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The design of ligands that mediate through-bond long range super-exchange in metal–organic hybrid 

materials would expand chemical space beyond the commonly observed short range, low temperature 

magnetic ordering. Here we examine acetylene dicarboxylate as a potential ligand that could install long 

range magnetic ordering due to its spatially continuous frontier orbitals. Using a known Mn(II)-containing 
coordination polymer we compute and measure the electronic structure and magnetic ordering. In this case, 

the latter is weak owing to the sub-optimal ligand coordination geometry, with a critical temperature of 2.5 

K. 

 

 

 
The inherent porosity of metal–organic frameworks (MOFs) has 
encouraged researchers to focus on heterogeneous applications like 

gas storage and chemical sensing.1,2 Besides geometric structure, 
these materials offer the ability to independently tune the inorganic 
and organic moieties as a route to design new catalysts, photovoltaic 
materials, and magnetically ordered frameworks with unparalleled 

compositional diversity.3–7 The inclusion of spin-polarised metals in 

the secondary building unit (SBU)8 provides access to a variety of 

exciting electronic9 and physical properties, including magneto-

sensing through changes in magnetic ordering.10–13 This effect was 
indirectly presented by Talin et al. in their study of HKUST-1 loaded 

with TCNQ,14 and later by Kosaka and co-workers showing that 
TCNQ mediated an antiferromagnetic (AFM) interaction in a Ru-

based material.15 TCNQ has also been used in other studies to 

mediate magnetic interactions.16 The origin of these changes in 
magnetic interactions are attributed to the energy level matching of 
TCNQ with many of the late-transition metal highest energy 

electrons.17 However, these properties are not limited to TCNQ, as 
there are countless other examples in the literature where magnetic 

structure is modulated through guest inclusion.18,19 
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The magnetic structure of MOFs and other hybrid solids are 

determined by both the chemistry of the bridging ligand and the 

identity of the metal. In the Cu-containing HKUST-1,20 two Cu2+ 
atoms are AFM coupled through a super-exchange inter-action, Fig. 

1a. In the archetypal AFM coupled material, MnO, the Mn2+ 
demonstrate strong AFM interactions across the bridging oxo 

‘ligand’, through a so-called super-exchange interaction (Fig. 1b).21 
Strong super-exchange interactions are typically  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 1 Spin-polarised metals may magnetically order through either direct 
exchange interactions, or longer-range super-exchange. Here the coupled 
metals are shown linked by a blue dotted line, and the electronic spin is 
simplified to a single electron (black), with the exchanged electron 
schematically represented in light grey. The strongest magnetic inter-
action, short range exchange is shown in (a), an example of which is found 
in Cu–Cu paddlewheels like that of cupric acetate. This deviates from the 
super-exchange interactions because the metals are coupled through 
space, rather than through bond. The quintessential super-exchange 
material, MnO shown in (b), exhibits longer range ordering mediated by the 
bridging oxide. Longer again is that of the formate bridge metals, (c). Here, 
we are interested in mediating the magnetic coupling between metals 
through the helical orbitals associated with acetylene dicarboxylate, (d). 

 

 
 



 
 
 

 
 
 
 
 
 
 
 
 
 

 

 
limited to dense materials where either (i) the metals are in close 
proximity as demonstrated in MnO (d(Mn–Mn) = 4.50 Å) or (ii) the 

metals are bridged by a closed shell oxide/chalcogenide.22,23 To 
design a material with longer-range super-exchange coupling 
through an organic ligand is more challenging: the coupling energy 
decreases rapidly as the metals become spatially separated and 
electronic structure of the ligand plays an increasingly pivotal role. 
Because the magnetic structure is intimately related to the interface 
between the metal and ligand, a priori design of strong long-range 
magnetic ordering is infrequently observed in the literature. For 

example, there are reports of Co-24–26 and Fe-containing27,28 
materials that demonstrated strong coupling, but these interactions 
are mediated through space, rather than through bond: larger ligands 
usually are of detriment to metal–metal interactions. 

