of the oxy-
gen atoms of the carboxylate groups acts as the acceptor
(Figure 8a). In II and III, we observed both O-H--O and
C-H--O interactions (Figure 8b—d). The O-H--O interac-
tions are different from those observed in I (Figure 8b); the
acceptor oxygen atoms are different — one is a carboxylate
oxygen atom and the other is a carboxylic acid oxygen
atom. The C-H-+O interaction is between the methylene
hydrogen atom of the piperazine and the oxygen atom of
the carboxylic acid group (Figure &c). In II and III, the O-

.-‘H R
d}' “"‘o
—~ >—
o 0
(a)
N H----- O
N
T o
NH
(V]

(e)

H--+O interactions also give rise to a cyclic water tetramer,
which is noteworthy. The calculated energy of
27.41 kcalmol ! for the water clusters is within the range
15-40 kcalmol™' observed for very strong hydrogen
bonds.['”] The water clusters, formed by involving the lattice
water and bound water molecules, give additional structural
stability to IT and III.

In 1V, the free -COOH group of tma is primarily respon-
sible for the formation of a supramolecularly organized
three-dimensional structure. The hydrogen atom of the car-
boxylic acid group and the oxygen atom of the other car-
boxylic acid group interact to form the classical carboxylate
dimer (Figure 8¢). The observed O-O distance of 2.59 and

Figure 8. Representations of the hydrogen-bonding motifs observed in the present structures (a) I and VI, (b), (c), (d) II and III and (e)

Iv.
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O-H-++O bond angle of 167° can be described as strong hy-
drogen bonds. A single column in IV connects through the
carboxylate dimers to neighbouring columns to form the
three-dimensional structure with sinusoidal spaces.

In addition to this, many of the structures are also stabi-
lized by -1 interactions involving the benzene ring of the
carboxylate groups. The role of n*+*7 interactions in the sta-
bility of supramolecularly engineered crystal structures have
been well documented and in recent years, the role of m-n
interactions in extended structures has been a topic of much
interest.”®] In the present compounds, we find significant
intermolecular w7 interactions between two aromatic
rings of 1,10-phenanthroline in I and tma in I, II, IIT and
VI. The centroid—centroid distance (<) and the interplanar
angle (0) between the 1,10-phenanthroline rings of I and
between the tma units of I, Il and VI are shown in Fig-
ure 9a—d, respectively. Favourable m+'m interactions have
been observed in these compounds as can be seen from Fig-
ure 9.

Strong m---7 interactions are also observed in VI, where
they are seen to act in a parallel direction to the two-dimen-
sional sheet of VI. Most importantly, because of the short
Co-Co distances, the connecting [Htma]> ions are close
(3.683 and 3.805 A), which results in two different 7-+r in-

(©
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teractions (Figure S2). It has been observed that the aro-
matic rings in tma in all the structures are parallel to each
other but are staggered in conformation with respect to the
carboxylate group. This staggered arrangement of the aro-
matic rings has been commonly observed in systems exhib-
iting dipolar properties. It is likely that the staggered ar-
rangement of the tma anions reduces the dipole-dipole re-
pulsion between the two carboxylate groups. The 7+ in-
teraction energy has been calculated by using the
Gaussian98 software package at the [B3LYP/6-31 + G(d,p)]
level of theory.'8] The net m-n interactions calculated on
the basis of the above arrangements of the carboxylate
groups give rise to energies of 3.21, 3.94 and 3.45 and
3.25 kcalmol™! between the tma rings for I, I and VI,
respectively, and to an energy of 1.24 kcalmol™! between
the 1,10-phenanthroline rings for I. These are typical values
and similar 77 interaction energies have been observed
before.[>”)

Physical Properties

UVIVis Spectroscopic Studies

The diffuse reflectance UV/Vis spectra at room tempera-
ture were recorded for the sodium salt of tma and for the

d=3.68 and 3.81 A
6=0°

(d)

