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OF KAOLINITE INTERCALATES 
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Abstract-l3C and 29Si nuclear magnetic resonance spectroscopy with magic-angle spinning bas been used 
to study the short-range ordering and bonding in the structures of intercalates ofkaolinite with formamide, 
hydrazine, dimethyl sulfoxide (DMSO), and pyridine-N-oxide (PNO). The 29Si chemical shift indicated 
decreasing levels of bonding interaction between the silicate layer and the intercalate in the order: kaolinite: 
formamide (0 = -91.9, ppm relative to tetramethylsilane), kaolinite:hydrazine (-92.0), kaolinite:DMSO 
(-93.1). The 29Si signal of the kaolinite:PNO intercalate (-92.1) was unexpectedly deshielded, possibly 
due to the aromatic nature of PNO. The degree of three-dimensional ordering of the structures was 
inferred from the 29Si signal width, with the kaolinite:DMSO intercalate displaying the greatest ordering 
and kaolinite: hydrazine the least. l3C resonances of intercalating organic molecules were shifted downfield 
by as much as 3 ppm in response to increased hydrogen bonding after intercalation, and in the kaolinite: 
DMSO intercalate the two methyl-carbon chemical environments were non-equivalent (0 = 43.7 and 
42.5). 

Key Words-Dimethylsulfoxide, Formamide, Hydrazine, Intercalate, Nuclear magnetic resonance, 
Ordering, Pyridine-N-oxide. 

INTRODUCTION 

Solid-state 29Si magic-angle spinning nuclear mag
netic resonance (MAS/NMR) spectroscopy has proven 
to be sensitive to the short range ordering of minerals. 
In particular, the 29Si chemical shift in synthetic and 
natural silicates and aluminosilicates is sensitive to: (1) 
the chemical nature of the atoms directly attached to 
oxygens of the silicate tetrahedra, also described as the 
second coordination sphere of silicon (Lippmaa et al., 
1980; Magi et al., 1981); (2) interatomic distances 
(Smith and Blackwell, 1983; Higgins and Woessner, 
1982) and angles (Smith and Blackwell, 1982); and (3) 
hydrogen bond strength (Thompson, 1984b). Solid state 
l3C MAS/NMR, however, has not provided signifi
cantly more information than was available from so
lution studies, though a chemical shift non-equivalence 
not observable in solution has commonly been ob
served in the solid (Wasylishen and Fyfe, 1982). 

In this present work the above two techniques have 
been combined to investigate further the structures of 
and bonding in a selection of well-documented kaolin
ite intercalates: kao1inite:formamide (Adams et al., 
1976; Ledoux and White, 1966), kaolinite: dimethyl 
sulfoxide (DMSO) (Jacobs and Sterckx, 1970; Olejnik 
et aI., 1968; Sanchez and Gonzalez, 1970), kaolinite: 
pyridine-N-oxide (PNO) (Olejnik et aI., 1971; Weiss 
and Orth, 1973), and kaolinite:hydrazine (Weiss et al., 
1963; Ledoux and White, 1966). Solid-state l3C and 
29Si MAS/NMR spectroscopy should provide comple
mentary information to the infrared spectroscopic data 
and to the one- and three-dimensional structural data 

already obtained. Conversely, the infrared and struc
tural data should be indispensable in the interpretation 
of the NMR data. 

EXPERIMENTAL 

The material chosen for intercalation was kaolinite 
#4, Oneal pit, Macon, Georgia, supplied by Ward's 
Natural Science Establishment, Rochester, New York. 
It was chosen for its low iron content «0.5% as Fe20 3), 

and narrow 29Si NMR resonance (signal width at half 
height (~II'1') = 83 Hz). This kaolinite is relatively poorly 
crystallized, with a Hinckley crystallinity index of 0.43 
(Hinckley, 1963), and was found to intercalate more 
readily than well-crystallized kaolinites. The measured 
cation-exchange capacity (CEC) is 11.2 meq/l 00 g of 
kaolinite. The only contaminating phase present is about 
5% smectite (d = 14.8 A). 

