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ABSTRACT: All #-hydroxyl groups are frequently encountered capping groups found on the
external surfaces of various minerals that are often used as fillers in composite materials.
Covalent grafting to this functional group would therefore offer a versatile and attractive route
to surface modification. The octahedral layer of kaolinite is composed of y-bridged aluminol
groups. In particular, intercalation compounds of kaolinite, where all basal planes are exposed
and may be modified, are ideally suited to study the feasibility of such covalent graftings. The
huge (internal) specific surface area greatly improves the sensitivity of the analytics and renders
kaolinite an ideal model compound. Herein we analyze the mode of bonding of ethylene glycol

(EG), intercalated into kaolinite (EG kaolinite), by solid-state NMR techniques. 27Al MQMAS

allows for distinction between intercalated and grafted EG molecules because the chemical surroundings of octahedrally
coordinated aluminum nuclei in the layer are significantly changed by the formation of a covalent bond. Moreover, the
temperature-dependent dynamics of the EG molecules in the interlamellar space are examined by wide-line solid-state 'H NMR
measurements. The EG molecules perform a circular motion around the covalently bonded hydroxyl group in the interlamellar
space. Analysis of the "*C—*"Al REAPDOR measurement in conjunction with the EG dynamics allows for determination of the
13C- - +?7Al distance between octahedral aluminum and the bonded carbon atom of EG. This distance is 3.1 A. A thorough
description of the bonding mode of the EG molecules is provided and proves beyond any doubt the covalent grafting. This
suggests that the reactivity of #-hydroxyl groups, in general, is sufficient to realize a covalent surface modification of a wide range of
minerals.
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1. INTRODUCTION

For the last decades, polymer-matrix-based nanocomposites
have become a very Popular scientific field of research in the area
of nanotechnology.” Clay-based nanocomposites are of special
interest owing to the large aspect ratios of clay platelets.”” The
resulting nanocomposites feature improved material properties
compared to the pristine polymer. These enhanced properties
are multifaceted and range from flame retardance™ and gas
barrier®” to an increase of the mechanical stability, e.g, an
increase of Young’s modulus.®

A major problem in the field of inorganic particle-based
polymer nanocomposites is the weak interaction between the
inorganic filler and the polymer matrix, whichis a consequence of
the incompatibility of both materials at the interface.”'® Hence,
an appropriate modification of the filler must be achieved in
order to optimize the interaction at the interface. For fillers
carrying a surface charge, a convenient and well-established way
to improve the mismatch in the surface tension is ion exchange
with polyelectrolytes. Such a surface modification through
Coulomb interactions is the method of choice, for instance, for
2:1 layered silicates like hectorite, where both basal planes of the
platelets carry a permanent negative charge.'' However, covalent
grafting to neutral functional surface groups is more challenging.
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u-Hydroxyl groups are frequently encountered capping groups
on external surfaces of various minerals that are often used as
fillers in composite materials. Covalent grafting to this functional
group would therefore offer a versatile and attractive approach to
surface modification. The surface modification of such materials
could, for example, be realized by covalent grafting by etherifica-
tion using diols.'> This reaction with diols has been proposed for
surfaces of a range of compounds, like zirconium phos hate, "
lepidocrocite,14 gibbsite,15 boehmite,'® and kaolinite.'”> How-
ever, all of these studies have struggled with the sensitivity and
surface specificity of the analytics. Until now, all evidence for
covalent grafting has been solely based on IR and thermogravi-
metric analysis (TGA) data, which only provide indirect evi-
dence. Therefore, we seek a direct measurement delivering
unequivocal proof of such a covalent bond.

A well-suited method to prove the existence of covalent
grafting on the atomic scale is solid-state NMR. Unfortunately,
covalent bonding of any potential modificator will be restricted
to monolayer coverage of the accessible surfaces. Consequently,
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Figure 1. Structures of (a) kaolinite consisting of blue edge-sharing
AlL,(OH), octahedra and green corner-sharing SiO, tetrahedra and (b)
EG-intercalated kaolinite.

a very large specific surface area is a prerequisite to push the
sensitivity for these surface species above the detection limit.
However, even for nanoscopic particles, the surface/volume ratio
is still comparatively low. Thus, all bulk methods, like NMR, will
struggle to detect surface species. In that respect, intercalation
compounds, wherein all basal planes are exposed to potentially
reactive intercalated guest molecules,'" are ideally suited for
studying the feasibility of surface modification by covalent grafting.
The huge (internal) specific surface area (over 1000 m’ g_l)
vastly improves the sensitivity.

