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ABSTRACT: Guest molecules in layered double hydroxides (LDHs) How priets PAS How to

. . : penetrating? make
may be located both on the surface and in the interlayer gallery. In this ATR-IR depth profile?
work, a comparative study of various IR spectroscopic methods coupled .« . %
with X-ray diffraction (XRD) is presented, which makes it possible to
distinguish between the two possibilities. During the experimental work,
first, CaAl-LDHs intercalated with nitrate/carbonate ions were
transformed to D-gluconate- and benzoate-containing solids. Depending
on the initial interlayer ion, the organic molecules may end up between
the layers and/or on the surface of the LDH. The IR spectra of the 4800~ 1200 600
specimens were recorded by using four different techniques, which are Wavenumber (cm™)
different in their penetration depth (photoacoustic spectroscopy (PAS), Intercalation
attenuated total reflectance (ATR), diffuse reflectance IR spectroscopy
(DRIFTS), and wide angle diffuse reflectance (WA-DRIFTS)). By comparing the spectra obtained, the anionic species that are
surface adsorbed to LDHs were proven to be distinguishable from those intercalated in the interlayer gallery. PAS spectra are shown
to provide information about interlamellar and bulk compounds. The screening of the surface species could be performed using the
WA-DRIFTS technique, while ATR and DRIFTS are capable of detecting both the surface and the bulk anions residing in the top
few layers.
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1. INTRODUCTION

Layered 2D materials have been widely studied for their

! . . . . . 1
unique properties, including their mechanical strength,
flexibility,” optical transparency,” semiconductivity," " or
ability to promote atom utilization.””” To use these materials
in advanced hetero(nano)structures and control their bulk-
scale chemical/physical properties, numerous structure mod-
ification methods have been established that would ensure the

process, surface adsorption of the guest molecules could also
occur.

In terms of their applications, it is of pivotal importance if
the guest ions are situated inside or on the surface of the host
(or both). For example, in order to obtain sustained drug
release or contaminant sorption in a regulated way, exclusively
interlamellarly modified LDH composites have to be
fabricated, and the drug molecules must reside in the
interlamellar space.””* In contrast, by using polymers as

contribution of these materials to the success of materials
science and electronics.”' 7"

To modify 2D ion-intercalated compounds, many different
intercalation (wet-) chemical methods have been reported;
based on these results, a large number of mixed inorganic or
organo-layered composite materials were built up.'°”"’
Through corresponding ion-exchange properties, these com-
pounds can be divided into two groups, i.e., cation- and anion-
exchanging materials. One of the most often used anion-
exchange families is the layered double hydroxides (LDHs) in
which the positive charges of the double (M>* and M*") metal
hydroxide layers were compensated by interlamellar solvated
%21 These interlayer anions can be further exchanged
with more or less difficulties by different type of anions such as
amino carboxylates,”** polyoxometallates,”* Schiff-base com-
plexes,” polymeric anions,”® DNA,”” etc. In parallel to this

anions.
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guests, surface modification of LDH is needed for the
preparation of, e.g, flame-retardant materials.”’ From an
analytical point of view, the determination of the exact
location of the guests is a rather challenging task. The
differentiation of the guest molecules anchored to different
(planar or edge-like) OH groups of the LDHs could now be
achieved by combining EXAFS and atomic force microscopy
(AFM) measurements.”’ This has motivated research to
develop a method incorporating the comparison of IR spectra
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recorded with various sample handling and recording methods,
which is sufficient to identify the dominant local position of the
guest molecules in 2D ion-intercalated composites.

For those reasons, this study is targeted at determining the
local position of probe organic/inorganic (carbonate, nitrate,
gluconate, and benzoate) guest molecules located in/on
layered double hydroxides (LDHs), especially in/on hydro-
calumites (Ca,Al-LDH). This was achieved by comparing the
spectra obtained from four different IR techniques (photo-
acoustic measurements (PAS) ; attenuated total reflection
(ATR); diffuse reflection (DRIFTS); and wide-angle diffuse
reflection (WA-DRIFTS)) with different penetration depth
profiles.

2. EXPERIMENTAL SECTION

2.1. Materials. All the AR-grade chemical reagents were
purchased from Merck and Sigma-Aldrich and used as received
without further purification.

