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Abstract

The room temperature synthesis of two Co-based hybrid layered hydroxides containing the same organic
ligand (suberate [Sub]), one connected through purely electrostatic interactions (CoAl layered double
hydroxide [LDH]), and the other covalently functionalized (a-Co" simonkolleite phase) has been carried
out. The magnetic properties exhibit an acute difference in the magnetization temperatures (from =10 K
for the CoAl-LDH to =55 K for the a-Co"). Moreover, the role of the covalent functionalization in the
thermal stability and the decomposition has been investigated by a forefront characterization tool
consisting of thermogravimetric analysis coupled with gas chromatography and mass spectrometry (TG—
GC-MS). The LDH exhibits a higher thermal stability of =50 2C with broad mass loss steps, whereas the
water molecules interact stronger with the a-Co'"(Sub) hybrid, suggesting a higher confinement in the
interlayer space. Interestingly, at higher temperatures (>400 2C), the a-Co"(Sub) gives rise to the selective
formation of cycloheptanone, in contrast to the LDH phase leading to different carbonyl containing
compounds. These findings offer new fundamental insights into the thermal behavior of hybrid materials
based on layered hydroxides, highlighting the important role of covalent functionalization in its

properties.

Hybrid organic—inorganic materials represent one of the hottest research topics in materials science. The
close structure—property relationship exhibited in these materials gives rise to a wide variety of
applications in fields ranging from biomedicine, catalysis or magnetism to energy storage and

conversion. x4

Layered and 2D systems, especially those based on earth-abundant metals, are playing a key role in the
hybrid materials family. The possibility of combining their physical, chemical, and mechanical properties,

=12 Among others,

and the precise control over their structures, placed them in a privileged position.!
layered hydroxides (LHs) offer a broad range of possibilities due to their tunable chemistry, which allows
to modify at will both the inorganic layers and (in)organic intercalated anions.23 Layered double
hydroxides (LDHs) constitute the most famous member of the LHs family exhibiting purely electrostatic
sheet/anion interactions. These lamellar systems display hydrotalcite-like structures composed of positive
charged sheets where both M'" and M" octahedral cations can be tuned.¥ In line with that, hybrid LDHs

have been proposed, among others, used for stimuli-responsive materials, or as a precursor for the

synthesis of carbon-based nanocomposites of interest in energy storage and conversion.*>7 |n all cases,
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the main properties are governed by the chemical nature of both components (inorganic host and organic
guest) and the interaction between them, which is always electrostatic. In the search of new levels of
functionality and complexity, different functionalization strategies have been explored, mainly based in
the covalent functionalization (e.g., sylilation) of the interface, resulting in improved absorption

properties but slight modifications of the magnetic or electrochemical properties.2&

Along this front, a-Co" hydroxides (or simonkolleite-like structures) are positioned as key members in the
LHs family, because they can be considered as naturally occurring covalently functionalized LHs. They
present two coordination environments, octahedral centers —Co"(Op)— within the layers, as in the case of
LDHs and tetrahedral ones —Co'(T,)— attached to both sides by 30H bridges. The fourth position can be
used to graft different inorganic to organic ligands (Scheme 1).22 The electronic and magnetic properties
can be tuned by changing ligand and/or Co"(T,) ratio, resulting in more conductive systems (mainly by
ligand to metal charge transfer) with higher magnetization temperatures (Tw) as to the related LDHs.!2
22 Moreover, as recently reported by our group, in hybrid a-Co"hydroxydicarboxylates,
Cos(OH)s[(CH2),(CO0);] with n ranging from 1 to 8, the magnetic behavior can be dramatically modified
by changing the parity of the organic linker: whereas odd members present T < 20 K the even ones

have Tw > 55 K.[2

Layered Double Hydroxides a-Co" hydroxydicarboxilate
Co'Al"'-LDH Cog(OH) 5[(CH,)¢(CO0),]
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Scheme 1

