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Abstract—Kaolinite is often used as a base for the synthesis of new organo-mineral nanomaterials
designed for applications in industry and in environmental protection. To make the mineral structure more
likely to interact with organic molecules, a kaolinite-methanol complex (KM) can be used. In the present
study, different experimental procedures were tested to investigate the formation of the KM. The kaolinite-
dimethyl sulfoxide intercalation compound (KDS), either wet or dried, was used as a pre-intercalate. The
samples obtained were characterized using X-ray diffraction, Fourier-transform infrared spectroscopy,
CHNS elemental analysis, '*C CP-magic angle spinning nuclear magnetic resonance (MAS NMR), and
*7Al and ?°Si MAS NMR techniques. The method of density functional theory with dispersion corrections
(DFT-D2) was used to explain the structure and to simulate the vibrational spectra of KM. Theoretical
results were compared with experimental data. The most effective formation of the KM (doo; = 11.1 A —
wet; dpo; = 8.7 A — dried) was observed when the dried KDS precursor was used. In such conditions the
degree of intercalation reached ~98% after 24 h of reaction time. As indicated by the CHNS elemental
analysis, ~% of the inner-surface OH groups were grafted by OCH; groups. The esterification reaction was
less efficient at higher temperatures or when wet KDS was used. In the latter case, the excess of very polar
dimethyl sulfoxide molecules prevented intercalation of methanol and further grafting. Detailed analysis of
the results of theoretical simulations revealed that the reaction of the KDS with methanol led to the
formation of kaolinite with both grafted methoxy groups and intercalated methanol, and water molecules in
the interlayer space. The spectra calculated revealed the contribution of individual vibrational modes into
the complex bands, i.e. the energy of C—H vibrations was in the order: v,sCH e > VasCHx > ViCH e >

VSCHmt)r
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INTRODUCTION

Kaolinite is a layered 1:1 dioctahedral aluminum
silicate with the chemical composition Al,Si,05(OH)jy.
Kaolinite layers consist of linked tetrahedral and
octahedral sheets where the octahedral side is terminated
by inner-surface hydroxyl groups of a p-OH type.
Although the layers are held together via hydrogen
bonds, kaolinite can be intercalated with various
molecules relatively easily (Wada, 1961; Johnston and
Stone, 1990; Franco and Ruiz Cruz, 2004; Li et al.,
2009). The intercalation process opens access to the
basal surfaces, which can be modified by further
treatment. The interlayer aluminol groups are suscep-
tible to grafting with different organic molecules
(Tunney and Detellier, 1993; Itagaki and Kuroda,
2003; Murakami, 2004; Gardolinski and Lagaly, 2005;
Letaief and Detellier, 2007; Avila et al., 2010;
Hirsemann et al., 2011, Moretti et al., 2012). As
kaolinite is one of the most abundant clay minerals
and is available relatively cheaply, much attention is
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focused on it as a suitable material for obtaining new
grafted materials with novel properties and functional-
ities in comparison to the parent materials (Tonle et al.,
2007; Letaief et al., 2008; de Faria et al., 2009; Matusik
et al., 2009; Kuroda et al., 2011; Matusik et al., 2011a,
Machado et al., 2012). Grafting of aluminol surfaces
with methanol can lead to modification of the hydro-
phillicity/hydrophobicity of clay surfaces (Tunney and
Detellier, 1996; Komori et al., 2000). Therefore, the
kaolinite-methanol complex (KM) is an interesting
material which may be used successfully as a precursor
for obtaining, for example, kaolinite-amine derivatives
and kaolinite-polymer nanocomposites (Komori et al.,
1999; Kuroda et al., 2011; Matusik et al., 2011b, 2012).