 
The formate ligand has seen some success in extending the 

bridging distance between spin polarised metals (Fig. 1c).29 Some 

examples include Mn2+, Fe2+ and Cu2+ in perovskite-like 

structures:30–32 the structural library of MOFs is limited to 
perovskite-like structure types, but they are frequently observed due 

to their predictable orientation and high resultant crystal density.33 
Yet, long-range magnetic coupling in hybrid materials remains a 
challenge, as the interaction energy is determined by orbital 

symmetry of the ligand.34 The ligand plays a crucial role in creating 
novel magnetic hybrid materials, and their realization would provide 
the foundation for an interesting class of materials.  

Recently, we reported an electronic structure study of unusual 

helical and spatially continuous orbitals35 present in both the 
HOMO and LUMO acetylene dicarboxylate (ACDC), and other 

linear carbon-rich molecules.36,37 We later postulated that these 
ligands could mediate high temperature long range magnetic 
ordering (our example was through the formation of 1D chains with 

general formula –Mn–ACDC–Mn–, Fig. 1d).38 The origin of this 
was attributed to favorable orbital symmetry interactions between 
metal and ligand, mediated by the spatially continuous ligand 
centered helical orbital. With no previous reports of magnetic 
ordering in Mn–ACDC containing materials, we sought to 
synthesize our theoretical 1D chain complexes.  

The synthesis of pure phase hybrid solid materials is challenging, 
with entropic effects playing a significant role in the final crystal 
structure.33,39 Initial attempts at forming a crystalline material 

focused on mixing Mn(OAc)2 and acetylene dicarboxylic acid solely 
in methanol. However, rapid formation of amorphous and 
microcrystalline solids were observed. To address this issue, the 
adoption of an initial biphasic water/ methanol medium led to the 
formation of crystalline material suitable for single crystal X-ray 
crystallographic analysis (complete synthetic details are presented at 
the end of the paper). Single crystal X-ray diffraction was used to 
determine the absolute structure of the colorless crystals. Indeed, we 
failed at isolating the hypothetical 1D chain complex. Instead the 
material crystal-lized the historically reported structure presented in 

Fig. 2a,40 in the monoclinic space group C2/c (a = 13.4976 Å, b = 
7.1793 Å, c = 7.8799 Å, b = 123.40501 at 100 K). It should be noted 
that this is just one of numerous possible structures containing at 

minimum Mn2+ and the ACDC linker. In this structure, the Mn2+ 
centers 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 Mn–ACDC features the connectivity shown in (a), where each ACDC 
ligand links four Mn2+ ions that are all within 5 Å to 6 Å of each other. This 
gives rise to two possible magnetic orderings in the unit cell: a short range 
antiferromagnetic (AFMSR) orientation, (b), which permits all Mn2+ centers 
to be AFM relative to each other, and a long range antiferromagnetic 
(AFMLR) orientation where carboxylate bridge Mn2+ are ferromagnetically 
(FM) arranged, and ACDC-bridged Mn2+ centers are AFM, (c).  

 
adopt an octahedral coordination geometry with four unique 

equatorial ACDC ligands and two axial H2O molecules. The ACDC 

ligands coordinate to the Mn2+ in the syn–anti mode, which is 
favourable for formate-like bridged coupling, but less ideal for 
through-ligand ordering. There are four distinct Mn–Mn distances; 
the carboxylate bridges species (d(Mn–Mn) = 5.33 Å), the syn–syn 
through-ligand couple (d(Mn–Mn) = 9.87 Å) the syn–anti through 
ligand couple (d(Mn–Mn) = 7.87 Å) and the anti–anti through-ligand 
couple (d(Mn–Mn) = 5.64 Å).  

