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ABSTRACT: Understanding and controlling confined nano-
space to accommodate substrates and promote high ion
conduction are essential to various fields. Layered double
hydroxides (LDHs) have emerged as promising candidates for
anion exchangers using the interlayer nanospace in their
crystal structures. Miyata reported in 1983 that the affinity of
anions for intercalation with most major Mg—Al LDHs
increased in the following order: NO;~ < Br™ < F~ < SO,*” <
HPO,*". Attempts to alter the affinity with different metal
cations (M>* and M**) have been unsuccessful. Analyses of the
crystalline structures of LDHs, positively charged host layers,
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interlayer anions, and interlayer water molecules indicate that they inevitably interact through hydrogen bonding. In other
words, the affinity of LDHs for anions is controlled by tuning the hydrogen bonding. In this study, we prepared fluorine-
substituted LDHs (F-LDHs) with different Mg/Al ratios by partially replacing the OH structural groups, which originated from
the host layer, with fluorine atoms; the resulting change in affinity was investigated. The distribution coefficient, which is a
useful indicator of the affinity of an LDH for a particular anion, was examined. The results showed that only F-LDHs with Mg/
Al ratios of 3.5 exhibited high affinity, especially for NO;™ ions, and the affinity increased in the following order: HPO,*™ <
SO,>” < F~ < Br™ < NO;". The separation factors of these specific F-LDHs with respect to both NO;~/F~ and NO;~/SO,*~

were higher than that of LDHs with other compositions by 1 order of magnitude. Raman spectroscopy above 3000 cm™

1

revealed that the fluorine substitution of LDHs significantly changed the hydrogen bonding nature in the interlayer space.
Highly electronegative fluorine atoms significantly decrease the extent of hydrogen bonding interactions between OH structural
groups and both interlayer water molecules and anions, wherein steric effects are induced by the shrunken interlayer space, and
van der Waals forces are revealed to be the predominant interaction with anions. Therefore, the highest affinity was observed for

NO;™ ions in F-LDHs.

B INTRODUCTION

Various unique materials with confined nanospaces such as
carbon, metal organic frameworks/porous coordination
polymers, zeolites, and inorganic crystalline materials have
been studied to understand and control the confined
nanospace in their structure, to accommodate substrates, and
to promote high ion conduction.'™® Layered double
hydroxides (LDHs) are regarded as attractive sustainable
photo- and electrocatalysts and ion exchangers due to their
unique two-dimensional layer structure composed of various
transition metals and their ability to accommodate anionic
species in the interlayer space.”™'® They are represented by the
general formula [M**;_ M*" (OH),]*'[A""],/,mH,0O and
consist of octahedral brucite-like layers (containing divalent
and trivalent metal cations, M** and M**), charge-balancing

-4 ACS Publications  © xxxx American Chemical Society

interlayer anions (A"”), and interlayer water molecules with
rhombohedral symmetry (space group R3m). Possible M>*
species are Mg®*, Ni**, Zn®, Ca®, etc, and possible M**
species are AI**, Cr**, Fe*, Co™, etc. The exchangeable anion,
A", can be either monovalent, such as OH™, F~, ClI™, or NO;~,
or divalent, such as SO,*~, HPO,*”, or CO;*". Typically, a
large amount of CO,’” ions with a relatively high charge
density prefer to be contained in the interlayer space. In fact,
LDHs have been useful for the removal of harmful oxo-anions
(S0,>~, HPO,*", NO,, etc.) from environmental water
because of their capacious interlayer space.
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The presence of nitrate and nitrous ions in groundwater has
become a serious concern worldwide in recent decades.'”"®
For example, babies can suffer from blue baby syndrome
caused by polluted drinking water. Compared to other anions
like F~, Br~, I, SO,*~, and HPO,*>~, NO; ions are delocalized
and have a low charge density, which make them difficult to
capture by conventional adsorbents owing to their electrostatic
interaction with the adsorbent used. Therefore, it is of great
scientific interest to increase the affinity of a selected captor for
NO;™ ions.

