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a b s t r a c t

Two dual ligand isostructural coordination polymers [Co(BrIP)(BIX)]n (1) and [Zn(BrIP)(BIX)]n (2), where
BrIP = 5-bromoisophthalate and BIX = 1,4-bis(imidazol-1-ylmethyl)-benzene, have been efficiently syn-
thesized by liquid assisted grinding methods. Single crystals of 1 were harvested by the solvothermal
technique and phase pure 1 or 2 can be quantitatively obtained by grinding equimolar amounts of the
metal nitrates and the ligands, 5-bromoisophthalic acid (H2BrIP) and 1,4-bis(imidazol-1-ylmethyl)-ben-
zene (BIX) in the presence of a few drops of water or methanol. Use of freshly prepared Co(OH)2 or ZnO
also yields the desired end products in an environmentally friendly manner along with the benign
by-product water. The structure of 1 was established by single crystal X-ray diffraction studies, in
addition to other physicochemical techniques. Morphological aspects of samples of 1 and 2 obtained
via different protocols have also been studied.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Mechanochemistry, emerging as an efficient alternative to con-
ventional approaches, is becoming increasingly popular in multi-
disciplinary research areas and major emphasis is being paid to
the implementation of mechanochemical processes towards the
time and energy efficient syntheses of a variety of materials,
including metal organic framework (MOF)/coordination polymer
(CP) co-crystals, Active Pharmaceutical Ingredients (APIs), metal
oxides etc. [1,2]. Efforts are also being made to improve the mech-
anistic understanding of such processes to gain control over impor-
tant aspects, such as the phase purity of the desired substances
[3,4].

In the context of MOFs/CPs, solvothermal and other solution
based methods are the mainstream routes; however, recently sig-
nificant attention is being paid to non-conventional synthetic
methods, which include mechanochemistry, sonochemistry,
microwave irradiation and new techniques such as ‘accelerated
aging’ [5]. Particularly, mechanochemical (milling or grinding)
reactions are an efficient and environmentally green alternative
for the synthesis of MOFs due to advantages such as a low energy
requirement, less time consumption and minimal solubility issues
[2,6]. A decade ago, Steed and co-workers reported the first ever CP
synthesized by manual grinding of copper acetate and the ligand
1,3-di-4-pyridylpropane [7]. Subsequently, the popularity of mech-
anochemical methods for achieving CPs increased, which reflects
in remarkable work of Braga, James and other groups [8]. The pres-
ence of minute amounts of liquids or ionic species during the
course of the mechanochemical reaction may facilitate the syn-
thetic conversion of the precursors to the desired products with
enhanced selectivity, reaction rate and yield. These liquid assisted
grinding (LAG) and ion assisted grinding (IAG) techniques have
recently been implemented for the synthesis of a variety of sub-
stances, including MOF synthesis [9,1b]. Recently, Friščić has dis-
cussed mechanochemical approaches to synthesize CPs and other
supramolecular architectures in an excellent tutorial review [10].

There are plenty of reports on ternary CPs synthesized via solu-
tion based methods [11]. Significant progress towards the mecha-
nochemical synthesis of CPs comprising of only one kind of ligand
has also been achieved [6a]. However, on the contrary, dual ligand
CPs have rarely been synthesized by mechanochemical approaches
[6a,12]. An exemplary report by Friščić and Fabian establishes the
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single step mechanochemical fabrication of zinc fumarate net-
works pillared by 4,40-dipyridyl or trans-1,2-bis(4-pyridyl)-ethyl-
ene ligands [12].

Interpenetration or catenation of networks in CPs is an interest-
ing feature, not only for the intrigue geometrical aspects but also
for the impact of interlocked networks on properties such as selec-
tive separation and adsorption [10,13]. Mechanochemical (liquid
assisted grinding) synthesis of discrete interlocked structures has
recently been explored by Koshkakaryan et al. for the donor–
acceptor stacks of crown ether and naphthalene diimide [13a]. In
this sequence, we are not aware of any report describing the
mechanochemical synthesis of interpenetrated ternary MOFs
which would practically extend the scope of mechanochemical
methodologies towards the realization of more intricate metal
organic architectures (Schemes 1 and S1) [14].

