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Multifunctional MOFs through CO2 fixation: a 

metamagnetic kagome lattice with uniaxial zero 

thermal expansion and reversible guest sorption 

Tony D. Keene,a,b Michael J. Murphy,b Jason R. Price,b,c Natasha F. Sciortino, b 

Peter D. Southonb and Cameron J. Kepert*b  

The properties of atmospheric CO2 fixation, metamagnetism, reversible guest adsorption and 

zero thermal expansion have been combined in a single robust MOF, 

[Cu3(bpac)3(CO3)2](ClO4)2·H2O (1·H2O). This compound is a ditopically-bridged copper 

carbonate kagome lattice where desolvation of the MOF allows subtle tuning of the 

metamagnetic and uniaxial ZTE behaviour. 

 

 

 

Introduction 

The past decade has seen the rapid expansion of the field of 

metal-organic frameworks (MOFs) as functional materials 

capable of advanced chemical and physical function, such as 

host-guest, magnetic, electronic and optical properties amongst 

many others.1 Advances over these traditionally disparate areas 

can be attributed in large measure to the intricate control 

conferred by the metallo-supramolecular approach to materials 

design, in which the rational assembly of molecular building 

units leads to a high degree of control over materials structure 

and resulting function. In addition to allowing the targeting of 

individual properties of interest, this approach usefully allows 

the strategic design of systems in which multiple properties 

coexist. Multifunctional materials achieved through this route 

are of interest in offering the ability to perturb and therefore 

systematically examine individual properties of interest. 

Moreover, the interplay between multiple properties can in 

some cases lead to new materials phenomena, as seen for 

example in the novel host-guest chemistry of electronically 

bistable MOFs.2  

One field in which MOFs have generated particular interest is 

that of their use in carbon capture and utilisation.3 Current 

solution-based adsorption processes for carbon capture are 

energy-intensive and use solutions of corrosive amines that can 

be difficult to handle effectively.4 In one recent development, 

MOFs containing pendant amines have been shown to adsorb 

CO2 highly selectively through carbamate formation.5 Such an 

approach is an extension of the Solvay process, which uses 

ammonia in brine to fix CO2 as hydrogencarbonate.6  In parallel 

developments, similar chemical approaches involving the 

generation of organic and inorganic carbonates are being 

applied to large-scale CO2 utilisation.7 

Another interesting and potentially useful functionality of 

MOFs emerges from their anomalous thermomechanical 

behaviour.8  Many vibrationally flexible framework materials 

show negative thermal expansion, decreasing in volume on 

heating through population of transverse vibrational modes in 

the framework linkages that draw together metal centers, most 

notably those of cyanide-bridged materials9 and 

arylcarboxylates.10  Zero- and negative thermal expansion (ZTE 

and NTE) materials are of considerable interest for use in 

precision components where thermal expansion has a 

deleterious effect on the performance of devices. 

The coexistence of porosity and molecular magnetism is rather 

less intrinsic due to the somewhat competing requirements of 

open framework architectures and short magnetic exchange 

pathways. Despite the seeming exclusivity of these properties, 

rapid advances have been made in recent years following the 

establishment of synthetic design principles, leading to a 

powerful new route for exploring magnetic structure-property 

relationships.11 

Here we report the combination of these properties – 

atmospheric CO2 fixation, zero thermal expansion and 

molecular magnetism, along with a single-crystal to single-

crystal transformation – in a single multifunctional open-

framework MOF, [Cu3(bpac)3(CO3)2](ClO4)2·H2O, 1·H2O 

(where bpac is 4,4′-bipyridylacetylene). The synthesis, 

structure, thermal behaviour and magnetic properties of this 

compound are presented. 

Results and Discussion 
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Monophasic single crystal samples of 1·H2O were obtained 

through a modified Solvay process where CO2 is adsorbed from 

the air and fixed in solution by ammonia solution as 

hydrogencarbonate. Subsequent evolution of the ammonia with 

evaporation allows the copper ions to be chelated by the 

carbonate.  The structure of 1·H2O
12 (figure 1) consists of 

[Cu3(CO3)2]
2+ kagome layers in the ab-plane bridged by bpac 

through the Cu(II) centres in the c-axis. The Jahn-Teller axes of 

the Cu(II) centres lie in the plane of the kagome layer, leading 

to a concerted rotation of each carbonate unit from its regular 

orientation by 15.73° (Cu1−O1 = 1.995(3) Å, Cu1−O1′ = 

2.649(3) Å). Disordered ClO4
− anions reside both in the 

hexagonal pores of the kagome layer and in the voids between 

the bpac alkyne groups, with disordered water molecules lying 

in the pore space between these (a full structural description can 

be found in the ESI). 

 
Figure 1. a) Section of the pillared kagome lattice in 1·H2O with disordered 

perchlorate and water removed for clarity; b) the kagome lattice in 1·H2O. 

