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ABSTRACT: Hydrotalcite-like compounds were synthesized by coprecipitation using
a constant-pH method. Aluminum was introduced in the form of an octahedral
aluminum fluorine complex during the synthesis. Controlling the pH during the
synthesis ensured that aluminum fluorine did not decompose to tetrahedral species but
remained in the octahedral (AlF6)

3‑ form to be incorporated into brucite-like sheets.
The physicochemical, thermal, and spectroscopic characterizations showed significant
modifications by fluorine introduction regarding structural, textural, and adsorption
properties. The memory effect of fluorinated hydrotalcites differed from the memory
effect commonly observed in fluorine-free hydrotalcites. Nitromethane adsorption
showed that the basicity of hydrotalcite was greatly modified by the fluorine loading.

■ INTRODUCTION
Layered double hydroxides (LDHs), commonly called hydro-
talcite-like compounds (HTs), are a broad family of
compounds with acid−base properties.1−3 They are used in
important applications in the form of catalysts, catalyst
supports, adsorbents, and ionic exchangers.4−6 For instance,
these solids are capable of performing intercalation reactions,
thus providing an excellent tool to explore the parameters that
affect the reactivity of intercalated species by modifying their
immediate environment and by imposing on these species a
two-dimensional constrained system.
The structure of LDHs can be derived from a brucite

structure (Mg(OH)2), which is composed of linked octahe-
drons of magnesium hydroxide. The octahedrons form gibbsite-
type sheets stacked in a hexagonal space group.7 In LDHs, a
fraction of the divalent Mg2+ ions is substituted by trivalent
cations, e.g., Al3+. Because of this substitution, the hydroxide
layers become positively charged but are charge-compensated
by interlayer anions or anionic complexes. LDHs can form in a
broad range of compositions, described by the formula
[M2+

1‑xM
3+

x(OH)2][A
n‑]x/n·mH2O, where M2+ and M3+ are

the di- and trivalent cations in the octahedral positions within
the hydroxide layers. The value of x commonly ranges from
0.17 to 0.33. An‑ represents an exchangeable interlayer anion
that can vary. Although carbonate anions have the largest
affinity, large anionic species can also intercalate into the space
between the layers.8−10 The M3+ ion often is Al3+ but may also
be one of a number of trivalent cations, including those of Ga,
Cr, and Fe. Similarly, the M2+ ion is not specific to Mg2+; M2+

can also be Ni2+, Zn2+, Cu2+, or another divalent cation. These
ions can be incorporated to brucite-like layers.

The layered structure collapses due to dehydration,
dehydroxylation, and anion loss when LDH is treated at
temperatures between 200 and 400 °C. When this collapse
occurs, mixed oxides are often obtained, which are commonly
able to recover the layered structure when put in contact with
water or an anionic aqueous solution. The collapse-recovery of
the layered structure is frequently referred to as the “memory
effect”.11−13 During calcination, the coordination of M3+ ions is
partially lowered from octahedral to tetrahedral.14,15 Moreover,
in the rehydration step, some of the tetrahedral M3+ ions do not
recover this octahedral coordination.16,17 Therefore, the
physicochemical properties of the reconstructed structure
become different from those of the original LDH. This process
is an approach to modify the physicochemistry of these LDHs
solids.
Chemical composition variation continues to be the best

strategy to tune the acid−base properties of LDHs. In the LDH
structure, the M3+ cations occupy octahedral positions,
surrounded by six oxygen atoms (of the OH− anions) as first
neighbors. However, to date, no anion other than hydroxyl has
been tested for incorporation into the brucite-like sheets. It is
likely that other anions are also suitable to tune and diversify
the types of acid−base pairs available. Thus, the goal of this
study was to introduce anions other than oxygen into the
octahedral layers. In this paper, we report for the first time the
preparation of hydrotalcite with partial substitution of the
(Al(OH)6)

3‑ octahedra by (AlF6)
3‑, with the understanding that
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the introduction of highly electronegative fluorine changes the
capacity of LDH to attract polarized and polarizable species.
The fluorination of LDH was previously reported, where

fluoride anions were incorporated between the brucite-like
layers.18−20 The fluorides, as compensating anions, are labile
species, and it is expected that eventually fluorides are
exchanged but other selective anions such as carbonates. The
incorporation of fluorine as a part of the brucite-like layers,
substituting the OH structural groups, has not been explored.