2.2. Syntheses of Pure, Intercalated, and Surface-
Modified Hydrocalumites. Nitrate-intercalated hydrocalu-
mite, Ca,Al(OH)4(NO,;)-nH,O (CaAl-NO; -LDH in the
following), was prepared by the coprecipitation method. A
mixture of Ca(NO;),-4H,0 (30 mmol) and Al(NO;);-9H,0
(15 mmol) was dissolved in 100 mL of distilled water and
stirred at pH 13.1 (set by 3 M NaOH) for 12 h under a N,
atmosphere. The slurry was filtered, washed with distilled
water several times, and dried at 60 °C for 24 h in an oven.

Carbonate-intercalated hydrocalumite, Ca,Al-
(OH)4(CO;),/,,nH,0 (CaAl-CO,>"-LDH in the followings),
was produced using the dehydration—rehydration route after
the same coprecipitation step as described above. An amount
of 0.35 g of sodium-carbonate (Na,CO;-10H,0) and a portion
(0.75 g) of the previously heat-treated LDH (500 °C for S h)
were suspended in an ethanol/H,0/NaOH (1:5:1 volume
ratios) mixture of 100 mL volume, and the suspension was
stirred for a week at room temperature. The slurry was filtered,
washed with distilled water several times, and dried in a
desiccator over P,O; for a few days.

The interlamellar-modified composites, denoted as CaAl-n-
gluconate-LDH and CaAl-benzoate-LDH, were produced by a
partial delamination-restacking method reported previously’>
that was based on the principle that nitrate ions (as opposed to
carbonate ions) can be relatively readily substituted by, e.g,
organic intercalants under the following experimental con-
ditions. A portion of the previously prepared nitrate-containing
LDH (0.3 g) was suspended in an EtOH/DMF mixture of 15
mL followed by a 180 min long ultrasonic treatment under a
N, atmosphere. After the addition of 10 mL of 0.5 M Na-p-
gluconate or Na-benzoate aqueous solution, the reaction
mixture was stirred at room temperature for 96 h under a N,
atmosphere. The obtained slurry was centrifuged (3000 rpm)
for 15 min followed by decantation. The last two synthesis
steps were repeated twice. After that, the solid product was
filtered, washed with distilled water several times, and dried at
60 °C in an oven.

For the preparation of surface-modified composites, denoted
as D-gluconate-CaAl-LDH and benzoate-CaAl-LDH, a portion
of the previously prepared CaAl-CO;*"-LDH (0.3 g) was
suspended in 15 mL of water followed by the addition of a 0.1
M aqueous solution of the organic-containing solutions (15
mL) into the suspension. The mixtures were stirred at 65 °C
for 168 h. The obtained slurries were filtered, washed with

ethanol and water twice, and dried at 60 °C for 12 h in an
oven.

2.3. Characterization Techniques. Powder X-ray dif-
fraction (XRD) patterns were recorded on a Rigaku XRD-
MiniFlex II instrument applying Cu Ko radiation (1 = 0.15418
nm) at 40 kV accelerating voltage at 30 mA. The obtained
materials were identified on the basis of the JCPDS (Joint
Committee on Powder Diffraction Standards files) database.
To determine the particle size of the composites, the samples
were investigated with a scanning electron microscope (SEM,
Hitachi S-4700, accelerating voltages of 10—18 kV).

The instrument for recording the IR spectra was a BIO-RAD
Digilab Division FTS-65A/896 FT-IR spectrophotometer with
4 cm™! resolution. Spectra in the 4000—600 cm ™' wavenumber
range were recorded with four different detection modes (PAS,
ATR, DRIFTS, and WA-DRIFTS), and 256 scans were
collected for each spectrum.

Photoacoustic IR (PAS(FT-IR)) spectra of the solid samples
were detected with a MTEC-200 accessory, without using any
sample preparation. PAS measurements were carried out under
a He atmosphere (99.99 at%), setting 2500 Hz of modulation
frequency.

For attenuated total reflectance (ATR(FT-IR)) spectra, a
single reflection diamond ATR accessory (SplitPea ATR
Microsamplers made by Harrick) and a MCT detector were
used. The application of any sample preparation process was
not needed to record ATR spectra.