Herein we report on the synthesis of interpenetrated mixed
ligand CPs via a liquid assisted grinding approach (Scheme 1).
The dual ligand CP, [Co(BrIP)(BIX)]n (1) was prepared by mechano-
chemical as well as hydrothermal methods and established by
single crystal, powder X-ray diffraction and other physicochemical
methods. The crystal structure of [Co(BrIP)(BIX)]n reveals a rare
threefold polycatenated 2D ? 3D parallel interpenetrated network
which is isostructural to a known CP, [Zn(BrIP)(BIX)]n (2) [15]. A
series of solvent-free and liquid assisted grinding experiments
were performed to optimize the synthesis of these intricate
Co/Zn CPs in time and energy efficient manners. To the best of
our knowledge we are unaware of any parallel report on the
mechanochemical synthesis of multiple ligand MOFs possessing
intricate structural features such as interpenetrated or polycate-
nated networks.

2. Experimental

2.1. General

Reagents for the synthesis of the ligands BIX and H2BrIP were
purchased from Sigma–Aldrich. Metal salts and organic solvents
were obtained from RANBAXY laboratories limited and SD Fine
Chemicals, India. Co(OH)2 was prepared according to a reported
procedure [16a]. Distilled water was used for the synthetic manip-
ulations. All the reagents and solvents were used as received with-
out any further purification. The ligands BIX and H2BrIP were
synthesized by following reported procedures [16b,c]. CHNS anal-
yses were done using a Perkin–Elmer 2400 CHNS/O analyzer. IR
spectra were recorded using KBr pellets on a Perkin–Elmer GX FTIR
spectrometer. For each IR spectra 10 scans were recorded at 4 cm�1

resolution. TGA analysis was carried out using Mettler Toledo Star
SW 8.10. Solid state UV–Vis spectra and luminescence spectra
were recorded using a Shimadzu UV-3101PC spectrometer and a
Fluorolog Horiba JobinYvon spectrophotometer respectively. The
Scheme 1. Hydrothermal and various grinding reactions between the ligands (H2BrIP/B
and 2.
SEM (Leo series 1430 VP) equipped with INCA Energy EDS was
used to examine the textural features of the samples. PXRD data
were collected at a rate of 0.05�/s on a PANalytical Empyrean
(PIXcel 3D detector) diffractometer with a combination of 1/16�
divergence and 1/32� anti scatter slits. Rietveld refinements were
performed against the single crystal data using HIGHSCORE PLUS soft-
ware (PANalytical). Single crystal structures were determined
using a BRUKER SMART APEX (CCD) diffractometer. A summary
of the crystallographic data and details of the single crystal X-ray
diffraction data collection for 1 are given in Table 1.

2.2. Solvothermal synthesis of 1

Co(NO3)2�6H2O (54 mg, 0.18 mmol), H2BrIP (45 mg, 0.18 mmol),
BIX (90 mg, 0.37 mmol) and 9.5 mL of distilled water in a 23 mL
Teflon-lined vessel were hydrothermally reacted at 398 K for
50 h and then cooled slowly to room temperature. A violet colored
crystalline material along with X-ray quality crystals were
obtained. The material was isolated in 57% yield after washing with
distilled water and methanol, and drying in air. Elemental analysis
(%): Calc.: C, 48.91; H, 3.17; N, 10.37; Obs.: C, 48.73; H, 3.32; N,
10.04. FTIR cm�1 (KBr): 3436 (br), 3097 (m), 2369 (w), 1617 (s),
1560 (m), 1428 (w), 1345 (s), 1244 (w), 1103 (m), 1027 (w), 951
(w), 889 (w), 766 (m), 733 (s), 660 (w), 444 (w).