The intercalates with formamide (kaolinite:form
amide), DMSO (kaolinite: DMSO), and hydrazine (ka
olinite:hydrazine) were prepared by immersing the clay 
in the pure reagent (lab. grade) at 60°C for 2 weeks, 1 
week, and 24 hr, respectively. The first two products 
were subsequently dried at 60°C for 48 hr and then left 
to stand for several weeks. The hydrazine intercalate, 
due to its instability in air, was prepared and dried 
immediately prior to analysis. The intercalate with PNO 
(kaolinite: PNO) was prepared by entrainment with hy
drazine; i.e., kaolinite: hydrazine was saturated in liq
uid PNO at 70°C for 24 hr, and dried at 100DC for 24 
hr to evaporate the hydrazine. The excess PNO was 
removed by rapid washing with chloroform. 
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Figure 1. 29Si CP/MAS NMR spectra of (a) untreated Geor
gia kaolinite, (b) kaolinite:fonnamide, (cl kaolinite:hydrazine, 
(d) kaolinite: DMSO, and (e) kaolinite: PNO intercalates. 
Spectra were obtained at 59.61 MHz on a Bruker CXP-300 
spectrometer using 'H and 29Si r.f. fields of 10 and 50 G, 
respectively. Samples were packed in Delrin rotors and spun 
at 3-4 kHz. The spectra (b)-(e) display minor contributions 
from unexpanded kaolinite at (, = -91.5 . 

The process ofintercalation was monitored by X-ray 
powder diffraction (XRD) analysis with a Rigaku hor
izontal, wide-angle goniometer diffi-actometer (model 
No. CN2155DS) using Mn-filtered FeKa radiation. In
tercalation of the kaolinite was greater than 90% for 
all compounds, with each kaolinite intercalate dis
playing a residual 7.17 -A reflection in the XRD pat
tern. The basal reflections for the four intercalates were: 
kaolinite: formamide 10.1 A, kaolinite: hydrazine 10.4 
A, kaolinite:DMSO 11.2 A, kaolinite:PNO 12.6 A. 
The level of intercalation and magnitude of the basal 
spacing for each of the four intercalates are in good 
agreement with the results of the authors mentioned 
above. 

Solid state NMR spectra were collected on a Bruker 
CXP-300 NMR spectrometer at the Brisbane NMR 
Centre, Griffith University, Queensland. 29Si spectra 

Table I . 29Si NMR chemical shifts and signal widths at half 
height (~vv,). 

Georgia kaolinite 
Kaolinite : formamide intercalate 
Kaolinite: hydrazine intercalate 
Kaolinite : DMSO intercalate 
Kaolinite : PNO intercalate 

Chemical shift 
(ppm relalive 

10 TMS) dv" (Hz) 

-91.5 
-9\.9 
- 92.0 
-93.1 
-92.1 

83 
50 
71 
43 
55 

were obtained at 59.61 MHz. Cross-polarization with 
magic-angle spinning (CP/MAS) was used with r.f. fields 
for 'H and 29Si of 10 and 50 kHz, respectively. Ap
proximately 200 free induction decays (f.i.d.) were col
lected with an experimental repeat time of 10 sec. For 
the I3C spectra, obtained at 75.46 MHz, both CP/MAS 
and dipolar 'H decoupling (DOlMAS) were employed. 
The CP/ MAS experiments were performed with r.f. 
fields for 'H and l3C of 12.5 and 50 G, respectively. 
In each experiment between 150 and 350 f.i.d.s were 
collected with a repeat time of 2 sec for CP/MAS and 
5 sec for DOl MAS. The l3C solution spectra were ob
tained at 15.0 MHz on a JEOL JNM FX60Q NMR 
spectrometer with 'H decoupling. 

