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Abstract: A dramatic change in the magnetic behaviour that solely 
depends on the parity of the organic linker molecules has been found 
in a family of layered CoII hydroxides covalently functionalized with 
dicarboxylic molecules. These layered hybrid materials have been 
synthesized at room temperature in one pot procedure through the 
“Epoxide Route”. While hybrids connected by odd alkyl chains exhibit 
coercive fields (Hc) below ca. 3500 Oe and show spontaneous 
magnetization at temperatures (TM) below 20 K, hybrids functionalized 
with even alkyl chains behave as hard magnets with Hc > 5500 Oe 
and display TM higher than 55 K. This intriguing behaviour was studied 
by density functional theory with the incorporation of a Hubbard term 
(DFT+U) calculations, unveiling the structural subtleties underlying 
this observation. Indeed, the different molecular orientation exhibited 
by the even/odd alkyl chains, and the orientation of the covalently 
linked carboxylic groups modify the intensity of the magnetic coupling 
of both octahedral and tetrahedral in-plane sublattices, thus strongly 
affecting the magnetic properties of the hybrid. These findings offer 
an outstanding level of tuning in the molecular design of hybrid 
magnetic materials based on layered hydroxides. 

The hybrid approach has been widely used for the development 
and design of novel materials with tuneable chemical and physical 
properties at the nanoscale.[1–4] In this context, layered two-
dimensional (2D) systems, especially those based on earth-
abundant metals, are playing a key role, as they are often forming 
hybrid materials, which are convenient for a plethora of 
applications ranging from biomedicine, catalysis or magnetism to 
energy storage and conversion.[5–12] Among others, layered 
hydroxides stands out due to their unparalleled chemical 
versatility which allows a precise control of their composition at 
the atomic or molecular level.[13] 
Layered double hydroxides (LDHs) take a special role in the 
layered hydroxide family as they exhibit purely electrostatic 
interactions between the layers and the intercalated anions. 
These lamellar systems display hydrotalcite-like structures 
composed of positive charged sheets where both constituent MII 
and MIII octahedral cations can be tuned.[14] Concerning 
magnetism, their rational modification permits the modulation of 
the nature of the intralayer coupling, ranging from antiferro- (AF) 
to ferromagnetic (F);[15] however, the interlayer coupling mainly 
depends on the dipolar interactions, promoting AF behaviour at 
wide basal space distances (dBS). These systems usually show 
spontaneous magnetization below a certain temperature, TM, 
which is lower than ca. 15 K. Still, the influence of the interlamellar 
spacing on the magnetic properties has shown to be very limited, 

