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Anisotropic negative thermal expansion, driven by magnetoelastic coupling, has been 

found in cobalt adipate and interpreted through understanding its antiferromagnetic 

structure. 
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Co adipate, Co(C6H8O4), has been found to order near 10 K 
into a magnetic structure featuring sheets of tetrahedral Co 
cations coupled antiferromagnetically in two dimensions 
through carboxylate groups. The emergence of this order is 
accompanied by magnetoelastic coupling, which drives 
anisotropic negative thermal expansion along the a-axis 
below 50 K, the first time such behaviour has been observed 
in a metal-organic framework. The monoclinic angle, β , has 
also been found to decrease on cooling, passing through a 
metrically orthorhombic phase without a phase transition; 
this unusual behaviour has been rationalised in terms of the 
thermal expansion along the principal axes.  

Introduction	  

For more than a decade porous metal-organic frameworks (MOFs) 
have been extensively studied due to their fascinating range of 
structures and useful properties.1 More recently denser frameworks 
have attracted significant attention for exhibiting low dimensional 
and meta-magnetic behaviour, multiferroicity and strong 
magnetocaloric effects.2,3,4,5,6 In particular the transition metal 
dicarboxylate frameworks have shown a wide range of low 
dimensional and field dependent magnetic behaviour.2,3,4,6,7 
Compounds in this family exhibit two dimensional magnetic order in 
structures that can readily be made into nanosheets,3,8 while related 
materials transform from antiferromagnetic to ferromagnetic phases 
or feature spin flop transitions with applied magnetic fields.4,6 
 The magnetic properties of frameworks depend on their precise 
magnetic interactions and a deeper understanding of these is 
required to underpin their future development. This is particularly 
true for compounds having unique phenomena and strong coupling 
between their lattice and magnetic order. Neutron diffraction has 
proved to be a powerful probe for such studies of magnetic 
materials, but its application to hybrid frameworks is still limited to a 
handful of cases.9 This is due to significant challenges in solving the 
structure of these dilute yet complex magnetic compounds. 

 As part of our recent studies of dicarboxylate frameworks we 
have synthesised a new monoclinic Co adipate, Co(C6H8O4).6 Its 
pseudo-othorhombic structure is very similar to the glutarate10 and 
pimelate11 analogues, which are reported as forming monoclinic 
antiferromagnetic and orthorhombic weak ferromagnetic phases, 
respectively. The subtle difference in the reported structures and 
magnetic properties of these compounds inspired us to more closely 
examine the magnetic and structural behaviour of Co(C6H8O4). We 
have solved its magnetic structure using neutron diffraction and 
found that it exhibits negative thermal expansion driven by 
magnetoelastic coupling at low temperatures. In combination with X-
ray diffraction we have also shown that the monoclinic angle, β, of 
this phase decreases on cooling, passing through a metrically 
orthorhombic structure without any apparent phase transition. We 
have rationalised this unusual behaviour in terms of thermal 
expansion along its principal axis.  

Experimental	  

Co adipate, Co(C6H8O4), was made using the method previously 
reported,6 resulting in the formation of purple platelet crystals. For 
the deuterated sample, used for powder diffraction measurements, 
the reaction was carried out with perdeuterated adipic acid and D2O.  
 Single crystal X-ray diffraction measurements were performed at 
10 K using an Oxford Diffraction Gemini diffractometer, utilising 
MoKα radiation. It was equipped with a Sapphire CCD detector and 
a Helijet cryocooler. Data were integrated using CrysAlis Pro,12 the 
structure solved using direct methods in SIR2011,13 and refinements 
carried out using SHELX-9714 via the Olex2 interface15 (see Electronic 
Supplementary Information for further details).  
 Phase purity was initially assessed using patterns collected on a 
Bruker D8 Advance powder diffractometer utilising a linear position 
detector and CuKα radiaton. These patterns indicated that both the 
hydrogenous and perdeuterated materials contained a small amount 
of another known adipate, Co2(C6H8O4)2(H2O)6·4H2O.16 
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 Synchrotron X-ray diffraction patterns were obtained using 
beamline I11 at the Diamond Light Source UK.17 The sample was held 
in a rotating glass capillary, whose temperature was varied from 90 K 
to 500 K by a nitrogen cryostream, and data were collected using 
0.82612 Å X-rays and a Mythen position sensitive detector. The 
patterns were fitted using the LeBail method utilising the program 
Rietica18 and revealed traces of a second, unknown impurity. 
 Time-of-flight powder neutron diffraction patterns were 
recorded using the high-resolution powder diffractometer (HRPD) at 
the ISIS neutron facility, Rutherford Appleton Laboratories, UK.19 Data 
were collected between 4 K and 300 K, using an AS Scientific Orange 
cryostat, utilising all three detector banks, thereby covering d-
spacings from 0.7 Å to 10 Å. The patterns were fitted using the 
Rietveld method as implemented in the program GSAS,20 using the 
EXPGUI interface (see Electronic Supplementary Information for 
further details).21 Magnetic structure solutions were directed by the 
magnetic distortion modes allowed by the symmetry of the crystal 
structure, as determined by the ISODISTORT software suite.22  
 Temperature and field dependent dc magnetisation data were 
measured with a Quantum Design MPMS 5XL SQUID magnetometer. 
Powder samples were contained in gel caps and held in a straw with 
a uniform diamagnetic background. 

