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A B S T R A C T

Ligands based on bicyclo[2.2.2]oct-7-ene units have been used previously to obtain porous metal–organic ma
terials, including 3D frameworks, 2D sheets, and discrete porous cages. The steric bulk of this unit helps to 
generate porosity in these materials, and so it has also been incorporated into porous organic cages for this 
purpose. In this contribution, we describe a new, nitro-functionalised ligand, LH2, containing this unit, which 
yields a 1D coordination network, 1, upon reaction with cobalt(II) acetate. The ligand itself is found to crystallise 
readily, and we describe its crystal structure and gas sorption measurements for uptake of N2. The coordination 
network 1 consists of linear, trinuclear Co(II) metal nodes that are bridged by pairs of ligands to create an 
intrinsic pore that is occupied by coordinated dimethylacetamide molecules (DMA). Solvent exchange and 
activation experiments were unsuccessful in removing DMA, but the orientation of the nitro-groups of the 
polymer into the space between the chains motivated CO2 sorption studies at room temperature, reaching nearly 
0.5 mmol/g at 20 bar of absolute pressure.

1. Introduction

Porous coordination polymers, or metal–organic frameworks (PCPs 
or MOFs, respectively), are widely studied materials thanks to their 
range of potential applications in, for example, catalysis [1,2], drug 
delivery [3,4], sensing [5,6], gas capture[7,8] and separation [9,10]. 
These applications arise from the architecture of the framework or 
polymer; the pore structure; the functionalisation of the ligands; and 
other properties that can originate in the metal centres such as magne
tism or catalysis through open metal sites. A key development in these 
materials has been the use of design principles to target specific network 
topologies. These have been described in terms that consider matching 
the likely coordination geometry around a transition metal ion with the 
symmetry of the ligand, as exemplified by the targeted synthesis of the 
diamond-like network [Cu[C(C6H4CN)4]+n by Robson at the end of the 
1980s [11–13]. The development of more complex, polynuclear metal 
nodes, known as secondary building units (SBUs), then proved to be 
pivotal in the field both in terms of the accessible architectures and the 

potential applications of the materials [14,15].
Regardless of whether the metal nodes in a MOF or PCP are formed 

by single metal ions or SBUs, the most basic characteristic of these 
materials is the dimensionality of the coordination network. 3D and 2D 
networks, as suggested by their name, contain coordinate and covalent 
bonds in 3 or 2 dimensions, respectively, with the latter sometimes 
referred to as metal–organic nanosheets (MONs) [16]. Following the 
terminology recommended by IUPAC, one of the conditions for 
considering a 1D coordination polymer to be a coordination network is if 
an individual polymer within the material contains loops [17]. Herein, 
we describe the synthesis of a new ligand derived from bicyclo[2.2.2] 
oct-7-ene-2,3,5,6-tetracarboxylic dianhydride, and its use to obtain a 
1D coordination network containing a linear [Co3] motif as metal node. 
The interest in this bulky bicyclo[2.2.2]oct-7-ene unit is that it can help 
retain porosity, an approach that has been used by incorporating this 
moiety into porous organic cages [18]. The dianhydride can be reacted 
with amino-benzoic acid derivatives to give multi-dentate carboxylic 
acid ligands, which are favourable for the synthesis of metal–organic 
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materials [19]. Using this approach, tetra-carboxylic acid derivatives, 
where the carboxylic acid groups are both in the meta- position relative 
to the dicarboxiimide, have been used to obtain 3D networks for capture 
of uranyl ions and tunable luminescence in Ln-based MOFs [20,21]. 
Dicarboxylic acid derivatives, where the carboxylic acid is found in the 
para- position relative to the dicarboxiimide, have been used to obtain 
2D sheets [22]. Recently, we found that when the dicarboxylic acid 
derivatives have the carboxylic acid groups meta- to the dicarboxiimide 
then they can be used to obtain permanently porous lantern-type cages, 
i.e. 0D assemblies based on [Cu2] paddlewheels [23,24]. In this paper, 
we describe a new ligand which retains the carboxylic acid in the meta- 
position, but we have additionally functionalised the benzoic acid rings 
with an –NO2 group in the para- position (LH2; Fig. 1 and Fig. S1). 
Finding that LH2 crystallises readily, we report its crystal structure and 
attempts to measure its gas uptake. Reaction of LH2 with cobalt acetate 
yielded a 1D coordination network in which pairs of L2− ligands bridge 
between linear [Co3] nodes to form the coordination polymer 
[Co3(L)2(OAc)2(DMA)2]n, (1). Although it was not possible to remove 
the solvent from the crystal structure to maximise the potential porosity 
of the material, we found that it presents modest porosity towards CO2 at 
high temperature, which we attribute to uptake of the gas in the space 
between the polymer chains.