with only subtle modifications by different dBS[16], or complex 
multistep covalent functionalization.[17] This may be due to the 
electrostatic nature of the interaction between the magnetic layers 
and the organic spacers. 
An interesting route to overcome this limitation is to move from 
electrostatic to covalent interactions. Along this front, ɑ-CoII 
hydroxides (or simonkolleite-like structures) are optimal 
candidates since they can be considered as already naturally-
occurring covalently functionalized layered hydroxides.[18] They 
show two distinguishable coordination environments, namely 
octahedral centers –CoII(Oh)– within the layers (as in the case of 
LDHs) and tetrahedral sites –CoII(Td)– located at the basal planes 
with 3 OH-functionalities. The fourth position within this 
tetrahedral environment can be used for grafting different 
inorganic or organic species (Scheme 1). Upon functionalization, 
the electronic and magnetic properties are thus tuneable by 
changing both the grafted (covalent) ligand and the CoII(Td) ratio, 
resulting in more conductive systems with higher TM’s (from 30 to 
55 K) in comparison with LDHs.[19–24] Particularly, the covalent 
functionalization with organic species, such as aliphatic or 
aromatic carboxylic and dicarboxylic acids has been widely 
explored to enlarge the interlayer distance and thus promote a 
change in the magnetic behaviour. Curiously, with alkyl chains 
this research has been restricted to the study of hybrids 
containing even numbers of carbon atoms[23], neglecting the 
hybrids containing odd alkyl chains, except in the case of CuII 
hydroxydicarboxylates.[24] In the case of CoII hybrids, TM values 
around 50 K have been reported that seem to be independent of 
the chemical and physical nature of the functionalization and the 
interlayer spacing.[5,25]  
Taking advantage of the state of the art and our previous 
experimental and computational reports,[20,26,27] we conducted a 
thorough systematic study based on the microscopic 
understanding of α-CoII hydroxydicarboxylate phases with 
interlayer functionalization ranging from malonic (n=1) to sebacic 
(n=8) acid. Expectedly, the even members depict a ferrimagnetic 
(FI) behaviour[21] with TM > 55 K while, to our surprise, the odd 
members depict a distinctively lower TM of ca. 20 K. This 
unexpected behaviour was rationalized on the basis of DFT+U 
simulations. Our results suggest that small molecular structural 
changes, such as the orientation of the organic linkers between 
the layers and the disposition of the carboxyl groups, result in 
sharply different magnetic behaviour of the layer itself, being the 
torsion of the covalently linked carboxylic groups the main 
responsible of change in coupling between both octahedral and 
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tetrahedral sublattices within the layers. These novel structure-
property outcome, missing for more than 20 years, paves the way 
towards the design of new hybrid functional materials where the 
overall magnetism is governed by something as subtle as the 
number of carbon atoms of the grafted molecules (i.e. molecular 
parity). 
Generally, the synthesis of hybrid layered hydroxides requires 
hydrothermal conditions at elevated temperatures (100–250 ºC) 
and a post recrystallization process for anion exchange.[5,6] 
However, these time-consuming procedures do not guarantee 
obtaining of pure crystallographic phases.[28] Therefore, we 
decided to employ our one-pot room temperature method: the so-
called Epoxide Route (Experimental Section in SI).[29] This 
method has been successfully employed for the synthesis several 
layered hydroxides,[20,30] LDHs[31] and their hybrid forms,[32] MOFs 
based on CuII and carboxylic linkers,[33] and even gold 
nanoparticles.[34] 
The syntheses were carried out at room temperature and, for the 
here presented layered hybrid materials, we obtained blue-
greenish solids with the stoichiometric composition of 
𝐶𝑜# (𝑂𝐻)( [(𝐶𝐻*)+(𝐶𝑂𝑂)*]. PXRD characterization (Fig. S1) 
confirms the layered structures with typical (00l) reflections at 
lower 2-theta values, associated with basal space distances (dBS) 
ranging from ca. 10–19 Å. The (110) reflections, associated with 
the intralayer distance and centred at ca. 59º, remain practically 
unchanged for all hybrids (Fig. S2). In contrast, the (00l) peaks for 
those samples connected by molecules with an even number of 
carbon atoms show a systematic shift towards lower 2-theta 
values (higher dBS), compared to the consecutive odd members, 
resembling a zig-zag behaviour. At the same time, the PXRD 
peaks recorded from the even membered group are more intense 
and narrower (lower FWHM) compared to the odd members, 
pointing to larger crystal domains. The dBS values can be plotted 
as a function of the number of methylene units (n), showing a zig-
zag behaviour of the BS (Sch. 1C), in concordance with previous 
reports for related phases of CuII and CoII.[23,24] Interestingly, both 
sets of values (even and odd) can be fitted by two independent 
linear functions with an increment for dBS of ca. 1.08 Å/CH2. 
Nonetheless, the difference in the intercepting values deviates by 
more than 15%, ranging from 8.33 Å to 10.17 Å for odd and even 