Thermogravimetry of 1·H2O revealed a gradual loss of the 

solvent water below 110 °C (figures S2 and S3, ESI). The water 

adsorption isotherm for 1 (figure 2) shows reversible and near-

stoichiometric adsorption of water by the dehydrated material, 

indicating the robust nanoporosity of 1. 

Figure 2. Water adsorption isotherm for 1 at 25°C. Unfilled data points indicate 
the desorption scan. 

In-situ variable temperature single crystal X-ray measurements 

show that the guest water evolution occurs via a single-crystal 

to single-crystal transformation to form the apohost 1, for 

which careful analysis found no residual electron density at the 

position formerly occupied by the water molecule.13 The 

framework is highly stable to guest desorption, with minimal 

changes in the framework geometry including a very subtle 

contraction of 1.4% in unit cell volume, 0.5% in a and 0.3% in 

c when 1·H2O and 1 are compared at 150 K. In the desolvated 

material, a small pore volume of roughly 26 Å3 is found in the 

space formerly occupied by H2O, but only if the probe radius 

for assessing the pore volume is reduced to 1.0 Å, smaller than 

the van der Waal’s radius of water indicating contraction of the 

cell on desolvation. 

Unit cell collections between 100-400-175 K (figure 3) show 

uniaxial ZTE in the c-axis in 1·H2O with αc = −0.2(4) × 10−6 

K−1 for the range 100−275 K (where αx = dx/xdT) and NTE in 1 

with αc = −5.4(2) × 10−6 K−1 for the range 400−175 K. In both 

1·H2O and 1, a large positive thermal expansion (PTE) is seen 

in a and V with coefficients of +45.1(7) and +90.4(16) × 10−6 

K−1, respectively, for 1·H2O and +45.8(7) and +86.6(14) × 10−6 

K−1, respectively, for 1. We ascribe the ZTE in the c-axis of 

1·H2O to the balancing of two opposing influences: bond length 

expansion associated with longitudinal vibrations (favouring 

PTE) and pronounced transverse motion of the bpac ligand 

(favouring NTE). This is the first time, to our knowledge, that a 

nitrogen-donor ligand has led to anomalous thermal expansion 

behaviour. The expansion coefficients are remarkably similar in 

the solvated and desolvated forms of this compound, with the 

conversion from ZTE to weak NTE along c being attributable 

to the increased amplitudes of transverse vibration of the bpac 

unit with removal of the pore water guests.14 The presence of 

these guests near the bpac ethyne group in the solvated form 

therefore appears to play an important role in fine-tuning the 

ZTE behaviour through dampening the transverse bpac 

vibrations. 

 
Figure 3. Thermal expansion behaviour in 1·H2O → 1 from 100→400→175 K 

showing PTE in a and V ZTE in c. Cell parameters normalised against the cell of 

1·H2O at 100 K. 
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The magnetic susceptibility of a powder sample of 1·H2O 

measured at 0.2 T (figure 4) shows Curie-Weiss behaviour on 

cooling from 300 K (C = 0.419(2) cm3Kmol−1 and θ = + 26.6(8) 

K) before a sharp increase with TC = 9.5 K after which 

saturation is seen. At 0.004 T, a sharp maximum is seen at 9.3 

K. χT(T) plots at both fields show increases in value on cooling, 

indicating ferromagnetic interactions. The magnetisation plot 

(figure S7, ESI) shows a linear increase in moment with 

increasing field up to ~0.015 T, after which the gradient 

increases sharply until saturation is achieved at 0.5 T. This 

field-dependent switching is characteristic of a metamagnet 

with the ferromagnetic layers aligning antiferromagnetically 

with each other below the critical field, Hc and aligning with the 

external field above Hc, which we see from the magnetisation 

plot is ~0.01 T.  No hysteretic behaviour was seen (figure S8, 

ESI). 

To date, no model exists in the literature for an S = ½ 

ferromagnetic kagome lattice. Accordingly, we have used exact 

numerical full-matrix diagonalisation15 to simulate the 

behaviour of an n = 12 cluster with periodic boundary 

conditions (see ESI for full description). From our previous 

work,16 we expect this simulation to be accurate at temperatures 

above 1.2 × |J/kB| and we have produced a high-temperature 

series expansion (HTSE) with which to model the behaviour of 

compound 1·H2O: 
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where K = J/kBT and an values for n = 1−8 are given in the ESI. 

 
Figure 4. Magnetic susceptibility of 1·H2O at 0.2 T with fit from S = ½ 
ferromagnetic kagome polynomial (solid red line).  Inset: magnetic susceptibility 

at 0.004 T (○) and 0.2 T (∆). 