The 1:1 dioctahedral layered mineral kaolinite Al,Si,Os-
(OH), is one of the most ubiquitous clays on earth. One side
of each kaolinite lamella consists of an Al,(OH), octahedral
sheet that is capped by u-hydroxyl groups, while the other side is
composed of oxygen atoms of the SiO, tetrahedral sheets.'” "
The kaolinite lamellae are stacked in a polar mode by strong
hydrogen bonds (Figure 1a), forming platy crystals approxi-
mately 100 nm thick. Consequently, the outer basal surface of
the clay platelet is extremely small compared to the inner surface.
Fortunately, kaolinite offers a rich intercalation chemistry, and
many polar neutral guest molecules as well as larger organic
moieties may be incorporated into the interlamellar space.** ¢

In the case of ethylene glycol intercalated kaolinite (EG
kaolinite; Figure 1b), it has long been proposed that, beyond a
purely physical incorporation of EG into the interlamellar space,
reaction of the EG molecules and the y-hydroxyl groups of the
octahedral layer might take place.'” In 1993, Tunney and
Detellier'? proposed for the first time a covalent bond of the
intercalated EG molecules and kaolinite (Figure 1b). Pieces of
evidence presented in that work for covalent Al—O—C bonds
were an increased thermal stability/delayed deintercalation, an
extended stability of the intercalated species against different
solvents as well as changes in the IR spectrum.”” The IR spectrum
features a specific C—O—Al band and exhibits variation of the
internal OH bands of kaolinite. Unfortunately, the specific
C—O—Al band is superimposed on a band of pristine kaolinite
itself 2 weakening this piece of evidence. Moreover, it is known
that the internal OH bands of kaolinite are shifted not only by
grafted molecules but also by physical intercalation of molecules
that simply form hydrogen bonds with kaolinite.”” " Although
all experimental data are consistent with a covalent bond,

unequivocal proof is still lacking. Moreover, quantifying the
fraction of OH groups that effectively reacted to AI-O—C
bonds and identifying a technique that structurally characterizes
the products of the grafting reaction are desirable.

2. EXPERIMENTAL DETAILS

2.1. Materials. Well-crystallized kaolinite was obtained from
Gebruder Dorfner GmbH & Co. Kaolin- and Kristallquarzsand-Werke
KG (Hirschau, Germany). Kaolinite was further purified by the removal
of calcium and magnesium carbonates with ethylenediaminetetraacetic
acid,* followed by deferration via the dithionite —citrate —bicarbonate
method,*® and by ozonization. The particle size of the material was
fractionated to <5 um by the Atterberg procedure.>* This material was
used in all of our experiments. The purity of kaolinite was confirmed by
applying powder X-ray diffraction (PXRD)), solid-state nuclear magnetic
resonance (NMR) spectroscopy, IR spectroscopy, energy-dispersive
X-ray spectroscopy, and mass spectrometry coupled to thermogravime-
try (TG—MS) (not shown).

EG with a purity of 99.5% and "*C-enriched EG (99 atom % "C)
were purchased from Sigma Aldrich (Steinheim, Germany) and used
without any further purification. Analytical-grade dimethyl sulfoxide
(DMSO) was purchased by Fischer Scientific (Schwerte, Germany).

2.2. Synthesis and Analysis. The synthesis of EG kaolinite was
accomplished by the guest-displacement method following literature
procedures. The intermediate material, DMSO-intercalated kaolinite
(DMSO kaolinite), was prepared by suspending S g of kaolinite in SO mL
of DMSO at a temperature of 80 °C for 7 days.”**® The sample was
centrifuged and washed five times with 50 mL of dioxane to remove
excess DMSO. DMSO kaolinite was then dried at 60 °C for 2 h and
subsequently analyzed by IR, PXRD, TG-MS, and solid-state NMR (not
shown). On the basis of the peak areas of the 001 reflections, the product
is comprised of 98% DMSO kaolinite (dgo; = 112 A) with 2%
unexpanded pristine kaolinite (dog; = 7.2 A) remaining.*”