For diffuse reflectance spectra (DRIFTS), 1 mg of analytes
was thoroughly ground with 50 mg of KBr in a mortar for 90 s.
However, pure ground KBr was used as a reference for
transforming the detected interferograms. DRIFTS spectra
were recorded by fixing the incident angle in a 45° position.
The Kubelka—Munk function was applied to convert the
reflectance spectra. Constant and low concentrations of analyte
guaranteed that the scattering coeflicient was constant, which
is a significant requirement for using the Kubelka—Munk
function.

Wide-angle diffuse reflectance (WA-DRIFTS) spectra were
recorded by using a Harrick variable-angle reflection accessory.
To record WA-DRIFTS spectra, multilayer LDH films were
deposited from ethanolic suspension on ZnSe 45° trapezoidal
shaped crystals (SPT-Harrick, SO X 20 X 2 mm) with 25
internal reflections by the dip-coating method. To ensure the
smallest possible penetration depth, the non-normal incident
angle (wide angle) was fixed in a constant, 78° position. Upon
using this angle of incidence, no interfering effect of possible
specular reflectance could be observed. Practically, hydroxyl
layers of the LDH were used as a dilute sample and diffuse
reflectance standard. This method was introduced on the basis
of the real angular dependence of the depth penetration of the
DRIFTS method.” >

The surface sensitivity of the listed methods increases in the
order of PAS < ATR < DRIFTS < WA-DRIFTS reported
previously.'”*°™* See Table S1 for the different penetration
depths from literature data associated with the FT-IR detection
techniques listed above.

3. RESULTS AND DISCUSSION

3.1. Powder XRD of the LDHs. As shown in Figure 1a and
b, the XRD traces of CaAl-NO, -LDH and CaAl-CO;*"-LDH
are identical with the patterns of the corresponding phase pure
hydrocalumites published in the literature'®** (CaAl-NO;™-
LDH: PDF#89-6723; CaAl-CO,2"-LDH: PDF#41-0219). The
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Figure 1. XRD patterns of (a) CaAl-CO;*>"-LDH, (b) CaAl-NO; -

LDH, (c) CaAl-p-gluconate-LDH, (d) p-gluconate-CaAl-LDH, (e)
CaAl-benzoate-LDH, and (f) benzoate-CaAl-LDH.

particle size of all composites can be found in Table S2. It was
determined by analyzing SEM images (Figure S1). In all cases,
a clear aggregation of the LDH particles can be seen, resulting
in a particle size of 450—850 nm on average. The interlayer
distances (dyg;) calculated on the basis of Bragg’s law are also
in good agreement with the literature values. When nitrate ions
are substituted with p-gluconate ions in the interlamellar space,
a significant increase in the interlayer distance (from 0.772 to
0.905 nm) can be seen (compare Figure 1b with 1c); hence,
the characteristic reflections of hydrocalumite are shifted
toward the lower 20 values. Upon using gluconate as the guest
and carbonate-containing LDH as the host (Figure 1d), it is
expected that the gluconate ions (under the experimental
conditions used) are not able to displace the strongly bound
carbonate ions in the interlayer gallery and are capable of
adsorbing on the surface of the CaAl-CO,* -LDH crystallites.
The likely lack of intercalation is supported by the slight
change of the dyy; (from 0.658 to 0.686 nm) interlayer
distance. This small difference is most probably associated with
a change in the hydration of the carbonate anions in the
interlayer gallery, which is known to cause small but detectable
variations in the experimentally observed dy, values for CaAl-
CO%ZJ-LDHS, and this value may vary between 0.66 and 0.75
nm.

Clearly, the situation is much more complex for the
benzoate-containing systems. The (001) reflections split for
both benzoate-CaAl-LDH and CaAl-benzoate-LDH, and the
calculated interlayer distances are almost identical for the two
samples. Accordingly, the obtained XRD traces were not
suitable for the distinction between intercalation and surface
adsorption. This is in particular remarkable if we consider the
already mentioned nonexchangeable character of the interlayer
carbonate ions; that is, the surface adsorption of benzoate can
be assumed in the case of benzoate-CaAl-LDH (see Figure 1f).