As yet, the most efficient synthesis procedure and the
structure of the KM are still not known completely and
further study is required. Tunney and Detellier (1996)
showed that the grafting takes place at an elevated
temperature and pressure. Mild conditions at room
temperature were shown to be efficient (Komori et al.,
2000). The following questions arise. What are the
optimum synthesis conditions? Is the complex which is
formed an intercalate or a grafted compound? Does the
new structure contain water molecules? In a study of
complex systems, combining experiment with molecular
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modeling is a good approach to obtain a detailed
understanding. Molecular modeling is also very useful
in interpretation of the experimental results. In the
present study, the experimental study of methoxy-
kaolinite complexes was combined with a theoretical
approach based on density functional theory (DFT).
Numerous DFT-based studies of structure and properties
of kaolinite and some kaolinite intercalates have been
reported, e.g. a detailed study of hydrogen bonding and
OH-stretching frequencies in kaolinite and dickite was
performed by Benco ez al. (2001a, 2001b, 2001c) using a
DFT approach combined with molecular dynamics. A
cluster-model approach and a B3LYP/3-21G method was
used in the study of intercalates and surface adsorbates
of kaolinite and dickite with formamide (FA),
N-methylformamide (NMFA), and dimethyl sulfoxide
(DMSO) by Michalkova et al. (2002). The DMSO-
kaolinite intercalate, with various degrees of intercala-
tion, was investigated by means of a DFT approach and
periodic structural models (Michalkova and Tunega,
2007). The stability and mutual orientations of mole-
cules in FA- and NMFA-kaolinite intercalates were
studied theoretically by Scholtzova et al. (2008). The
hydrogen bonds and complete vibrational spectra analy-
sis of kaolinite intercalated with DMSO and dimethyl-
selenoxide was presented by Scholtzova and Smrcok
(2009). A computational study of the reaction path for
the formation of a grafted methoxy group during the
oxidation of methanol to formaldehyde by N,O on the
[Fe]'"™-ZSM-5 cluster using B3LYP/6-31G(d,p) was
published by Fellah (2011).

The objective of the present study was to investigate
experimentally and theoretically the influence of the
synthesis conditions on the formation and structure of
the KM. Quantum mechanical (DFT) calculations were
performed to characterize bonding of the grafted surface
with the adjacent layer. Vibrational spectra were also
calculated with a view to analyzing and interpreting the
experimental IR spectra. As layers in kaolinite are kept
together by hydrogen bonds and because, in the case of
surfaces grafted by methoxy groups, the importance of
weak dispersion interactions increases, the calculations
were performed at the DFT-D2 level where corrections
for dispersion interactions are included in accordance
with suggestions by Grimme ef al. (2007).

Matusik, Scholtzova, and Tunega

Clays and Clay Minerals

MATERIALS AND METHODS

Materials

The <40 pm, well ordered kaolinite (M40) from the
Maria 11 deposit (Poland) was used in the present study.
The structural and textural characterization of the
starting material has been described elsewhere
(Matusik et al., 2009, 2011a). The DMSO and methanol
were obtained from POCH (Polish Chemical Reagents).

Synthesis of complexes

The Maria III kaolinite intercalated with DMSO
(M40DS) was prepared according to a procedure
described previously (Olejnik er al., 1968; Matusik et
al., 2011a). This material was used as a precursor of
grafted kaolinite. Five different experimental procedures
(E1—ES) were tested (Table 1). The wet M40DS was
reacted with methanol at: 50°C (El) or 20°C (room
temperature) (E2—E5). Samples were collected after
15 min (E1), 30 min (E2, E3), and 24 h (E4, E5), and
were characterized using X-ray diffraction (XRD),
Fourier-transform infrared spectroscopy (FTIR), and
CHNS elemental analyses were performed for samples
dried at 120°C. In E1 and E2 the methanol was not
changed during the experiment. For E3—ES5, the
suspensions were centrifuged and dispersed in a fresh
portion of methanol after each sample collection. In ES,
dried M40DS rather than wet (as in E1—E4) was treated
as in E4.

Analytical methods

Powder XRD patterns were recorded using a Philips
APD PW 3020 X’Pert instrument (Almelo, Netherlands)
with CuKo radiation and a graphite monochromator.
Samples were analyzed in the range 2—30°26 with a step
size of 0.05°26. The samples were recorded either with
or without drying as specified above. Each sample was
covered with a foil when recorded, without drying, to
prevent evaporation of the methanol. The degree of
intercalation (ID) was calculated according to the
following formula:

ID:111/(111+17)*100% (1)

where /1, is the intensity of the basal spacing reflection of
the new complex, /7 is the intensity of a basal-spacing

Table 1. Summary of the experimental conditions.