The ion-exchange capability, selectivity, and capacity of
LDHs have been widely studied. Miyata previously reported
that the affinity of most well-known Mg—Al LDHs for various
anions increases in the following order: NO;~ < Br™ < CI” <
F~ < OH™ < MoO/” < SO,/ < CrO,*” < HAsO; <
HPO,?~ < CO,>".% Costa et al. reported that the order of
exchange selectivity based on a computational simulation for
Zn—Al LDHs (Zn/Al = 2) is as follows: NO;~ < Br™ < CO3>~
< CI” < F~ < OH"."” Puerta-Falla et al. reported that the
affinity of Ca—Al LDH for anions increases in the following
order: OH™ < SO,>” < CO;* < CI” < NO,” < NO;~.
However, LDHs of this composition can be used only under
alkaline conditions.” It has been shown that LDHs show a
higher affinity for anions with a higher charge density. It is
important to note that NO;™ ions are intrinsically the most
difficult anions to capture from water, even by using LDHs.
There are many informative reports on the relationship
between the chemical composition of LDHs and their affinity
for anions, such as the combination of M*>" and M** species
and the M>*/M’ ratio in a brucite-like layer, and the
orientation and diffusion coefficients of interlayer anions.”’~>*
For example, it was reported that the charge density in the
brucite-like layer of an LDH significantly affects the amount of
water contained in the interlayer space, leading to a change in
the orientation of interlayer NO; ™ ions.'®"” In the case of Zn—
Al LDHs, the diffusion coeflicient in the interlayer space is
higher than those in the interlayer space of Zn—Ga, Mg—Al,
and Mg—Ga LDHs.”” However, the key factor to determine
the order of affinity under actual ion-exchange conditions
remains unclear. Careful observation of the crystal structure of
LDHs revealed that the interlayer anions and water molecules
intrinsically lie at comfortable positions in the interlayer space
by interacting through hydrogen bonding with OH structural
groups belonging to the brucite-like layers. In other words, the
interlayer potential energy structure is controlled by not only
the charge density but also the local intermolecular interactions
with OH structural groups, which lead to our proposed
strategy of substituting other elements for OH structural
groups to tune the affinity of LDHs for NO;~ ions. An OH
structural group is monovalent and so small that fluorine is the
best candidate for substituting it in a brucite-like layer in the
viewpoint of thermodynamic stability (see Figure 1). Results
from an earlier report have encouraged us to prepare fluorine-
substituted LDHs (F-LDHs).>® In this work, F-LDHs were
successfully prepared by co-precipitation, and the effect of
fluorine substitution on the basicity of LDHs was investigated.
As the focus of their study was different, they did not try to
control the chemical composition, crystallinity, or especially
interlayer structure. In our study, we prepared F-LDHs
composed of Mg and Al, and the effects of fluorine substitution
on the affinity of these F-LDHs for various anions with
different charge densities and molecular structures were
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Interlayer space (djg3) o -
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Figure 1. Crystal structure and schematic image of fluorine
substitution of a brucite-like layer of LDHs, visualized using the
VESTA program and molecular structures of the target ion in this
study.

comparatively studied using fluoride, nitrate, and sulfate ions
as models (see Figure 1).

B RESULTS AND DISCUSSION

Na;AlF4 was used as the fluorine precursor to prepare F-LDHs.
In a typical synthesis procedure, the [AlCl;]/[Na;AlF] ratio in
the precursor solution was fixed at 1.0, and the ([AICL;] +
[Na;AlF])/[MgCl,] ratio was varied in the range of 2.5—4.0
to control the Mg/Al ratio in the products. Hereafter, the
samples were labeled according to the chemical composition,
where 35 and 3SF, for example, refer to LDHs without and
with fluorine substitution, respectively, whose targeted Mg/Al
ratio was 3.5. The representative scanning electron microscopy
(SEM) images of two prepared LDHs, 35 and 3SF, after Cl™-
exchange treatment are shown in panels a and b of Figure 2.

Figure 2. FE-SEM images of (a) 35 and (b) 3SF after Cl-exchange
treatment.

Plate-shaped particles with sizes in the range of 100—500 nm
were obtained in both samples. The surfaces of these particles
were partially connected to each other, and these connections
might have formed during crystallization of the as-prepared
LDH agglomerates by co-precipitation. In 35F, most LDH
particles had clearly defined hexagonal shapes as shown in
Figure 2b, although particles with round shapes were observed
in 35 as shown in Figure 2a, possibly because the free fluoride
ions released in 35F from the precursor Na;AlF¢ worked as a
structure-guiding agent or mineralizer, or both. It is important
to note here that the complexation state of NajAlF is known
to change depending on the pH of the solution. It was reported
that most of the Na;AlF, releases fluoride ions to form
[Al(OH),_,F,]” in an aqueous solution at pH >10 and 50
°C.** This means that fluoride ions and partially fluorinated
hydroxy aluminum ions coexisted in the reaction solution
during co-precipitation as proposed in eq 1, where g = a(4 —
¢), and the fluoride ions worked as a structure-guiding agent or
mineralizer (or both), while the partially fluorinated hydroxy
aluminum ions worked as a fluorine source in the brucite-like
layer of an LDH. It should also be noted that the change in
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complexation state possibly limited the amount of fluorine
substitution in the resulting LDH particles.