Using equation 2, we obtain g = 2.100(2) and J/kB = +31.6(1) 

K. This coupling indicates that the calculated Curie and Weiss 

constants are not entirely accurate (usually Curie-Weiss law 

holds in the temperature range T > 10 × J/kB), but we include it 

in this report as an indicator of the overall behaviour to aid in 

the choice of model.  The lack of hysteresis is consistent with 

the ferromagnetic Heisenberg layer17 – the small anisotropy 

giving rise to the orientation of the ferromagnetic moment with 

respect to the layer plane is of the easy-plane type.  The low 

critical field of the metamagnetic transition arises from the 

weak dipolar magnetic interaction between the layers over the 

13.6066 Å interlayer distance, which is a sufficiently long 

pathway to negate the effects of superexchange through the 

bpac ligand. 

The kagome lattice in 1·H2O is a much sought-after topology in 

molecular magnetism: because of the hexagonal symmetry of 

1·H2O, all Cu···Cu interactions are exactly equivalent, 

simplifying analysis of ferromagnetic behaviour while 

antiferromagnetic interactions within such a layer would lead to 

spin frustration and would be an excellent probe in the physics 

of such phenomena.18 I the case of a lower-symmetry structure, 

frustration is usually negated by inequivalent coupling 

pathways.   Two other such [Cu3(CO3)2]n
2n+ kagome layers are 

represented in the literature, [Cu(4-aminopyridine)2 

(CO3)2](ClO4)2·½MeOH (2)19 and [Cu3(CO3)2(4,4′-

bipyridylethane)3](ClO4)2 (3),20 neither of which display guest 

sorption or metamagnetism. A Co(II) kagome built around 

imdiazole-4,5dicarboxylic acid does show reversible water 

sorption, but no magnetic data was presented.21 The magnetic 

coupling in 2 is slightly under-estimated due to the hexagonal 

HTSE model and we find that we can reproduce the data well 

with J/kB = +12.3(1) K The coupling in 1·H2O fits well with the 

angular dependence found in several Cu3(CO3) trimers (Figure 

S12, ESI) and calculated by Félix et al.22 when only trigonally-

symmetric trimers and those close to being ideal in their 

structure are taken into account. It is worth noting that the 

couplings in 1·H2O and 2 are slightly lower than expected for 

the Cu−O−C angle, most likely a function of the 

electronegativity of the coordination sphere: the trimeric 

clusters used in making this relationship have N3O3 or N4O2 

coordination spheres, pushing more electron density onto the 

metal centers and allowing a greater orbital overlap between Cu 

centers, as seen in Cu(oxalate)(L)x chains.23 Compound 3 is 

reported as showing antiferromagnetic couplings in the layer, 

although the magnetic susceptibility appears to be qualitatively 

the same as 1·H2O and 2, and antiferromagnetic couplings in 

this layer type are not consistent with the above angular 

dependency. 

Interestingly, the magnetic properties of 1 are only subtly 

modified from that of 1·H2O (figure S9, ESI), being 

metamagnetic with a lower Tc of 8.5 K and coupling of 

+28.3(3) K whereas other hydrated magnets can show more 

marked switching behaviour on desolvation, such as 

[Co3(OH)2(C4O4)2]·3H2O (4)24 and [Cu2M(tzdc)2(H2O)2]·2H2O 

(M = Fe2+ (5) or Mn2+ (6); tzdc = 1,2,3-triazole-4,5-

dicarboxylate).25 In the case of 4, this switching likely occurs 
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through a very small change to the structure of the metal 

coupling pathways as there is little difference in the structure on 

desolvation, whereas in 5 and 6, a more substantial structural 

change accompanies the magnetic switching where the layer 

structure folds to provide an octahedral environment for the Fe 

and Mn ions after water has been removed from the metals. 

This highlights the complex nature of magneto-structural 

correlations in widely-varying structures with varied metal ions 

in that compound 1 and 4 show similar degrees of structural 

change on desolvation, yet markedly different magnetic 

responses. Compound 1 also shows a very low Tc for the 

metamagnetic transition, especially when compared to other 

ditopically-bridged layers with shorter diamines.26  

Conclusions 

In compound 1·H2O, we have presented a multifunctional MOF 

formed by the fixation of CO2 direct from the air that displays a 

ferromagnetic kagome lattice, for which we have provided a 

new magnetic model. The uniaxial ZTE in this compound arises 

from the transverse vibration of a new type of molecular bridge 

for this phenomenon and, when coupled to the ease of forming 

easily-oriented single crystals and stability on desolvation, 

produces a material of particular interest in relation to precision 

components requiring precise alignment under varying thermal 

conditions. Desolvation of 1·H2O causes only a small 

modification of the magnitude of the magnetic coupling 

constant and thermal expansion coefficients, giving a 

compound that is structurally robust to changes in its host-guest 

chemistry. 