families, respectively. The structural changes observed by PXRD 
alerts about different dispositions of the organic moieties into the 
interlayer space that should depend on the parity of the 
dicarboxylate molecules (vide infra),[23] affecting both dBS and the 
packing of the organic molecules, much like an arrangement of 
molecules in self-assembled monolayers.[35] 
The presence of two coordination environments for CoII were 
confirmed by UV-Vis diffuse reflectance spectroscopy (Fig. S3). 
While the broad band centred ca. 500 nm is assigned to CoII(Oh), 
the strong band with twin-peaks at 592 nm and 637 nm is 
ascribable to CoII(Td).[18,20] The recorded blueshift of ca. 30 nm for 
the CoII(Td) band in respect to ɑ-CoII hydroxychloride proofs the 
sensitivity of UV-Vis spectroscopy to distinguish crystallographic 
environments (Fig. S4),[20] allowing to exclude the presence of 
hydroxychloride and/or CoIII phases.[36] 
Attenuated total reflectance Fourier-transform infrared 
spectroscopy (ATR-FTIR) was used to confirm the incorporation 
of the dicarboxylic molecules into the hybrids (Fig. S5). Two 
bands at ca. 2925–2850 cm-1 can be attributed to asymmetric and 
symmetric CH2 stretching vibrations. Their intensity increases 
with the length of the molecule.[16,37,38] The strong bands at ca. 
1750–1250 cm-1 are assigned to asymmetric and symmetric 
stretching modes of the carboxylic groups.[39] The higher intensity 
of the asymmetric band with respect to the symmetric one, and 
the corresponding difference 𝛥𝑣	 = 𝑣2345 − 𝑣345 of more than 100 
cm-1, suggest an unidentate coordination (Scheme 1B).[40] 
Notably, a zig-zag behaviour in 𝛥𝑣 values of around 17% for odd-
even groups was observed (Fig. S6), where the main responsible 
contribution for this shift is associated with the asymmetric band 
(ca. 25 cm-1). Considering that the asymmetric and symmetric 
vibrational frequencies in unidentate carboxylates are closer to 
the vibrations of C=O (∼1700 cm−1) and C−O (∼1400 cm−1) in the 
carboxylic acid form,[41] this behaviour can be associated with a 
different disposition of the carboxylic groups. Finally, the broad 
band centred at ca. 3450 cm-1 is attributed to the presence of 
interlayer water molecules (O−H stretching modes),[39] and the 
bands below 1000 cm−1 are related to Co−O stretching and 
Co−OH bending vibrations.[28] 

 
 

Scheme 1. (A) Synthesis of α-CoII hydroxydicarboxylate structures driven by our one-pot room temperature method: the Epoxide Route. (B) The hybrid layered 
materials are based on simonkolleite-like layers (containing octahedral -in red- and tetrahedral -in blue- coordination for CoII) bridged by dicarboxylic molecules 
(from malonic, n=1, to sebacic, n=10, acids) covalent functionalized through the tetrahedral CoII. (C) Experimental (filled symbols) and DFT+U (open symbols) 
basal space distance (dBS) as a function of the number of methylene groups (n), for odd (circles) and even (diamond) members. (D) Intralayer magnetic 
coupling in α-CoII hydroxychloride phase: anti- (AF) and ferromagnetic (F) coupling. 
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Field emission scanning electron microscopy confirms for all 
cases a flower-like morphology with similar micrometric sizes 
comprised between 1−5 μm (Fig. S7). 

To gain further information regarding the thermal stability of the 
hybrid phases, TGA measurements were performed. The thermal 
decomposition was followed under oxidizing conditions at 5 
ºC/min (Fig. S8, Table S1); all samples show two main weight loss 
steps. While the first step below 100 ºC is attributed to the loss of 
both physisorbed and interlayer water,[13] the second one, at ca. 
210 ºC, is ascribed to the decomposition of the organic molecules 
and the dehydroxylation of structural OH groups, resulting in a 
collapse of the layered structure.[18] This collapse takes place ca. 

75 ºC below the thermal decomposition of α-CoII 
hydroxychlorides,[25] confirming the dependence of the thermal 
stability caused by the interlayer functionalization.[13] Finally, in 

combination with elemental analysis and EDS measurements (no 
traces of Cl were observable), the degree of functionalization was 
estimated in 39–40%, the highest value imposed by the 
Simonkolleite structure (Table S2 and S3).[42] To summarize, the 
establishment of layered structures showing covalent attachment 
of dicarboxylic molecules with varying chain length to the 
tetrahedrally coordinated Co metals, in the form of 
𝐶𝑜# (𝑂𝐻)( [(𝐶𝐻*)+(𝐶𝑂𝑂)*] can be safely concluded. 