RESULTS 

The 29Si NMR spectra of the four kaolinite inter
calates are displayed in Figure I together with the cor
responding spectrum of the untreated Georgia kaolin
ite. Kaolinite exhibits two 29Si resonances (Barron et 
al., 1983b) which have been explained by either dif
ferences in hydrogen bond interactions or by differ
ences in Si-AI distances (Thompson, 1984a). The latter 
explanation was supported by the recent refinement of 
the kaolinite structure by Suitch and Young (1983). 
The coeval refinement by Adams (1983), however, ar
rived at a different result using another kaolinite and 
favored neither of the above explanations. The 29Si 
spectra of the kaolinite intercalates all exhibit a single 
resonance. The chemical shift of the 29Si resonances 
relative to tetramethylsilane (TMS) for each of the in
tercalates is listed in Table 1 together with the width 
at half height of each signal (Llv,;,) in Hz. The degeneracy 
of the silicon environments by expansion of the ka
olinite structure further suggests that Si-AI interactions 
between the layers is the principal cause of silicon site 
differentiation. 

The '3C NMR spectra of the three kaolinite:organic 
intercalates are shown in Figures 2-4; both the cross
polarized (CP/MAS) and dipolar 'H decoupled (001 
MAS) spectra are presented. Under the experimental 
conditions described above, the l3C resonances of the 
intercalated organic molecules were enhanced in the 
CP/ MAS spectra, whereas the DOl MAS spectra al
lowed all of the resonances to be observed, particularly 
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Figure 2. nc DD/MAS and CP/MAS spectra of the kaolin
ite: fonnamide intercalate. The former displays a strong res
onance at" = 166.7 due to adsorbed formamide, with a shoul
der at 0 = 164.8 resulting from residual liquid formamide. In 
the latter, the strong resonance at 0 = 168.2 is due to inter
calated formamide, with lesser contributions from the ad
sorbed and liquid fonnamide. 

those due to adsorbed and excess (more mobile) or
ganic molecules. 

The kaolinite: formamide intercalate displays three 
resonances (Figure 2). The resonance at a = 164.8 (rel
ative to TMS) is due to excess formamide and corre
sponds to a literature value ofo = 164.9 (Stothers, 1972). 
The resonance at {j = 166.7, which dominates the DOl 
MAS spectrum, is due to formamide adsorbed via the 
amine functional group. The resonance dominating the 
CP/MAS spectrum at 0 = 168.2 is that of the inter
calating formamide bonded at each end. Broadening 
of this 13C resonance is likely due to 14N quadrupolar 
coupling, as described by Hexem et al. (1981). 

The spectrum of the kaolinite: DMSO intercalate 
similarly displays three resonances. The resonance at 
{j = 40.3, more intense in the DD/MAS spectrum, is 
due to excess DMSO and corresponds within experi
mental error with the literature value of 0 = 40.4 
(Stothers, 1972). The resonances at 0 = 43.7 and 42.5 

so 
I 

o (1 3C) ppm 

CPIMAS 

DOlMAS 

Figure 3. DC DD/MAS and CP/MAS spectra of the kaolin
ite: DMSO intercalate. Both spectra display resonances at {j = 

43.7 and 42.5 due to nonequivalent methyl carbon chemical 
environments. The signal due to residual DMSO at 0 = 40.3 
is enhanced in the DD/MAS spectrum. 

of almost equal intensity are those of the intercalating 
DMSO. 

The \lC CP/ MAS spectrum of the kaolinite: PNO 
intercalate displays strong resonances at a = 137.4 and 
128.2, together with several weaker signals. With ref
erence to solution DC NMR data for PNO (An et and 
Yavari, 1976), the strong signals are assigned to the 
a- and {1-carbons, respectively, in the kaolinite:PNO 
intercalate. The DD/MAS spectrum ofkaolinite: PNO, 
displaying signal pairs at 15= 139.4 and 137.6, and 0 = 
127.1 and 125.6, is almost identical to the DD/MAS 
spectrum of pure, solid PNO (not shown) suggesting 
that this spectrum is completely dominated by residual 
PNO carbon resonances. 
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Figure 4. l3C DD/MAS and CP/MAS spectra of the kaolin
he : PNO intercalate. In the CP/MAS spectrum the resonances 
at 0 = 13.74 and 128.2 are assigned to the a- and ~-carbons 
of kaolinite :PNO, respectively. The DD/MAS spectrum is 
completely dominated by residual PNO carbon resonances 
with signal pairs at <5 = 139.4 and 137.6, and 0 = 127.1 and 
125.6. 