A total of 250 mg of DMSO kaolinite was suspended in S mL of EG,
and another 250 mg of DMSO kaolinite was mixed with 0.90 mL of *C-
enriched EG in Schlenk tubes under an argon atmosphere. Both
suspensions were then heated at 250 °C for 16 h.">***” The obtained
EG kaolinite samples were centrifuged and washed five times with S0 mL
of water and five times with 50 mL of dioxane. Finally, EG kaolinite was
dried at 120 °C and analyzed by IR, PXRD, TG-MS, and solid-state 'H
and *C NMR (not shown). On the basis of the peak areas of the 001
reflections, the product is comprised of 97% EG kaolinite (dgo, = 9.4 A)
with a small impurity of unexpanded kaolinite (dgo; = 7.2 A) remaining.
All data are in perfect agreement with the 9.4 A intercalate of Tunney
and Detellier.*®

2.3. NMR Characterization, Simulations, and Theoretical
Background. The solid-state 'H, '*C, and *’Al NMR spectra were
obtained under magic-angle-spinning (MAS) conditions with a Bruker
Avance II 300 spectrometer operating at 7.05 T with resonance
frequencies v, of 300.130, 75.468, and 78.204 MHz, respectively. All
MAS measurements were carried out using a standard double-resonance
4 mm MAS probe (Bruker). The dried kaolinite samples were held in
zirconia rotors and spun at 12.5 kHz. The peak positions of "H and *C
NMR are referenced with respect to tetramethylsilane, while ” Al NMR
was referenced to AICl; in an acidic aqueous solution ([Al(H,0)s]*").
The selective Al measurement (v, = 13 kHz) was accomplished
using three back-to-back pulses®® with an adjusted pulse length of 3.0 us,
a continuous 50 kHz broad-band proton decoupling, and a recycle delay
of 3 s to allow accurate integration of the signals.

The signals are broadened in the one-dimensional spectra because of
quadrupolar interaction of the *’Al nuclei (I = °/,), preventing
identification of signals with similar isotropic shifts dj,. Two-dimensional
multiquantum MAS (MQMAS) measurements offer the opportunity to
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Figure 2. REAPDOR pulse sequence at six rotor periods.

overcome this problem. The quadrupolar broadening is eliminated in
the F, dimension of a MQMAS spectrum (Figure 3a). However,
quadrupolar interactions remain in the F, dimension, allowing for the
retrieval of information about the chemical surroundings of the nuclei.
Moreover, separation of the signals in the F; dimension may be gained
by the quadrupole-induced shift of d;,0.**** The >’ Al MQMAS spectra
were measured using a three-pulse sequence with nutation frequencies
of 100 kHz for excitation (2.8 us) and conversion (1.0 us) and 13 kHz
for the selective 90° pulse, respectively.*’ The coherence pathway
(0 — £3 — 0 — —1) was selected via the cog-wheel phase cycle**
COG60{11,1,0;30}, and the recycle delay was set to 1 s.

The wide-line "H and '*C measurements were accomplished in a
commercial double-resonance probe (Bruker) equipped with a S mm
solenoid coil. The experiments were performed between 190 and 430 K.
The solid-echo sequence was used in the case of the 'H measurements
with a 90° pulse length of approximately 2.05 us. "*C measurements
utilized the Hahn-echo sequence with a 90° pulse length of 3.0 us. The
second moment M, values of the wide-line "H measurements were
determined and formulated as follows (for details, see the Supporting
Information):* ™%’

/a)ZS(w) dw

M=t (1)
/S(a)) dw

The rotational echo adiabatic passage double-resonance (REAPDOR)
sequence*® has two rotor-synchronized XY-8 phase-cycled* 180° pulse
trains on the ">C channel separated by an adiabatic passage pulse on the
%Al channel (Figure 2). This pulse was applied for one-third of the rotor
period. To accomplish these measurements, a '*C—>’Al overcoupled
resonator was used as described in ref 50. The nutation frequency of the
Al pulse accounts for 50 kHz, while the length of the 180° pulses on
the °C channel were adjusted by 6.6 us (T = 370 K), respectively.
The recycle delay was 3 s. The nutation frequency for the "H decoupling
was 98 kHz during the REAPDOR sequence and 70 kHz during the
acquisition.

Two sets of experiments were performed: one with (S) the adiabatic
passage pulse on the *”Al channel and one without (S,) (Supporting
Information, Figure S3). The number of rotor periods was stepwise
increased and the difference curve AS normalized by S, (eq 2).