Results	  and	  Discussion	  

Single Crystal X-ray Structure Determination 

Single crystal X-ray diffraction measurements at 10 K indicate that 
Co(C6H8O4) retains a P2/c monoclinic structure to low temperatures. 
While the data indexed well to a metrically orthorhombic cell, 
integration assuming orthorhombic symmetry yielded an 
unacceptably high Rint, around 18 %. The data could, however, be 
integrated assuming monoclinic symmetry with an excellent Rint, of 
3.1 %, and successfully solved in the same structure adopted at 
295 K.6 As previously reported, the material can be viewed as having 
planes of tetrahedral Co cations, connected via carboxylate groups, 
with neighbouring layers connected by the backbone of the adipate 
ligands (see Fig. 1). The bond distances and angles of the CoO4 
tetrahedra and adipate ligands are very similar those found at 295 K. 

Magnetic Properties 

Field cooled magnetic susceptibility measurements of Co(C6H8O4) 
featured a maximum centred around 15 K, consistent with the onset 
of antiferromagnetic order at this temperature (see Fig. 2). A further 
increase in the susceptibility was noted below 10 K. The latter feature 
is similar to those found in the analogous glutarate10 and pimelate11 
frameworks, which were ascribed to the onset of canted 
antiferromagetic order or a paramagnetic impurity, respectively. We 
find that this feature in Co(C6H8O4) is supressed on application of 
higher magnetic fields. This is consistent with it being caused by a 
paramagnetic impurity, probably from the small amount of 
Co2(C6H8O4)2(H2O)6·4H2O16 found in the sample. χmT (χm is molar 
susceptibility and T is the temperature in Kelvin) versus temperature 
continues to decrease on cooling below 10 K, as expected for an 
antiferromagnet (see Fig. 2 insert). Isothermal magnetisation 
measurements at 12 K do not show any hysteresis and do not 

saturate, with a maximum magnetisation of 0.51 µB detected in a field 
of 50 kOe, consistent with antiferromagnetic order (see Fig. S1).  
 Above the ordering temperature Co(C6H8O4) behaves as a simple 
Curie-Weiss paramagnet with fits to the 100 Oe data indicating a 
Curie-Weiss temperature of -22.2 K and an effective magnetic 
moment of 4.50 µB. A plot of 𝐶 (𝜒! Θ )−1 as a function of 𝑇 Θ  
(where C is the Curie Constant and Θ is the Curie-Weiss temperature) 
reveals a positive deviation from Curie-Weiss behaviour near Θ, 
consistent with purely antiferromagnetic behaviour (see Fig. S2).23 
The effective magnetic moment is very similar to that reported for 
the glutarate10 and pimelate11 phases and is higher than the spin only 
moment of 3.87 µB. This is consistent with a significant spin-orbital 
contribution to the magnetic behaviour of this compound, as 
expected for Co2+. Its Θ is intermediate between those of the 
analogous glutarate,  -25.8 K,10 and  pimelate, -21.3 K;11 this highlights 
the weakening of the antiferromagnetic interactions as the ligand 
gets longer and the cations become more separated along the a-axis.  

 
Fig.	  1:	  The	  structure	  of	  Co(C6H8O4)	  determined	  at	  10	  K.	  The	  Co,	  C,	  O	  and	  H	  atoms	  
are	  represented	  in	  blue,	  black,	  red	  and	  pink,	  respectively.	  