■ EXPERIMENTAL PROCEDURE
Materials. Carbonate-containing Mg−Al LDHs with a Mg/Al

atomic ratio close to 3 were prepared by coprecipitation at pH 10. An
aqueous solution containing appropriate amounts of Mg-
(NO3)2·6H2O, Al(NO3)3·6H2O, and Na3AlF6 (Aldrich, 99.99%) was
delivered into a reactor by a chromatographic pump at a constant flow
of 1 cm3/min. A second aqueous solution containing 2.0 M solution of
NaOH (Aldrich, 99%) was simultaneously fed. The pH remained
constant by controlling the addition of the alkaline solution using a
pH-STAT Titrando apparatus (Metrohm, Switzerland). The suspen-
sion was stirred overnight at 80 °C, and then the solid was separated
by centrifugation, rinsed thoroughly with distilled water, and dried
overnight at 80 °C. The ratio of Mg/Al was maintained at 3 in the
samples reported in this work. The source of aluminum was either
aluminum nitrate or a mixture of aluminum nitrate with sodium
hexafluoro-aluminate.
Memory Effect. The LDH samples were thermally decomposed by

heating to 450 °C (heating rate: 3 °C/min) for 3 h. Heat treatment
caused the formation of periclase-like (Mg,Al)-oxide solutions that
recovered the layered structure upon exposure to water vapor.
Characterization. The samples were characterized by X-ray

diffraction (XRD), nuclear magnetic resonance (MAS NMR) of 27Al
and 19F nuclei, thermal analysis (TGA), infrared spectroscopy (FTIR-
ATR), N2 adsorption, and nitromethane adsorption followed by 13C
MAS NMR.
The XRD patterns were acquired using a diffractometer D8

Advance-Bruker equipped with a copper anode X-ray tube. The
presence of pure LDH (native sample) and periclase (sample
thermally activated) structures was confirmed by fitting the diffraction
patterns with the corresponding Joint Committee Powder Diffraction
Standards (JCPDS cards).
Infrared spectra were recorded using a Perkin-Elmer series

spectrophotometer model 6X operated in the ATR-FTIR mode with
a resolution of 2 cm−1.
The single pulse solid-state 27Al and 19F MAS NMR single

excitation spectra were acquired on a Bruker Avance 300 spectrometer.
The single pulse 27Al NMR spectra were acquired under MAS
conditions by using a Bruker MAS probe with a cylindrical 4 mm o.d.
zirconia rotor and by operating the spectrometer at a frequency of 78.1
MHz. Short single pulses (π/12) were used. The 90° solid pulse width
was 2 μs, and the chemical shifts were referenced to those of an
aqueous 1 M AlCl3 solution. The MAS frequency was 10 kHz. All the
NMR measurements were done at room temperature (19 °C).
The 19F MAS NMR spectra were measured by operating the

spectrometer at 376.3 MHz, using π/2 pulses of 6 ms with a recycle
delay of 1 s; 19F chemical shifts were referenced to those of CFCl3 at 0
ppm.
The nitrogen adsorption−desorption isotherms were determined

with Bel-Japan Minisorp II equipment, using a multipoint technique.
The samples were previously calcined at 450 °C for 3 h and then
evacuated under a vacuum for 10 h. Surface areas were calculated with
the BET equation, and pore diameter values were calculated using the
BJH method.
NH3 TPD measurements were performed in a microreactor

assembly where 250 mg of solid was treated at 450 °C for 3 h and
then cooled prior to NH3 adsorption. The sample was in contact with
30 mL/min of NH3 for 50 min, and then was flushed with N2 at 100
°C for 60 min. The desorption profile was recorded with a heating rate

of 10 °C/min in the range 80−500 °C using a GC equipped with a
TCD detector.

Thermogravimetric analyses were performed with TA Instruments
equipment. The samples were heated at a rate of 5 °C min−1 from
room temperature to 900 °C in a nitrogen atmosphere.

Nitromethane Adsorption. Batches of approximately 100 mg of
the samples were packed in a glass cell equipped with a resealable valve
that was suited for attachment to a vacuum line. The batches were
then evacuated for 10 h at 450 °C. The samples were equilibrated with
30.0 Torr of 13CH3NO2 at room temperature for 30 min and then
desorbed at 50 °C for 30 min. The powder was then packed into 4 mm
NMR rotors under an inert (argon) atmosphere. The 13C CP/MAS
NMR spectra were acquired at room temperature using a Bruker
Avance 400 spectrometer operating at the Larmor frequency of 100.5
MHz, with a contact time of 5 ms, a spinning rate 5 kHz, and π/2
pulses of 5 μs. Chemical shifts were referenced to those of the CH2
groups of solid adamantane at 38.2 ppm relative to TMS.