DISCUSSION 

Kaolinite :/ormamide intercalate 

In the 29Si spectrum of the kaolinite: formamide in
tercalate (Figure 1), the strong signal at 0 = -91.9 is 
due to the intercalate with a down field shoulder at 0 = 

-91.5 from residual Georgia kaolinite. The added 
shielding is interpreted as a weakening of the hydrogen 
bond interaction with the tetrahedral layer and there
fore a lessening of the electron-withdrawing effect on 
the tetrahedrally coordinated silicon atoms. Similar 

effects have been observed in alkylammonium-smec
tite complexes (Thompson, 1984b). 

Structural studies on kaolinite:formamide (Adams 
et al., 1976) and dickite:formamide intercalates (Adams 
and Jefferson, 1976) suggested the existence of only 
one hydrogen bond per formamide molecule with the 
adjacent tetrahedral silicate layer. The recently refined 
structure of kaolinite (Suitch and Young, 1983) indi
cated that all of the inner-surface hydroxyls appear to 
bond to the adjacent layer. This decrease in the number 
of hydrogen bonds upon intercalation with formamide 
is a plausible explanation of the observed added shield
ing. Alternatively, the difference in nuclear shielding 
of 29Si can be explained in terms of the relative elec
tronegativities of oxygen and nitrogen, the O-H ... 0 
hydrogen bond being stronger than the N-H . .. 0 bond. 
Similar weak N-H ... 0 hydrogen bonds have been 
observed in primary alkylammonium-vermiculite 
complexes (Laby and Walker, 1970). 

The observed DC spectra of the kaolinite: formam
ide intercalate and the other organic intercalates are 
most easily interpreted by comparison with the shifts 
of the organic compounds observed in dilute solution 
of deuterated solvents, typically chloroform. Difficul
ties arise, however, when trying to compare these spec
tra with the chemical shifts observed in the pure or
ganic compound. These difficulties are not surprising 
considering that factors influencing 13C chemical shifts 
are at best only qualitatively understood (Wehrli and 
Wirthlin, 1978). 

Infrared studies of the kaolinite : formamide inter
calate (Ledoux and White, 1966) demonstrated a net 
increase in hydrogen bond participation by formamide 
on intercalation relative to dilute formamide in chlo
roform. In the present study a de shielding of the DC 
resonance at 0 = 168.2 was observed compared with 
0= 165.6 for dilute formamide in deuterated chloro
form. The downfield shift due to increased hydrogen 
bonding for the carbonyl carbon in formamide agrees 
well with recent work on hydroxybenzaldehydes (Im
ashiro et aI. , 1983). Taken alone, this evidence suggests 
a direct relationship between I3C deshielding and hy
drogen bond strength; however, consideration of the 
DC resonance in pure formamide indicates otherwise. 
Infrared data (Ledoux and White, 1966) have shown 
that the hydrogen bonds in pure formamide are sig
nificantly stronger than in the kaolinite: formamide in
tercalate. Contrary to the relationship implied above, 
the DC resonance in pure formamide is not further 
de shielded but occurs upfield by 3.3 ppm (0 = 164.9). 

Clearly, no simple relationship applying to all sys
tems exists between DC NMR resonance and the level 
of hydrogen bonding. Some justification exists, how
ever, for inferring such a relationship between the car
bony113C resonance of dilute formamide in chloroform 
and that of the kaolinite: formamide intercalate. Ob
viously in pure formamide very significant amide-res-
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onance effects are present which are reflected in the 
differences in formamide bond lengths observed be
tween the solid (Ladell and Post, 1954) and the dickite 
intercalate (Adams and lefferson, 1976). 