Schematic representation of the crystalline structures of the LHs herein studied. LDHs composed by Co" and
Al"' located both in octahedral environments, exhibiting purely electrostatic interactions between the positively

charged layers and anions (left panel). a-Co" hydroxydicarboxylates consisting of both octahedral (Os) and


https://onlinelibrary.wiley.com/doi/10.1002/pssr.202000380#pssr202000380-bib-0018
https://onlinelibrary.wiley.com/doi/10.1002/pssr.202000380#pssr202000380-fig-0001
https://onlinelibrary.wiley.com/doi/10.1002/pssr.202000380#pssr202000380-bib-0019
https://onlinelibrary.wiley.com/doi/10.1002/pssr.202000380#pssr202000380-bib-0020
https://onlinelibrary.wiley.com/doi/10.1002/pssr.202000380#pssr202000380-bib-0022
https://onlinelibrary.wiley.com/doi/10.1002/pssr.202000380#pssr202000380-bib-0023

tetrahedral (T4) Co" atoms present covalent bonding between the Co'(T4) centers and carboxylic groups (right panel).
As a matter of comparison, both LHs contain suberate, [(CH2)s(CO0)2]%" (Sub), as interlayer anion. Intralayer

magnetic coupling in the studied LHs: AF and F coupling.

These results demonstrate that the nature of the interaction between the inorganic layers and the organic
guest is crucial for determining the properties of these LHs. However, little is known about the influence

of the covalent bonds in thermal stability and decomposition behavior of these hybrid materials.

In this article, we have studied in detail the influence of the electrostatic and covalent interactions in the
structure, magnetism, and thermal behavior of a CoAl-LDH and an a-Co" hydroxide intercalated with
suberic acid ((CH2)s(COOH); (Sub)). The experimental results show marked differences in magnetism, a
higher thermal stability of =50 °C for the CoAl(Sub) LDH, as well as a differentiated thermal decomposition
behavior, in which the presence of covalent bonds originates the selective formation of cycloheptanone
at =400 °C, derived from the suberic acid. This work provides fundamental information about the
decomposition behavior of cobalt-based LHs, highlighting how the nature of the interactions between the
inorganic/organic constituents may alter the physicochemical properties. This knowledge will pave the
way for the precise tuning of the properties of hybrid LHs,'2 and will offer new possibilities in the

molecular design of precursors for the preparation of carbon-based nanocomposites.lZ 23!

To study the role of the covalent functionalization in hybrid cobalt (IlI) LHs, two different systems have
been studied. On the one hand, a purely electrostatic system such as a CoAl-LDH containing a dicarboxylic
anion (Scheme 1) and on the other hand, asimonkolleite-like phase where the dicarboxylic anion is
bridging consecutive inorganic layers through covalent bonding: a-Co" hydroxydicarboxylates. In this way,
the comparison between electrostatic and covalent interactions was studied for CoAl-LDH and a-

Co'" hydroxides containing the same dicarboxylic molecule, i.e., suberate: [(CH,)s(CO0),]?.

The samples were synthesized at room temperature by the so-called Epoxide Route, recently developed
by some of us.2This method has been successfully used for the synthesis of several
LHs,12 271 | DHs!28 and their hybrid forms,”Z2 or metal organic frameworks (MOFs).22 |n this report, both
solid samples were obtained in a one-pot procedure under environmental conditions by aging aqueous

solutions for 48 h at room temperature (see Experimental Section, Supporting Information).

As a first step, the solid phases were characterized by powder X-ray diffraction (PXRD). Figure 1A confirms
the layered structures by the presence of the typical (00 /) reflections at lower 2-theta values, associated
with basal space distances (dgs). In both samples, a dgs of around 16-17 A was obtained. In the case of o-
Co'"(Sub), the slightly higher dss can be related to the presence of Co'"(Ty) attached to the hydroxylated
layers.[28! At higher 2-theta values, the (110) reflections were observed, which are associated with the
intralayer distance (a parameter). A clear shift towards higher 2-theta values was observed for the CoAl-

LDH sample (Figure 1A, inset), in concordance by the replacement of Co(ll) by Al(lll) within the layers
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( RCo(I1)0h=0.745 ARCo(I1)Oh=0.745 A; RAI(111)0h=0.535 ARAI(I11)0h=0.535 A).2 Table 1 shows the

structural parameters obtained from PXRD.
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Figure 1

A) PXRD patterns, B) ATR—FTIR, and C) UV-vis diffuse reflectance spectra for CoAl-LDH (red) and a-

Co" hydroxydicarboxylate (green) containing suberate as interlayer anion, CoAl(Sub) and a-Co"(Sub), respectively.