2.3. Procedure for the mechanochemical syntheses

In a typical mechanochemical reaction, 0.09 mmol of each reac-
tant, i.e. 27 mg of Co(NO3)2.6H2O (or 9 mg of Co(OH)2 or 27 mg of
Zn(NO3)2�6H2O or 8 mg of ZnO), 23 mg of H2BrIP and 22 mg of BIX,
were taken in a mortar and gently kneaded with a pestle for
30–45 min at ambient temperature. The desired crystalline prod-
uct was obtained by the hydrothermal method when the metal
salt:H2BrIP:BIX ratio was 1:1:2; however, the mechanochemical
syntheses were executed with 1:1:1 reactants stoichiometry. The
obtained material was allowed to stand overnight in an ambient
atmosphere. In the case of liquid assisted grinding (LAG), 100 lL
solvent (water or methanol) was added to the dry reactants before
grinding was commenced and kneading was performed for
15–30 min. A color change was observed in all cases with an
increase in grinding time and a violet colored homogeneous pow-
der was obtained on completion of the reactions. Thus, Nitrate1Neat,
Nitrate1MeOH, Hydroxide1H2O, Nitrate1H2O, Nitrate2H2O and Oxide2H2O were
synthesized, where the subscripts ‘Nitrate’, ‘Hydroxide’ or ‘Oxide’
indicate the anion of metal salts used and the superscripts ‘Neat’,
‘MeOH’ or ‘H2O’ represent the solvent-free, methanol or water
assisted kneading processes respectively. Thus, the subscripts
and superscripts in the designated samples are used as identity
to the metal precursor and grinding protocol respectively. The pre-
pared samples were characterized by PXRD and FTIR analyses.
IX) and metal precursors yield the interpenetrated ternary coordination polymers 1



Table 1
Crystal data and structure refinement for 1.

Identification code 1

Chemical formula C22H17BrCoN4O4

Formula weight 540.24
Crystal color violet
Crystal size (mm) 0.30 � 0.08 � 0.04
Temperature (K) 150(2)
Crystal system monoclinic
Space group P21/c
a (Å) 10.1762(10)
b (Å) 14.3672(13)
c (Å) 14.6236(14)
a (�) 90
b (�) 106.034(2)
c (�) 90
Z 4
V (Å3) 2054.8(3)
Density (Mg/m3) 1.746
Absorption coefficient (mm�1) 2.819
F(000) 1084
Reflections collected 11983
Independent reflections 4627
R(int) 0.0264
Number of parameters 357
S (Goodness-of-fit (GOF)) on F2 1.030
Final R1/wR2 (I > 2r(I) 0. 0.0359/0.0843
Weighted R1/wR2 (all data) 0. 0.0431/0.0875
CCDC number 943102

R = R||Fo| � |Fc||/R|Fo |; wR = [Rw(Fo2 � Fc2)2/Rw(Fo2)2]1/2.

Table 2
Hydrogen bonding parameters for 1.

D–H� � �A d(H� � �A) (Å) d(D� � �A) (Å) \D–H� � �A (�)

CP1
C(9)–H(9)� � �O(3)1 2.40(3) 3.19(3) 160(3)
C(20)–H(20)� � �O(2)2 2.42(3) 3.26(3) 161(2)
C(12)–H(12B)� � �Br13 3.15(2) 3.97(2) 145(1)
C(22)–H(22)� � �Br14 3.12(3) 3.86(2) 140(2)
C(7)–H(7)� � �Br15 3.10(3) 4.02(2) 162.6(3)
C(11)–H(11)� � �Br16 3.16(2) 3.89(3) 151.1(2)

Symmetry codes: 1. �x, 1 � y, �z; 2. �x,1/2 + y,1/2 � z; 3. �1 + x,1/2 � y,�1/2 + z; 4.
x,1 � y,�z; 5. �x,�y,�z; 6. �x,�1/2 + y,1/2 � z.
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Experimental elemental analysis did not show results consistent
with calculated values due to varying minute amounts of the unre-
acted precursors. However, the samples prepared by LAG followed
by washing with methanol or acetone showed expected elemental
composition.