 
 

Figure 1. Magnetic characterization for samples n=4 (left in red) and n=5 (middle in blue) containing adipic and pimelic acid, respectively. Magnetic susceptibility 
as a function of temperature (𝜒M vs T) with an external applied field of 1000 Oe, where the inset represents the thermal dependence of 𝜒M·T and the fitting of 
the 1/𝜒M to a Curie–Weiss law (A and E). FC/ZFC with an external applied field of 100 Oe (B and F). Hysteresis cycle at 2 K, where the inset depicts the low 
field region (C and G). Thermal dependence of dynamic susceptibility for the in-phase (𝜒M’) and the out-of-phase (𝜒M’’) signals at 1, 10, 110, 332 and 997 Hz (D 
and H). The right panel depict the zig-zag behaviour of the representative magnetic parameters for odd (circles) and even (diamond) members: magnetization 
(opened symbols) and blocking (filled symbols) temperature (I), Curie–Weiss temperature (J), coercive field (K) and saturation magnetization (L). 
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Regarding the magnetism of these materials, the intralayer 
coupling is governed by F interactions between Co in identical 
coordination environments (Oh−Oh and Td−Td) and AF between 
the coordination in different environments (Oh−Td), showing 
locally uncompensated moments resulting in layers that behave 
as ferrimagnets.[20,21] In addition, the interlayer coupling and the 
overall magnetism can be tuned by solely changing the CoII(Td) 
ratio (Sch. 1D).[20,21] In our study, the CoII(Td) and CoII(Oh) 
population remains constant for all the family, with the parity of 
the organic anion between layers being the only parameter that 
can be modified. 
The magnetic experimental results are summarized in Fig. S8-
S15 and Table S4. Remarkably, the α-CoII hydroxydicarboxylate 
family exhibits clearly distinct behaviours that can be divided into 
two groups, depending on the parity of the organic molecule, 
exclusively. At first glimpse, the even members present 
magnetization temperatures (TM, defined as the point in which c''M 
¹ 0) higher than 55 K and coercive fields higher than 5.5 kOe, as 
expected according to previous reports.[19,22,23] However, the odd 
members, never reported before, show an unexpected lower TM 
of around 20 K and coercive fields lower than 3.5 kOe. To 
highlight the different magnetic behaviour between odd and even 
functionalization, Fig. 1 compiles the macroscopic magnetic 
characterization of n=4 (in red: A-D) and n=5 (in blue, E-H) as 
representative members of the even and odd α-CoII 
hydroxydicarboxylate families (the other members of the family 
can be found in Fig. S8–15). 
The DC susceptibility measurements (χM) exhibit a continuous 
increase upon cooling, with pronounced growth starting at 70 K 
vs. 30K for n=4 and n=5 samples, respectively. Moreover, the 
χM·T product also increases exhibiting a sharp peak at 47 K vs. 
14 K, for n=4 and n=5 samples, respectively (Fig. 1A and 1E and 
insets). Additionally, the temperature-independent component in 
χM·T confirms the absence of extrinsic magnetic impurities such 
as CoIII spinels, emphasizing the phase purity of the whole 
family.[38,43] Spontaneous magnetization is confirmed by the 
strong increase of DC magnetization (Fig. 1B and Fig. 1F) and by 
a peak in the in-phase and out-of-phase components observed in 
the dynamic AC susceptibility measurements, with values of 
TM=62 K for n=4 and TM=21 K for n=5, respectively (Fig. 1D and 
Fig. 1G). The strong frequency dependence observed in the 
dynamic susceptibility suggests a spin glass-like behaviour, as 
reported for α-CoII hydroxyhalide compounds,[20] which can be 