The Mn–ACDC coordination polymer features I0O3 

connectivity,41 where adjacent Mn2+ are chemically connected in 
three dimensions through ACDC. These units arrange in a pseudo-
layered topology that results in each Mn-center having two nearest 
neighbor interactions within the plane that are mediated through 
super-superexchange (i.e. through the ACDC alkyne) and two next-
nearest neighbor distances out of plane (i.e. through the ACDC 
carboxylic acid motif). Limiting the possible magnetic arrange-ments 
to a single crystallographic unit cell, there are two possible AFM 
orientations: a short range AFM arrangement, or checkerboard 
ordering (Fig. 2b), and a long range AFM inter-action, or striped 
ordering (Fig. 2c).  

Through serendipity, this Mn–ACDC structure is of more general 
interest because there are two competing AFM arrangements that can 
be isolated, Fig. 2b and c. In any case, we decided to perform our 
magnetic measurements on this material to deter-mine if (i) the 
ACDC ligand still permitted long range magnetic ordering and (ii) 
whether the competition between the two AFM arrangements were 
in competition, thereby negating magnetic ordering. 

 
To assess the magnetic structure, a combined DFT and 

magnetism experimental approach was taken. Using the com-
putational methods described herein, the total energies of the 

 

 
 



 
 
 
 
 
 
 
 
 
 
 
 

 

 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3 The spin densities of the AFMSR (left) and AFMLR (right). Spin channel 1 

is shown in red, and spin channel 2 in purple. AFMSR features a formate-like 
bridge where the spin channels interact, permitting coupling across the 
carboxylate bridge with no contribution from the alkyne region of ACDC. 

Conversely, the AFMLR orientation shows a FM interaction between 
carboxylate-bridge metal centres, and spin contributions along the alkyne-chain; 
a weak but significant long range super-exchange interaction.  

 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4 Top panel: Temperature-dependent magnetic susceptibility of Mn– 
ACDC collected as zero-field-cooled (filled blue dots) and field-cooled 
(unfilled red dots) near the ordering temperature of 2.5 K. The inset shows 
a wider temperature range in order to illustrate the Curie–Weiss behavior. 
Bottom panel: Derivative of the magnetization with respect to the tem-
perature, clearly showing a point of inflection in the data around 2.5 K.  

 

 

 
AFMSR, AFMLR and FM structure were compared (Fig. 3). The 

computed coupling constants were AFMSR = 0.035 meV and 

AFMLR = 0.015 meV relative to the ferromagnetic state, suggesting 

the Mn2+ are antiferromagnetically coupled in the DFT ground state, 
with the minimum energy configuration corresponding to the 
formate-bridged checkerboard ordering. The resultant computed 
Ne´el temperatures are 7 K and 3 K for the checkerboard and 
striped, respectively. Spin densities for the short and long range 
AFM interactions are shown in Fig. 3.  

Unlike our previous prediction of Ne´el temperatures above 
liquid nitrogen for the theoretical hydrated 1D Mn–ACDC–Mn 
material, the experimentally realized structure does not feature 
strong interactions between the spins. This can be attributed to the 
less-desirable coordination environment that results from the ACDC 

and Mn2+. From the Goodenough–Kanamori rules, Mn–ACDC does 
not feature the ideal 1801 Mn–ligand–Mn bond angle, and here the 

Mn eg ligand field combination does not effectively overlap with the 

oxide 2p orbitals.42,43 However, the AFMLR is also relatively 

disfavored due to a local electronic effect. AFMLR installs a local 
short range FM interaction which is destabilising. However, 

examining the computed AFMLR spin density shown in Fig. 3, there 
is clearly some orbital contribution along the ligand, therefore 
promoting the long range AFM interaction. 