2. Experimental section

2.1. Synthesis

All reagents were used as purchased without further purification.
LH2: 5-amino-2-nitrobenzoic acid (1.994 g, 10.95 mmol) and bicyclo 

[2.2.2]oct-7-ene-2,3,5,6-tetracarboxylic dianhydride (1.360 g, 5.48 
mmol) were suspended in acetic acid (60 mL) and the resulting off-white 
suspension was refluxed at 115 ◦C for 48 h, forming a cream suspension. 
After cooling to room temperature, the solids were collected by vacuum 
filtration and washed with ethanol (3 × 10 mL) to give an off-white 
powder. Yield: 83 %. Crystals suitable for single-crystal X-ray diffrac
tion were obtained by slow evaporation of the mother liquor, in which 
the compound is present as the trihydrate LH2⋅3H2O. 1H NMR 
(DMSO‑d6, 400 MHz, 25 ◦C) δ (ppm): 14.15 (COOH, s, 1.1H), 8.14 
(C6H3, d, 2H, J = 8.6 Hz), 7.70 (C6H3, d, 2H, J = 2.2 Hz), 7.62 (C6H3, dd, 
2H, J = 8.6, 2.2 Hz), 6.36 (CH = CH, dd, 2H, J = 3.1 Hz, 4.1 Hz), 3.57 
(CH, s, 2H), 3.51 (CH, s, 4H).13C NMR (DMSO‑d6, 400 MHz, 25 ◦C) δ 
(ppm): 176.6, 165.5, 147.7, 136.0, 131.7, 130.7, 128.6, 128.1, 125.4, 
43.1, 34.4. See Fig. S2. IR: 1727 cm− 1, C––O stretching (dicarboxiimide 
ring); 1701 cm− 1, C––O stretching (carboxylic groups); 1547 cm− 1, C––C 

stretch; 1365 cm− 1, C–C stretch, aromatic ring; 883 cm− 1, =C–H bend; 
753 cm− 1, C–H bending (substituted aromatic ring); 699 cm− 1, C–H 
bending (substituted aromatic ring), Fig. S3. Elemental analysis calcu
lated for LH2 (C26H16N4O12⋅0.5H2O): C, 53.34; H, 2.93; N, 9.57 %. 
Found: C, 53.58; H, 2.93; N, 9.49 %.