So(7) —S(r)  AS(7)
5@ S0 @

The simulations of the REAPDOR measurements were carried out
using the program Simpson.”' The REAPDOR calculations were per-
formed using a *’Al—"C—?*"Al three-spin system, where the bond
lengths were varied. The angles of the >’Al—"*C dipole tensors were set
as a5 = 0° f3; = 30° 3, = —30° ¥, = 90° and y, = —90°. Moreover,
a powder-average scheme containing 256 repulsion angles was applied.
The number of gamma angles was to set 20.
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Figure 3. *’Al MQMAS measurements of (a) pristine kaolinite, (c)
DMSO kaolinite, and (e) EG kaolinite. (b, d, and f) Fit (dotted line) of
the F; cross section (solid line) of kaolinite, DMSO kaolinite, and EG
kaolinite spectra, respectively.

Table 1. Relevant Refined Values (Figure 3b,d,f) for the
Isotropic Shift d;,,, the Asymmetry Parameter 77, and the QCC
of the >’Al MQMAS Measurements

Oiso/ ppm n QCC/MHz
kaolinite 8.5(5) 0.70(3) 32(3)
DMSO kaolinite 5.8(5) 0.85(4) 3.5(2)
EG kaolinite (signal 1) 6.7(5) 0.64(2) 3.3(2)
EG kaolinite (signal 2) 3.7(5) 0.76(4) 44(3)

3. RESULTS AND DISCUSSION

3.1. 2 Al MQMAS Measurements. The *’Al MQMAS mea-
surements provide information about the local environment of
the *’Al nuclei within the octahedral layer, which is expected
to change significantly upon covalent grafting of EG onto
kaolinite.**~** The *’Al MQMAS spectra were recorded for
pristine kaolinite (Figure 3a), DMSO kaolinite (Figure 3c), and
EG kaolinite (Figure 3e). Table 1 shows the values for the
isotropic shift (Ji,), the asymmetry parameter (77), and the
quadrupolar coupling constant (QCC) as obtained by fitting the
cross section in Figure 3b,d,f along the F, dimension by applying
the program Simpson.”"
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Figure 4. Fit (blue, solid line) of a selective 27Al measurement (black
crosses) of EG kaolinite using a spin system w1th two >’Al species (red
lines). The values for the QCC and 7 of the two *’Al species were taken
from Table 1, while J;, and the intensities were refined.

The spectrum of pristine kaolinite reveals one signal at 8.5 ppm -
(Figure 3a). Consequently, every *’Al nucleus in the sample
has a similar chemical environment of a slightly distorted
octahedron, which causes a QCC of 3.23 MHz and # of 0.7.
These 0y, and QCC values are in good agreement with the
literature data ((3lso =7+ 1 ppmand QCC = 3.6 + 0.2 MHz) for
pristine kaolinite.>> This result conflicts at first glance with the
kaolinite structure, which features two different crystallographic
aluminum positions.'”"” Nevertheless, these positions are apparently
so similar in terms of their chemical environment that the two
positions cannot be resolved by NMR. Similarly, the Al MQMAS
spectrum of DMSO kaolinite exhibits also only one signal
(Figure 3c). Intercalation of DMSO into the interlamellar space
causes a small change in the shape of the signal along the F,
dimension. This is attributed to a slight increase of the QCC
(Figure 3d and Table 1), which might indicate hydrogen bonding
between the DMSO guest molecules and the kaolinite host.

Contrary to the data of both pristine kaolinite and DMSO
kaolinite, the *’Al MQMAS spectrum of EG kaolinite clearly
shows two different signals (Figure 3e). These two signals
represent two >’Al species with notably different chemical
surroundings. Signal 1 (Figure 3e,f) is similar to that of pristine
kaolinite, while the other signal is shifted, indicating a significant
change in the *’Al chemical surroundings (Table 1) by an
additional distortion of the octahedral surroundings. The alumi-
num species 1 is not affected by incorporation of the EG
molecules in the interlamellar space, while the second species
(signal 2, Figure 3f) is. Signal 2 is broader than signal 1 because of
the larger QCC of 4.4 MHz, the main reason for the shift in the F;
dimension of the spectrum. These results indicate that physical
intercalation stabilized via hydrogen bonding does not significantly
change the electrostatic environment of the *’Al nuclei, while
covalent grafting does. Consequently, the electric field gradient
(EFG) turns out to be an extremely sensitive probe in this context.