(1 — a — b)Mg** + a[AI(OH),E,_ ]~ + bAP’" + dOH"~
+ [(a + b)/2]CO,*™ + eH,0
- [Mg,___ Al ,(OH), (F/l(a + b)/2]CO,*"-eH,0

+ (g - f)F (1)

The XRD patterns of all samples after Cl -exchange
treatment are shown in Figure 3, with an enlarged view of
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Figure 3. XRD patterns of F-LDH and original LDHs after CI-
exchange treatment.

the region in the 26 range of 11—22°. With the exception of
40F, LDH was successfully formed in all samples without
distinct byproducts, even after the Cl -exchange treatment.
The XRD patterns also reveal two different trends in the
position of diffraction lines: the (003) line at 20 of ~11°,
which corresponds to the basal spacing of two neighboring
brucite-like layers (dy;); the (006) diffraction line around 22°,
which corresponds to the basal spacing between the interlayer
anion layer and the brucite-like layer (dgos) (see Figure la).
First, dyo; and dygs increased with an increase in the Mg/Al
ratio in the LDHs. For example, dyy; increased from 7.96 A in
25 (Mg/Al = 2.5) to 8.12 A in 35 (Mg/Al = 3.5), suggesting
that the lower charge density of the brucite-like layer led to
weaker interaction with the interlayer anions and water
molecules, resulting in expansion of the interlayer distance.
Second, dyo; and dgys slightly decreased as a result of fluorine
substitution in samples with the same Mg/Al ratio, such as 35
and 3SF (Mg/Al = 3.5). For example, dy; had values of 8.12 A
in 35 and 8.03 A in 3SF, which also imply that the brucite-like
layers strongly interacted with the interlayer anions and water
molecules in the F-LDHs when compared with the interaction
in the original LDHs. These results indicate that the interlayer
potential structure of LDHs can be tuned by adjusting the
chemical composition of both cation and anion species
belonging to the brucite-like layers.

Next, the incorporation of fluorine atoms into the brucite-
like layers of LDHs was confirmed by solid-state magic angle
spinning nuclear magnetic resonance (MAS NMR) (Figure 4).
Data for both *’Al and 'F nuclei highlight the absence of
residual Na;AlF,. Resonance lines of Na;AlFg are expected at
—0.8 ppm”™ (vs 1.0 M aqueous AlCl;) and —189 ppm*° (vs
CECl,) for their *’Al and "’F NMR spectra, respectively, and
these lines are absent for both 3SF and 40F samples (Figure

35 40F

.
35F 35F

*

N B
NaAIFg | NajAIF,

* i *

100 100 00 200 300

0
Chemical shift / ppm Chemical shift/ ppm

Figure 4. 27Al solid-state nuclear magnetic resonance spectra of LDHs
[35 in red, 3SF in blue, and Na;AlF, in green (left)] and 'F solid-
state nuclear magnetic resonance spectra of LDHs [40F in red, 35F in
blue, and Na;AlF, in green (right)]. *, satellite signals.

4). The chemical shift for 'F in Na;AlF4 is —190 ppm, which
is in good accordance with the reported data. For both *’Al
and F NMR experiments, 35, 3SF, and 40F samples showed
similar results, most probably indicating similar local environ-
ments for Al and F atoms in each material, and appear to be
shifted in comparison with those in Na,AlF,. The '°F chemical
shift for 35F and 40F is —172 ppm, a value close to that
reported for AlFy (89 = —170 ppm”’~*°). It can thus be
concluded that the F atom environment in 35F and 40F
samples should be like that found in AlF; (see Figure S1),
which is a fluorine atom surrounded by two aluminums. It is
important to remember that AlF; crystallizes in rhombohedral
space group R3¢ and it is isostructural with a distorted ReOs-
type structure, analogous to an A-site deficient perovskite
which consists of corner-sharing AIFg octahedra.”’ The
situation is different for the *’Al spectra. The NMR peak of
both 35 and 3SF appears at 8.84 ppm, shifted from the
expected &7 value of —15.9 ppm for AlF;.”” This highlights
the presence of neighboring oxygen atoms in the vicinity of the
Al atoms. As a comparison, it should be considered that
aluminum atoms in solid alkali fluoroaluminates are essentially
coordinated with six fluorine atoms in an octahedral geometry,
and their reported *’Al chemical shifts lie between —15 and
+1.4 ppm, which is approximately 20 ppm more shielded than
that of AlO4 octahedra in aluminum oxides.>”™** It is
noteworthy that MgF, is not formed during the fluorination
of LDH samples, as its '°F chemical shift (—196 ppm™) is not
detected in any spectrum (Figure 4).