■ RESULTS AND DISCUSSION
Fresh and Thermally Treated Samples. The XRD

patterns of the fresh and thermally treated LDH samples are
shown in Figure 1. The diffractogram of the fresh samples, as

shown in Figure 1a, matched that of hydrotalcite (JCPDS card
22-0700), regardless of the presence or absence of fluorine.
This result is evidence that no crystalline fluorine compounds
were segregated at the surface of LDH. Moreover, the position
of the XRD peak attributed to the (003) plane was aligned with
that of a carbonated hydrotalcite,21 although the position of the
peak varied slightly with fluorine content. Increasing the
amount of fluorine resulted in a higher diffraction angle, which
suggests that, with increasing fluorine species, the attraction
between the anions and the brucite-like layer is stronger in such
a way that the distance between the layers diminished, Table 1.
This is not surprising because fluorine is able to form strong
hydrogen bonds22 with hydrogen atoms from water to
influence the crystal-growth step, as evident in the narrower
XRD peaks of the fluorinated samples. Upon thermal
treatment, the layered structure disappeared, giving way to
the periclase-like structure (Figure 1b). In the case of the MA3
sample, the composition corresponded to that of a mixed oxide
of Mg(Al)O, but in the case of MA3F-10 and MA3F-25, their
mixed oxides were fluorinated. The presence of fluorine in the
mixed oxides was not evident in the XRD characterization. In
this respect, the NMR results in Figure 2 are more illustrative.

Figure 1. X-ray diffraction patterns of LDH as synthesized (a) and
after thermal treatment at 550 °C (b). Dotted line in part a was
included as a guide to evidence the slight shift of the (003) plane at
10.5° taken as a reference for the plane (110) at 60.4°.
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Figure 2a shows the 19F MAS NMR spectra of the fresh
samples. Regardless of the amount of fluorine that was
incorporated, two peaks continued to be observed. The first
peak at −174.4 ppm corresponds to Na3AlF6, whose spectrum
was also included in Figure 2a for reference. Therefore, the
intense peak at −174.4 ppm is due to the AlF6 octahedra, as has
also been reported for other compounds,23−25 e.g., MgF6 and
GaF3-doped with MgF2. Here, it has to be mentioned that the
stability of (AlF6)

3‑ species in solution has been a subject of
study.26−28 The ionic equilibrium between (AlF6)

3‑ and (AlF4)
−

in aqueous aluminum−sodium fluoride mixtures inclines to
stabilize low-order complexes, e.g., (AlF4)

− and (AlF5)
2‑. It is

also suggested that (AlF6)
3‑ species are also present in solution

but in a lower amount. Furthermore, it is also reported that
(AlF6)

3‑ is stabilized in liquid state by ionic screening
interactions. Therefore, the synthesis of LDH in the presence
of (AlF6)

3‑ is possible under alkaline conditions as those used in
a coprecipitation synthesis, where (AlF6)

3‑ reacts to be
incorporated to LDH, but in order to accomplish the Le-
Chatelier’s principle,29 they are produced continuously during
the synthesis.
In the spectra of fluorinated LDHs, a second NMR peak at

−190.5 ppm suggests a second type of fluorine coordination,
which was expected because the network anion consisted not
only of F− but also of OH−. Actually, the inclusion of (AlF6)

3‑

into the brucite-like layers occurs most probably randomly,
which implies that the first coordination sphere of fluorine
contains both Al3+ and Mg2+ cations; therefore, FMg5 and
FMg4 environments should be present, and the δ-values are
consistent with those observed by Scholtz et al.30