 
In order to test the theoretically predicted magnetic inter-actions, 

the temperature-dependent susceptibility, w, was collected under a 

constant dc field of 500 Oe (w 1 vs. T is presented in the ESI†). As 
seen in the inset of the top panel of Fig. 4, Mn–ACDC exhibits the 
usual inverse relationship between temperature and susceptibility 
expected from a material with strongly localized magnetic moments. 
At temperatures approaching 2.5 K a subtle kink in the susceptibility 
can be seen that suggests the spins begin 

 
to adopt an ordered configuration. This point of inflection is more 
clearly visible in the derivative, dw/dT, shown in the bottom panel of 
Fig. 4. Very little divergence is seen between the zero-field-cooled 
and the field-cooled data, suggesting that the arrangements that the 
spins adopt are well-ordered and they do not exhibit any disordered 
or glassy behavior.  

The high temperature region (280–150 K) of the magnetic 
susceptibility was fit to the Curie–Weiss Equation in order to gain 
more insight into the nature of the magnetic interactions that the 
ACDC ligand mediates. The effective moment was found to be 5.71 
mB, in good agreement with the expected value of 5.92 mB for a 

octahedrally coordinated, high-spin, Mn2+ ion (S = 5/2, L = 0) with 
spin-only contributions to the magnetiza- 

h pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffii 

tion mðSÞ ¼ 2 SðS þ 1Þ . From this fit, yCW was found to be  
6.5 K where the negative sign reflects the dominant antiferro-

magnetic coupling. Comparing the experimentally determined 
Curie–Weiss ordering temperature with the computationally pre-

dicted ones supports the AFMSR arrangement of the moments as the 
favored configuration.  

The stability of the antiferromagnetic ground state was 
interrogated by collecting the high-field magnetization curves at 2 K 
shown in Fig. 5. For small fields up to 3 T the usual linear response 
expected for an antiferromagnet is seen; how-ever, it is very clear 
that fields approaching 6 T onward begin to show saturation at the 

expected value of 5 mB/Mn2+ ion. The shape of the magnetization 
curve bears some similarity to the Brillouin-like response for a fully 
disordered paramagnetic phase, so a comparison between the two is 
shown in the top panel of Fig. 5 where a much wider and more 
pronounced linear region can be seen clearly in the experimental 
data. A closer examination of the derivative with respect to the field 
(bottom panel of Fig. 5) reveals a symmetric feature peaking at 

 

 
 



 
 

 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 Top panel: Isothermal magnetization curve collected for Mn–ACDC 
at 2 K (blue curve) compared to the Brillouin function calculated curve for a 
J = 5/2 paramagnetic phase (red curve). Bottom panel: Derivative of the 
magnetization with respect to the field illustrating the field-induced 
magnetic transition that occurs around 1.5 T in Mn–ACDC.  
 
 

1.5 T that most likely corresponds to a field-induced breaking of 
the antiferromagnetic order in favor of a ferromagnetic arrangement 
with the moments saturating around 6 T. Given the calculated value 

for JSR of 0.035 meV is fairly weak, it is reasonable that a field of 
1.5 T would be sufficient to force a realignment of the moments into 
a ferromagnetic orientation.  

Given the subtle nature of the magnetism seen here, it is 
important to note that without a full Curie–Weiss analysis the onset 
of magnetic order and the field-induced transition would have been 
easily overlooked. It is fairly common to invoke wT plots  
in order to analyze the nature of the magnetic order in metal– 

organic hybrids.44,45 While this is perfectly valid for small mole-
cules where the implicit assumption is that no collective interaction 
exists between the magnetic centers, this type of analysis is not 
appropriate for materials that are capable of coupling through 
complex superexchange pathways mediated by the organic ligand. 
Our results clearly demonstrate the importance of not just the 
organic ligands, but also how they coordinate and subsequently 
rehybridize with the orbitals on the metal in order to mediate the 
interactions between the magnetic moments in metal–organic 
hybrids. In this particular instance, the ACDC ligand did not 
orientate in the fashion we had hoped, and the magnetic ordering is 
very weak. Given the high precision in typical DFT calculations we 
can conclude that this suppression in ordering is likely due to a 
frustration installed by the geometry imposed by the ACDC ligand. 
Simply incorporating highly conjugated organic ligands into a 
framework is not sufficient to ensure strong magnetic or electronic 
interactions between adjacent metal centers, and the experimental 
community should focus carefully on developing methods to control 
or template the crystallization of new hybrid materials. Further work 
on incorporation of the ACDC ligand is required to obtain a 
structure with remarkable Ne´el temperatures.  