Experiment
El E2 E3 E4 E5
Precursor Wet M40DS Wet M40DS Wet M40DS Wet M40DS Dried M40DS
Temperature (°C) 50 20 20 20 20
Methanol changes® — — + + +
Sample collection interval 15 min 30 min 30 min 24 h 24 h

% Sample dispersed in fresh methanol after each sample collection: yes (+), no (=)
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reflection of kaolinite. The FTIR spectra were collected
using a Nicolet 380 spectrometer (Thermo Scientific,
Waltham, Massachusetts, USA) from standard KBr pellets
(1 mg of sample/200 mg of KBr) with 64 scans at 4 cm™"
resolution in the 4000—400 cm™' mid-IR region. Ele-
mental analysis was performed using a VarioEL III
Elementar CHNS analyzer (Hanau, Germany).

Solid-state '*C CP-MAS NMR spectra were recorded
on the 500 MHz Bruker Avance III spectrometer
(Billerica, Massachussets, USA) at 12 kHz. The
resonance frequency was 125.775 MHz, and a cross-
polarization (CP) pulse sequence was applied with the
2 ms contact time. Tetramethylsilane (TMS) was used as
a reference. The 2°Si and ?’Al solid state MAS-NMR
spectra were measured on the APOLLO console
(Tecmag, Houston, Texas, USA) at the magnetic field
of 7.05 T produced by the 300 MHz/89 mm super-
conducting magnet (Magnex). The spinning speed was
8 kHz for the 2’Al measurements (resonance frequency
= 59.515 MHz) and 4 kHz for the 2°Si measurements
(resonance frequency = 78.068 MHz). The frequency
scale (ppm) was referenced to AI(NO;3); and TMS for the
27Al and *°Si measurements, respectively.

Computational methods

All calculations were performed using the Vienna Ab
Initio Simulation Package, VASP (Kresse and
Furthmiiller, 1996a, 1996b) which is based on DFT.
The parameterization of the local exchange-correlation
function according to Perdew and Zunger (1981),
together with a generalized gradient approximation
(GGA) for non-local corrections (Perdew and Wang,
1992), was used. The Kohn-Sham equations were solved
variationally with a plane-wave (PW) basis set using an
energy cutoff of 500 eV in the projector-augmented-
wave (PAW) method (Blochl, 1994; Kresse and Joubert,
1999) in four k-point sampling of the Brillouin zone. The
optimization procedure was based on a conjugate-
gradient algorithm with a stopping criterion of 1077 eV
for the total energy, and of 0.001 eV/A for the root mean
square force. No symmetry restrictions were applied
during any relaxation procedure.

Because of anisotropy of the structure of clay
minerals (especially in the c¢ direction) and weak
interactions between layers, all DFT calculations were
performed by means of a DFT-D2 approach where
dispersion corrections were added (Grimme et al., 2007).

Computational models

The structural model of pure kaolinite was con-
structed on the basis of the structural data published by
Neder et al. (1999). The starting cell parameters were: a
=5.154 A, b=28942 A, c = 7.401 A, o = 91.69°, B =
104.61°, and y = 89.82°. A summary formula of the
model was Al4Si;O,9(OH)s. Four structural models of
the kaolinite complexes with methanol were constructed
for the computational study. These models reflected
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several possible interactions of kaolinite with methanol
including intercalated and/or grafted structures. The first
model (Figure la) represented a kaolinite intercalated
with methanol (K-INT) and was based on the atomic
coordinates of the kaolinite intercalated with DMSO,
taken from the study of Raupach et al. (1987). The
starting computational cell contained two molecules of
methanol in the interlayer space and its summary
formula was Al4Si4O,9(OH)s(CH3;0H),. The second
model (Figure 1b) represented kaolinite with one grafted
methoxy group (K-MTX). Here, one OH inner-surface
group was substituted by one methoxy group and the
summary formula of this model was
Al4S140,0(OH)7(CH50). The third model (Figure Ic)
represented a mixed state, where one grafted methoxy
group and one intercalated methanol molecule were
present (K-MIX). In the fourth K-MIXW model, one
water molecule was added into the interlayer space of
the K-MIX model (Figure 1d). All structural models
were constructed in an attempt to explain the experi-
mental observations.

RESULTS AND DISCUSSION

Experiments 1—4 (wet M40DS)

A significant shift of the kaolinite dyg, reflection
from 7.2 A to 11.2 A in the XRD patterns confirmed the
formation of an intercalate with DMSO (M40DS)
(Figure 2). The second- and third-order reflections of
the complex were also found at 5.62 A and 3.73 A,
respectively. Their presence indicated a significant
stacking order of kaolinite layers along the ¢ axis. The
ID calculated according to equation 1 for the M40DS
sample was 98.2%. In the experimental conditions
applied, no greater ID values were possible.