19F NMR spectra of the mixed oxides, which are displayed in
Figure 2b, also show two narrow peaks but are shifted to
weaker fields. This shift suggests that the order of the fluorine
coordination was maintained even after the collapse of the
layered structure, although the nature of the fluorine species

was modified. This result is not surprising because the mixed
AlF6‑xOx species is expected to appear upon structure collapse.
As shown above, the 19F NMR signal for AlF6 appears at −190
ppm, but that of AlO5F was reported31 to be at −120 ppm, i.e.,
the larger the chemical shift the higher the number of oxygen
atoms replacing fluorine in the aluminum octahedral. Thus, it
can be concluded that, with thermal treatment, the LDH
structure collapse was accompanied by the formation of mixed
AlF6‑xOx species, which suggests that fluorine was redistributed.
In line with this conclusion, one can see that, with increasing
fluorine content, the NMR signal at weaker fields also increases,
and the appearance of additional peaks, not well resolved, is
observed.
The 27Al MAS NMR results are also very useful to show

important changes in LDH after fluorine incorporation. First,
the isotropic NMR peak at 8.9 ppm showed that aluminum was
6-fold coordinated in all three fresh samples (Figure 3a). The

spectrum of (AlF6)
3‑ was also acquired as a reference (spectrum

not shown). The isotropic peak was also located at 9 ppm,
confirming that chemical shifts of (Al(OH)6)

3‑ and (AlF6)
3‑ are

approximately the same. It should be noted, however, that the
NMR peak is narrower for the fluorinated samples compared to
the fluorine-free sample. This difference could be explained
because F− anions have substituted a part of OH− groups that
contain a polar covalent O−H bond, which leads to a
diminution of dipolar interactions. Furthermore, it should be
emphasized that 27Al is a quadrupular nucleus (I = 5/2);
therefore, the 27Al NMR spectrum in Figure 3 (acquired at 7 T)
does not resolve, if any, the presence of AlF4(OH2) or
AlF3(OH)3. The existence of these species was previously
reported, but it was necessary to acquire the 27Al NMR spectra
in a very high magnetic field strength (17.6 T).32 With
temperature, mixed oxides emerged as mentioned above, and
the lowered coordination of aluminum became clear. In the
spectra displayed in Figure 3b, the two peaks of 27Al MAS

Table 1. Characteristics of Fluorinated LDH Samples Synthesized by Coprecipitation Method

code sample chemical formulaa Mg/Al ratio d003 (Å)
b BET area (m2/g) av pore radiusc (nm)

MA3 [Mg0.761Al0.248(OH)2](CO3)0.1240.66H2O 3.06 24.92 190 10.7
MA3F-10 [Mg0.752Al0.253(OH)1.93F0.07](CO3)0.1260.58H2O 2.98 23.17 174 13.8
MA3F-25 [Mg0.738Al0.242(OH)1.73F0.27](CO3)0.1210.58H2O 3.04 22.76 137 12.24

aAs determined by chemical analysis. bCalculated from XRD pattern. cDetermined by N2 isotherms and BJH method.

Figure 2. 19F MAS NMR spectra of fresh samples (a) and after
thermal treatment at 550 °C (b).

Figure 3. 27Al MAS NMR spectra of fresh samples (a) and after
thermal treatment at 550 °C (b). * indicates spinning side bands (10
kHz).
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NMR that are characteristic of thermally treated LDH appeared
at approximately 11 ppm (octahedral, Al(octa)) and 70−82
ppm (tetrahedral, Al(tetra)).33,34 While the peak due to
octahedral species appears at 11 ppm for three mixed oxide
samples, the position of the tetrahedral peak is a function of the
presence of fluorine. The NMR peak of the fluorine-free sample
is observed at 69 ppm, while that corresponding to the
fluorinated samples is at 82 ppm, due to the shielding effect of
tetrahedral species by fluorine. Furthermore, the fluorinated
samples had narrower peaks than the fluorine-free sample,
which can be interpreted as an averaging of some dipolar effects
in the fluorinated samples. Furthermore, the addition of
fluorine has a strong effect on the relative intensities of
resonances Al(tetra) and Al(octa). The ratio of their intensities
(Al(tetra)/Al(octa)), as determined by the deconvolution and
integration of spectra, are 0.62, 0.73, and 1.21 for MA3, MA3F-
10, and MA3F-25, respectively. This result is relevant because
Al(tetra) species are considered to be coordinatively unsatu-
rated sites (CUS) of aluminum that can play the role of acid
sites.35,36 The results show for the first time that a mixed oxide,
resulting from the calcinations of a LDH, has relative intensities
with an Al(tetra)/Al(octa) ratio higher than 1, in contrast to
prior reports demonstrating ratios between 0.5 and 0.7.37 In
acide-base catalysis, e.g., in some condensation reactions, these
CUS sites are claimed to stabilize, partially, the anions
produced by the base sites in order to react at surface.
A high number of CUS sites, of course, favors an increase in