Nitrate1Neat: Kneading time: 45 min; Yield: >92%; FTIR (KBr): 3415
(br), 3132 (s), 2842 (w), 2628 (w), 1921 (w), 1704 (w), 1614 (m),
1553 (m), 1386 (s), 1316 (s), 1092 (w), 1040 (w), 948 (w), 897
(w), 827 (w), 756 (w), 715 (m), 624 (w), 448 (w).

Nitrate1MeOH: Kneading time: 15 min; Yield: 94%; Calc. for C22H17

BrCoN4O4: C, 48.91; H, 3.17; N, 10.37; Obs. for washed sample: C,
48.78; H, 3.32; N, 10.12.; FTIR (KBr):3376 (br), 3132 (w), 3098
(w), 2961 (w), 2830 (w), 2717 (w), 2617 (w), 2358 (w), 1932 (w),
1704 (w), 1619 (s), 1551 (m), 1409 (s), 1340 (s), 1096 (m), 1031
(w), 955 (w), 892 (w), 841 (w), 755 (m), 733 (m), 660 (w), 626
(w), 444 (w).

Hydroxide1H2O: Kneading time: 15 min; Yield: �92%; FTIR (KBr):
3321 (br), 3121 (m), 1618 (s), 1554 (m), 1427 (w), 1341 (s), 1100
(m), 1027 (w), 953 (w), 887 (w), 759 (m), 731 (s), 658 (w), 447 (w).

Nitrate1H2O: Kneading time: 15 min; Yield: 93%; FTIR (KBr): 3427
(br), 3099 (m), 2362 (w), 1618 (s), 1551 (m), 1429 (w), 1343 (s),
1247 (w), 1102 (m), 1020 (w), 953 (w), 885 (w), 765 (m), 732 (s),
659 (w), 444 (w).

Nitrate2H2O: Kneading time: 15 min; Yield: 94%; Calc. for C22H17

BrZnN4O4: C, 48.33; H, 3.13; N, 10.25; Obs. after washing: C,
48.14; H, 3.29; N, 10.17. FTIR (KBr): 3426 (br), 3101 (s), 3027
(w), 2374 (w), 1627 (s), 1564 (m), 1526 (w), 1425 (w), 1341 (s),
1244 (w), 1173 (w), 1104 (m), 1025 (w), 954 (w), 893 (w), 766
(m), 734 (s), 659 (w), 443 (w).

Oxide2H2O: Kneading time: 15 min; Yield: �91%; FTIR (KBr): 3434
(br), 1623 (s), 1559 (m), 1525(w), 1344 (s), 1245 (w), 1181 (w),
1107 (m), 1023 (w), 954 (w), 889 (w), 766 (m), 735 (s), 657 (w),
441 (w).
Fig. 1. ORTEP diagram depicting the coordination sphere with the atom numbering
scheme for 1 (50% probability factor for the thermal ellipsoids).
2.4. X-ray crystallography

Summaries of the crystallographic data, details of hydrogen
bonding interactions and selected bond lengths and bond angles
for 1 are given in Tables 1, 2 and S1 respectively. A single crystal
with ideal dimensions was transferred rapidly from the mother
liquor and immersed in paratone oil before being mounted for data
collection at 150 K. Intensity data for the crystal was collected
using MoKa (k = 0.71073 Å) radiation on a Bruker SMART APEX
diffractometer equipped with a CCD area detector. The data inte-
gration and reduction were processed with the SAINT software
[17a]. An empirical absorption correction was applied to the
collected reflections with SADABS [17b]. The structure was solved
by direct methods using SHELXTL and were refined on F2 by the
full-matrix least-squares technique using the program SHELXL-97
[17c,d]. All non-hydrogen atoms were refined anisotropically until
convergence was reached. Hydrogen atoms attached to the organic
moieties were either located from the difference Fourier map or
stereochemically fixed.