The IR spectrum of pure kaolinite revealed the
presence of four distinct bands in the OH-stretching
region which are characteristic of a highly ordered
kaolinite (Figure 3). The bands at 3697, 3670, and
3653 cm™' were attributed to inner-surface OH groups
with the band at 3621 cm™' attributed to inner OH
groups located between octahedral and tetrahedral sheets
(Ledoux and White, 1964; Farmer and Russell, 1967;
Johnston and Stone, 1990; Bougeard et al., 2000). After
intercalation of DMSO, significant changes took place in
the OH-stretching region (Figure 3), in agreement with
carlier studies (Olejnik et al., 1968; Frost et al., 2000).
The new bands observed at 3539 and 3504 cm™' were
connected to hydrogen bonding between DMSO and the
kaolinite octahedral surface (Olejnik et al., 1968;
Scholtzova and Smrcok, 2009). The signals attributed
to C—H stretching modes of DMSO methyl groups were
observed at 3023 and 2936 cm™'. Two resonances (43.9
and 42.8 ppm) in the '*C CP-MAS NMR spectrum of the
M40DS (Figure 4) were identical to those reported
previously (Duer et al., 1992; Hayashi, 1997) and
indicated two different local environments for the
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Figure 1. Structural models of the KM complex used for calculations: (a) K-INT, (b) K-MTX, (¢) K-MIX, and (d) K-MIXW.

DMSO methyl groups. The >’Al MAS NMR spectrum
indicated a deformation of Al octahedra during DMSO
intercalation as the signal was split into a peak with two
maxima at: —10.1 and —24.9 ppm (Figure 4). The signal
of pure kaolinite in the *°Si MAS NMR (—91.0 ppm)
was shifted to —92.3 ppm indicating a slight perturbation
of the tetrahedral sheet (Figure 4).

The CHNS elemental analysis was used to estimate
the chemical composition of the DMSO intercalate:
Al,Si,05(OH)4(DMSO)g.¢5. The maximum molar
amount which may be intercalated can be calculated by
dividing the Al,Si,O5(OH); surface area (~23 AZ,
calculated from data published by Bish (1993)) by the
DMSO cross-sectional area (~35 1&2). The molar amount

was 0.65, in very good agreement with the experimental
data.

The reaction of the wet M40DS with methanol led to the
formation of the KM complex in the experiments E1—E4.
The dyo; value of the new complex in all cases was ~11.2 A
(Figure 5), though the ID was relatively small (Table 2)
and did not exceed 3% in E1 where the reaction was carried
out at 50°C. When the experiment was performed at room
temperature and the methanol was not changed after each
sample collection (E2), the ID reached only ~14%. The
centrifugation and dispersion of the kaolinite in fresh
methanol (E3) led to an increase of the ID to ~40% after
3.5 h. Increasing the time to 10 days (E4) did not improve
the results much; the ID reached ~47%.
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Figure 2. XRD patterns of: M40, raw kaolinite; M40DS, kaolinite after intercalation with DMSO. Abbreviations: 1 — illite,

Q — quartz.

The IR spectra of the new complexes formed in the
E1—E4 experiments (Figure 3) confirmed observations
and assumptions based on the XRD data. In E1, after 1 h
of reaction, DMSO molecules had been removed
completely from the interlayer space and the character-
istic spectrum of raw kaolinite was restored (El;y ,D
sample). High temperature did not improve the ID in this
case. In E2 after 2 h of the reaction at room temperature
(E2,. nD sample), the presence of bands at 3539 and
3503 cm ™" (stretching modes of surface OH involved in
hydrogen bonding between kaolinite and DMSO)
indicated that DMSO was still in the kaolinite interlayer
space. In E3 after 3.5 h (E355 ,D) and E4 after 10 days
(data not shown), the spectrum was very similar and
showed the presence of a broad band with maximum at
3430 cm™!' attributed to OH stretching of methanol
molecules and/or to water molecules formed during the
esterification reaction of kaolinite inner-surface OH
groups and methanol molecules, respectively. Low-
intensity C—H stretching bands were found at 2931
and 2860 cm™', and the OH-stretching bands were
nearly identical to those of the pure kaolinite.