the solid acidity. In this respect, in Table 2 are reported the

NH3 amounts adsorbed in the LDHs, as determined by TPD
measurements; the values are done in mmol/m2 in order to
avoid the effect of variation of specific surface. NH3 uptake
showed the presence of acid sites of different strength as
generally occur in LDH samples. Three different temperature
ranges were identified in the TPD profiles: I from 200 to 300
°C, II from 300 to 400 °C, and III from 400 to 500 °C. As
shown in Table 1, the various LDH samples differed in fluorine
content. In Figure 4 the NH3 adsorbed was plotted as a fraction
of fluorine that has replaced hydroxyl groups. The total amount
of NH3, the amount of sites with moderate strength (range II),
as well as the Al(tetra)/Al(octa) ratio show a relationship linear
with the fluorine content, showing indisputably the acidity
increase by the fluorine presence. This feature is discussed
further in the section of nitromethane adsorption.
XRD and NMR results have shown significant changes as a

consequence of the introduction of fluorine into LDH sheets.
We focus now on the FTIR results. Figure 5 shows the spectra
of layered samples in which the broad absorption band between
3700 and 3000 cm−1 due to the O−H stretching is observed,
and at 1635 cm−1, the band attributed to the bending
deformation of molecular water is present. Additionally, the
band attributed to the asymmetric stretching of C−O bonds in

carbonate ions38,39 is observed between 1340 and 1360 cm−1.
Indeed the shape of this absorption band is affected by the
composition of LDH; in the MA3 sample (noncontaining
fluorine), an asymmetric band appears centered at 1340 cm−1,
while in samples MA3F-10 and MA3F-25, this band is
symmetric and centered at 1350 and 1359 cm−1, respectively.
This result can be explained as the progressive decrease of
vibration modes as a consequence of the fluorine incorporation.
It seems that CO3

2‑ anions are present in both C2v and D3h
symmetry in MA3 sample, but they are mainly stabilized with
symmetry D3h in fluorine containing samples. The absorption
bands due to translational mode metal−OH (δ-mode) were
also dependent on the presence of fluorine; this band appears at
543, 590, and 631 cm−1 for MA3, MA3F-10, and MA3F-25,
respectively. These results suggest that the interaction between
carbonate anions and water is directly modified due to fluorine
in the brucite-like layers, which strongly attracts water
molecules. The absorption band due to symmetric stretching
vibration of octahedral (AlO6)

3‑ species is observed at 540 cm−1

for both MA3F-10 and MA3F-25 samples. Lastly, infrared

Table 2. NH3 Adsorbed on LDH Samples As Determined
from TPD Measurementsa

NH3 uptake (mmol/m
2) × 103

sample I II III total

MA3 0.40 1.11 0.65 2.16
MA3F-10 0.66 2.72 0.60 3.98
MA3F-25 0.81 5.49 1.83 8.13

aI in the 200−300°C range, II in the 300−400°C range, and III in the
400-500°C range.

Figure 4. Amount of NH3 adsorbed and Al(tetra)/Al(octa) in LDHs
as a function of fluorine content: −■− total NH3 adsorbed; −□−
NH3 measured from TPD in the 300−400 °C range; −●− Al(tetra)/
Al(octa) ratio measured by integration of the corresponding 27Al MAS
NMR lines.

Figure 5. FTIR spectra of LDH samples.
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integrated intensities of the broad OH stretching bands were
measured by using the EZ OMNIC 32 software. The integrated
intensities were 1249, 1138, and 994 for MA3, MA3F-10, and
MA3F-2, respectively. These values provide, roughly, the
percentage of OH groups substituted by fluorine to be 8.6 in
MA3F-10 and 20.4 in MA3F-25 which does not necessarily
match with the compositions of samples, Table 1. This
difference was expected because the OH absorption band
includes also the vibration modes of OH groups coming from
H2O and percentage of water varies in the samples. It should be
emphasized that it seems that the OH species are selectively
eroded upon fluorine incorporation. Actually, the OH
absorption band is broader for the MA3 sample, suggesting
that the OH lost are those with higher wave numbers, related to
basic hydroxyls.
Figure 6 shows the thermal behavior of the MA3, MA3F-10,