Kaolinite: hydrazine intercalate 

The 29Si spectrum of the kaolinite: hydrazine inter
calate displayed a single resonance at 0 = - 92.0 (Figure 
1) which is significantly broader (.:lv,,, = 71 Hz) (Table 
1) than those of the kaolinite: formamide (f1V'h = 50 
Hz), kaolinite: DMSO (f1V v, = 43 Hz), and kaolinite: 
PNO intercalates (&," = 55 Hz). The 29Si chemical shift 
was not significantly different from that of the kaolin
ite:formamide intercalate, suggesting similar N-H ... 
o hydrogen bonding interactions. The increased signal 
width, however, probably corresponded to a greater 
variation in the chemical environment of the silicon 
nuclei. This greater variation is interpreted as a de
crease in three-dimensional ordering of this intercalate 
compared with the kaolinite: formamide intercalate. 
Such an interpretation is consistent with the one-di
mensional Fourier projections of the two intercalates 
obtained by Weiss et al. (1963), which indicated a dou
ble layer of oriented hydrazine molecules. Also, the 
greater mobility of the small hydrazine molecules in 
the kaolinite:hydrazine intercalate would contribute 
to a decrease in ordering. 

Kaolinite : DMSO intercalate 

The 29Si spectrum of the kaolinite: DMSO interca
late displayed a narrow (f1vv, = 43 Hz) resonance at 0 = 

-93.1. The narrowness of this resonance suggests a 
high degree of equivalence of the silicon chemical en
vironments, which is consistent with three-dimen
sional ordering within the structure. The observed 
chemical shift of the kaolinite: DMSO 29Si resonance 
was identical to that ofhalloysite at 0 = -93.1 (Magi 
et al., 1981), though significantly deshielded relative 
to pyrophyllite at 0 = -95.0 (Magi et al. , 1981). In 
pyrophyllite only relatively weak ionic and van der 
Waals interactions (Giese, 1975) are present, whereas 
in halloysite, interlayer water hydrogen bonds to the 
tetrahedral silicate layers (Hendricks and Jefferson, 
1938) and results in a deshielding of the 29Si resonance. 
The 29Si chemical shift observed in the kaolinite:DMSO 
intercalate supports the existence of a bonding (elec
tron-withdrawing) interaction stronger than van der 
Waals forces alone as suggested by Adams (1978). Such 
bonding interaction would be between the sulfur and 
the oxygens of the tetrahedral silicate layer, as the ex
istence ofC-H ... 0 hydrogen bonds is not supported 
(see Tensmeyer et aI. , 1960). Orientation ofthe DMSO 
molecule with the sulfur-oxygen bond approximately 
normal to the ab plane, as proposed by Adams (1978) 
and Jacobs and Sterckx (1970), provides optimum sul
fur-oxygen distances, although this orientation results 

in the methyl groups being unacceptably near to the 
silicate layer. 

The \3C spectra of kaolinite : DMSO (Figure 3) dis
played a free DMSO resonance at 0 = 40.3 and two 
methyl resonances, of almost equal intensity, from in
tercalated DMSO deshielded by 3.4 and 2.2 ppm. The 
deshielding of the l3C nuclei paralleled the observa
tions for the kaolinite : formamide intercalate. The two 
equally intense methyl carbon resonances at 0 = 43.7 
and 42.5 were due to nonequivalent chemical envi
ronments. In the liquid state the two methyl carbons 
are chemically equivalent. Additionally, a solid state 
l3C NMR study by Pines et al. (1972) did not discern 
inequivalence in nuclear shielding of the two methyl 
carbons, though more recent IH NMR lineshape stud
ies have detected methyl group inequivalence in the 
solid state (Ripmeester, 1981). It is likely that when 
DMSO is complexed with kaolinite the two methyl 
groups are held in chemically nonequivalent positions, 
paralleling the explanation of the two 29Si resonances 
observed for untreated kaolinite (Thompson, 1984a). 
Alternatively, in the solid state, the two methyl carbons 
are nonequivalent due to a difference in C-S bond 
lengths as in solid DMSO (0.05 A) (Thomas et aI., 
1966). Either way, the absence of the symmetric v(CS) 
vibration (Olejnik et al., 1968) in the infrared spectrum 
of the intercalate can be interpreted as having resulted 
from a lowering of the DMSO symmetry after inter
calation. 