Figure 9. The possible n--7 interaction between the (a) 1,10-phenanthroline ligands in I, (b) tma in I, (¢) tma in II and III, and (d) tma

in VI. Note the differences in the conformation of the tma ligands.
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as-synthesized coordination polymers (Figures S3 and S4).
In all cases, the main absorption bands are centred around
296 nm, which can be assigned to the ligand-to-metal
charge-transfer transition. The additional peaks observed
in the compounds I-VI can be assigned to the d-d transi-
tions of the Ni** (d®) and Co?* (d7) ions in an octahedral
environment. Thus, the peaks at 385, 654, and 737 for I, at
384, 653, and 734 for III, at 385, 635, and 760 for IV and
at 404, 678, and 732 for V can be assigned to the d—d transi-
tions for Ni** (d®), 3A,; — *Tag, *Asy — *T14(F) and Ay,
— 3T 4(P). Similarly, the peaks at 533 and 621 for II and
at 517 and 615 for VI can be assigned to d-d transitions
for Co?* (d7), *T4(F) — *Ta, and *T 4(F) — “T4(P).B%

Room-temperature solid-state photoluminescence studies
were carried out on powdered samples (Perkin—Elmer,
U.K.) (Figure 10). The compounds and the sodium salt of
tma were excited at 300 nm. The excitation and emission
intensities were controlled by using a slit width of 10 nm
for both cases. Intense emissions occurring at about 360 nm
and about 420 nm were observed, which may be arise from
the charge transfer from the ligand to the metal (LMCT
band). In addition, bands due to the d—d transitions of the
octahedrally coordinated Ni** (d®) and Co?* (d”) are also
observed. Thus, the bands at 488 and 526 nm for I, 487 and
525 nm for III, 427 and 528 for IV and 487 and 528 nm for
V can be assigned to the electronic transitions 3T2g — 3A2g
and T 4(F) — *A,,, respectively, for the Ni** ion. Similarly,
the bands at 486 and 529 nm for II and at 486 and 527 nm
for VI can be assigned to the electronic transitions 4T, —
4T o(F) and *T4(P) — *T4(F), respectively, for the Co**
ion.?% A study of the literature on the photoluminescence
spectra of related compounds reveals that the observed d-
d transition bands for the compounds correspond well with
those reported for related metal-organic framework com-
pounds.”®! MOFs based on Co and Ni with 4,4’-oxybis-
(benzoic acid) and 4,4'-bipyridine, [Co,(C;oHgN,)][C;,H5O-
(COO),], and  [Niy(CioHgN>),][C12HsO(COO),)»-Hy0,
show LMCT bands at about 440 nm with d-d transition
bands at about 480 and about 525 nm, respectively, which
are also observed in I-VI.

Magnetic Studies

Transition elements possess unpaired electrons and thus
provide a useful opportunity for the investigation and cor-
relation of the structure and magnetic behaviour. Transi-
tion-metal-organic framework compounds based on trim-
esic acid®! and organic ligands which mimic the symmetry
and coordination of trimesic acidl*?! have been prepared
and exhibit interesting magnetic behaviour. Thus,
[Mn3{CsH3(COO);}] shows antiferromagnetic behaviour at
5 K’[3la] and [(MHCUL)3{C6H3(COO)3}](CIO4)3'8H20
[H>L = macrocyclic Robson proligand] shows ferromag-
netic interaction at 12 K.[3'®] Presently, we have investigated
the magnetic susceptibility as a function of temperature for
I-VI with a SQUID magnetometer in the range 2-300 K by
employing a field of 0.1 T (Figures 11 and S5). The ob-
served magnetic moments for compounds I, III, IV and V
3510
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Figure 10. (a) Solid-state photoluminescence spectra of I, III, IV,
V and Na(tma). (b) Solid-state photoluminescence spectra of I, VI
and Na(tma).

at room temperature (300 K) are 3.07, 3.01, 3.41 and
2.66 pg, respectively, which correspond to the non-inter-
acting paramagnetic Ni>* ions and are close to the spin-
only magnetic moment of the Ni*>* ion in octahedral field
(2.83 pg). A plot of 1/yp vs. T for compounds IITI and IV
in the temperature range 50-300 K can be fitted to the Cu-
rie-Weiss behaviour, with a value for C of 1.46 and
0.89 emumol ™ and for fp of -0.7 and 1.8 K, respectively
(Figure S5). Similar values have been observed for other
compounds.[*3 The presence of Ni-O-Ni dimeric and tri-
meric units in compounds I and V, respectively, prompted
us to fit the magnetic susceptibility data with a dimer and

Eur. J. Inorg. Chem. 2008, 3501-3514



Liquid-Liquid Interface for Benzenetricarboxylate Complexes of Co and Ni

Eur|IC

trimer model, respectively (Figure 11). The spin Hamilto-
nian for a Ni?* dimer can be written in the form:
H = —J2(81X85) = J51°(8:X81).