[Co3(L)2(OAc)2(DMA)2]n, (1): A solution of LH2 (120 mg, 0.21 
mmol) in 1 mL of dimethylacetamide (DMA) was added to a thin sus
pension of Co(OAc)2⋅4H2O (51 mg, 0.21 mmol) in DMA (2 mL), yielding 
a thin, purple suspension. The vial was placed in the oven for 3 days at 
100 ◦C, and when it was removed from the oven contained 98 mg of dark 
purple crystals suitable for single crystal X-ray diffraction (Table S1). 
Yield: 57.8 %. Acid digestion 1H NMR (DMSO‑d6, DCl, 400 MHz, 25 ◦C) δ 
(ppm): 8.14 (C6H3, d, 2H, J = 8.6 Hz), 7.70 (C6H3, d, 2H, J = 1.6 Hz), 
7.62 (C6H3, dd, 2H, J = 7.0, 1.6 Hz), 6.35 (CH = CH, t, 2H, J = 3.4 Hz), 
3.56 (CH, s, 2H), 3.51 (CH, s, 4H), 2.95 (CH3COCN(CH3)2, s, 3H), 2.79 
(CH3COCN(CH3)2, s, 3H), 1.97 (CH3COCN(CH3)2, s, 3H), 1.91 
(CH3COO− , s, 3H), Fig. S4 IR: 1722 cm− 1, C––O stretching (dicarbox
iimide ring); 1539 cm− 1, C––C stretch; 1378 cm− 1, C–C stretch, aro
matic ring; 1376 cm− 1, C–C stretch; 853 cm− 1, =C–H bend; 745 cm− 1, 
C–H bending (substituted aromatic ring); 698 cm− 1 C-H bending 
(substituted aromatic ring); Fig. S5. Elemental analysis calculated for 1 
(Co3C64H52N10O30): C, 47.51; H, 3.24; N, 8.66 %. Found: C, 47.19; H, 
3.53; N, 8.72 %.

[Co3(L)2(OAc)2(DMA)2]n – Solvent Exchange (1-SE): Crystals of 1 
were submerged in acetone and the solvent was exchanged 7 times.

2.2. Physical characterisation

NMR data were collected at room temperature on a Bruker AVANCE 
400 NMR spectrometer, operating at 400.13 MHz for 1H and 100.62 
MHz for 13C. Acid digestion experiments were performed by suspending 
ca. 10 mg of complex in DMSO‑d6 and adding 20 µL of DCl solution. 
Elemental analyses were collected using a Thermo Scientific FlashSmart 
CHNS Elemental Analyzer in the Department of Civil and Environmental 
Engineering at the University of Strathclyde. Powder X-Ray Diffraction 
(PXRD) data were collected at room temperature, on a flat plate, using a 
poly(methyl methacrylate) holder. The instrument used was a Bruker D8 
Discover in a θ/2θ Bragg-Brentano reflection geometry using a Cu Kα 
source (λ = 1.54056 Å), available within the Centre for Continuous 
Manufacturing and Advanced Crystallisation (CMAC), at the University 
of Strathclyde. Fourier-Transform infra-red spectra were collected using 
a NICOLET iS5 Thermo Scientific spectrometer, with parameters set as 
48 scans and a resolution of 4 cm− 1. Thermogravimetric analyses of the 
samples were performed with a NETZSCH STA 449 F1 Jupiter under N2 
in the Department of Chemical and Process Engineering at the Univer
sity of Strathclyde. The sample was heated to 500 ◦C at a rate of 10 ◦C/ 
min. Disposable Aluminium pans were used as holders for the samples. 
Nitrogen adsorption measurements were undertaken at − 196 ◦C using a 
Micrometrics ASAP 2420, in the Department of Chemical and Process 
Engineering, at the University of Strathclyde. Surface areas were 
calculated using the Micromeritics software MicroActive 5.02. CO2 
sorption measurements were performed with the Hiden Isochema Ltd. 
Intelligent Gravimetric Analyser, IGA-003. Prior to the measurement the 
sample was degassed by heating at 30 ◦C under vacuum. The mass up
take was measured and the maximum time for equilibration at any given 
pressure was 3 h, with the temperature maintained constant using a 
water bath.

2.3. Single crystal X-Ray diffraction

All crystallographic measurements were made with monochromatic 
Cu radiation (λ = 1.54184 Å) using an Oxford Diffraction Gemini-S 
diffractometer. Raw data processing used the program CrysalisPro 
[25]. The structures were solved using direct methods and were refined 
against F2 to convergence using all unique reflections and the program 
Shelxl [26], as implemented within WinGX [27]. For compound LH2 two 

Fig. 1. a) Structure of the ligand LH2. b) View of the crystal structure of the 
molecule LH2, with hydrogen atoms omitted for clarity and ellipsoids shown at 
the 50% probability level.
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of the three independent water sites were modelled as disordered. For 
compound 1 the DMA solvent and the MeCOO− anion are disordered 
about symmetry operators. The nitrobenzoate ring of the ligand was also 
modelled as disordered over two sites – appropriate restraints and 
constraints were added to ensure that each approximated to normal 
geometry and displacement behaviour. Selected crystallographic and 
refinement parameters are given in Table S1 and full information in .cif 
format has been deposited with the CCDC, as reference numbers 
2378507 and 2378508.