The interpretation of the OH-stretching bands in 
kaolinite and its intercalates is often a matter of con
jecture. For the kaolinite: DMSO intercalate, however, 
the formation of the uncharacteristically sharp peaks 
at 3658, 3535, and 3499 cm- 1 (Olejnik et al., 1968) 
suggests the formation of relatively strong and regular 
hydrogen bonds between the inner-surface hydroxyls 
and the sulfonyl oxygen. The relationship between 
v(OH)-stretching frequency and O-H ... 0 bond length 
in solids described by Nakamoto et al. (1955) confirms 
that a shift to lower frequency correlates well with 
an overall shortening and thus strengthening of the 
O-H ... 0 hydrogen bonds. 

The 13C resonances of the kaolinite : DMSO inter
calate (0 = 43.7 and 42.5) were deshielded relative to 
both dilute DMSO in deuterated chloroform (0 = 41.0) 
and pure DMSO (0 = 40.4). Increased electron with
drawal on the methyl carbons due to an increase in 
hydrogen bonding by the sulfonyl oxygen accounts for 
the observed deshielding, although the infrared evi
dence (Olejnik et al., 1968) does not support this pro
posed explanation. Jacobs and Sterckx (1970), how
ever, interpreted their v(SO) data as indicating the 
formation of such strong hydrogen bonds in the ka
olinite: DMSO intercalate. 

Overall, the narrowness of the 29Si NMR single res
onance, the apparent resolution of the two methyl 
chemical environments by l3C NMR, and the forma-
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tion of significant hydrogen bonds between the inner
surface hydroxyls and the sulfonyl oxygen suggests a 
high degree of short-range ordering in the kaolinite: 
DMSO intercalate. That the kaolinite:DMSO inter
calate is a highly ordered structure is further supported 
by the presence of strong, well-resolved, non-basal re
flections in the XRD powder pattern obtained in this 
study, in agreement with the results of Jacobs and 
Sterckx (1970). 

Kaolinite:PNO intercalate 

The 29Si spectrum ofkaolinite: PNO displayed a sin
gle resonance at 0 = -92.1 (~v';' = 55 Hz). Assuming 
that the 29Si signal width is an indication of three
dimensional ordering, as discussed above, a value of 
55 Hz suggests that the kaolinite:PNO intercalate has 
less ordering than the kaolinite: DMSO intercalate, but 
more than the kaolinite:hydrazine intercalate. From 
previous considerations ofthe effect of hydrogen bond 
interaction on the 29Si chemical shift, the observed shift 
at 0 = -92.1 indicates that PNO is equally strongly 
hydrogen bonded to the adjacent silicate layer as are 
both hydrazine and formamide. On this basis the struc
ture ofkaolinite: PNO (Weiss and Orth, 1973) requires 
the formation of C-H ... 0 hydrogen bonds. As dis
cussed for the kaolinite: DMSO intercalate, the exis
tence of C-H ... 0 hydrogen bonds is not acceptable, 
and a significantly more shielded 29Si resonance should 
be expected than was actually observed. The anoma
lously deshielded 29Si resonance may be explained by 
considering the aromatic nature of PNO. The mag
netically anisotropic aromatic ring de shields nuclei in 
the plane of the ring. Although the PNO rings are not 
strictly normal to the kaolinite layer (Weiss and Orth, 
1973), they are sufficiently close to cause some de
shielding of the neigh boring silicon nuclei. A semi
quantitative estimate of the amount of deshielding ex
perienced by the silicon nucleus can be derived from 
calculations by J ohnson and Bovey (1958) for aromatic 
hydrocarbons. Assuming a distance of 4-5 A between 
the center of the PNO ring and an adjacent silicon 
nucleus near to the plane of that ring (Weiss and Orth, 
1973), the expected deshielding (-0.3 ppm) would be 
of the rig!:lt order of magnitude to account for a sig
nificant part of the anomalous deshielding. 