0.16 o

0.14 o

0.12 -

0.10

0.08 -

X, [emu mol"']

0.06 -

0.04

0.02 o

0.00

T T T T T T
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Temperature [K]

(@)

0.4

0.3

0.2
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0.1+

0.0
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0 50 100 150 200 250 300
Temperature [K]
(b)

Figure 11. Temperature variation of the molar susceptibility (y)
for (a) [Ni(C1,N,H;()(H,0)][CsH3(COO),(COOH)] (I) and for (b)
[Ni3(H,0)5][CsH3(COO)5] (V). The symbols correspond to the ex-
perimental values, and the theoretical fit is the solid line.

The susceptibility equation for the Ni*>* dimer can be ob-
tained by substituting the values for the Ni** ion in a di-
meric complexP*# into the Van Vleck Equation (1),[33
where, No = Avogadro’s number, g = gyromagnetic ratio
(approximated here to 2.0), ug = Bohr Magneton, k =
Boltzmann constant, 7" = temperature, J = J;, = J,; = the
coupling constant between two neighbouring metal centres
and x = JIkT.

Eur. J. Inorg. Chem. 2008, 3501-3514
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Nagus® 5 + exp(~5.75x)
9kT 5+ 3exp(-5.75x) + exp(-8.63x) (1)

dimer  __
M =

The best fit for the experimentally observed data was ob-
tained with a J value of 11.334 cm™!, which indicates rea-
sonable ferromagnetic interactions. Similarly, for compound
V, the spin Hamiltonian for the Ni*>* trimer can be written
as H = —J 5 (S1XS5) — J»3(S>XS3) — J15(S1X.S3). If we con-
sider J3 to be equal to zero and Ji, = J>; = J, then the
susceptibility equation for the Ni** trimer can be obtained
by a similar substitution, as before, of the values of the Ni**
ion in a trimeric complex into Equation (2),1*°] where x =
JIKT. Here, the best fit for the experimentally observed data
gives a J value of 0.3386 cm™!, which indicates much weaker
ferromagnetic interactions. The observed magnetic moment
for compounds IT and VI at 300 K are 4.78 and 4.57 pp,
respectively, which appear to be much larger than the calcu-
lated spin only value of 3.87 ug for Co?*. This indicates
significant orbital contribution. A fit of the 1/yy vs. T plot
to the Curie—Weiss law, in the temperature range 50-300 K,
was linear with a C value of 2.905 and 2.668 emumol ! and
a Op value of —4.99 and —6.45 K, respectively, which indi-
cates weak antiferromagnetic interactions (Figure S9).

imer Nagus® 3+ 42exp(4x) + 18exp(—2x) + 15exp(2x) + 3exp(—6x)
M =
9T 3 + Texp(4x) + 8exp(—2x) + Sexp(2x) + 3exp(—6x) + exp(—4x)

@

Conclusions

The immiscible liquid-liquid interphase region has been
employed for the preparation of a variety of benzenetricarb-
oxylate coordination polymers of Co and Ni. Most of the
prepared compounds have lower-dimensional structures
and appear to be stabilized by weak intermolecular forces
such as hydrogen bonds or w7 interactions. Magnetic
studies indicate weak ferromagnetic (I, IV and V) as well as
antiferromagnetic (II, III and VI) behaviour in these com-
pounds. The present results indicate that it would be profit-
able to investigate this approach further as it is likely to give
better control of the dimensionality of the product phases.

Experimental Section

Synthesis and Initial Characterization: All the compounds were syn-
thesized by employing a biphasic solvothermal reaction involving
water and cyclohexanol. The synthesis conditions employed in the
present study are presented in Table 3. In a typical synthesis, for I,
Ni(CH;C0OO0),4H,O (0.2 g, 0.804 mm) was dissolved in H,O
(5mL), and trimesic acid (0.178 g, 0.804 mm) and 1,10-phenan-
throline (0.1602 g, 0.804 mm) were dissolved in cyclohexanol
(4 mL) and layered above the aqueous solution. The reaction mix-
ture was placed in a PTFE vessel and sealed in a stainless steel
autoclave, heated at 150 °C for 3 d and cooled to room temperature
in air. The final product contained large quantities of crystals,
which were vacuum filtered, washed with deionized water and dried
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Table 3. Synthesis conditions for compounds I-VIL.