3. Results and discussion

In recent work, we have used ligands containing the bicyclo[2.2.2] 
oct-7-ene unit as a means of obtaining coordination cages that show 
gas uptake. Having found that this gas uptake could be tuned depending 
on the functional groups attached to the benzoic acid groups of the 
ligand, here we continued this work by synthesising a new ligand with a 
nitro-functionalised benzoic acid ring (LH2). LH2 was obtained in good 
yields by refluxing 5-amino-2-nitrobenzoic acid with bicyclo[2.2.2]oct- 
7-ene-2,3,5,6-tetracarboxylic dianhydride in acetic acid (Fig. S1). The 
synthesised ligand was obtained both as a bulk powder and as crystals 
suitable for single crystal X-ray diffraction. The product was analysed by 
powder X-ray diffraction (PXRD), and the obtained diffractogram 
matched well with the one predicted from single-crystal data, which 
confirms the phase purity of the product (Fig. 2(a)). Analysis of the 
single crystal diffraction data show that the ligand crystallises in the 
monoclinic space group P21/c (Table S1). The asymmetric unit contains 
one ligand molecule, and three water molecules with occupancies that 
are split over five positions. There is some disorder present around the 
nitro groups due to their free rotation. The ligand packs efficiently 
through stacks of planes of LH2 – three layers of these planes are shown 
in Fig. 2(b). The interactions between the layers are driven by strong 
hydrogen bonding that involves the carbonyl groups of the dicarbox
imide rings, the carboxylic acid groups, and the nitro groups (Fig. S6). 
The view along the a-axis shows the channels parallel to this crystallo
graphic dimension, which could favour porosity in the material (Fig. 2
(c)).

Reaction of LH2 with cobalt(II) acetate in DMA yielded single crys
tals directly from a one-pot reaction. The resulting product is a one- 
dimensional coordination polymer with the formula 
[Co3(L)2(OAc)2(DMA)2]n, 1, that crystallises in the monoclinic space 
group C2/m. The asymmetric unit consists of one quarter of the formula 

unit (Fig. 3). Through charge balance considerations, all of the cobalt 
ions in the structure are assigned as Co(II). These ions are arranged in a 
linear trimeric unit, with Co1 and its symmetry equivalent Co1′ in the 
outer positions, and Co2 in the central position (Fig. 4(a), and metric 
parameters in Table 1). Co1 is found in a tetrahedral coordination 
environment, coordinated by four donor oxygen atoms. One of these is 
from a terminal DMA molecule; two are from the carboxylate groups of 
two different L2− ligands, which both bridge to Co2; and one is from an 
acetate anion that bridges to Co2. This leads to a distance between Co1 
and Co2 of 3.651(1) Å. The distortion around the Co(II) ions was 
measured using the program Shape 2.0 [28,29]. Shape provides a 
continuous shape measure, S, indicating how close the coordination 
sphere of a central atom resembles ideal reference polyhedra, where 
ideal symmetry is associated with S = 0. When more than one geometry 
is possible for a given coordination sphere, lower values of S indicate the 
best approximation. For Co1, Stet = 7.6, Ssee-saw = 11.8, and Ssquare planar 
= 27.1. This shows that while the coordination environment of Co1 is 
best-described by a tetrahedron, there is a slight distortion towards a 
see-saw geometry, associated with C4v symmetry. Co2 is coordinated by 
six oxygen atoms in a distorted octahedron, one for each of the two 
acetate bridges and four from four different L2− ligands (Fig. 4(a)). 
Shape measures here found that this coordination environment of Co2 