It seems reasonable to assume that Al environments in 3SF
and 40F are composed of both fluorine and oxygen atoms,*®*’
while the vicinity of fluorine is populated with aluminum
atoms.

For quantitative measurements, polytetrafluoroethylene
(PTFE) was added to the rotor as an internal reference
(Figure S2). The fluorine content of 40F was determined to be
1.43 times higher than that of 3SF, which is in good
accordance with the results of EDS analysis [1.50, ie, F/
(OH + F) ratios of 0.10 and 0.15 for 3SF and 40F, respectively
(Table S1)].

The chemical composition of each LDH was analyzed by
EDS and ICP-OES; the results are summarized in Table. S1.
The different Mg/Al ratios among the products were
approximately controlled by changing the target precursor
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concentration used during sample preparation. The ratio of
fluorine substitution for structural hydroxyl groups was
calculated using F/2(Mg + Al), with the elemental
concentrations analyzed by EDS; this ratio was found to be
limited to <10% in all F-LDHs. For these calculations, we
assumed that almost all residual fluoride ions in the interlayer
were exchanged with chloride ions. More importantly, ~80%
of the ion-exchange sites were occupied by chloride ions, and
the residual sites were occupied by carbonate ions; the
presence of carbonates in the interlayer was also confirmed by
Fourier transform infrared (FT-IR) measurements, as
described below. The included water was analyzed by TG-
DTA measurements as shown in Figure S3. On the basis of the
results of the analysis, the prepared LDHs, e.g.,, 35F and 35,
can be described by the chemical formulas
[Mgo.77Alo.23(OH)1.82Fo.1s](Cl_)o.ls‘(CO32_)0.04‘0-67H20 and
[Mgo.77Al5.23(OH),](C17) .16 (CO5°™)g.030.63H,0,  respec-
tively.

The ion-exchange capability, i.e., affinity for a specific type of
ions, was examined by focusing on the compatibility of the
Mg/Al ratio and fluorine substitution in LDHs. First, the
distribution coefficient (K;) was evaluated; it is traditionally
used as an indicator of the affinity of particular ions for the
solid phase relative to the liquid phase. In general, it is difficult
to obtain the precise concentration of a particular type of ion
in a stoichiometric ion-exchange manner because multiple
reactions can occur in an actual testing solution, such as
physical or chemical (or both physical and chemical)
adsorption on the surface and ion-exchange reactions with
two or three types of ions. It is also unfortunate that
conventional reports do not mention the stoichiometry of ion-
exchange reactions involving LDHs. Generally, the concen-
tration of particular ions from the testing solution permeating
into an LDH in a stoichiometric manner should be in
accordance with the concentration of ions released from the
LDH to the testing solution. In our study, there were three
types of anions in the testing solution: target anions, released
chloride anions, and hydroxyl ions. Thus, the Ky values were
calculated from the respective concentrations of the target
anions, Cl™ ions measured by IC, and OH™ ions measured by
the pH meter. It is noted that the pH value throughout the ion-
exchange test was maintained at 5—6 without any intentional
control. As shown in Figure Sa, the K4 values of the LDHs for
F~ ions decreased depending on the Mg/Al ratio in both F-
LDHs and original LDHs, and the lowest value of 781 mL g_1
was observed in 3SF. Figure Sb shows the K values of the
samples for NO;™ ions, and the maximum Kj values of both F-
LDHs and original LDHs were found at a Mg/Al ratio of 3.5;
the maximum value of 2434 mL g™' of 35F is 3—5 times the
values of Ky of LDHs with other compositions. For samples
with low Mg/Al ratios, the K, values for NO;™ ions were lower
than those for F~ ions, which is in agreement with previously
reported results. This difference in Ky values is acceptable
because a higher charge density of F~ ions resulted in strong
interaction with a brucite-like layer whose charge density is
higher because of the low Mg/Al ratio of the LDH. Finally, the
K, values for SO, ions, shown in Figure Sc, exhibited two
opposite trends in the case of F-LDHs and the original LDHs.
Although similar Ky values were obtained for 25 and 2SF, the
K value of 3SF significantly decreased to 574 mL g~'. On the
other hand, the K, value of the original LDHs increased to
2597 mL g~ ' for 30. In addition, we calculated the ratio
between the measured concentration of anions after ion
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Figure S. Dependence of the distribution coefficient (K;) on Mg/Al
ratio in (a) the F -exchange test, (b) the NO; -exchange test, and (c)
the SO,?"-exchange test. (d) Dependence of the separation factor on
the Mg/Al ratio (SF).

exchange and the total reduced concentration of anions. The
ratios in all ion-exchange tests are shown as functions of the
Mg/Al ratio in Figure SS. In almost all samples, ~80% of all of
the anions were reduced via ion-exchange reactions. Remark-
ably, the ratio with respect to SO, ions was significantly
lower for the F-LDHs, while the ratio with respect to NO;~
ions was higher, which correspond to the results for K.