The results obtained in the E1—E4 procedures
showed that the use of the M40DS which was not
dried before the reaction with methanol reduced the
efficiency of formation of the KM complex. The excess
of very polar DMSO molecules effectively blocked the
interlayer space and prevented the exchange of DMSO
with methanol. Thus, the subsequent methanol inter-
calation and further grafting did not take place to a
significant extent or these processes were considerably
hampered.

Experiment 5 (dried M40DS)

The use of a M40DS complex which was previously
dried at 70°C for 24 h improved significantly the
efficiency of formation of the KM complex. The XRD
pattern of the sample collected after 1 day (ES; g),
recorded in a wet state, revealed a reflection with d =
11.2 A (Figure 5). The ID was 98.1%. The XRD pattern
of that sample did not change significantly in comparison
to the XRD patterns of samples collected over the
following days, confirming that drying of the M40DS
prior to reaction with methanol was crucial for synthesiz-
ing the KM complex effectively. On the basis of the
calculated ID, all layers, which were previously expanded
with DMSO (ID = 98.2%), were intercalated with
methanol (ID = 98.1%). As reported previously
(Tunney and Detellier, 1996; Komori et al., 2000;
Matusik et al., 2011a), drying of the complex led to
removal of the intercalated methanol molecules and,
therefore, the d value of the KM complex was reduced to
8.7 A (E5; 4D sample). Note that the intensity of the raw
kaolinite reflection (7.2 A) in the KM complex before
(E5, 4 sample) and after drying (E5; 4D sample) was
nearly identical, indicating that drying removed only
loosely bonded (intercalated) methanol molecules and did
not lead to a partial collapse of the kaolinite interlayer
space. In the E5;y 4 sample two types of methanol
molecules are suggested to have been present in the
interlayer space in the wet state: (1) molecules grafted to
an octahedral sheet in the form of a methoxy group
(AlI-O—C bond); and (2) mobile methanol and/or water
molecules kept in the interlayer space via hydrogen bonds
that can be removed partially during drying.



232

2931

3660
3621
3698 3539
113503

Intensity (a.u.)

4000 3800 3600 3400 3200 3000 2800
Wavenumber (cm-1)

Figure 3. IR spectra of: M40, raw kaolinite; M40DS, kaolinite
after intercalation with DMSO; E1, o 1, E25 0 1, E35.5 1, M40DS
after reaction with methanolin E1, E2, and E3, respectively. The
subscript denotes time of reaction. D = dried.

The samples collected in the E5 experiment were
dried at 120°C and their IR spectra showed clearly that
DMSO molecules were replaced by methanol after six
washing cycles as the M40DS characteristic bands
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Table 2. Changes in the degree of intercalation (ID) and dy;
values during experiments (E1—ES5).

Experiment Sample/time D?* door
— M40DS 98.2 11.2
El 025 h 2.8 11.4
0.5 h 2.5 11.4