and MA3F-25 samples. It is clear that the fluorinated samples

behave differently from the fluorine-free sample. Initially, all
three samples behaved similarly with respect to the initial loss
of weight recorded between 40 and 170 °C, which corresponds
to the loss of water from the superficial layers and the
interlayer. Subsequently, the second loss of weight corresponds
to decarbonation and dehydroxylation (200−500 °C), leading
to the formation of the periclase structure. In this step, the
presence of the fluorine clearly makes a difference: this step
occurs at higher temperatures for the fluorinated samples,
which is in agreement with stronger interaction of layers−
anions as a consequence of the presence of fluorine, as
suggested by FTIR and XRD. Further, the fluorine-free sample
lost more weight than the fluorinated samples; specifically,
sample MA3 lost 10% more weight than the MA3F-25 sample,
which suggests that dehydroxylation occurred instead of
defluorination. These results agree with our previous NMR
characterizations, and it is expected that the changes concerning
the hydration process modify the textural properties of LDH.
Therefore, the nitrogen adsorption−desorption isotherms were
measured.
The N2 isotherms for the three samples, fitted with type IV,

have a hysteresis of type III, according to IUPAC
classification.40 For the sake of brevity, a figure with the
nitrogen isotherms was not included. The textural parameters
that emerged from N2 adsorption−desorption are reported in
Table 1. The presence of fluorine modifies the properties of

LDH, but the fluorine has a negative effect on the development
of specific surface area. This result was expected because the
thermal analyses have shown that the capacity of fluorinated
samples to trap water differs from that of the free-fluorine-
sample. Before the nitrogen adsorption measurements, the
samples were activated at 450 °C for 3 h and then evacuated
under vacuum. This treatment did not ensure that the three
samples were completely eliminated of water and carbonates.
The surface was not dramatically devoid of the presence of
fluorine, which can be attributed to the increase in pore size,
Table 1.

Memory Effect. The XRD patterns displayed in Figure 7
confirm that the lamellar structure of hydrotalcite was

recovered after the calcination−hydration cycle. No crystalline
fluorine compounds were segregated at the surface of
rehydrated LDH. Furthermore, the position of the XRD peak
attributed to the (003) plane continued to be dependent on
fluorine content. As observed and explained for the native
samples, as the amount of fluorine increased, the diffraction
angle also increased.
Figure 8 displays the 19F MAS NMR spectra of the thermally

treated MA3F-25 sample that was then rehydrated by exposing
them to water vapor for variable periods. At very short
rehydration times (2 h), the two peaks observed for mixed
oxides, at −174.4 and −190.5 ppm, remained. However, for
hydration times longer than 6 h, the peak at −174.4 ppm
diminishes, but the peak at −190.5 ppm (after 2 h rehydration)
shifted to higher chemical shifts values up to −169.9 ppm (after
6 h rehydration). This result suggests that, before rehydration,
AlF6‑xOx species enriched in fluorine existed, presumably AlF6
(NMR peak at −190.5) as well as AlF6‑xOx species enriched in
oxygen (peak at −174.4). With hydration, the recovering of
layered structure occurred, which was accompanied by a
redistribution of fluorine. The appearance of a broad peak
centered at −169 ppm is assumed to be due to a more
homogeneous repartition of fluorine during the formation of
the layers. These results agree with those presented in Figure 9
where the 27Al MAS NMR spectra show that the coordination
of aluminum progresses as a function of the hydration time.
Upon the exposure of samples to water vapor for periods as
short as 2 h, tetrahedral aluminum was generated in the thermal

Figure 6. Thermogravimetric curves of the LDH samples in nitrogen.

Figure 7. X-ray diffraction patterns of samples after a memory effect
cycle. The thermal treatment was at 550 °C and the rehydration in a
saturated (100%) water atmosphere.
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treatment step (Figure 3b) to partially recover the octahedral
coordination. As the hydration time progresses, more
tetrahedral aluminum is converted to Al(octa), consistent
with the XRD results that showed the recovery of the layer
structure. Note that the thermally treated sample contained a
higher fraction of Al(tetra). At the end of rehydration, however,
the spectrum of the native sample (Figure 3a) was not fully
recovered, with a minor percentage of aluminum remaining in
the Al(tetra) coordination. The width of NMR Al(octa) peak of
the rehydrated MA3F-25 sample is 503 MHz, which has a value
between the width of the corresponding peaks of native MA3
(619 MHz) and native MA3F-25 (397 MHz), confirming that
the fluorine was redistributed more homogeneously in the
sample after one memory-effect cycle. However, the MA3F-25
sample does not exhibit this property because although the
XRD showed the layer structure reconstruction, the NMR
results suggest the formation of CUS of aluminum instead. This
result shows the importance of incorporation of fluorine
forming part to the layers and no incorporated these species as

fluorides by ionic exchange41 or impregnation where eventually
are easily removed.