Analysis of Thermal Expansion 

Fits to the synchrotron X-ray and neutron diffraction data showed 
that deuterated Co adipate, Co(C6D8O4) is, as expected, isostructural 
with the non-deuterated material (see Fig. S3). The patterns were 
found to exhibit significant preferred orientation and we believe this 
reduces the accuracy of the atomic positions refined from fits to the 
powder neutron diffraction data compared to those obtained from 
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single crystal refinements. The analysis of the powder diffraction data 
will therefore focus on the thermal expansion and magnetic structure 
of this material, which could be determined unambiguously. It 
should be noted, however, that the fits to the powder neutron 
diffraction data were consistent with full deuteration of the sample. 
 For most of the temperature range examined the unit cell lengths 
and volume of Co(C6D8O4) decrease on cooling, as expected (see Fig. 
S4). This is also true, more unusually, for the monoclinic angle, β (see 
Fig. 3). Co(C6D8O4) passes through a metrically orthorhombic 
structure around 110 K and continues to decrease slowly to a 
minimum value of 89.908(5)° at 4 K. The structure passes through a 
metrically orthorhombic structure, while maintaining monoclinic 
symmetry, regardless of the crystallographic setting used. While very 
small, the impressive resolution of the patterns obtained allows some 
peak asymmetry to be resolved consistent with the retention of 
monoclinic symmetry at low temperatures, as indicated by the single 
crystal X-ray measurements. Since the atomic positions determined 
from the single crystal X-ray diffraction measurements at 10 K and 
295 K were within three standard deviations of each other, any 
structural changes in this material can be analysed by examining the 
thermal expansion coefficients, which requires precise lattice 
parameters. This highlights the benefits of joint single crystal and 
powder diffraction studies of complex frameworks in that, while the 
former provided more accurate refinements of atomic positions, fits 
to high-resolution powder diffraction patterns provide precise lattice 
parameters and are sensitive to the small monoclinic distortion.   

 
Fig.	   2:	   The	   main	   plot	   presents	   variable	   temperature	   magnetic	   susceptibility	  
measurements	   in	   various	   applied	  magnetic	   fields	   while	   the	   insert	   displays	   the	  
change	  in	  χmT	  with	  temperature	  in	  a	  100	  Oe	  field.	  

In order to understand the thermal expansion behaviour, coefficients 
were obtained along the principal axes using infinitesimal 
Lagrangian strains in the program PASCal.24 Between 50 K and 500 K 
the principal axes were determined to be (0.572a+0.821c), (b), and (-
0.424a+0.906c), which had coefficients of thermal expansions of 
5.35(14) MK-1, 17.6(4) MK-1 and 52.6(1.2) MK-1. These values are all 

within the typical range exhibited by ceramic and polymeric 
materials, but provide insight into the cause of the unusual 
behaviour of the monoclinic angle.25 We have interpreted these 
values treating ligands as flexible linkers, which can change the 
relative position of their carboxylate groups. There are two distinct 
ligands in the structure, which run approximately perpendicular to 
the a- and b-axis, respectively. The second of these is almost parallel 
to the principal axis with the smallest coefficient of thermal 
expansion, suggesting it exhibits relatively rigid behaviour with 
changes in temperature. In contrast, the principal axis with the 
largest thermal expansion is close to the direction the other ligand 
runs along when viewed in the ac plane. This suggests this ligand 
straightens somewhat in this direction with increasing temperature 
since the bonding distances do not change. The orientation of the 
principal axis with the largest thermal expansion also drives the 
increase in the monoclinic angle, β on heating. This highlights the 
importance of analysing the thermal expansion of low symmetry 
structures along principal rather than crystallographic axes. 

 
Fig.	  3:	  Plots	  of	   the	  unit	   cell	  parameters	  of	  Co(C6D8O4)	   versus	   temperature.	  The	  
unit	   cell	   lengths	   shown	   are	   determined	   using	   neutron	   diffraction	   (square	  
markers)	   and	   highlight	   the	   temperature	   regime	   where	   magnetoelastic	   effects	  
become	  significant	  while	  the	  plot	  of	  the	  monoclinic	  angle,	  β,	  also	  includes	  points	  
determined	   from	   synchrotron	   X-‐ray	   diffraction	   (circle	   markers)	   to	   highlight	   its	  
behaviour	   over	   the	   full	   region	   studied.	   The	   standard	   deviations	   in	   the	   lattice	  
parameters	  are	  smaller	  than	  the	  symbol.	  

Magnetic Structure and Magnetoelastic Coupling 

Additional reflections appear in the neutron diffraction patterns at 
10 K, which can be indexed with a cell in which the b-axis is doubled 
(see Fig. 4). These additional reflections are considered to be 
magnetic in nature since they emerge close to the Néel temperature. 
Since there are no discontinuities in the lattice parameters this 
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transition is presumed to be second order in nature, which is 
consistent with four possible magnetic structures. These are in the 
magnetic space groups Pb2/c or Pb21/c with either the same origin as 
the crystal structure or a shift to (0,0.5,0). Rietveld refinements 
appropriate for each of these possibilities were carried out, but only 
those with the origin shifted to (0,0.5,0) fitted the intensities of the 
magnetic reflections. Of these the solution in Pb21/c gave a 
significantly better fit (c.f. Rp and Rwp of 2.9 % and 3.8 % compared to 
3.2 % and 4.6 %, respectively, in the Pb2/c model). In the refinements 
carried out in Pb21/c the magnetic moment lies along the a-axis, with 
any moment along the b- and c-axis not significantly improving the 
fit. The total magnetic moment refines to 3.22(2) µB at 4 K, only 
slightly more than the moment of 2.90(3) µB observed at the onset of 
magnetic order. Careful examination did not reveal any increase in 
the intensity of the reflections indexed by the non-magnetic cell and, 
even if a small component of the moment is along the b- or c-axis, 
the chosen magnetic structure must be strictly antiferromagnetic. 