Mol ratio T[°C] [  Yield [%] Product

Ni(CH;C00),4H,0 + Hitma+ C;,N,H, + 42 CsH;;OH + 278 H,O 150 72 78 [Ni(C;,N,H,0)(H,0)[[CsH3(COO),(COOH)] (I)
Co(CH;CO0),"4H,0 + Hstma + 0.54 Piperazine + 42 C;H;,OH + 278 H,O 150 72 72 [Cox(H,0)6][CsH3(COO0);]+(C4N,H;2)(H,0), (IN)
Ni(CH;C00),4H,0 + Hjtma + 0.54 Piperazine + 42 C¢H,;OH + 278 H,O 150 72 66 [Niy(H,0)6][CsH3(COO);],(C4N,H,,)(H,0), (III)
Ni(CH;CO0),4H,0 + Hjtma + 2 C3N,Hy, + 42 C¢H;,OH + 278 H,O 150 72 78 [Ni(C;3N,H 4)(H,0)[[C¢H3(COO),(COOH)] (IV)
Ni(CH;C00),4H,0 + Hitma + 42 C¢H,,OH + 278 H,O 150 72 76 [Ni3(H,0)s][C¢H3(COO0);] (V)
Co(CH;CO0),"4H,0 + Hstma + 2 C4,N,H, +42 C¢H,,OH + 278 H,0O 150 72 69 [Co(C4N,H4)(H,0)][CsH3(CO0),(COOH)] (VI)

at ambient conditions. In all cases, the products were found to con-
tain large quantities of single crystals. Thus, greenish-blue squares
(1, yield = 78 %), pale pink plates (I1, yield = 729%), pale green plates
(I, yield = 66%), bluish-green blocks (IV, yield = 78%), green
blocks (V, yield = 75%) and dark pink rods (VI, yield = 69 %) crys-
tals were obtained. I: calcd. C 54.20, N 6.02, H 3.01; found C 54.38,
N 6.16, H 2.95%. 11, III: caled. C 34.59, N 3.67, H 4.49; found C
34.21, N 3.82, H 4.20%. IV: calcd. C 54.66, N 5.80, H 4.14; found
C 54.58, N 5.92, H 4.25%. V: caled. C 29.50, H 3.01; found C
29.62, H 3.14%; VI: caled. C 42.80, N 7.67, H 2.74; found C 42.74,
N 7.54, H 2.85%. Powder X-ray diffraction (XRD) patterns were
recorded on powdered samples in the 20 range 5-50° by using Cu-
K, radiation (Philips X'Pert). The XRD patterns were found to be
entirely consistent with the simulated XRD patterns generated
from the structures determined by single-crystal XRD studies,
which establishes the purity of the phases (Figure S6-S11). The
thermogravimetric analyses were carried out (Metler—Toledo) in an
oxygen atmosphere (flow rate = 20 mLmin ') in the temperature
range 30-800 °C (heating rate = 10 °Cmin ). In all cases, the total
observed weight loss corresponds well with the loss of the carboxyl-
ate and the water molecules 83 % (calcd. 84 %), 80% (calcd. 80%),
82Y% (caled. 81%), 86.5% (caled. 84.5%), and 79% (calcd. 79.5%)
for I IL, IIT TV, V and VI, respectively, (Figure S12). The final cal-
cined product was found to be crystalline by powder XRD and
corresponds to CoO (JCPDS No. 78-0431) and NiO (JCPDS Nos.
78-0643).

Infrared Spectroscopic Studies: The IR spectra were recorded on
KBr pellets (Perkin—Elmer, SPECTRUM 1000). The results indi-

cate characteristic sharp lines with comparable bands (Figure S13
and S14). Minor variations between the bands were noticed be-
tween the compounds. The observed bands in compounds I-VI are
listed in Table S1. An additional peak at about 1700 cm ! in the
case of I, IV and VI, which corresponds to a -C-O-H vibration,
indicates the presence of a free carboxylic acid group in tma; no
such bands were observed in II and III.