Fig. 2. a) PXRD data calculated for the structure from single crystal (bottom, red) and experimental data from bulk powder (top, orange) of LH2 with inset showing 
the molecular structure; b) view along the b-axis; c) view along the a-axis. Colour code: O, red; N, blue; C, grey. Hydrogen atoms and water molecules are omitted for 
clarity. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. View of the asymmetric unit of 1. Colour code: Co, purple; O, red; N, 
blue; C, grey. Hydrogen atoms and minority disordered components omitted for 
clarity. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)
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was best described as a distorted octahedron, rather than a trigonal 
prism (Soct = 7.0 vs. Strig. prism = 16.2). The configuration of a linear 
trimer of metal ions with coordination numbers 4–6-4 has been reported 
previously, particularly for trimeric units containing [Zn(II)3] [30–36]. 
For [Co(II)3] it has been reported seven times, but only for discrete 
molecules rather than for polymers (Table S2). When viewed along the c- 
axis, these polymers present a height that is comparable to their width 
(11 Å × 10 Å), giving them an overall cylindrical form (Fig. 4(a)). A pair 
of the L2− ligands bridge from one trimeric unit to the next, leading to 
the formation of the one-dimensional polymers that run parallel to the c- 

axis of the unit cell, and creating an approximately oval-shaped cavity 
(Fig. 4(b)). The bridging acetate groups sit within these cavities. As can 
be seen in Fig. 4(b), the nitro groups on the ligand point into the 
interstitial space between neighbouring polymers. PXRD was obtained 
to confirm phase purity, and the diffractogram is in good agreement 
with the one predicted from the single-crystal data (Fig. 5(a) and S7).

Thermogravimetric analysis (TGA) of crystalline LH2 showed an 
initial mass loss of 12.7 %, between room temperature and ca. 140 ◦C, 
related to the loss of the water from within the structure (Fig. 5(b)). This 
loss is followed by a plateau until 364 ◦C whereupon a two-step 
degradation process starts. The TG profile of 1 shows a slight weight 
loss until the onset of decomposition at ca. 320 ◦C. There are no clear 
steps that could be related to the loss of the coordinated DMA molecule 
or solvent release.

In porous molecular solids, porosity can arise from awkward packing 
of the molecules, or through the formation of regular pores induced by 
hydrogen bonding motifs, such as those found in hydrogen-bonded 
organic frameworks [37–39]. Given the channels observed in the crys
tal structure of LH2, and the potential for awkward packing and porosity 
generated by the bicyclo[2.2.2]oct-7-ene units, we measured its uptake 

Fig. 4. Different views of the crystal structure of 1: a) front view of the chains 
along the c-axis, with detail of the trimeric unit and coordination sphere of the 
Co(II) ions. b) Side view of the chains along the c-axis. Colour code: Co, purple; 
O, red; N, blue; C, grey. Hydrogen atoms omitted for clarity. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web 
version of this article.)

Table 1 
Selected Bond Lengths and angles for complex 1.

Bond Length/Å

Co1-O2 1.879(16)
Co1-O1S 1.978(5)
Co1-O8 1.942(8)
Co2-O1 2.075(6)
Co2-O7 2.031(7)

Atoms Angle/◦

O21-Co1-O2 111.3(11)
O21-Co1-O1S 98.4(4)
O2-Co1-O1S 114.5(3)
O2-Co1-O8 118(2)
O21-Co1-O8 113(2)
O8-Co1-O1S 100.4(4)
O7-Co2-O1 70.6(3)
O7-Co2-O11 88.2(3)
O7-Co2-O12 91.8(3)
O7-Co2-O13 109.4(3)
O1-Co2-O11 111.0(4)
O1-Co2-O12 69.0(4)
O1-Co2-O13 180.0(2)
O11-Co2-O12 180.0(2)

1 +X,-Y,+Z.
2 2-X,+Y,1-Z.
3 2-X,-Y,1-Z.