3.2. Comparison of the IR Spectra of CaAl-NO;™-LDH
and CaAl-CO,>"-LDH. By investigating these composites with
the different IR spectroscopic methods, it can be noticed that
the spectra of both CaAl-NO,-LDH and CaAl-CO,*"-LDH
are strongly dependent on the spectroscopic method used
(Figure 2). (For these as well as for all the further composites,
the peak assignment can be found in Table S3.) In spite of the
high number of analyses reported, numerous uncertainties

remained in the peak assignment for IR spectra of LDHs. First,
the degeneracy of the v; vibration mode of carbonate ions
(~1424 and 1365 cm™', Figure 2A/a—c) was able to be
identified by us, similarly to literature observations, when
asymmetric broadening as a result of the lowering of molecular
symmetry of carbonate ions (D3h to C,, or CS) was detected.”
Besides, it was also revealed* that the v; vibration mode of
nitrate jons was not able to become degenerated as much as
carbonate ions. In contrast, when nitrate is incorporated as a
guest, we can observe a significant shift in its v; vibrational
band (~1385/1327 — 1355 cm™!, Figure 2B/a-c) compared
to the corresponding band positions of the previously reported
surface-adsorbed nitrate ions.*’

Effects similar to these were detected for anions intercalated
into brucite-like layers, and the observations were interpreted
in a variety of ways,”" "> most often in terms of the presence of
surface-bound ions. In our hands, the surface-sensitive WA-
DRIFTS method proved to be a useful tool to show the
vibration bands of the surface-adsorbed carbonate ions
(stemming from the small amount of airborne CO, that is
inevitably present) that appeared at 1445 (v3), 909 (v,), and
688 cm™' (v,) (Figure 2B/d). The band positions were
significantly different from those detected by the three other,
more bulk sensitive IR methods in the spectra of CaAl-NO;™-
LDH; therefore, this comparative study confirms the
degeneracy of the v; mode of nitrate ions.”” Similarly, the
comparison of the spectra of CaAl-CO;*"-LDH provides direct
proof of carbonate intercalation and surface adsorption. It can
readily be seen that more than one vy vibration bands (1520,
1395, and 1388 cm™') emerge in the WA-DRIFTS spectrum
(Figure 2A/d). This has been most probably caused by the
several possible types of coordination of CO, and/or carbonate
on the surface of CaAl-CO;*"-LDH (due to the large
concentration of carbonate ions during the synthesis of the
sample). It should be noted here that the lack of the
reststrahlen bands clearly confirmed that no detectable effect of
the specular reflections on WA-DRIFTS spectra could be
seen.”” ™ Accordingly, those are directly comparable with the
results provided by other detection methods used.

Furthermore, as of yet, there is no reliable IR method to
distinguish the carbonate ions from nitrate ions among the
layers, 07343860766 5 large number of studies with con-
troversial interpretation of the IR spectroscopic results
regarding the proof of the incorporation of the nitrate ions
were released (details are listed in Table $4).**°°%” However,
the use of the ATR method—contrary to the others used
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here—enables the precise distinction of these ions by
providing well-separated vibration bands assigned to the
(interlayer) v; mode vibrations of carbonate (1362 cm™)
and nitrate (1349 cm™) anions (fitted curves can be seen in
Figure S2). Therefore, these results prove that it is possible to
detect differences in the peak positions of the same materials
using different detection methods.

The characteristic band located around 781—787 cm™" does
not always show up in the corresponding spectral range, raising
the question whether the assignment of that band as the O—
M-O bending/deformation mode is correct or not.’*®’~"°
Kagunya et al. reported that there are broad and intense peaks
in this spectral region due to the librational modes of hydroxyl
groups and water molecules. The intensity of these bands
strongly depends on the quality of the “free” water molecules
capsulated in the interlayer region; nearby the surface the
amount of such species may decrease.”” Therefore, this
vibration mode may be “invisible” for more surface-sensitive
methods like, e.g., ATR and DRIFTS, and is clearly detectable
for the more bulk sensitive PAS in the case of carbonate-
containing hydrocalumite.