3. Results and discussion

3.1. Crystal and molecular structure of 1 and 2

1 crystallizes in the monoclinic system, P21/c space group with
one Co(II) ion, one BrIP and one BIX ligand constituting the asym-
metric unit, as presented in Fig. 1. Crystallographic analysis
revealed that two units of each BrIP and BIX moiety provide an
N2O2 coordination environment around the Co(II) ions in a dis-
torted tetrahedral geometry. BrIP exhibits the l2g1:g1-coordina-
tion mode, bridging Co(II) centers with a separation of 10.17 Å
and generating linear {Co(II)BrIP}n chains (Fig. 2a). Linear
{Co(II)BrIP}n chains oriented along the a-axis are cross linked via
BIX ligands (along the b-axis) generating a sql type undulating
2D network in the ac-plane, as depicted in Fig. 2b and c. The edge
lengths, i.e. the Co� � �Co separation within the {Co4(BIX)2(BrIP)2}
rectangular grid are 10.18 and 14.16 Å; whereas, the diagonal
Co� � �Co separations are 16.21 and 18.58 Å. The overall network
topology could be described with the short vertex symbol 44. The
2D network viewed down the a-axis shows a zigzag pattern with
perfect alignment of the ligand moieties within the 2D motif, as
depicted in Fig. 2c. Within the 2D network {Co(II)BrIP}n linear



Fig. 2. (a) {Co(II)BrIP}n chain running along the a-axis; (b) sql type [Co(BrIP)(BIX)]n network with 16.21 � 18.58 Å2 windows through which another such network
interpenetrates; (c) deep undulated network constructed upon strategic connections between diagonal glide related {Co(II)BrIP}n chains via BIX molecules confined in an
anti-conformation.

Fig. 3. (a) Threefold interpenetration of 2D metal organic networks in coordination
polymer 1 presented down the c-axis; (b) simplified topological depiction of 1.
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chains are stacked on each other down the c-axis in a completely
eclipsing manner, with the Co� � �Co separation between the 1, 3
{Co(II)BrIP}n chains of the rectangular grid being 14.62 Å and 1, 2
{Co(II)BrIP}n chains being 14.16 Å. The close Co� � �Co separation
distances of 1, 2 and 1, 3 {Co(II)BrIP}n chains evidently indicate
the high degree of undulation of the 2D sheets, which is attribut-
able to the conformational flexibility of the BIX moiety and distor-
tion in the tetrahedral coordination environment around the Co(II)
centers (Fig. 2c).

The packing diagram (Fig. 3) shows three independent 2D
sheets interlocked with each other in a ‘one up’ and ‘one down’
pattern, resulting in a threefold parallel interpenetration of undu-
lated sql networks. Interestingly, the dimensional increase from 2D
sheets to an overall 3D entanglement, i.e. polycatenated 2D ? 3D
parallel interpenetration, observed in this case is a rarely observed
structural feature. Highly acclaimed reviews by Carlucci et al. and
Batten also call attention to the demanding geometrical prerequi-
sites for the parallel interpenetration of networks to occur, which
justify the fact that parallel interpenetration is a rarely observed
kind of entanglement as compared to the inclined or perpendicular
interpenetration [18]. Evidently, the conformational flexibility of
the BIX moiety in 1 has played a crucial role in the realization of
highly undulated sheets which in turn endure parallel interpene-
tration with a 2D ? 3D dimensional extension. In an earlier rele-
vant report, Liu and co-workers have also shown 2D ? 3D
parallel interpenetration resulting from ‘deeper undulation’ of 2D
sheets [19].

In an attempt to understand the polycatenated 2D ? 3D
interpenetration, weak molecular interactions between the 2D net-
works in 1 were analyzed in detail. Interestingly, the polycatenated
nets are involved in C–H� � �O interactions involving the uncoordi-
nated carboxylate oxygen O3 and O2 of the BrIP ligand with the
imidazole hydrogen atoms H9 and H20 of the BIX moiety, respec-
tively, as presented in Fig. 4. In addition to this intermolecular
H-bonding, a p� � �p interaction between the phenyl rings of the
BrIP and BIX moieties with a perpendicular distance of 3.62(2) Å
between the centroids of the phenyl rings was also observed
(symmetry code: �x, �1/2 + y, 1/2 � z). The Br atom from the BrIP
moiety is drawn in various intermolecular C–H� � �Br interactions
between the imidazole hydrogen atoms H11 and H22, methylene
hydrogen H12 of the BIX moiety and phenyl hydrogen H7 of the
BrIP ligand with H� � �Br distances ranging from 3.10(2) to
3.16(2) Å. Details of the pertinent H-bonding interactions with
their symmetry codes are given in Table 2. The aforementioned
intermolecular interactions are also responsible for the polycate-
nation of the 2D nets and stabilization of the molecular structure
in the crystal lattice.