To discuss the affinity more quantitatively, the separation
factor (SF) was calculated (see Figure 5d). The SFy,s and
SFyys values were ~1.0 for all original LDHs, which means that
their affinity for NO;™ ions was lower than that for F~ and
SO,*” ions. On the other hand, the SFy/p and SFy s values of
3SF are 5—10 times the corresponding values obtained for
LDHs of other compositions. Furthermore, the trend of
variation in affinity was systematically investigated for Br~, I7,
and HPO,>™ ions. The Kj values for Br~, I", and HPO,*™ ions
were measured using 35 and 3SF, and the K values are shown
as functions of the ionic radius of the target anion in Figure S6.
The affinity of the F-LDHs for divalent SO,*~ and HPO,*~
ions with large ionic radii was extremely low, and the affinity in
the case of 35F increased in the following order: HPO,*~ < I”
< SO < F~ < Br~ < NO;~ (which implies specific size-
recognizing behavior). Finally, the amount of fluorine
substitution in the F-LDHs was controlled during the
preparation process, and the dependence of SFy,r and SFy/s
values on the amount of fluorine substitution was investigated.
Both SF values were found to increase with an increased level
of fluorine substitution, as shown in Figure S6. These results
imply that the controlled combination of Mg/Al mixing at
different ratios and fluorine substitution should be a key
parameter to tune the interlayer structure of an LDH for
improving its affinity of particular anions.

The size-recognizing behavior was related to the interlayer
distance, the orientation of interlayer anions, and the structure
of interlayer water. The interlayer distance after the ion-
exchange test was studied by XRD analysis. Figure 6a shows
XRD patterns in a selected 20 range around the (003) and
(006) diffraction patterns, where the blue lines indicate the
position of the corresponding patterns before the ion-exchange
test. After the F -exchange test, the XRD pattern of most
samples exhibited a slight shift toward higher 26 values, which

corresponds to a decrease in interlayer distance. For example,
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Figure 6. XRD patterns of LDHs after (a) the F-exchange test, (b)
the NO; -exchange test, and (c) the SO,* -exchange test.

the interlayer distance decreased from 8.03 A in 35 to 7.96 A in
3SF. This indicates the intercalation of F~ ions into the
interlayer space of the LDH, leading to attractive forces
between neighboring brucite-like layers. However, the change
in interlayer distance after the F™-exchange test was small in all
samples, suggesting that they contained smaller amounts of F~
ions in the LDH. Figure 6b shows the XRD patterns of all
samples after the NO; -exchange test. The XRD patterns of
35, 3SF, and 40F, however, exhibited larger shifts to higher 26,
indicating a decreasing interlayer distance. The interlayer
distance of 3SF was 7.87 A after the NO;~ ion-exchange test
and was found to be quite small among the samples. In
particular, the (006) diffraction pattern offers information
about the interlayer distance and orientation of interlayer
anions. The (006) patterns of all F-LDHs were broader and
positioned at 26 values higher than those of the (006) pattern
of the original LDHs, possibly because the interlayer NO;~
ions had several types of orientations (e.g., vertical, parallel,

and tilted) with respect to the brucite-like layer. For example,
the interlayer NO;™ ions in 3SF had an approximately parallel
orientation, because the thickness of a NO;™ ion is 2.8 A and
the actual interlayer space calculated from the brucite layer
thickness (4.8 A) was 3.07 A, although the interlayer distance
of 8.03 A in 35 implies that the NO; ™ ions were tilted from the
brucite-like layer. An interesting result is that the interlayer
distance of 7.87 A in 3SF after the NO, -exchange test is
smaller than the interlayer distance of 7.96 A after the F~-
exchange test, even though the in-plane ionic radius of a NO;~
ion is larger than that of a F~ ion. This finding suggests that
before the ion-exchange test, F-LDH exhibited a shrunken
interlayer space, and this trend is considered to be maintained,
even after the test. This behavior indicates that steric effects are
possibly induced in F-LDHs. In addition, the Mg/Al ratio
should have been an important factor in the increased affinity
observed in 35F. A higher Mg/Al ratio implies a lower number
of interlayer anions in the interlayer space, leading to the
strengthened steric and electrostatic repulsion between
interlayer anions. Therefore, in 35F, NO;™ ions were stabilized
by the moderate balance between interactions with the brucite-
like layer and the steric and electrostatic repulsion between the
interlayer NO;™ ions.