Quantification of the two distinct aluminum species and,
hence, the grafting density of the EG molecules within the layer
is not accessible via integration of the MQMAS spectrum.>
Therefore, a selective one-dimensional measurement was ac-
quired. This spectrum (F1gure 4, black crosses) was fitted using a
spin system with two >’Al species (Flgure 4, dotted lines). The
values for the QCC and 77 of the two >’ Al species were taken from
Table 1, while 0;, and the intensities were refined. The
deconvolution of the two different signals yields a ratio of
40:60 for signals 1 and 2 with an error of £1%. Consequently,

200 0 -200 300100-100-300
o / ppm o / ppm

Figure 5. Normalized static solid-state 'H and '*C NMR measure-
ments at temperatures between 210 and 270 K. The line-shapes of the
spectra do not change much beyond 270 K.

the grafting density is 0.6 EG molecules per kaolinite formula
unit AlSi,Os(OH),. On the basis of the previously above-
mentioned NMR experiment, we suggest the following formula
for the hybrid compound: ALSi,O5(OH);4(OC,H,OH)gg.
This grafting density as determined by NMR i Js slightly lower
than that suggested by Tunney and Detellier’® based on TGA
measurements [AL,Si,Os(OH);,(OC,H,OH),5]. Considering
that the TGA experiment is hampered by a gradual transition and
partial overlap of weight losses due to desorption of EG and
dehydroxylation of the kaolinite structure itself, the agreement
between the two methods is surprisingly good. Please note that
affirmation of the prior mentioned composition by CHN ele-
mental analysis is tricky. In our experience, part of C/N is
trapped in the material even at high temperatures and, therefore,
the combustion is incomplete.>* As might be expected consider-
ing the spatial requirements of the EG molecules, grafting of all x-
bridged aluminol groups is not feasible. The NMR experiments
provide the formula Al,Si,Os(OH);,4,(OC,H,0H)y as a rea-
sonable composition for this hybrid compound.

3.2. Distance Measurements on EG Kaolinite. Subse-
quently, the "*C- - -*’Al distance was determined in order to
unequivocally prove a direct covalent bond. This was achieved by
measuring the >C- - - *7Al distance in the *C—0O—*"Al moiety
bgr REAPDOR measurements.>> These measurements yield the

-+*’Al distance by fitting of the data with an adequate
13C -*"Al spin system and by extraction of the heteronuclear
dipolar coupling constant. Because the dipolar coupling is
strongly influenced by dynamic processes, it is necessary to
extract information about the temperature dependence of mo-
lecular dynamics of the EG molecules first. Only then the
REAPDOR experiment can be evaluated properly.

Information on the dynamics of the hybrid system was
obtained by wide-line 'H NMR and wide-line *C NMR
measurements at temperatures ranging between 134 and 430 K.
In Figure S, the 'H and C NMR spectra are displayed as a
function of the temperature (210—270 K). The full width at half-
maximum (fwhm) of the "H NMR spectra decreases with
increasing temperature, while the fwhm of the *C NMR spectra
does not change with the exception of a mobile impurity, a
minute fraction of nonbonded excess of EG.

On the basis of these static 'H measurements (Figure S, left),
the values of the second moment M, of the EG kaolinite system
were calculated according to eq 1.%7% The M, value of the 'H
nuclei in the slow-motion limit is proportional to the homo- and
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Figure 6. Second moment M, (black squares) for "H as a function of
the temperature, calculated from static 'H NMR measurements. A
polynomial curve is provided as a guide for the eyes.

heteronuclear distances Zrij_é of the nuclei (for details, see eqs S1
and S2 in the Supporting Information). Fast dynamical pro-
cesses, however, lead to an averaging of the orientation-depen-
dent dipole couplings, resulting in a narrowing of the absorption
lines and the subsequent reduction of M,.

Figure 6 shows the obtained M, values versus temperature.
The error was estimated to be 5%. The curve levels off below
200 K and above 370 K, whereas in the temperature region in
between, a negative slope is observed (Figure 6, red line). The
activation energy was calculated based on the gradient of the
slope and found to be between 3 and 8 kJ mol ', which is a quite
low activation barrier for the movement of the EG molecule in
the interlamellar space (for details, see the Supporting Informa-
tion, Figure S2). Below 200 K, the movement of the EG
molecules in the interlamellar space is slow (7 > 1 ms). There-
fore, the M, values of the protons have a constant value of 26 G>.
At 370 K, the movement of the EG molecules has become too
fast for a line-shape analysis of the wide-line "H NMR spectra
(7 < 1 us), resulting in a small but constant value M, of 6 G*.