attributed to the presence of different sublattices or 
microdomains.[21] Hysteresis loops recorded at 2 K further confirm 
the spontaneous magnetization for both samples, where large 
spin-orbit coupling is evidenced by the magnitude of the coercive 
field (Fig. 1C and Fig. 1H).[22] In addition, Fig. 1I-L summarize 
representative magnetic parameters in which the overall magnetic 
behaviour can be divided in two distinct groups, the even 
(highlighted in red) and odd (blue) members. Both magnetization 
and blocking temperature extracted from field cooled/zero-field 
cooled (FC/ZFC) experiments switch from values lower than 25 K 
for odd members to values around 50 K for even ones, alerting 
about strong differences on the magnetic coupling nature (Fig. 1I). 
To gain deeper insights into the magnetic behaviour of this family, 
the inverse of the magnetic susceptibility (1/χ) can be fitted 
according to a Curie–Weiss law in the 200–300 K region. Fig. 1J 
compiles the θCW (C parameters in Table S4). Once again, the 
difference between even and odd members is striking, as the 
even members present θCW values around 66 K while the odd 
ones depict ca. 21 K, almost three times smaller. Finally, Fig. 1K 
and 1L depicts a switching of coercive field and the saturation 
values, respectively, depending on the parity of n, exclusively. 
The difference between the experimental value and the Msat, 
estimated by employing a Néel model, can be attributed to the 
complex magnetic structure of this type of compounds.[30] 
Indeed, the observed changes in the magnetism cannot be 
explained by changes in the CoII(Td) ratio, according to previous 
reports for α-CoII hydroxychloride[21] and α-CoII hydroxyhalides.[20] 
Additionally, the observed anomalous switching in the magnetic 
coupling, which is strongly dependent on the number of carbon 
atoms, cannot solely be explained based on dBS enhancement or 
dipolar interactions.[5,6,25]. The changes in the magnetic nature of 
the layers must be related with the different orientation and/or the 
torsion of the organic molecules that modify the coupling among 
both sublattices (Oh and Td), where the covalent functionalization 
with bridging molecules has to play a unique role. Hence, to 
elucidate the origins of this atypical magnetic behaviour, we 
carried out a thorough study employing first principles calculations 
based on DFT. 
It is well known that DFT underestimates the barriers of chemical 
reactions, the band gaps of materials, and charge transfer 
excitation energies; all these limitations concerning to charge 
delocalization.[44] To solve that, in our calculations, the 
incorporation of a Hubbard term (DFT+U) in the Kohn-Sham 

 

Figure 2. Optimized structures for 𝐶𝑜9:;𝐶𝑜*<=(𝑂𝐻)( [(𝐶𝐻*)+(𝐶𝑂𝑂)*] supercells with n ranging from nDFT+U=1 to nDFT+U=8 (A). Estimated parameter for optimized 
supercells such as angle between the functionalization and the layer (ɑ) and CoTd−OCOO bond distances as a function of n. 
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Hamiltonian that penalizes on-site electron interactions and 
inhibits d-charge delocalization was taken into account, given that 
it has proven effective to correct the well-known DFT deficiencies 
to describe the electronic properties of transition metal oxides.[45–