In the PAS spectrum of CaAl-NO;™-LDH between 4000 and
2500 cm™' (Figure 3a), two intense and more or less sharp

a

3664I3(,3(,

vy,

13514,

Intensity (a.u.)
Intensity (a.u.)

4000 3800 3600 3400 3200 3000 2800 2600
Wavenumber (cm™')

4000 3800 3600 3400 3200 3000 2800 2600
Wavenumber (cm ™)

Figure 3. (A) Midrange infrared spectra between the 4000 and 2500
cm™' region of CaAl-NO; -LDH detected by different methods: PAS
(a) and WA-DRIFTS (b). The same region of CaAl-CO;*"-LDH
detected by different methods: PAS (c) and WA-DRIFTS (d). (B)
Comparative midrange infrared spectra between the 4000 and 2500
cm™" region of CaAl-NO;™-LDH (a) and CaAl-CO;>"-LDH (b)
detected by the PAS method.

peaks (3664 and 3636 cm™"), together with a broad feature at
3440 cm™), are each ascribed to the stretching mode vibrations
of different types of OH groups.”®**”°

Unfortunately, the interpretation of this region has also been
far from uniform, and there are different identifications for the
absorption bands of this energy region. Considering the studies
reported on hydrocalumites and Mg-based hydrotalcites, over
3600 cm™!, the appearance of the well-defined peaks can be
attributed to the hydroxyl groups (Ca—OH and Mg—OH)
located in the octahedral layers, while the broad one under
3500 cm™' is also likely to be related to hydrogen-bonded
water molecules among the layers and/or on the surface.’*%”
Contrary to this explanation, on the basis of the cation
distribution model,”* sharp peaks—over 3500 cm™'—should
belong to free or defect water molecules, and bands around
3600—3500 cm™' could be identified as stretching mode
vibrations of bonded hydroxyl groups of the octahedral
layers.”””* Further peaks, under 3500 cm™, were formed
from the interaction between the intercalants and water

molecules among the layers. Taking into account our
observation that on the PAS spectrum of CaAl-CO,*"-LDH
(Figure 3A/c; Figure 3B/b) significant changes in the band
positions around 3600 and 3400 cm™' were able to be
identified in comparison to the corresponding band positions
of CaAl-NO,;-LDH (Figure 3A/a; Figure 3B/a), the cation
distribution-based model seems to be more probable.
Accordingly, the experienced shifts could be attributed to the
variation in the composition of the interlamellar region. This
assumption was strengthened by explaining WA-DRIFTS
spectra of these hydrocalumites (Figure 3A/b, d). It can be
seen that all vibration bands of the different hydrocalumites
and their relative ratios are almost identical matches to each
other. (ATR and DRIFTS spectra are not seen.) This means
that there are no significant differences in the surface
compositions of the hydrocalumites, being in accordance
with our analyses of the fingerprint region of these LDHs.
3.3. IR Analysis of Gluconate-Containing Systems. To
validate the effectiveness of the comparative IR method
presented above, first, the p-gluconate-containing composites
were examined, for which XRD measurements strongly
support the intercalation (for CaAl-p-gluconate-LDH) or
surface adsorption (for p-gluconate-CaAl-LDH) of the guest.
In the fingerprint region of the intercalated CaAl-LDH (Figure
4A), the changes in the composition of the different “chops” of
the composite can readily be observed; they are associated with

the difference of the depth profiles.
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Figure 4. Midrange infrared spectra of Na-D-gluconate (PAS, a),
CaAl-p-gluconate-LDH (A) and b-gluconate-CaAl-LDH (B), de-
tected by different methods: PAS (b), ATR (c), DRIFTS (d), and
WA-DRIFTS (e) in the range of 1850—600 cm™".