Fig. 4. Close-up view along the a-axis depicting three interlocked [Co(BrIP)(BIX)]n networks glued together by means of C–H� � �O hydrogen bonding and p� � �p interactions
between the phenyl rings of BrIP and BIX.

Fig. 5. A comparison between the simulated PXRD patterns of 2 and experimental
patterns of Oxide2Neat indicate the presence of ZnO (reflections marked with an
asterisk) as an impurity in Oxide2Neat (a); comparison of the simulated PXRD patterns
of 2 with Oxide2H2 O and a solvothermally prepared sample (b).
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3.2. Kneading experiments and PXRD analysis

Both isostructural CPs, 1 (Nitrate1Neat, Nitrate1MeOH, Hydroxide1H2O and
Nitrate1H2O) and 2 (Nitrate2H2O and Oxide2H2O) were quickly and effi-
ciently synthesized by kneading the stoichiometric ternary reac-
tion mixture with or without a minute amount of solvent.
Product formation commenced within few minutes of grinding,
which could be assessed by the rapid development of a bright pur-
ple color in the case of the cobalt CP, 1. Commencement of the
reaction was further confirmed by comparing the immediately
recorded PXRD patterns of the cobalt samples after 10 min. Neat
and water assisted kneading with the simulated PXRD pattern of
1 and its constituents is presented in Fig. S1. It is evident that after
10 min of grinding, the patterns for the reaction mixtures no longer
match with those of the precursors and a few peaks corresponding
to the framework appeared. Neat grinding was continued for ca.
45 min, whereas liquid assisted grinding (LAG) was continued for
a shorter duration of 15 to 20 min. Our observations support previ-
ous reports suggesting that the use of a small amount of solvent
enhances the mobility of the reactants to yield the homogeneous
product quickly [9]. In fact, we observed that when the nitrate salts
of Co(II)/Zn(II) and organic linkers were kneaded under solvent free
conditions, the product formation was slow (indicated by a color
change in case of the Co CP), and required a longer kneading time
(45 min.) to achieve the desired product (Fig. S2). It was also
observed that the solvent free reaction between Co(OH)2, BIX
and H2BrIP was too slow to yield the desired product, even after
kneading for 60 min, whereas the solvent free grinding of ZnO with
ligands under identical conditions resulted in the formation of
Oxide2Neat. The products synthesized by neat grinding were not
phase pure and intense reflections of ZnO impurities were
observed in the case of Oxide2Neat (Fig. 5).

Since neat grinding did not offer phase purity of synthesized 1
and 2, we attempted LAG methods for synthesizing both CPs. A
few drops of water or methanol were added to the reaction
mixture, which on grinding for ca 15 min resulted in phase pure
samples of Nitrate1MeOH, Hydroxide1H2O, Nitrate1H2O, Nitrate2H2O and
Oxide2H2O. Rietveld refinements were performed for all samples of
the Co CPs, which indicated the formation of phase pure samples
with the LAG technique. Rietveld fits for Nitrate1Neat, Nitrate1MeOH,
Hydroxide1H2O and Nitrate1H2O are presented in Fig. 6, and these indicate
the formation of a ternary interpenetrated network of 1 in all cases.
Agreement indices further indicate the phase purity of all the pre-
pared samples, except Nitrate1Neat. Refined lattice parameters for
the samples of 1 synthesized via neat kneading and LAG routes
are compared with those obtained from the single crystal structure
solution of 1 in Table 3. It was further observed that brief washing
of the synthesized CPs with methanol significantly improved the
phase purity due to the removal of minor unreacted precursors,
as evident from the PXRD data (Fig. 7).