 

Experimental 

Materials and methods 

All reagents were purchased from commercial sources and used 

without further refinement.   

A blue hexagonal prism like crystal was attached with vacuum 

grease on one edge in an open glass capillary inserted in a 

copper mounting pin.  The crystal was quenched in a cold 

nitrogen gas stream from an Oxford Cryosystems Cryostream. 

A SuperNova dual source diffractometer with an Atlas CCD 

employing mirror monochromated MoKα radiation generated 

from a SuperNova (Mo) X-ray Source was used for the data 

collection. Cell constants were obtained from a least squares 

refinement against 1913 reflections located between 5.9 and  

58.8º 2θ.  Data were collected at 350(2) Kelvin with ω scans 

scans to 51.88º 2θ. The data integration and reduction were 

undertaken with CrysAlisPro,[27] and subsequent computations 

were carried out with the XP SHELXTL-Plus[28], WinGX[29] 

and ShelXle[28] graphical user interfaces. 

The structure was solved in the space group P6/m (no. 175) by 

direct methods with SHELXS-97,[28]  and extended and refined 

with SHELXL-97.[28]  All of the non-hydrogen atoms were 

modelled with anisotropic displacement parameters with the 

exception of the disordered perchlorate atoms. A riding atom 

model with group displacement parameters was used for the 

hydrogen atoms. The disordered perchlorate anions were 

modelled as a rigid body over the symmetry sites.  

Variable-temperature single-crystal X-ray diffraction (VT-

SCXRD) measurements were performed on the same 

instrument from 100−400−175 K in 25 increments. 

Powder X-ray diffraction patterns were obtained in the 10−50° 

range using Cu-Kα radiation (λ = 1.5405 Å) on a PANalytical 

X’Pert Pro MPD in a glass capillary. A Le Bail fit was made to 

determine phase identity and to identify any impurity 

contribution, which was not found to be present.   

Infrared measurements were performed on a Bruker IFS66V 

FTIR spectrometer using a single-bounce diamond attenuated 

total reflectance accessory between 600 and 3400 cm−1.  

Assignment of bands was made from Nakamoto.30 

Thermogravimetric measurements were made on a TA 

Instruments Hi-Res TGA 2950 in the range 21−600 °C in air. 

The water adsorption isotherm was measured with a Hiden-

Isochema IGA-002 gravimetric system. 60 mg of 1·H2O was 

loaded into a mesh basket, and evacuated under high vacuum at 

100 °C for 16 hours, after which the sample mass was stable. 

During measurement of the isotherm the sample was 

maintained at 25 ± 0.1 °C, while at each pressure point the 

sample chamber was pressurised to a set pressure of water 

vapour and allowed to equilibrate for 3 hours before moving to 

the next pressure point. Void space calculations were made in 

Mercury CSD 3.1.1 using a probe radius of 1.0 Å. 

Magnetic measurements were performed on a Quantum 

Designs Physical Property Measurement System, (PPMS), with 

a Vibrating Sample Magnetometer (VSM) attachment.  

Samples were loaded into a polyethylene sample container and 

sealed with Teflon tape. Magnetic susceptibility measurements 

were made on a Quantum Designs PPMS magnetometer from 

2−300 K under an applied field of 0.2 T on a 10.25 mg sample.  

Magnetisation measurements were made between 0−5 T at 2 K.  

Diamagnetic corrections were made using the equation 0.45 × 

106 cm3mol−1. 

Synthesis of [Cu3(CO3)2(4,4′-bipyridylacetylene)3] 

[ClO4]2.H2O, 1·H2O 

Cu(II)(ClO4)2.6H2O (370 mg, 1 mmol) and 4,4′-

bipyridylacetylene (180 mg, 1 mmol) were dissolved in 80 ml 

15% NH3 aqueous solution and the solution left exposed to air 

for two days, after which purple hexagonal crystals of 1.H2O 

formed.  The crystals were filtered and washed with water and 

acetone and left to dry.  Yield: 319 mg (89 %). 

IR (cm−1; attenuated total reflectance; s = strong, m = medium, 

w = weak, n = narrow, b = broad): 3097 (n, w) C−H stretch; 

3054 (n, w) C−H stretch; 1617 (n, m) C=N; 1450 (n, s) and 

1430 (n, m) CO3 ν3; 1332 (n, w); 1224 (n, m) C−H; 1110 (n, m) 

and 1083 (n, s) CO3 ν1; 1033 (n, m); 870 (n, w); 848 (n, s) and 

833 (n, m) CO3 ν2; 758 (n,w); 737 (n, w); 623 (n, m). 

Elemental analysis (for compound 1): C38H24Cl2Cu3N6O14: 

expected: C: 43.46; H: 2.30; N: 8.00. Found: 43.54; H: 2.26; N: 

7.90. 
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