Further interpretation of the dynamics of EG in the inter-
lamellar space requires a structural model. Unfortunately, inter-
calation compounds of kaolinite suffer from translational
disorder, and such structural models cannot be extracted from
XRD data. Thus, a rough model was deduced by applying
computational chemistry (Figure 1). Starting with the available
structure of kaolinite,"” the interlamellar space was enlarged to
meet the experimentally observed basal spacing of EG kaolinite.
Next, EG molecules were grafted to the octahedral layer, for
simplification with a topped-off density of 0.5 EG/formula unit.
Finally, while the host structure was constrained, the configura-
tion of EG was relaxed by applying the discover module®® (MS
Modeling 4.0 by Accelrys) and by applying the smart minimizer
and the augmented cvff force field>” The smart minimizer
automatically applies different minimizing algorithms (steepest
descent, conjugate gradient, and Newton method) in a cascade
fashion. On the basis of this structural model of EG kaolinite, the
theoretical M, value below 200 K was calculated by applying eqs
S1 and S2 (see the Supporting Information).>® The calculated
M, value of 30 G for the slow motion is in good agreement with
the experimental value of 26 G?, legitimizing the initial structural
model derived by computational methods.

Above 370 K (dynamically disordered state), the most prob-
able dynamical process for the EG molecules is a circular motion
within the interlamellar space. Independent of the type (large
angle jump or diffusion), the M, values can be calculated by the
generation of three additional orientations by 90° rotations of the
EG molecule around the ¢* axis. The only degree of freedom of

Figure 7. Dynamics of the EG molecules above 370 K and their spatial
arrangement in the interlayer with a possible tilting of the EG molecules
relative to ¢* (Al, turquoise; O, red; C, white; H, dark gray; Si, green).

Figure 8. (a) Close-up of the bond motif in EG kaolinite (Al, turquoise;
O, red; C, white; H, dark gray). The spin system is marked by black
dashed circles; the black arrow clarifies the dynamic in the system. (b)
Scheme of the >’Al- - - '*C spin system. The orange lines stand for the
covalent bonds, while the black dotted lines point out the distance
measured by REAPDOR.

the EG molecule is the tilt angle 0 of the C—O bond of the
grafted EG molecule with respect to ¢*. Applying egs S3 and $4°°
(see the Supporting Information) on the simulated structure
with a tilt angle of 10° (Figure 7) results in a value of 7 G’. This is
in perfect agreement with the experimental data of 6 G and
therefore indicated a circular precession or a circular jump
motion of the EG molecules within the interlamellar space
(Figure 7, right). Furthermore, the invariance of the "*C NMR
spectra as a function of the temperature (Figure S, right) also
supports a circular motion of the EG molecules around the ¢*
axis, as depicted in Figure 7 (for details, see the Supporting
Information).

The fast circular motion of the EG molecules around the ¢* axis
above 370 K renders the determination of the distance between
the bonded '*C nuclei of EG and the >’ Al nuclei of the octahedral
layer of kaolinite by straightforward REAPDOR measurements.
Only the directly bonded *C nucleus has a unique distance to
the *’Al nuclei of the kaolinite layer (Figure 8a black dashed
circles). The strength of the '>C- - -*’Al dipole interaction for
the not directly bonded CH,OH group is small because of the
circular motion and the considerably longer distances compared
to the bonded "*C- - - *”Al distances. Simulations, including this
interaction, do not show any significant influence on the behavior
of the initial REAPDOR curve (T < 2 ms). Moreover, the
homonuclear dipolar "*C—">C interaction is averaged because
the angle between of the *C—"C and the crystallographic ¢* axis
is close to the magic angle. Please note that a detailed discussion
about the choice of the three-spin system is presented in the
Supporting Information. Therefore, the bonded "*C nucleus and
the two *’Al nuclei of the kaolinite lamella build up the spin
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Figure 9. REAPDOR measurement at 370 K (v, = 12.5 kHz; XY-8*)
and simulation with the program Simpson®' (red line). The error of the
REAPDOR measurement is small, increasing from £-0.0006 (AS/S,) at
the beginning to £0.02 (AS/S,) at 2 ms. Because the size of the crosses
is already in the range of error, the error bars are not shown.

system for simulation of the achieved '*C- - -*’Al REAPDOR
measurement at 370 K (Figure 8b).