Fig. 6. Rietveld fits of experimental (red) and simulated (blue) PXRD patterns for
Nitrate1Neat (a), Nitrate1MeOH (b), Hydroxide1H2 O (c) and Nitrate1H2 O (d). (Color online.)

Table 3
Comparison of the lattice parameters obtained from single crystal structure solution
and Rietveld fitting of experimental PXRD patterns of Nitrate1Neat , Nitrate1MeOH ,
Hydroxide1H2 O and Nitrate1H2 O .

Sample a (Å) b (Å) c (Å) b (�)

Single crystal 10.176 14.367 14.624 106.034

Nitrate1Neat 10.143 14.249 14.518 105.943

Nitrate1MeOH 10.180 14.408 14.775 105.257

Hydroxide1H2O 10.161 14.401 14.753 105.309

Nitrate1H2 O 10.154 14.372 14.743 105.202

Fig. 7. Comparison between the simulated PXRD pattern of 1 and experimental
patterns recorded for the methanol washed Nitrate1H2 O (a) and Hydroxide1H2 O (b),
indicating that the washing significantly improved the phase purity. The difference
between the simulated and experimental patterns is plotted in red. (Color online.)
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3.3. Scanning electron microscopy and EDX analysis

Scanning electron microscopy (SEM) was utilized to analyze the
textural features of 1 and 2 synthesized via different routes (Figs. 8
and S3). CP 1 prepared by the hydrothermal method showed rod-
like tiny crystals aggregated in solid spherical shapes having ca.
12–15 lm diameter. Neat grinding resulted in rectangular flake
shaped crystals (length ca. 1 lm) which on washing gave smaller
crystalline particles with an average dimension of 0.5 lm. Simi-
larly samples of Hydroxide1H2O and Nitrate1H2O prepared by the LAG
method showed tiny particles with an average dimension of
0.5 lm. No specific aggregation pattern was observed for samples
prepared by neat kneading or water assisted grinding methods.
However, the methanol assisted grinding resulted in rod-like tiny
crystals aggregated in solid spherical shapes having ca. 12–15 lm
diameter, as in the case of 1 synthesized by the hydrothermal
method.

The textural features of the Zn CP samples prepared via differ-
ent routes were similar to their Co counterparts. Hence, rod-like
structures aggregated into spherical assemblies were observed
for 2 prepared from the hydrothermal and methanol assisted
grinding methods, whereas the water assisted grinding resulted
in tiny crystalline particles lacking a confined shape. Energy-
dispersive X-ray spectroscopy (EDX) provided valuable informa-
tion about the composition of the materials synthesized using
different methods (Fig. S4). Single crystal data revealed the molec-
ular formula of the repeating unit of 1 to be CoC22H17BrN4O4. Thus
the relative composition of the elements carbon and cobalt in CP 1
is: C, 81.76% and Co, 18.24%. EDX analysis indicated that the C/Co
ratio remains at 75.57/24.43 for 1 prepared hydrothermally,
75.49/24.51 for Nitrate1H2O and 75.22/24.78 for Nitrate1MeOH. These val-
ues are pretty close to the expected ones and were consistent from
different sites of the prepared samples. The C/Co ratio for the sam-
ple synthesized by neat grinding varied in the range 78.88/21.12 to
63.05/36.95 at different sites of the sample under observation. This
inconsistency in the observed elemental composition is attribut-
able to minute amounts of unreacted precursors. Similar EDX
analysis was performed for 2, giving a 80.16/19.84 ratio for the
C/Zn elements. The observed C/Zn values were in the range



Fig. 8. SEM micrographs of Co CP, 1 prepared via different synthetic methodologies. The morphological resemblance between 1 (hydrothermal) and Nitrate1MeOH is noteworthy.
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78.49/21.51 to 76.25/23.75 for samples synthesized by the
hydrothermal and LAG methods. As in case of Nitrate1Neat, the
compositions of Nitrate2Neat and Oxide2Neat were also inconsistent at
different sites of the sample under examination.