Finally, the XRD patterns of all samples after the SO,*"-
exchange test are shown in Figure 6c. Two new diffraction
lines were observed at lower 26 values of ~8.7 A, in addition to
the original (003) and (006) diffraction lines. At the same
time, the positions of these original diffraction lines shifted
toward a higher 20 value of ~7.8 A, indicating that large sulfate
ions were intercalated to expand the interlayer distance and
push against neighboring layers, resulting in a reduction of the
interlayer distance. Two trends in line positions can be seen in
Figure 6¢c: the position of a new diffraction line near the (003)
line shifted to a higher 26 value as the Mg/Al ratio increased
and the diffraction line intensity decreased in the XRD patterns
of the F-LDHs. For the first trend, when the Mg/Al ratio was
lower, a higher number of SO,>” ions in interlayer space
induced strong electrostatic repulsion, leading to the expansion
of the interlayer distance. The second trend corresponds to a
significant decrease in Ky values among the F-LDHs, possibly
because the narrower interlayer space prevents SO,*” ions
from intercalating, which is a steric effect. This trend is
consistent with the Kj result.

The results of the ion-exchange tests demonstrate that the
compatibility of the Mg/Al ratio and fluorine substitution in
LDHs significantly changed the interlayer structure to sterically
inhibit large SO,*” ions from intercalating. However, the key
factor in describing the difference between the affinities for F~
and NO;™ ions remains unclear at this point.

To identify the local structure of LDHs, FT-IR and Raman
spectroscopic analysis were carried out. Using the representa-
tives 35 and 35F, a band corresponding to the 6 mode of O—H
groups was observed at around 600 cm ™', a strong v3 mode at
1360 cm™ with a weak v, mode at 830 cm™ for the CO;*~
ions, and a water-bending mode around 1635—1650 cm~!in
the low-wavenumber region in Figure 7A-a and -i.*"**~*
Here, all spectra were normalized along with the intensity of
the 5 modes of OH groups. The infrared feature at 1360 cm™
is different from that at 1400 cm ™, which can be attributed to
free CO;*” ions, indicating that CO;>" ions existed as
interlayer anions. In the high-wavenumber region, an intense
band centered at approximately 3400 cm™ appears because of
the stretching modes of hydroxyl groups belonging to the
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brucite-like layer and water molecules. It was

difficult to identify the bands as they overlapped with each
other. The bands at ~3380 cm™ are attributed to water
coordinated to the brucite-like layer—M;OH units (M = Al or
Mg)—and the bands at 3480 cm™' are attributed to water
between the brucite-like layers, as reported in previous
studies.’” In addition, the interaction between interlayer
water molecules and the carbonate ions is reflected by the
feature around 2800—3100 cm™' in the OH stretching region
of the infrared spectrum.'”***>7** This band can be attributed
to the bridging mode between H,O and CO,*” ions. Only a
very limited number of Raman studies have been reported so
far on interlayer carbonates in LDHs. Figure S7 shows a very
strong v; mode at 1061 cm™ in the Raman spectrum. The
features at around 470 and 549 cm™' can be attributed to the
Mg—O and Al-O symmetric stretching vibrations, respec-
tively, 35363840

We renamed 35 after the ion-exchange tests of F~, NO;~,
and SO,>” ions as 35-F, 35-N, and 35-S, respectively, and the
infrared spectra of the post-test LDHs are shown in panels b—d
of Figure 7, respectively. The infrared spectra of 3SF-F, 35F-N,
and 35F-S obtained after ion-exchange tests of 3SF are shown
in panels ii—iv of Figure 7, respectively. Notably, the peak
intensity of the infrared spectra of 3SF near 600 cm™' was
slightly red-shifted compared to that of 35. Furthermore, those
of 3SF-F, 35F-N, and 35F-S at around 600 cm™ show band
broadening and a slight red shift when compared to the data of
35SF, which correspond to the decreasing intensity of the
spectrum attributed to interlayer water around 1635—1650 and
3480 cm ™. Similar behavior was reported in an earlier study, in
which a decreasing Mg/Al ratio in LDHs led to decreasing
interlayer water.” The red shift suggests that a higher
vibrational energy might have resulted from the weakened
interactions between the interlayer anion and the brucite-like
layer, while the broadening implies that the brucite-like layer
had a disturbed structure. In the case of 35, after F~- and
SO, -exchange tests, the increment of interlayer water
compared to the sample after NO; -exchange tests could be
observed probably because the higher polarity of F~ and SO,*~
ions attracted water surrounding them even in interlayer space.
However, for 3SF LDHs there was hardly any difference in the

behavior of interlayer water after ion-exchange tests in all
samples.