Table 1.Structural parameters for the obtained samples. Basal space distances calculated

as dss = 1/3+(doos + 2-doos + 3-doos), ¢ parameter estimated as ¢ = 3-dss, and a parameter obtained as a = 2-d110

Sample des [A] c [A] a [A]
CoAl(Sub) 16.4 49.2 3.02
a-Co'"(Sub) 16.8 50.4 3.12

Attenuated total reflectance Fourier-transform infrared spectroscopy (ATR—FTIR) was used to confirm the
incorporation of the organic molecules into the hybrids (Figure 1B). The two signals observed at =2935
and 2855 cm™ are attributed to asymmetric and symmetric CH; stretching vibrations. The strong bands
at =1750-1250 cm™ are assighed to asymmetric and symmetric stretching modes of the carboxylic

groups.2 The difference between both bands, Av = Vasm — Vsym, can be useful for revealing the carboxylate
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interaction. Indeed, the lower Av for CoAl(Sub) sample (122 cm™) suggests ionic interaction; in turn an
unidentate coordination can be proposed for a-Co"(Sub) (Scheme 1 and Figure 1B—inset) in view of the
higher Av (145 cm™).32 34 Finally, the broad band centered at *3450 cm™ is attributed to the presence of
interlayer water molecules (OEH stretching modes),’2 whereas the bands below 1000 cm™ are related to

MEO stretching and MEIOH bending vibrations.2¥

UV-vis diffuse reflectance spectroscopy is a suitable technique in LHs characterization as it can provide
information about both metallic coordination environments®® and the type of functionalization.’2X' 2! |n
the case of the CoAl(Sub) sample, only a broad peak around 525 nm was observed denoting the exclusive
presence of Co'"(Op). In the case of a-Co"(Sub) sample, beside this peak, the appearance of a strong band
with twin-peaks at 595 and 637 nm confirm the presence of Co"(T4) (Figure 1C).22 2 The position of this
band is sensible to the coordinated anion as it was reported for a-Co"hydroxyhalide
compounds.'2 Therefore, these techniques allow to confirm the absence of chloride, in agreement with
energy dispersive X-ray spectroscopy (EDS) measurements (no traces of Cl were observable, data not

shown).

All techniques confirm the obtaining of pure hybrid LHs in both structures hydrotalcite-like CoAl-LDHs
(with  electrostatic interaction with the organic molecule) andsimonkolleite-like a-

Co" hydroxydicarboxylate (with covalent interaction with the organic molecule).

The magnetism in LHs depends mainly on two factors. On the one hand, intralayer magnetic coupling
between the cations mediated by superexchange interactions through hydroxo bridges and on the other
hand, the less intense interlayer dipolar interactions. Concerning the former, in the case of the CoAl-LDH,
only intralayer ferromagnetic (F) coupling between Co was expected.B” However, in the case of the a-
Co" hydroxides, a more complex behavior may take place due to the coexistence of different magnetic
sublattices arising from the different Co environments.’2¥ 22 Specifically, F interactions between Co in
identical coordination environments (On—-Onand Ty—T4) and antiferromagnetic (AF) interactions
between Co in different environments (O, — Ty) are expected, leading to uncompensated moments, which

results in ferrimagnetic layers (Scheme 1).12% 221

The magnetic results are shown in Figure 2 and Table 2. In the case of CoAl-LDH, fitting of the inverse of
the magnetic susceptibility (1/x) according to a Curie-Weiss law in the 50-300 K region results in a
negative value of the Weiss constant (Jcw = —9.3 K), which does not seem to be due to the predominance
of AF interactions but due to the orbital contribution coming from octahedral Co(ll). Magnetization
temperature (Tw, defined as the point where x”v # 0) of 5.7 K and coercive fields (Hc) lower than 0.1 kOe
were obtained, as expected according to previous reports on CoAl-LDH intercalated with n-alkyl sulphate
molecules.®Z However, the magnetism in the case of a-Co" hydroxydicarboxylate depicts an striking
different behavior: in a-Co"(Sub) sample, the fitting of the Curie~Weiss law in the 200-300 K region yields
a Ucw value of 66.4 K, with T =60 K and H. bigger than 10 kOe (see Figure 2 and Table 2). Therefore, it is
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important to highlight that covalent functionalization drives the coexistence of two magnetic sublattices
(also known as triple-deck structures),’®2¥22 0, and T,, proper in a-Co" hydroxides, offering a new
coupling that pushes the magnetic transition to higher temperatures. In both hybrids, the absence of
extrinsic magnetic impurities, such as Co" spinels, was confirmed by the temperature-independent

component in ym+T assuring the purity of the LHs.3& 3%
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Figure 2