0.75 h 2.8 11.4

1.0 h 22 11.4

E2 0.5 h 14.6 11.3
1.0 h 14.5 11.3

1.5 h 14.5 11.3

2.0 h 14.1 11.3

E3 0.5 h 30.5 11.3
1.0 h 30.2 11.3

1.5h 33.2 11.2

2.0h 31.4 11.2

2.5h 33.1 11.2

30h 359 11.2

35h 39.4 11.2

E4 1d 43.4 11.2
2d 41.4 11.3

3d 47.5 11.2

4d 43.0 11.3

5d 45.0 11.3

6d 46.3 11.3

7d 46.8 11.3

8 d 48.4 11.3

9d 49.4 11.3

10 d 46.8 11.3

ES 1d 98.1 11.2
10 d 98.1 11.2

41D = 111/(111+17)*100%

(3542, 3506, 3022, and 2936 cm ') disappeared
(Figure 6). On the other hand, CHNS elemental analysis
indicated that sulfur content had already been reduced
significantly after just two washing cycles (Figure 7).
Nevertheless, sulfur traces were still present even after
10 washing cycles, indicating that a very small amount
of the DMSO was still intercalated or adsorbed on the
crystallite surfaces. The IR spectra showed changes in
the intensity of the bands in the OH region due to
intercalation and grafting of methanol (Figure 6). The
local environment of inner-surface hydroxyl groups was
altered significantly as new bands at 3646 and
3631 cm ™' appeared. The broad bands with maxima at
3564 and 3521 cm™' may be related to loosely bonded
methanol and/or water molecules. The bands in the C—H
stretching region at 2954, 2920, and 2842 cm '
confirmed the presence of —OCH; groups in the
interlayer (Tunney and Detellier, 1996). Moreover, the
intensity of the band assigned to interlamellar AI-OH
groups (938 cm ') decreased significantly due to the
formation of AI—-O—C bonds (Figure 6). The presence of
the methoxy groups (E5;¢ 4D) was also confirmed by a
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Figure 4. 13¢, 27Al, and *°Si spectra of: M40, raw kaolinite; M40DS, kaolinite after intercalation with DMSO; E5; 4D, dried

kaolinite-methanol complex (ES).
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Figure 5. XRD patterns of M40DS after reaction with methanol in the experiments E1—ES5. The subscript denotes the time of

reaction. D = dried.
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Figure 6. IR spectra of M40DS after reaction with methanol in
ES. The subscript denotes the time of reaction. All samples were
dried at 120°C. The inset shows the spectra of M40 and E5;( 4D
in the 960—880 cm ™' region (Al-OH vibrations).

resonance observed at 50.3 ppm in the '*C CP-MAS
NMR spectrum (Figure 4). The resonance at 42.3 ppm
may have been related to the presence of a trace amount
of the DMSO also indicated by the CHNS analysis. The
washing of the M40DS sample with methanol led to a
relaxation of the previously distorted Al-octahedra as a
broad resonance with two maxima in the >’Al MAS
NMR spectrum was replaced by an asymmetric signal
with chemical shift at —2.6 ppm (Figure 4). This signal
was shifted slightly compared to the pure kaolinite.
Thus, the grafting of methoxy groups did not affect the
structure of the octahedral sheet significantly as was
observed for a kaolinite grafted with ethylene glycol
(Hirsemann et al., 2011) probably because of the smaller

molecular mass of the —CHj; group compared to that of
—CH,—CH,OH. The structure of the tetrahedral sheet
was not affected by grafting as the chemical shift in the
2%Si MAS NMR spectra was close to that of the pure
kaolinite (—91.0 ppm) and equal to —91.7 ppm.
Assuming that all carbon was related to the methoxy
groups formed, the chemical composition of the E5;y 4D
sample was estimated, on the basis of CHNS elemental
analysis, to be Al,Si;O5(OH); 5,(OCH3)g.45, indicating
that ~% of the inner surface OH was grafted. The
methoxy group content was >0.36 molecules per formula
unit (m.p.f.u.) as reported by Komori et al. (2000) in an
experiment performed under similar conditions. Tunney
and Detellier (1996) synthesized a KM with a methoxy
group content of 0.87 m.p.f.u. at temperatures of
>200°C. The E5;g 4D sample was stirred in water for
24 h and dried at 120°C to examine the grafting
efficiency (Letaief and Detellier, 2007). After such
treatment the dy; reflection was shifted slightly to
~8.5 A indicating successful grafting of methoxy groups,
while the intensity of the C—H stretching bands in the IR
spectrum decreased due to removal of intercalated
methanol and/or water (data not shown).

COMPUTATIONAL SIMULATION

Firstly, the DFT-D2 method was applied to the
structure of pure kaolinite in order to reproduce the
experimental data, especially the dyo; distance. The data
of Neder et al. (1999) were taken as a reference. The
optimized cell parameters (¢ = 5.173 A, b =18982 A,
c=17314 A, o = 92.027°, B =105.207°, v = 89.818°)
were in very good agreement with the experimental data
(see the section on computational models). The same
was also found for the bond lengths where the
differences were only in hundredths or thousandths
of A. The bond angles differed by a maximum of 3°. The
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optimized dyg; (7.06 A) parameter agreed well with the
experimentally obtained value of 7.15 A (Neder ef al.,
1999). The DFT-D2 approach was, therefore, concluded
as being suitable for study of the KM complexes.