Other than the results regarding interlayer water, the
infrared and Raman spectra of 35-F and 3SF-F showed little
difference before and after the ion-exchange test. Even after the
F~ ion-exchange test, some amount of CO,* ions remained in
the LDHs, as indicated in Figure 7 and Figure S7; the same
was observed in the samples after the NO, - and SO,*"-
exchange tests. An intensive sharp feature of the ; mode was
observed at 1384 cm™, and one was observed for the v, mode
at 830 cm™! in the Raman spectra of 35-N and 35F-N.*~* In
the IR spectrum, it is difficult to identify the coordination state
of NO;™ ions, unlike that of CO;>” ions, because there is only
a small difference between the positions of peaks correspond-
ing to free and interlayer NO;™ ions and small H,O—NO;™ ion
interactions. This information can be more easily obtained
from the Raman spectra. On the basis of the peak
corresponding to free NO;™ ions at 690 cm™’, the Raman
peak of the v, mode at 712 cm™" in Figure S7 indicates that the
NO;™ ions resided in the interlayer space in both 35-N and
3SF-N.*

The infrared spectra of 35-S and 35F-S in panels d and iv of
Figure 7 show a strong v; mode at 1126 cm™" and a very weak
v, mode at 981 cm™L."?***7% The Raman spectra in Figure
S4 can be characterized by a very strong v; mode at 982 cm™
and v, and v, modes at 453 and 611 cm™', respec-
tively.'”***%*9=** In addition, the v; mode of a broad band
can be seen around 1134 cm™}, along with other features at
980 and 990 cm™, which are assigned to the nardite and SO,*~
ions, respectively.45 As reported in an earlier paper, when
sulfate is incorporated into the interlayer space, the infrared v,
mode at S00 cm ™" might become inactive, while the v, mode is
activated.*® However, it was difficult to identify the position of
SO,*” ions in our results because of the overlapping Raman
peaks. The results of FT-IR and Raman spectroscopy
confirmed that the inclusion of various anions into the
interlayer space of LDHs should affect not only the interlayer
distance but also the microscale behavior of the brucite-like
layer and interlayer water. However, these two kinds of
behavior are difficult to distinguish in the FT-IR spectra.

In FT-IR spectroscopy, H,O—OH stretching vibrations are
very intense because of the large change in dipole moment,
which makes it difficult to deconvolute the spectra and
distinguish between the signals corresponding to hydroxyl
groups of water and the metal hydroxides. Water is, on the
other hand, a very weak Raman scatterer, and the OH
stretching modes are not as intense in the Raman spectrum;
however, researchers traditionally focus on the OH stretching
region at 3000—3800 cm™’ to reveal the dynamic structure of
water, such as ice-like water at low temperature and in the
interlayer space in clay and minerals. The Raman peaks of 35
and 3SF are indicated in Figure 8. The broad Raman peak
observed in the 3000—3800 cm™" range was deconvoluted into
six subpeaks located at around 3270, 3400, 3520, 3590, 3640,
and 3680 cm™.*"** The former three subpeaks are assigned to
interlayer water, and the latter three subpeaks are assigned to
OH stretching modes belonging to the brucite-like layer with
different coordination states. In particular, among the three
former subpeaks, the peak at around 3270 cm™" corresponds to
interlayer water coordinated to the brucite-like layer, and those
at around 3400 and 3520 cm™' correspond to two types of
water coordinated to water in the interlayer space. However,
completely assigning the OH stretching modes belonging to
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Figure 8. Raman spectra of LDHs in the range from 3100 to 3750
em™: (a) 35 and (b) 35-F.