Magnetic characterization for CoAl-LDH (left panel, red) and a-Co" hydroxydicarboxylate (right panel, green) hybrids
containing suberate as interlayer anion. A,B) Magnetic susceptibility as a function of temperature (ym vs T) with an

external applied field of 1000 Oe; the inset shows the thermal dependence of ym:T and the fitting of the 1/ymto a
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Curie—Weiss law. C,D) Field-cooled and zero-field-cooled (FC/ZFC) with an external applied field of 100 Oe. E,F)
Hysteresis cycle at 2 K; the inset shows the low field region. G) Thermal dependence of dynamic susceptibility for

the in-phase (ym’) and the out-of-phase (ym”’) signals at 1, 10, 110, 332, and 997 Hz (F).

Table 2. Main magnetic data and parameters for CoAl-LDHs and a-Co" hydroxycarboxylate containing suberate as
interlayer anion. y-Trr value at room temperature; experimental Curie constant (C); Weiss constant (3); temperature
of the divergence of the ZFC and FC magnetic susceptibility (7s); temperature for the onset of spontaneous
magnetization extracted from the y”m plot (Twm); saturation magnetization (Ms); remanence magnetization (Mg);

coercive field (Hc)

Samples x-Ter[emuKmol™?] ClemuKmol?] &[K] Te[K] Twm[K] Ms[usl] Mrg[us] Hc[Oe]

CoAl(Sub)  2.15 2.1 93 29 5.7 1.27 0.23 95

a-Co"(Sub) 2.33 2.9 66.4 52 60 0.46 0.21 12075

Once observed the influence of the different structures on the magnetic properties, we have conducted
a thermogravimetric study to determine the role of the electrostatic/covalent interactions in the thermal
stability of the hybrids. The thermal decomposition was followed under oxidizing conditions at
5°C min~* (Figure S1, Supporting Information); both samples show two main weight loss steps. Although
the first step below 100 °C is attributed to the loss of both physisorbed and interlayer water,2 the second
one, centered at around 250 °C, is ascribed to the oxidation of the organic molecules and the
dehydroxylation of structural OH groups, which results in the collapse and decomposition of the hybrid
layered structure.!? As can be observed, although the decomposition of the covalent functionalized
hybrid takes place at 228 °C, the decomposition temperature for the hybrid CoAl-LDH occurs at
significantly higher temperatures, 264 °C. These results demonstrate the higher stability under oxidative
conditions of the hybrid LDHs based on electrostatic anchoring (Figure S1, Supporting Information). In

fact, this can be related with the presence of Co"(T4) which would be prone to the oxidation.

To gain further information, thermogravimetric analysis coupled with gas chromatography and mass
spectrometry (TG—GC—MS) under an inert atmosphere of helium has been used. This is a powerful
technique to unveil the thermal stability of the hybrids, as well as the thermal decomposition products

and pathWays.[A, 25, 40-43]

Figure 3 shows the thermograms, where at least three steps are noticeable in both samples under

nonoxidizing conditions. To shed light on decomposition process itself, the evolved gaseous fragments
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(20 mLmin?, He as carrier gas) were injected at each decomposition step in a gas chromatography

column, where they were separated generating the corresponding elugrams. Subsequently, the

respective sample fractions were analyzed by mass spectrometry.
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Figure 3

TG-GC-MS characterization. A) TG patterns for CoAl(Sub) (red) and D) a-Co"(Sub) (green) hybrids were recorded at
10 °C/min under inert atmosphere of helium. B,C,E,F) During the decomposition process, the evolved gaseous
fragments were injected in a preheated GC column at 40 °C. After chromatographic separation, the molecules were

identified by MS.

The first two steps are unambiguously assigned to the physisorbed and intralayer molecules of water.
Although the first step is observable at =80-85 °C for both samples, the second one takes place at 215
and 235 °C for CoAl(Sub) and a-Co"(Sub), respectively. These results suggest that the physisorbed water
molecules behave almost identically; however, a higher interaction of the intralayer water molecules in
the case of the simonkolleite-like structure is noticeable. Indeed, the first derivative of the TG signal (DTG)
is much sharper for a-Co"(Sub), suggesting a more defined environment for the molecules and, therefore,
implying a more acute confinement. Related to this phenomenon, it has been recently reported that a-
Co" hydroxyhalides exhibit a greater interaction of water molecules within the space between layers as
the radius of the anions decreases, resulting in a difference of almost 20°C in the dehydration

temperature.2

Up to 300 °C, the decomposition of both hybrids takes place. For CoAl(Sub), the process spans over a wide
range of temperatures, 340-530 °C, with a broad maximum and a shoulder in the DTG at 395 and 485 °C,
respectively. In turn, for a-Co"(Sub), the decomposition occurs in a narrow range of temperature, 340—