Several well-separated characteristic vibration peaks of the b-
gluconate (at 1656, 1580, 1380, and 1100 as well as 1030
cm™') can be recorded by using PAS (compare Figure 4A/a
and b).”® It is interesting to note that by comparing to
vibration bands detected on the PAS spectrum of the sodium
salt of gluconate (Figure 4A/a) stretching mode vibration
bands of the carboxylate group are significantly shifted, namely,
1656 « 1630, 1595 — 1580, and 1395 — 1380 cm™ . This
indicates the rearrangement of the first coordination sphere of
the environment of this functional group. This also means that
notable ionic interactions exist between the layers and the
guest due to the intercalation. Upon using ATR or DRIFTS
detection modes (Figure 4A/c,d), the intensity of the
characteristic bands of gluconate seems to be significantly
reduced compared with the PAS results, while the stretching
mode (v;) vibrations of the nitrate anions emerged (1350—
1370 cm™"). This is clearly due to the partial anion exchange
which is regarded as a general phenomenon for hydro-

https://doi.org/10.1021/acs.jpcc.2c03547
J. Phys. Chem. C 2022, 126, 15254—15262


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c03547/suppl_file/jp2c03547_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c03547?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c03547?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c03547?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c03547?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c03547?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c03547?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c03547?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c03547?fig=fig4&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c03547?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

calumites. Overall, ATR or DRIFTS, having more surface-
sensitive character than PAS, presents evidence for the vertical
alteration of the concentration of gluconate among the layers
and reflects that intercalation takes place exclusively (and not
adsorption) in this case. This assumption is further
strengthened by the results from WA-DRIFTS (Figure 4A/
e), in which characteristic vibrations of airborne, adsorbed
carbonate (1427, 878, and 670 cm™') could be detected in
parallel with the almost complete disappearance the vibration
bands corresponding to the p-gluconate (the respective fitted
curves are shown in Figure S3).

The IR spectra of the supposedly surface-modified hydro-
calumite, D-gluconate-CaAl-LDH, can be interpreted as
follows. The PAS spectrum (Figure 4B/b) consisted of a
well-known vibrational peak of intercalated carbonate ions
(1359 cm™) and water molecules (1590 cm™). Given that
PAS is a bulk sensitive method and the relative amount of the
surface-adsorbed D-gluconate is minuscule relative to the
intercalated carbonate, the PAS measurements confirm the
assumption that (not surprisingly) carbonate ions were not
possible to replace by the p-gluconate ions. On the ATR and
DRIFTS spectra, further sharp peaks with high intensity (1630,
1395, 1094, and 1034 cm™') became dominant in line with a
change in the depth profile of these methods (Figure 4B/c, d),
indicating that these techniques “see” both the intercalated
carbonate and the surface-adsorbed p-gluconate. Moreover,
vibration bands that are reminiscent of those of the original
CaAl-LDH cannot be observed on the spectrum recorded by
WA-DRIFTS (Figure 4B/e), and the WA-DRIFTS spectrum
of the composite provides almost the same envelope as that of
the pure D-gluconate with almost identical peak positions
(compare Figure 4A/a and e). Consequently, the interlamellar
modification of the LDH could be excluded, so surface
adsorption proved to be the most acceptable explanation
(supported by XRD, too). This is the most probable process,
which again reinforces the basic rule of ion exchange of LDHs
that carbonate ions are the most strongly bound, and under
non-extreme conditions they are not exchangeable.

After the intercalation, as detected by the PAS technique,
OH stretching vibration bands of nitrate-containing hydro-
claumite shown in Figure SA/b (located at 3664, 3636, and
3440 cm™') have remained unchanged in intensity upon
intercalation in the corresponding wavenumber region;
however, they shifted (3686, 3583, and 3485 cm™') as

A

Bl 3%s636
il 3484
;3I440

32863137

_ !
= = H 2928
< S i
2 > :
172} ‘7 .
IS a i
2 5} {
8
E 2 3151
= b

3311,

35373407
a

4000 3800 3600 3400 3200 3000 2800 2600
Wavenumber (cm ™)

4000 3800 3600 3400 3200 3000 2800 2600
Wavenumber (cm™)

Figure 5. Midrange infrared spectra between the 4000 and 2500 cm™"

region of Na-p-gluconate (PAS, a) and (A) CaAl-NO,; -LDH (PAS,
b) and CaAl-p-gluconate-LDH detected by different methods PAS
(c), WA-DRIFTS (d), as well as the same region of (B) CaAl-CO;*"-
LDH (PAS, b) and p-gluconate-CaAl-'LDH detected by different
methods PAS (c) and WA-DRIFTS (d).

shown in Figure 5A/c.°*® Besides these peaks, other ones
regarding stretching mode vibrations of alkyl groups occurred.
Due to the breadth of these bands, they overlapped with each
other, resulting in a broad feature located around 3000 cm™.
The WA-DRIFTS spectrum of this composite closely
resembles that of hydrocalumite intercalated with carbonate
(compare Figure SA/d with Figure SB/b), clearly indicating
the presence of surface-adsorbed carbonate ions (with bands
located at 3636 and 3493 cm™'). (ATR and DRIFTS spectra
are not seen.)