Nitromethane Adsorption. Because of its polarizable NO2
group, nitromethane was chosen as a probe molecule to be
adsorbed onto the mixed oxides that emerged from the thermal
treatment of the fluorinated samples. The 13C CP/MAS NMR
spectra of nitromethane adsorbed on Mg(Al)O and that of the
fluorinated Mg(Al)O samples at room temperature followed by
desorption of physisorbed species at 28 °C are shown in Figure
10. The isotropic peak at 107 ppm, in the spectrum of the

fluorine-free sample, is due to the methylene group of
chemisorbed aci-anion nitromethane. These assignments are
in accordance with those previously reported for nitromethane
adsorbed onto MgO and mixed oxides Mg(Al)O.42−44 In
fluorinated samples, the peak of the methylene groups give two
peaks in the 100−110 ppm range. It is worth noting that the
chemical shift of the methylene group of the chemisorbed aci-
anion nitromethane depends on the composition of the oxide.
The adsorption of nitromethane on the MA3 sample leads to
an upfield shift to 107 ppm. Conversely, the adsorption on the
MA3F-10 and MA3F-25 samples leads to spectra consisting of
a peak at 107 ppm and a second peak with a downfield shift
(position at approximately 100 ppm). On the contrary, the
fluorinated mixed oxides obtained from the thermal treated
rehydrated LDH lead to spectra with a single signal due to
methylene groups (101−102 ppm). These results agree with
the assumption that a redistribution of fluorine occurs with the
memory effect. Further, the two peaks within 100−107 ppm
observed for the fluorinated mixed oxides from the MA3F-10
and MA3F-25 samples indicate that microdomains enriched in
fluorine were present. To comprehend the variation of the
observed 13C isotropic chemical shift of chemisorbed anion of
nitromethane, it is assumed that the solids possess enough
basicity to extract a proton from the methyl group in
nitromethane. The anion obtained interacts with the conjugate
Lewis acid sites of the mixed oxide surface, leading to an
electron shift from the double bond, Scheme 1. The isotropic

Figure 8. 19F MAS NMR spectra of LDH MA3F-25 sample after
thermal treatment at 550 °C and consequent rehydration.

Figure 9. 27Al MAS NMR spectra of LDH MA3F-25 sample after
thermal treatment at 550 °C and consequent rehydration.

Figure 10. 13C CP/MAS NMR spectra of nitromethane adsorbed on
LDH samples. The prefix RH added to the name of two samples
indicates that the native sample was thermal treated and then
rehydrated. All samples, previous to nitromethane adsorption, were
activated at 450 °C for 10 h under vacuum.
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downfield shift of the methylene for the adsorbed anion of
nitromethane can be attributed to a strong interaction between
the conjugate Lewis acid site and the adsorbed molecule.
Therefore, the NMR shift reflects the strength of the Lewis sites
of the conjugate base sites because increasing Lewis acidity
strength corresponds to the lowering of the basic strength.
Thus, it can be concluded that the presence of fluorine in the
surface induces the formation of strong basic sites at the surface
of fluorinated mixed oxides, as shown in Scheme 1.

■ CONCLUSION
Fluorine was successfully incorporated to the hydrotalcite-like
compounds. Fluoride anions take the position of hydroxyl
anions, thus modifying the textural, structural, adsorption, and
thermal properties of the layered double hydroxide. With
thermal treatment, the fluorinated mixed oxides are obtained,
with their surfaces having MgO6‑xFx species. Some of the
microdomains of these species are enriched in oxygen, while
others are enriched in fluorine. The memory effect was used to
homogenize the distribution of oxygen and fluorine in
MgO6‑xFx species. Solid-state 19F and 27Al NMR and the
adsorption of nitromethane monitored by 13C NMR showed
that the fluorine incorporation into LDH leads to the formation
of strong basic sites and a high density of aluminum with low
coordination numbers.
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