Complete optimization of the geometry (including
unit cell) was performed for all four of the structural
models described in the section on computational
models. The largest dyo; value of 9.4 A was obtained
for the model with two intercalated methanol molecules
(K-INT, Figure 1a), while the smallest (7.7 A) was found
for the model with one grafted methoxy group (K-MTX,
Figure 1b). X-ray diffraction measurements (Table 3)
indicated that the K-MIX and K-MIXW models had dy;
values closest to the experimental value observed for the
E5,0 4D sample. The broad band below 3600 cm ™' in the
measured IR spectrum of the E5;¢ 4D sample indicated
the presence of water (Figure 8). The water was probably
formed during an esterification reaction in the interlayer
space. Based on this assumption, a detailed discussion of
the theoretical IR spectrum of the K-MIXW model
follows.

Hydrogen bonds

Layers in kaolinite are held together via hydrogen
bonds between adjacent layers linking a plane of surface
hydroxyl groups of the octahedral sheet and basal
oxygen atoms (Oy) of the tetrahedral sheet. In the pure
kaolinite model the following structural characteristics
were obtained: for the O—H---O, bonds, the H---Oy
distance is between 1.910 and 1.970 A, the 0---0y
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Table 3. Calculated dy; values of the KM complex models.

Model door (A)
K-INT 9.4
K-MTX 7.7
K-MIX 8.8
K-MIXW 9.1
E519 4D sample 8.7

distance is between 2.818 and 2.920 z&, and the
O—H---Op angle is between 157 and 165°. These
parameters were typical for hydrogen bonds of moderate
strength (Steiner, 2002; Desiraju and Steiner, 2000).
Similar values were calculated in the work by Smrcok et
al. (2010). Although in the K-MIXW model the
hydrogen bonds became slightly weaker than in pure
kaolinite, the additional moderate O—H---O and weak
C—H---O hydrogen bonds (Castellano, 2004) contributed
to the overall stability of the complex (Figure 9,
Table 4). The methanol molecule was clearly keyed
into the interlayer space through the multiple hydrogen
bonds. The methoxy group was also stabilized by the
Cmix—Hmix-+Op and Ojs—Hjs+--Opx  hydrogen bonds
(mtx = methoxy, is = inner surface). The water molecule
located in the interlayer space interacted with both the
octahedral and tetrahedral sheet and completed a
complex picture of the hydrogen-bond scheme in the
K-MIXW model.

vOH KMIXW
E5 D
K K+M+W 50OH 10
K+W
a, s. a. S.
5
S |
>
B i
C [
g | MU
E et U - L
aN ,
- "_ " \AL ___/\__._/-—/_/
' | ! | ! Illll | ! |
4000 3600 3200 2800 1600 1200

Wavenumber (cm~1)

Figure 8. Comparison and analysis of calculated (K-MIXW model) and experimental (E5,, 4D sample) IR spectra.
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Figure 9. Hydrogen-bonds scheme of the K-MIXW model.

Vibrational analysis

Comparison of the calculated spectra of all models
with the experimental spectrum of the E5;y 4D sample
showed the best agreement for the K-MIXW model
(Figure 10). Close attention was, therefore, paid to the
4000—1200 cm™! region (Table 5) of the K-MIXW
model spectrum, which can be divided into three parts
(Figure 8).

The first part represented the OH-stretching vibra-
tions (4000—3200 cm™'). The highest-energy bands
(4000—3640 cm™') were assigned to the stretching
vibrations of the kaolinite OH groups. The bands with
lower energy (3640—3380 cm™') corresponded to the
stretching vibrations of the OH groups belonging to
kaolinite, methanol, and water. The analysis confirmed
the hypothesis that the broad bands with maxima at 3564
and 3521 cm ™" were related to loosely bonded methanol
and/or water molecules. In this region, experimentally

obtained bands corresponded to the OH-stretching
vibrations of methanol (3612 cm™!) and water
(3587 cm™ ') in the calculated spectrum (Table 5). A
complex band at 3249 cm™' corresponded to the
stretching vibrations of the OH groups of kaolinite and
water (K+W). The second part of the spectrum
(3150—2900 cm™') represented asymmetric (higher)
and symmetric (lower) C—H stretching vibrations of
the methanol and methoxy groups, respectively. The
order of the stretching vibrations of the C—H groups in
the K-MIXW model was: v,CHpet > VasCHpix >
VsCHpee > VsCHpx (Table 5). The third part of the
spectrum (1700—1250 cm ') represented C—H bending
vibrations of methanol and methoxy groups. Asymmetric
bending vibrations had higher energy
(1490—1460 cm™") than symmetric vibrations
(1445—1335 cm™"). In this region the bending vibration
of the water was also found at 1514 cm™'. The complete

Table 4. Hydrogen-bonds scheme in the interlayer space of the K-MIXW model (see Figure 9). Abbreviations: w — water,
b — basal, met — methanol, mtx — methoxy, is — inner surface.