A trend opposite to the above one can be seen for the
surface-modified composite D-gluconate-CaAl-LDH (Figure
5B/c and d). On the WA-DRIFTS spectrum (Figure 5SB/d),
the appearance of well-resolved peaks around 2900—3200
ecm™'”> indicates the presence of a notable amount of p-
gluconate physisorbed on the surface of hydrocalumite. As can
be expected, the PAS spectra of CaAl-CO;*>"-LDH and p-
gluconate—CaAl-LDH are practically identical in this spectral
range. From these, it can be concluded that the comparative
method presented is suitable for distinguishing between
interlamellar and surface-adsorbed anionic species.

3.4. IR Analysis of Hydrocalumites Modified by
Benzoate. A comparative IR analysis on CaAl-LDHs modified
by benzoate anions was also performed, with the intention of
determining the limitations of the method presented in the
previous section. While the XRD of D-gluconate-modified
hydrocalumites gave a more or less clear picture, the XRD
traces of LDHs modified by benzoate (Figure 1 e and f) are far
from being obvious to interpret: neither the intercalation nor
the surface adsorption of the guest was possible to verify, as a
result of the occurrence of the staging effect (that is, splitting of
the reflection as a result of two or more populations of
interlayer structures with different interlayer distances). In the
fingerprint region (Figure 6), similarly to gluconate-containing
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Figure 6. Midrange infrared spectra of Na-benzoate (PAS, a), CaAl-
benzoate-LDH (A), and benzoate-CaAl-LDH (B) detected by
different methods, PAS (b), ATR (c), DRIFTS (d), and WA—
DRIFTS (e), in the range of 1850—600 cm™.

systems, two different trends could be experienced that
depended on the initiall LDH (NO;~ or CO,*” containing)
which determined (or at least influenced) the product of the
intercalation experiment and the ultimate location of the
intercalant organic anions. After treatment with benzoate, it is
also assumed that a higher amount of nonexchanged initial
anions remained among the layers and/or the surface
compared with gluconate-containing counterparts because
characteristic vibration bands of them can be located beside
the characteristic peaks of the guest. The only exemption was
that, by using CaAl-CO;*"-LDH as the host (Figure 6B), it is
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clear that surface adsorption is the dominant process because
of the fact that the spectrum of Na-benzoate is almost the same
as the one detected on the composite by WA-DRIFTS.”®
The spectra recorded in the high-energy region proved to be
much more useful and reliable for distinguishing surface-
adsorbed and interlamellar anions (Figure 7). The PAS
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Figure 7. Midrange infrared spectra between the 4000 and 2500 cm™

region of Na-benzoate (PAS, a) and (A) CaAl-NO; -LDH (PAS, b)
and CaAl-benzoate-LDH detected by different methods, PAS (c) and
WA-DRIFTS (d), as well as the same region of (B) CaAl-CO;*"-LDH
(PAS, b) and benzoate-CaAl-LDH detected by different methods,
PAS (c) and WA-DRIFTS (d).