3.4. TGA and FTIR

Co CP 1, prepared from the hydrothermal method as well as the
LAG method, showed thermal stability up to 300 �C, which is
equivalent to the thermal stability of the previously reported Zn
CP 2 (Fig. S5). Beyond 300 �C the frameworks initially show gradual
weight loss and after 350 �C rapid weight loss, indicating the
thermal decomposition of the framework.

Co CP derived from hydrothermal and mechanochemical meth-
ods showed FTIR spectra which furnished complementary informa-
tion to the crystallographic findings (Fig. S6). Asymmetric and
symmetric C@O stretching modes of the carboxylate moiety were
observed as medium intensity bands at ca. 1616 and 1554 cm�1

respectively for all samples, attributable to the l1g1 coordination
mode of each carboxylate group of the BrIP dianion. A sharp band
at ca. 1345 cm�1 for the aromatic C@N stretch of BIX was consis-
tently observed in all samples, irrespective of the synthetic
methodology adopted to prepare them. Weak bands at ca. 729,
658 and 438 cm�1 may be attributed to the Co–N and Co–O
vibrational modes.

3.5. Absorption and emission spectra

Solid state absorption spectra were recorded at room tempera-
ture with a non-polarized light source for Co and Zn CPs as well as
the ligands (Fig. S7). The free ligands H2BrIP and BIX absorb at 300
and 267 nm respectively whereas both CPs showed absorption
maxima at ca. 300 nm. An additional low intensity band in the case
of Co CP was observed at 578 nm and assigned to the d–d band;
this was responsible for the violet color of the compound. The
absorption bands at 302 nm and lower wavelengths observed for
1 and 2 are attributed to p–p⁄ and n–p⁄ ligand field transitions.
The Co CP materials synthesized via different methods showed
identical spectral features as for 1 synthesized by the hydrother-
mal method.

The emission behavior of 1 and 2 was studied in the solid state
at room temperature and the emission spectra are presented in
Fig. S8. 1 and 2 prepared by the solvothermal and LAG methods
showed similar emission profiles, comprising two emission bands
at ca 325 and 425 nm upon excitation by an absorbance wave-
length of 302 nm; however, the emission intensity of 2 was higher
than that observed for 1. The emission profiles of the free ligands
BIX and H2BrIP were also recorded and these showed strong
emission bands at 416 and 507 nm respectively, as presented in
Fig. S8. A comparison of the 425 nm band observed for 1 and 2 with
the strong emission of BIX at 416 nm suggests a metal perturbed
ligand field emission for both CPs.

4. Conclusion

A ternary Co CP, [Co(BIX)(BrIP)]n (1), which possesses intrigu-
ing threefold parallel interpenetration of 2D sql networks has been
prepared hydrothermally as well as via various mechanochemical
methods. Single crystals of the material were obtained hydrother-
mally and the structure solution revealed that CP 1 is isostructural
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to a previously known Zn CP, [Zn(BIX)(BrIP)]n (2), which was syn-
thesized by a different solvothermal protocol. Neat grinding and
liquid assisted grinding in the presence of water or methanol
showed a rapid synthesis of these materials. Most efficient results
were obtained for methanol assisted grinding in the case of nitrate
salts of the employed metal ions. However, Co(OH)2 and ZnO also
yielded the desired products when kneaded in the presence of a
minute amount of water, offering an environmentally friendly
method as the side product was only water in either case. The
product formation in each mechanochemical case was confirmed
by PXRD techniques and Rietveld refinement was performed in
the case of the Co samples, which showed good agreement of the
unit cell parameters between the materials synthesized by the
hydrothermal and mechanochemical methods. Both the synthe-
sized CPs showed thermal stability up to 300 �C, irrespective of
the synthetic protocol that was followed. Supramolecular arrange-
ments of self-assembled components via mechanochemistry entail
a higher level of complexity and sophistication which presently are
beyond our grasp. However, the results reported here not only
present an example to advocate the scope of mechanochemistry
towards intricate coordination polymeric architectures, but may
also serve to increase our understanding of the entanglement pro-
cesses in the solid state involving ternary supramolecular assemblies.
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