Single-Crystal Structure Determination: A suitable single crystal of
each compound was carefully selected under a polarizing micro-
scope and glued to a thin glass fibre. The single crystal data were
collected on a Bruker AXS smart Apex CCD diffractometer at
293(2) K. The X-ray generator was operated at 50 kV and 35 mA
by using Mo-K, (4 = 0.71073 A) radiation. Data were collected
with © scan width of 0.3°. A total of 606 frames were collected in
three different settings of ¢ (0, 90, 180°) whilst the sample-to-detec-
tor distance was fixed at 6.03 cm and the detector position (26)
fixed at —25°. The data were reduced by using SAINTPLUS, 7!
and an empirical absorption correction was applied by using the
SADABS program.13 The structure was solved and refined with
SHELXL97,3% present in the WinGx suit of programs (Version
1.63.04a).1% All hydrogen atoms of the carboxylic acids were ini-
tially located in the difference Fourier maps, and for the final re-
finement, the hydrogen atoms were placed in geometrically ideal
positions and held in the riding mode. Final refinement included
atomic positions for all the atoms, anisotropic thermal parameters
for all non-hydrogen atoms and isotropic thermal parameters for
all hydrogen atoms. Full-matrix least-squares refinement against
|F?| was carried out with the WinGx package of programs.[*”! De-

Table 4. Crystal data and structure refinement parameters for compounds I-VL.[2

I 11 I v \% VI
Empirical formula C21H|407N2Ni C22H34020N2C02 C22H34020N2Ni2 C22H2007N2Ni C]gszOzoNi:; C|3H10N207C0
Formula weight 465.04 764.37 763.89 483.11 732.41 365.16
Crystal system triclinic triclinic triclinic orthorhombic triclinic triclinic
Space group P1 (no. 2) P1 (no. 2) P1 (no. 2) Pnnm (no. 58) P1 (no. 2) P1 (no. 2)
a[A] 9.574(5) 7.1517(12) 7.157(2) 16.390(3) 10.0317(14) 7.140(5)
b [A] 10.823(6) 10.5393(17) 10.466(3) 18.683(4) 10.0852(14) 9.244(7)
¢ [A] 11.175(6) 10.5415(18) 10.495(3) 20.069(4) 13.1549(18) 10.316(7)
@[] 97.133(9) 110.783(2) 110.779(4) 90.0 75.757(2) 78.091(11)
B 110.790(9) 91.417(3) 92.232(5) 90.0 68.631(2) 88.694(10)
7 [ 111.831(8) 102.519(2) 101.891(4) 90.0 65.408(2) 79.426(11)
VA% 960.2(9) 720.7(2) 713.8(4) 6145(2) 1119.9(3) 654.8(8)
V4 2 2 2 8 2 2
T[K] 293(2) 293(2) 293(2) 293(2) 293(2) 293(2)
Peatea. [gem ] 1.609 1.761 1.777 1.044 2.178 1.852
1 [mm] 1.060 1.247 1.415 0.664 2.604 1.354
Wavelength [A] 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
0 range [°] 2.04 to 27.87 2.08 to 28.01 2.09 to 28.00 2.18 to 28.05 1.67 to 28.00 2.02 to 28.11
Rindex [[>25()] R, = 0.0623 R, = 0.0360 R, = 0.0587 R, = 0.0680 R, = 0.0398 R, = 0.0759
WR, = 0.1544 WwR, = 0.0953 WwR, = 0.1500  wR, = 0.1686 wR, = 0.0933  wR, = 0.1761
R (all data) R, = 0.0780 R, = 0.0413 R, = 0.0730 R, = 0.0982 R, = 0.0489 R, =0.1014
WwR, = 0.1656 WwR, = 0.0989 wR, = 0.1588  wR, = 0.1878 wR, = 0.0974  wR, = 0.1936

[a] Ry = Z||F,| — |FVZ|F,); wRy = {Z[w(F,> — FAVZ[w(F,2) V2 w = U[p*(F,)> + (aP)> + bP). P = [max(F,, 0) + 2(F.)*]/3, where a =
0.1017 and b = 0.0000 for I, a = 0.0517 and b = 0.4579 for I, a = 0.0759 and b = 2.0187 for III, « = 0.0990 and » = 3.2207 for IV, a =

0.0391 and b = 0.7381 for V and a = 0.1140 and b = 1.3649 for VL.
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tails of the structure solution and final refinements for I-VI are
given in Table 4. Selected bond lengths for compounds I-IV and
VI are listed in Table 3. CCDC-648864, -648865, -648866, -648867,
-648868, -648869 for compounds I-VI contain the crystallographic
data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre (CCDC) via
www.ccde.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): UV/Vis spectra of I-VI and of the Na salt of tma, magnetic
plots of II, III, IV and VI, simulated and experimental powder X-
ray patterns of I-VI, TGA curves of I-VI, IR spectra and data of
I-VI and bond angles of I-IV and VI are presented. Diagrams
showing the various forms of connectivity of the tma ligand in the
compounds and the interactions in VI are also given.
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