Symbol Hydrogen bond D-H H---A D..A /D—H---A
(A) (A) (A) ©
a Oy—Hy O 0.98 1.98 2.757 135
b Oy—H, -0y 0.97 1.87 2.680 139
c Ow—Hy Oy 0.97 2.55 3.007 109
d Ojs—His Oy 0.99 1.65 2.608 159
e Ois—His - *Ommet 0.97 2.39 3.162 136
f Ois—His - *Ommet 0.99 1.73 2.694 163
g Ois—His - *Omet 0.98 1.83 2.793 165
h Omet_Hmet"'Ob 0.98 2.03 2.952 157
i Ojs—His - Oss 0.97 2.60 3.382 138
j Ojs—Hjs O 0.97 2.57 3.344 136
k Ois—His - *Omix 0.98 2.46 3.287 142
1 Cinet—Himet - *Op 1.09 2.45 2.992 109
m Cmet_Hmet"'Ob 1.09 2.55 3.131 112
n Cinee—Hine Oy 1.09 2.49 2.948 104
o Cmet_Hme("'Ob 1.09 2.50 3.069 111
P Cmct_Hmct"'Ob 1.09 2.62 3.003 100
r Cintx—Hmx*Op 1.10 2.69 3.108 102
s Cmtx_Hmtx"'Ob 1.10 2.60 3.199 114
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Figure 10. Calculated vibrational spectra of four structural models compared to the experimental IR spectrum of the ES o 4D sample.

assignment of the bands in the calculated spectrum of the
K-MIXW model in the region above 1200 cm™' and its

Table 5. Calculated wavenumbers of the K-MIXW model in
the 4000—1200 cm™"' region. Abbreviations: w — water, b —
basal, met — methanol, mtx — methoxy, is — inner surface.

Wavenumber Type of vibration
(em™)

3751 OHj; stretching

3711 OH,, stretching

3710 OH;s, OH,, stretching

3700 OH; stretching

3648 OH i, OH,, stretching

3612 OH,,¢; » OH;g stretching
3587 OH,,, OH;,, OH,,., stretching
3489 OHj, OH,;e¢ stretching

3391 OHj,, OH,;e; stretching
3249 OHj,, OH,, stretching

3145 asym CH,p stretching

3111 asym CH,, stretching

3070 asym CH,, stretching

3048 asym CH,, stretching

3015 sym CH,,¢ stretching

2969 sym CH,, stretching

1514 OH,, bending

1487 asym CH,,o, CH,,,x bending
1453 asym CH,e, CHpy bending
1446 sym CH,,¢, CH, bending
1444 sym CH,,¢,, CH,,,« bending
1442 sym CH,,¢, CH,,« bending
1428 sym CH,, bending

1335 HCO bending in methanol

comparison with the measured spectrum of the ES;o 4D
sample was shown in Table 5.

CONCLUSIONS

The formation of the kaolinite-methanol complex
(KM) was most effective at room temperature, when a
dried kaolinite-dimethyl sulfoxide (KDS) precursor was
used. The degree of intercalation reached ~98% after
24 h of stirring the KDS intercalation compound in
methanol.

The CHNS elemental analysis showed that ~% of the
inner-surface OH groups were replaced by -OCHj3
methoxy groups. Traces of sulfur were detected even
after 10 days of the KDS washing with methanol.

The exchange of DMSO molecules by methanol was
less efficient when higher temperature was applied or
wet KDS was used. The excess, highly polar DMSO
molecules blocked the interlayer and prevented metha-
nol intercalation and subsequent grafting.

The DFT-D2 method was used in order to support and
interpret experimental observations of the grafted
kaolinite. Four structural models of the KM complexes
were proposed for this purpose. Analysis of the
calculated structural parameters and computed IR
spectra showed that the formation of hydrogen bonds
was a key factor in the stabilization of the mixed grafted/
intercalated KM complexes. Detailed analysis of the
simulated IR spectra allowed assignment of bands to the
particular vibrational modes and helped to interpret the
measured IR spectra.
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