spectrum of CaAl-benzoate-LDH in this spectral region clearly
indicates that a significant amount of benzoate resides among
the layers (Figure 7A/c) and not on the surface, as evidenced
by the WA-DRIFTS spectrum (Figure 7A/d). The well-
defined OH stretching vibrations of raw material significantly
shifted and broadened, as a result of the increase of
hydrophobicity of the interlayer gallery after intercalation.”**”
Moreover, the characteristic features due to CH stretchings of
benzoate (v, (CH,) at 2978 cm™ and v,(CH,) at 2884 cm™)
that appeared’® are close those reported in the literature. The
WA-DRIFTS spectrum (Figure 7A/d) attests the presence of
bands of OH stretching vibrations, and some of them closely
resemble those ascribed to adsorbed carbonate ions.
Accordingly, the more probable explanation of these changes
is that a mostly successful intercalation was achieved in this
case. When one analyzes the WA-DRIFTS spectrum of the
composite for which CaAl-CO;*"-LDH was used as the host
(Figure 7B/d), the major difference relative to Figure 7A/d is
the significant recombination of the OH vibrations of the host
as well as the appearance of CH-stretching vibration bands,
indicating the success of the modification of the surface with
adsorbed benzoate ions. On the contrary, in accordance with
our hypothesis, there have been no significant changes on the
PAS spectrum of benzoate-CaAl-LDH detected (Figure 7B/c)
in comparison to its carbonate-containing counterpart (Figure
7B/b). (ATR and DRIFTS spectra are not seen.)

4. CONCLUSIONS

Upon intercalation of organic hosts into CaAl-LDHs as guests
via ion exchange, shifts in the positions of the characteristic
reflections on the XRD traces may provide undisputable proof
of the success or failure of the intercalation. However, to
characterize the fine structural details, the XRD results need to
be coupled with further experimental techniques. The host
molecules may (or may not) reside in the interlayer gallery
and/or on the surface of the LDH crystallites. A further
possibility is that the original interlayer anions are only
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partially replaced by the guest. In some special cases, the
intercalation of the host leaves the interlayer distance
unaltered. In this case, XRD alone is not able to prove the
success of the intercalation. The present study offers an
experimental tool to distinguish among these scenarios on the
basis of a detailed spectral analysis method, which is suitable
for characterizing ion-intercalated and other 2D materials,
especially for identifying the surface-adsorbed and the
interlamellar-intercalated components.

During the work, the following strategy was followed.
Intercalation of D-gluconate and benzoate as guests was
attempted into CaAl-NO;™-LDH and CaAl-CO,*"-LDH.
Nitrate ions are known to be readily exchangeable, unlike
carbonate ions, which can only be substituted under extreme
conditions. When D-gluconate was the host molecule, from the
XRD traces, it was successfully intercalated into the layers of
CaAl-NO;™-LDH, while the interlayer carbonate ions in the
CaAl-CO4*"-LDH proved to be nonexchangeable. Therefore,
in this case, p-gluconate ended up as surface-adsorbed anionic
species. Employing benzoate as the host, the XRD results were
not suitable to provide with sound interpretation. However,
when the PAS, ATR, DRIFTS, and WA-DRIFTS spectra of the
composites and those of the original hosts were compared, the
location of the host molecules was possible to be unequivocally
identified.

As a result of this, in the present publication, the
comparative IR method was developed that allowed us to
draw the following three major conclusions.

(i) Wide-angle diffuse reflectance infrared Fourier transform
spectroscopy (WA-DRIFTS) technique is suitable for
determining the adsorbed/bonded species on the surface
of the layered materials without any doubt.

As a proof of concept, by comparison of the spectra
obtained from surface-sensitive (WA-DRIFTS) and
bulk-sensitive (PAS) methods, supplemented with two
further techniques which can “see” both the surface and
a few layers underneath (DRIFTS and ATR), the fact
that the intercalation of the guest molecules can be
strengthened or rejected regardless of the quality of the
intercalant.

The fingerprint region of the IR spectra (1850—600
cm™') seems to be suitable for monitoring the fine
changes of the structure of the guests associated with
their interactions with the host. Conversely, the high
energy region (4000—2500 cm™') is more suitable for
the characterization of the spectral changes linked to the
hosts, in particular, in the case of clays and clay minerals.

(i)

(iii)
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Table S1 contains the depth of penetration for the
different IR methods based on the literature data; Table
S2 contains the determined crystallite size of the
composites; Table S3 contains the assignments of the
vibration bands of the composites; and Table S4
contains the comparative literature data for band
positions of v; (NO;”) and v; (CO,*"). Figure Sl
shows the SEM images of the composites; Figure S2
shows the MIR fitting results of the carbonate- and
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