 
Fig.	  4:	  Neutron	  powder	  diffraction	  patterns	  of	  Co(C6D8O4)	  at	  4	  K	  from	  the	  a)	  low	  
angle	  and	  b)	  90°	  banks.	  The	  crosses,	  upper	  and	  lower	  continuous	  lines	  represent	  
the	  observed	  intensities,	  calculated	  intensities	  and	  difference	  plots,	  respectively.	  
The	   upper	   and	   lower	   vertical	   markers	   represent	   the	   positions	   of	   the	   Bragg	  
reflections	   of	   the	   nuclear	   and	   magnetic	   phases,	   respectively.	   The	   insert	   in	   a)	  
shows	  the	  two	  most	  intense	  magnetic	  reflections.	  

The magnetic structure of Co(C6D8O4) shows antiferromagnetic 
coupling between nearest neighbour Co cations along both the b- 
and c-axes (see Fig. 5). This presumably arises from super-exchange 
across the carboxylate groups, along an approximately 6.5 Å path. Co 
atoms appear to be ferromagnetically coupled to those directly 
above and below them in neighbouring layers. The long adipate 
ligands bridging these layers (a super-exchange path would be at 
least 14 Å) and their connection to an antiferromagnetically coupled 
pair of Co atoms on each end suggests the interlayer coupling occurs 
via dipole-dipole interactions. Since tetrahedral Co2+ does not have 
any significant single ion-anisotropy the alignment of the magnetic 
spins along the a-axis is likely driven by dipole-dipole interactions, 

which favours the spins lying in the directions in which this coupling 
occurs. This is akin to the magnetic structures of MnO and NiO where 
the dominate magnetic anisotropy term arises from the relatively 
weak dipole-dipole interactions due to a lack of first order-orbital 
contributions.26  

 
Fig.	   5:	  The	  magnetic	   structure	   of	   Co(C6D8O4),	   in	  which	   the	   arrows	   indicate	   the	  
orientation	   of	   the	   magnetic	   spins	   and	   the	   two	   colours	   for	   the	   Co,	   blue	   and	  
magenta,	  indicate	  the	  up	  and	  down	  spin	  directions.	  The	  D	  atoms	  are	  omitted	  for	  
clarity,	  all	  other	  colours	  are	   the	  same	  as	   for	  Fig.	  1	  and	   in	   the	   lower	   figure	  only	  
one	  layer	  of	  Co	  tetrahedra	  are	  shown.	  

Below 40 K the a-axis begins to expand and the rate at which this 
occurs increases closer to the magnetic ordering temperature (see 
Fig. 3). This is accompanied by the b- and c-axis decreasing at a 
greater rate, hence the rate of change of the unit cell volume remains 
similar. Below 50 K the principal axes effectively correspond to the 
crystallographic axis and the rate of negative thermal expansion 
along the a-axis increases to -30(3) MK-1 below 20 K.  We interpret this 
effect as arising from magnetoelastic coupling, which is known to 
cause anisotropic negative thermal expansion in a number of 
magnetic materials.27 Magnetoelastic coupling has been recently 
found in other metal-organic frameworks; however, to the best of our 
knowledge this is the first case where it has been established to 
cause negative thermal expansion.28  The contraction in the b- and c-
axis near the Néel temperature is likely driven by antiferromagnetic 
exchange-striction within the sheets drawing the Co cations closer 
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together. The weaker dipole-dipole coupling along the a-axis 
facilitates the relief of the resulting strain by allowing the structure to 
expand along this axis, thereby moving Co cations apart.  

Conclusions	  

We have examined the structure and magnetic interactions of Co 
adipate, Co(C6H8O4), solving its magnetic structure and interpreting 
its unusual thermal expansion behaviour. Co(C6H8O4) is found to 
retain its monoclinic structure at low temperatures despite a 
continual decrease in its monoclinic angle, β, which passes through a 
metrically orthorhombic phase. This behaviour has been rationalised 
by examining the thermal expansion of the framework in terms of its 
principal axes. The compound has been found to exhibit 
antiferromagnetic order near 10 K, adopting a structure in which 
layers of tetrahedral Co are antiferromagnetically coupled through 
carboxylate groups. Nearest neighbour Co cations in adjacent planes 
interact ferromagnetically and the magnetic moments are aligned 
along the a-axis. The framework is also found to exhibit negative 
thermal expansion of the a-axis below 50 K. This is due to 
magnetoelastic coupling related to the emergence of the 
antiferromagnetic state and likely arises from relieving the strain 
caused by exchange-striction between Co cations within the bc 
plane.  
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