47] The understanding of structural and electronic properties in Co-
based hydroxylated phases by DFT+U simulation hereby requires 
an optimized Hubbard parameter (U), as we previously 
demonstrated.[20,26,27] Hence, in order to understand this complex 
magnetic behaviour, a detailed analysis of the structure was 
carried out. It is important to note that in all calculations no 
symmetry restrictions were imposed on atomic relaxations; and in 
addition, different initial conditions were evaluated to ensure the 
ground state of the system. In addition, different distributions of 
CoTd sites were explored in order to evaluate the unlike possibility 
of having CoTd–CoTd clustering (Fig. S16). 
After performing atomic relaxations, the optimized structures can 
successfully explain the experimentally observed zig-zag 
behaviour in dBS values (Sch. 1C). In addition, differences in the 
orientation of almost 30º (Fig. 2A) for the molecules in the 
interlayer space are observed. The even molecules adopt an 
almost orthogonal disposition with respect to the individual 
sheets, ɑ⟂ ⋍ 85º, resulting in larger dBS; while the odd ones are 
significantly tilted, ɑ⟂ ⋍ 56º (Fig. 2B). Besides the orientation of 
the molecules, a marked change in the disposition of the carboxyl 
groups is observed (Sch. 1C and Fig. 2A). In the case of the even 
ones both dipoles are pointing towards the layers and in the same 
side, while in the odd ones the dipoles are parallel to the layer and 
in different direction (Fig. 2A and inset). Hence, significant 
torsions in the aliphatic chains that resemble helicoidal structures 
are noticeable resulting in a remarkable switching in the optimized 
distance of the covalent bonding, CoTd−OCOO (from ca. 1.96 Å 
[n=5] to 2.04 Å [n=4]; Fig. 2C and Table S5). Therefore, this fact, 
in addition to the changes in the disposition of the carboxylic 
group, seem to be the underlining reason behind the differences 
in the intralayer coupling between the Co atoms resulting in such 
dramatic change in the magnetic behaviour. Indeed, for related 
azobenzene LDH hybrid systems based on electrostatic 
interactions, the tension induced by cis-trans isomerization 
triggers a compression/modification of the in-plane structure 
resulting in subtle modifications on the magnetic properties (eg. 
TM variation of ca. 1K).[48] The same applies to thermoresponsive 
azocompounds showing slight changes in the basal space upon 
switching[49], or to structurally distorted flower-like magnetic 
LDHs.[50] 

In this sense, the influence on the magnetic properties of the 
torsion in the CoTd−OCOO bonds will be presumably more acute. In 
order to prove this hypothesis, we designed a control experiment 
in which both odd and even interlayer anions are connected only 
by one extreme (i.e. α-CoII hydroxycarboxilates, 
𝐶𝑜# (𝑂𝐻)( [𝐶𝐻9(𝐶𝐻*)5𝐶𝑂𝑂]* with monocarboxylic molecules. 
See Fig. S17-19), thus minimizing torsion. 
DFT+U calculations corroborates the absence of torsion showing 
angles and the CoTd−OCOO bond distances similar to even 
molecules connected by both extremes, e.g. dicarboxylic 
molecules (Fig. 3, Fig. S20 and Table S6). 
Furthermore, magnetic measurements confirm our assumption 
since both monocarboxylated phases (heptanoate, #C=7, and 
octanoate, #C=8) exhibit almost identical behaviour 
independently of the nature of the parity of the molecule (see Fig 
S21 and Table S7). 
Hence, these experiments clearly demonstrate that the odd-even 
effect solely takes place when bridging molecules as dicarboxylic 
acids are employed, as a consequence of the effect induced by 
torsions in the orientation of the carboxylic group and the 
CoTd−OCOO distances. Thus, revealing the missing link in the 
magnetism of layered hydroxides.  
In conclusion, we have demonstrated that the covalent 
functionalization of α-CoII hydroxides with different dicarboxylate 
ligands induces tremendous changes in the magnetic behaviour, 
exclusively depending on the parity of the introduced dicarboxylic 
molecule. The unexpected behaviour of the hybrids functionalized 
with odd numbered chains, disregarded in the literature so far, 
opens the door for unprecedented level of tuning in the 
magnetism of layered hydroxides. This work illustrates how 
molecular engineering enables the straightforward synthesis of 
new multifunctional materials, with unparalleled control over 
properties. 
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Figure 3. Optimized structure for α-CoII hydroxycarboxilates supercell with heptanoate (#C=7). The inset shows the same disposition of carboxylic groups 
respect to the layer as in the case of the even dicarboxylic molecules. Magnetic parameters such as blocking (opened symbols) and magnetization (filled 
symbols) as a function of the number of carbon atoms in the functionalized molecules alert about the odd-even effect only when bridged dicarboxylic molecules 
(connected) are employed. 
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