Synthesis of Mn–ACDC: A solution of acetylene dicarboxylic acid 

(95% purity, Sigma Aldrich) dissolved in MeOH (2 mL, 0.18 mol L 1) 

 
was carefully layered over a solution of Mn(OAc)2 (98% purity, 

Sigma Aldrich) dissolved in water (2 mL, 0.18 mol L 1) at room 
tempera-ture. The vial was capped and crystals of the desired Mn–
ACDC were harvested after 3 weeks. Mn–ACDC was structurally 

identical to that previous reported.40 
 

Single-crystal details: Data for Mn–ACDC was collected on a Bruker 
Apex2 CCD diffractometer at 100(2) K using synchrotron radiation (l = 
0.7749 Å) at Station 11.3.1 of the Advanced Light Source, Berkeley. The 

diffraction data was integrated using APEX2 software,46 a multiscan 

adsorption correction was applied using SADABS,47 and refined by full-
matrix least squares on F2 using SHELXL. Crystal data for Mn–ACDC: 

C4H4MnO6 (M = 203.1 g mol 1): monoclinic, space group C2/c (no. 15), 
crystal size: 0.020 0.020  
0.010 mm3, a = 13.4976(8) Å, b = 7.1793(4) Å, c = 7.8799(5) Å, b = 
123.405(2)1, V = 637.44(7) Å3, Z = 4, n = 2.573 mm 1, Dcalc. = 
2.115 g cm 3, 4229 reflections measured (7.3381 r 2Y r 57.9341), 
649 unique (Rint = 0.0370, Rsigma = 0.0231) which were used in all 
calculations. The final R1 was 0.0174 (I 4 2s(I)) and wR2 was 0.0462 
(all data). CCDC 1484654 (Mn–ACDC).  

Magnetism details: Temperature- and field-dependent mag-netic 
susceptibility data was collected from room temperature to 2 K and 
up to fields of 14 T using the Vibrating Sample Magnetometer 
attachment on a Quantum Design DynaCool Physical Property 
Measurement system. Powders of the hybrid were kept in their 
mother liquor until a few moments prior to placing them inside a 
plastic cap that was firmly sealed in order to prevent rotation of the 
particles at high fields.  

Computational details: Electronic structure calculations were per-
formed within the DFT construct as implemented in the Vienna ab 

initio simulation package (VASP),48 a plane-wave basis set code 
(with PAW scalar-relativistic pseudopotentials). A 500 eV plane-
wave cutoff and a 2 4 4 k-grid was employed for electronic 
convergence to within 0.005 eV per atom. Beginning with the 
experimentally determined crystallographic cell, all unit cell vectors 
and internal ionic positions were relaxed to their equilibrium values 

using the PBEsol49 functional followed by further structural optimi-

sation with the HSE06 functional.50,51 Here we perform geometry 
optimisation at the hybrid function level as the difference in energies 
very small and small perturbations in the structure can significantly 

alter the energetics.52–54 The HSE06 functional features 25% of the 
short-range semi-local exchange replaced by the non-local Hartree– 
Fock exchange. The minimum energy electronic structure was 
obtained with an spin-unrestricted geometry optimisation and was 
found to be the antiferromagnetically ordered arrangement shown in 
Fig. 3 (short range). The long range and ferromagnetic states were 
then enforced and the structures were optimized with these electro-
nic structure parameters kept constant. From these calculations we 
recover electronic properties including electron density, band gap 
and magnetic coupling energies. 
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