445 °C, exhibiting two sharp and well-defined steps at 360 and 425 °C.
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Figure 3 shows the elugrams for the injections at 395 and 485 °C for CoAl(Sub) and 365 and 425 °C for a-
Co'"(Sub), respectively. Figure 3B shows the elugram of CoAl(Sub) obtained from the injection at 395 °C.
After a first intense peak related with the releasing of carbon dioxide (CO,), proper to the decomposition
of the organic molecule, different cyclic molecules, namely, cyclopentene, benzene, toluene,
methylenecyclohexane, cycloheptatriene, and bicyclo(3.2.0)hept-6-ene are observable. The presence of
benzene and toluene can be attributed to the catalytic formation of graphitic carbon, typically observable
in the preparation of LDH-based hybrid nanocomposites.’2> 44 Figure 3C shows the elugram of the next
injection performed at 485 °C. In this case, after the releasing of CO,, a new set of four molecules
containing carbonyl groups (glyoxal, 2-oxopropionic acid, butandial (succinaldehyde), and
cycloheptanone) can be detected, in addition to benzene. Interestingly, the major component of this

fraction is a seven-carbon atoms ring: the cycloheptanone.

A similar analysis over the covalently functionalized a-Co'"(Sub) was performed by injecting at 365 and
425 °C, respectively. Once again, in the first step of decomposition at 365 °C, the presence of CO;is
observable (Figure 3E). Then, four different cyclic and unsaturated molecules containing 5, 6, and 7 C
atoms are noticeable, as in the case of CoAl(Sub). Remarkably, after injection at 425 °C, only an intense

signal of cycloheptanone is observable, in stark contrast to CoAl(Sub) (Figure 3F).

Therefore, we observed that the thermal decomposition products in both hybrids exhibit clear
differences, being the most significant one the selective formation of cycloheptanone in the case of the
hybrid with covalent interactions. This reaction can be thought as the decarboxylation of suberate
moieties and subsequent cyclization to increase the stability of the releasing molecule. Overall, it can be
proposed that the catalytic role of Co atoms on the decomposition of Co-based hybrid LHs remains
unaltered,'? but the presence of covalent grafting induces a decrease of the thermal stability of =50 °C
and results in a more selective decomposition pathway at high (>400 °C) temperatures, leading to the

exclusive formation of cyclic ketone derivative of the suberate ligands: cycloheptanone.

In conclusion, two Co-based hybrid LHs containing the same organic ligand (suberate), one connected
through purely electrostatic interactions —CoAl(Sub)—- and the other covalently functionalized —a-
Co'"(Sub)—-, were synthesized by the Epoxide Routein a one-pot reaction at room temperature. The
covalent bonding between the simonkolleite layers and the COO groups was proved by PXRD, ATR-FTIR,
and UV-vis. The influence of the covalent functionalization over the electronic properties of the hybrid is
remarkable. Thus, the presence of a tetrahedral environment for Co, characteristic of this phase, strongly
influences the magnetic behavior and the increase in the magnetization temperatures from less than 10 K

for CoAl-LDH to more than 55 K in the case of a-Co" hydroxydicarboxylates.

Finally, the covalent functionalization has also shown to play a key role in the thermal stability and
decomposition of these hybrids. This was studied by TG—GC—MS for the very first time. The result shows

that the water molecules interact stronger with the a-Co'(Sub) hybrid denoting a higher confinement for
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the molecules in the interlayer space. Regarding the decomposition, a slightly higher thermal stability
(<50 °C under oxidizing conditions) was observable for CoAl-LDH hybrid, with more acute mass loss steps
for the covalent derivative. In both cases, the catalytic role of Co atoms in the decomposition process
under inert conditions results in the formation of graphitic carbon, generating typical aromatic molecules
like benzene or toluene. In contrast, at higher temperatures (>400 °C), the a-Co'"(Sub) gives rise to the
selective formation of cycloheptanone. These results highlight the important role of covalent
functionalization on LHs, and at the same time, pave the way for the use of hybrid simonkolleite-like
structures as catalytic nanoreactors, of interest in the synthesis of carbon-based nanocomposites for

energy storage and conversion.2”!
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