The dephasing of the "°C signal under the influence of the
13C- - -*’Al dipole interaction is shown in Figure 9 at 370 K
(black crosses), and selected original data are presented in Figure
S3 (Supporting Information). For comparison, the measurement
was also performed at room temperature (see the Supporting
Information, Figure S$4).

Simulations of the data were accomplished with the three-spin
system depicted (Figure 8) and two equal ">C- - +*’Al distances.
The number of parameters was reduced by extracting the Euler
angles 3, and 3, of the two dipole tensors between the *C and
*’Al from the structure shown in Figure 7. The opening angle
between the two dipole tensors is approximately 60°, and there-
fore f3, is accepted to be 30° and [, to be —30°. Moreover,
because of 77 being zero, the Euler angle o results in o = 0°.
Furthermore, the Euler angles y; and y, of the dipole tensors
have to be derived according to the structure and refined
iteratively. v, and 7, were determined to be 90° and —90°,
respectively. Simulation using a dipolar coupling constant of
240 Hz (Figure 9, solid line) was in excellent agreement with the
measurement. A coupling constant of 240 Hz resultsina *C - - - *Al
distance of 3.2 A. The consideration of a weaker *C- - +*’Al dipolar
coupling results in an uncertainty of 10% for the AS/Sy values.
Consequently, the error of the bond length is about 0.1 A.

As was previously mentioned, the C—O bond between the
rotating EG and the kaolinite lamellae is not parallel to ¢* but
slightly tilted (Figure 7, right). Consequently, the °C nucleus
precesses on a cone, and the dipole coupling between the *”Al
nuclei and the '*C nucleus is reduced. Therefore, the calculated
distances tend to be overestimated compared to reality. The
value of 3.2 A can thus be understood as the upper limit for the
distance between the "*C of the bonded EG and the *’Al of the
kaolinite lamella. On the basis of the tilt angle 6 of 10° as
determined from the 'H line-shape analysis, the distance is
reduced to 3.1 A.

Using literature values'”” of 1.9 A for the Al—O bond and
1.43 A for the O—C bond, respectively, and a bond angle of 124°
(Al-O—C), the *>C- - -*’Al distance for covalently grafted EG
is expected to be approximately 3 A. Hence, the experimental
distance of 3.1 A is in very good agreement with this estimated
3C- - -*’ Al distance. For comparison, typical nonbonding Al—C
distances, as determined by single-crystal structure refinement
for an organometallic complex ((‘Bu);Al[OC(OPh),]) with a

similar Al-O—C geometry® as in the proposed EG kaolinite
system, are 2.9 A.

The distance for covalently grafted EG is significantly shorter
than those found in ordinary “physical intercalates”. For instance,
in DMSO kaolinite the shortest distance between the *C nuclei
of DMSO and the *’Al nuclei of kaolinite is reported to be larger
than 4.2 A.*° This comparison underlines that a distance of 3.1 A
between the *C nucleus of the EG molecule and the *’Al nuclei
of kaolinite can only be realized by a covalent bond.

4. CONCLUSION

All NMR data presented in this paper clearly show that
kaolinite is grafted covalently by EG. The *’Al MQMAS mea-
surements demonstrated that the chemical environment of 60%
of the *’Al atoms in the octahedra differ significantly from
pristine kaolinite and other ordinary intercalates like DMSO
kaolinite. At temperatures above 370 K, the EG molecules
precess quickly in the interlamellar space. The C—O bond of
the EG molecule is tilted by 10° with respect to the ¢* axis.
Moreover, the distance between the bonded *C nucleus of the
EG molecule and the *’Al nuclei of the kaolinite layer was
determined by REAPDOR measurements to be 3.1 A.

However, the relevance of this result extends far beyond the
actual implications for the model compound kaolinite itself. If u-
aluminol groups may be covalently grafted by etherification using
diols, it would be expected that u-hydroxyl groups are reactive
enough to allow surface modification in general. Because u-
hydroxyl groups are frequently encountered capping groups on
external surfaces of various minerals including all aluminum
oxides and hydroxides as well as iron oxides and hydroxides (e.g,
lepidocrocite), covalent grafting to this functional group would
therefore offer a versatile and attractive approach to surface
modification of all of these materials when used as fillers in
composite materials.
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