the brucite-like layer seems difficult as the peak in this region
was convoluted from two or three peaks owing to intercalated
species.”"** In a previous report, the feature at around 3590
cm™! was attributed to AI-OH stretching vibrations, and the
one at around 3640 cm ™" was attributed to Mg—OH stretching
vibrations.”"** However, when the peak in this region was
deconvoluted into three peaks, a detailed peak assignment was
avoided. Important evidence for revealing the local structure of
LDHs has been acquired using 'H solid-state NMR spectros-
copy.* Peng and co-workers showed that Mg—Al LDH
with a low Al content (a composition similar to that in our
study) has Mg,Al-OH and Mg;—OH species, although the
Raman spectroscopic results in their study clearly showed three
kinds of OH stretching modes in this region.44 In addition,
MgAL—OH existed only in Al-rich LDHs.*® According to
vibrational theory, the OH stretching modes of species with
weaker hydrogen bonding with anions and water should lie in
the higher-wavenumber region. On the basis of these findings,
the peaks at around 3590, 3640, and 3680 cm™" are attributed
to Mg,Al-OH, Mg;—OH, and Mg;—OH species, respectively,
being free or weakly interacting with anions and/or interlayer
water. Mg,AlI-OH and the former Mg;—OH are believed to
interact with anions and water through hydrogen bonding,
considering spatial charge compensation.

As a result of deconvolution along with the discussion
presented above, all subpeaks for 35F clearly shifted to higher
wavenumber relative to those of 35, as shown in Figure 8. The
shift observed in the interlayer water region at 3150—3600
cm™' corresponds to a decreased amount of hydrogen
bonding, implying the decreased volume of the water network
in the interlayer space. This finding is consistent with XRD
results, which revealed that the interlayer space in F-LDHs was
smaller than that in the original LDHs. Thus, steric effects of
the shrunken interlayer space in 3SF possibly arose from the
structural distortion of interlayer water, which was triggered by
weakened hydrogen bonding with OH structural groups in F-
LDHs. For the peaks of the OH structural groups at 3550—
3700 cm™!, the shift to higher wavenumber can be interpreted
as weakened hydrogen bonding interactions between the OH
structural groups and both the anions and the interlayer water
molecules. This behavior presumably results from the
decreased polarity of the O—H bonding, which occurs because
of the strong electronegativity of the fluorine atoms
incorporated into the Al and Mg octahedra in the brucite-

like layer. This finding is consistent with the slight red shift in
Mg—O and Al—O symmetric stretching vibrations, as observed
in the FT-IR spectra. Therefore, fluorine substitution is
concluded to affect not only interlayer water but also
intermolecular interactions by causing slight structural changes
to the brucite-like layer. Possible interactions in the interlayer
space are assumed to be Coulombic forces, hydrogen bonding,
and van der Waals forces. In the case of the original LDHs,
both Coulombic forces and hydrogen bonding are considered
to be predominant, as previously demonstrated. Thus, LDHs
exhibited a high affinity for SO,”~ and F~ ions owing to the
high charge density and hydrogen bonding. On the other hand,
in F-LDHs, van der Waals forces are assumed to be
predominant owing to the decreased hydrogen bonding
interactions. In this regard, it is reasonable that F-LDHs
exhibited a higher affinity for NO;™ ions than for F~ ions from
the viewpoint of van der Waals interactions, because the
former have a higher molecular weight than the latter. They
also exhibited a higher affinity for NO;~ ions than for SO,
ions owing to steric effects. Note that Coulombic forces are
critical from the viewpoint of charge compensation. Therefore,
our results suggest for the first time that tuning the hydrogen
bonding and van der Waals forces significantly changes the
affinity for particular ions in interlayer space of inorganic ion
exchangers.

B CONCLUSION

We attempted to prepare fluorine-substituted Mg—Al LDHs
(F-LDHs) with different Mg/Al ratios by replacing OH
structural groups belonging to the host layer of LDHs with
fluorine atoms. The affinity of LDHs for various anions was
investigated. Only F-LDHs with Mg/Al ratios of 3.5 exhibited
higher affinity, especially for NO;™ ions, where the affinity
decreased in the following order: NO;~ > HPO,>™ > Br™ > F~
> SO,> > I". The separation factors with respect to both
NO, /F~ and NO,7/SO,>~ were higher than that of LDHs
with other compositions by 1 order of magnitude. Raman
spectroscopy above 3000 cm™ revealed that the fluorine
substitution of LDHs significantly changed the hydrogen
bonding nature in the interlayer space. Highly electronegative
fluorine atoms significantly weakened the hydrogen bonding
interactions between the OH structural groups and both the
water molecules and anions in the interlayer space, because
steric effects were induced by the shrunken interlayer space
and van der Waals forces were revealed to be the predominant
interactions with anions. Therefore, in F-LDHs, the highest
affinity was observed for NO;™ ions. Finally, we believe that
this work on the control of interlayer nanospace in LDHs will
contribute not only to their use as ion exchangers but also in
ion conduction and as photo- and electrocatalysts by tuning
their electronic structure and surface properties.
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