Fig. 5. a) PXRD data for 1 and post-solvent exchange with acetone 1-SE; b) 
TGA data for LH2 (orange), 1 (dark purple) and 1-SE (light purple). (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)
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of N2 at − 196 ◦C (Fig. 6(inset) and Fig. S8). The recorded adsorption 
isotherm resembles Type II following the IUPAC classification, charac
teristic of non-porous materials [40]. In this type of isotherm, there is an 
increase in uptake at high pressures due to multilayer formation and a 
plateau is not reached. The isotherm also presents a hysteresis Type H3 
upon desorption, with the closing of the loop at the cavitation point of 
the adsorbate, which is between P/P0 ≈ 0.4 and 0.5 for N2 at − 196 ◦C 
(Fig. S8). This confirms the efficient packing observed in the crystalline 
structure, and the surface area was found to be negligible. Post-sorption 
analysis of the sample showed changes in the packing of the molecules, 
which could be related to the loss of water molecules from the structure 
during the activation process (Fig. S9).

Before studying gas uptake by 1, we attempted to exchange the DMA 
molecules within the structure for a more volatile solvent to facilitate 
activation [41,42]. For 1 we found that the DMA could not be exchanged 
– data from attempted exchange with acetone are presented here. The 
TGA data show a very similar profile to 1 (Fig. 4); the solvent content 
was found not to have varied by inspection of the acid digested 1H NMR 
spectra pre- and post-solvent exchange (Fig. S4); and the PXRD data and 
IR spectra were also found to be invariant (Fig. S5; Fig. S7).

Although these data suggested that removal of the DMA molecules 
would be difficult, the presence of the bulky NO2 groups in the spaces 
between the chains suggested there could be potential gas uptake. This 
was particularly expected for CO2, as we anticipated there could be an 
interaction between the gas and the NO2 groups [43,44]. 1 displayed 
minimal uptake of N2 (Fig. 6(inset); Fig. S10). CO2 uptake was then 
measured at 25 ◦C up to absolute pressures of 20 bar, which is equivalent 
to P/P0 = 0.3 (Fig. 6). The adsorption isotherm follows a Type I profile 
without reaching a plateau at the highest pressures measured. The 
desorption branch shows a hysteresis from 20 bar back to vacuum, 
where at high pressures the uptake barely diminishes, and when the 
pressure reaches 4 bar the uptake decreases more markedly (Fig. S11). 
Overall, the uptake reached at 20 bar is low, with a maxima of 10.7 cm3/ 
g. The samples from N2 and CO2 adsorption were analysed post-sorption 
using IR, PXRD and 1H NMR (Fig. S5; Fig. S7; Fig. S12; Fig. S13). The 
NMR data showed that there were no changes in the amount of solvent 
present within the chains, integrated to 1 DMA molecule per ligand. The 
IR spectra are in agreement, with no changes in any of the peaks present. 
PXRD showed no changes in crystalline form or crystallinity, confirming 
that the Co(II) chains are robust and stable.

4. Conclusions

To summarise, a new semi-rigid ligand, LH2, was synthesised and 
used to obtain a 1D coordination polymer 1, that was based on trimeric 
Co(II) nodes. Based on the crystal structure of the ligand, we had 
anticipated that it might show permanent porosity, with free volume 
generated by the bulky elements of the structure, but the uptake of gases 
was low. The powder X-ray diffraction data for the material pre- and 
post-gas sorption suggest that a structural rearrangement took place on 
activation, which might have reduced the potential porosity of the 
material. Similarly for the polymer 1, uptake of N2 was low, while there 
was modest uptake of CO2 over the pressure range investigated. We 
attribute this to the difficulty of removing DMA molecules from the 
structure, which would have generated significant channels within the 
polymer – solvent exchange techniques that are commonplace in the 
study of metal–organic frameworks were unsuccessful here. Neverthe
less, we have shown that the new ligand LH2 is capable of forming robust 
coordination polymers.
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