The 13C spectra of the kaolinite: PNO intercalate 
(Figure 4) ,are more difficult to interpret. As it was not 
possible to collect a CP IMAS l3C spectrum of pure 
PNO, the signals observed in the CP/MAS spectrum 
for kaolinite: PNO must have been almost entirely due 
to intercalated PNO. The chemical shift of the /3-car
bon in the kaolinite:PNO intercalate (0 = 128.2) is 
comparable to that of the /3-carbon of PNO in ethanol 
(0 = 127.9)(see Anet and Yavari, 1976), a mildly polar 
solvent. The a-carbon in the kaolinite: PNO interca
late, however, was unexpectedly shielded by > 1.5 ppm 
relative to the a-carbon ofPNO in solutions of wide-

ranging polarity and acidity. Other effects such as steric 
interactions and neighbor group anisotropy would pre
dominate at the ortho-carbon (a) (Wehrli and Wirthlin, 
1978). 

The non -observance of a distinct 'Y-carbon resonance 
is not surprising in view of the results of solution stud
ies. Depending on the solvent properties, the 'Y-carbon 
of PNO in solution resonated in the range 0 = 123.2 
to 145.5. Minor variation in the hydrogen bonding 
between the kaolinite inner-surface hydroxyls and the 
PNO oxygen would result in modulation of the me
someric effect, and consequently variation in the de
shielding at the 'Y-carbon. It is possible that the 'Y-car
bon contributed to the weak signals which appeared in 
the CP/MAS spectrum as shoulders at 0 = 133 and 
139. 

Overall, the l3C spectra of the kaolinite:PNO inter
calate confirm the formation of relatively strong hy
drogen bonds between the kaolinite inner-surface hy
droxyls and the PNO oxygen. The absence of a single, 
clearly resolved 'Y-carbon resonance in the l3C CPI 
MAS spectrum correlates with the peak width of the 
29Si signal in that a high degree of three-dimensional 
ordering is lacking in the kaolinite:PNO crystal struc
ture. 

Extent of intercalation 

From a cursory examination of the present results, 
29Si NMR spectroscopy appears to provide a more re
liable indication ofthe extent of intercalation than does 
a consideration of the relative intensities of the d(OOI) 
XRD reflections. The latter technique relies on the 
presence of long-range ordering, whereas NMR does 
not. For example, the XRD pattern of the kaolinite: 
DMSO intercalate, after correcting for structure factor 
differences and the Lorentz factor, indicates that the 
intercalation had proceeded to 2::95% completion, 
whereas the 29Si CP/MAS spectrum of the same sample 
demonstrates that 90-92% would have been a more 
reliable estimate. Similar lack of agreement between 
NMR and XRD data was observed for the other in
tercalates as well. In order that the 29Si CP/MAS data 
be quantitative, the 29Si_H internuclear distances and 
rates of relaxation for 29Si must be the same for each 
sample (Barron et al., 1983a). 

It is reasonable to assume that the rates of relaxation 
are the same, because in each case the aluminosilicate 
structure and composition are the same. The experi
mental results, however, suggest that the 29Si_lH in
ternuclear distances are not the same. Inasmuch as 29Si 
in kaolinite:hydrazine appeared to cross-polarize much 
less efficiently (cf. signal-to-noise in Figure 1) than in 
the other intercalates protons from the intercalating 
compound must have been involved in cross-polari
zation. The 29Si NMR results in this study demonstrate 
that significant differences in 29Si_lH internuclear dis
tances must exist between the tetrahedrally coordinat-
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ed silicon and protons from the intercalating com
pound. Therefore, a conclusion that the 29Si CP/MAS 
spectra (sensitive to short-range ordering) of kaolinite 
intercalates provides a more reliable indication of the 
level of intercalation than XRD (sensitive to long-range 
ordering) is not justified. Nevertheless, the results ob
tained are consistent within the respective scope of 
each technique. 

CONCLUSIONS 

Solid-state 29Si and I3C NMR analyses of the four 
kaolinite intercalates could not be predicted from pre
vious infrared or XRD investigations. This is not sur
prising given the different analytical capability of high
resolution MASINMR of solids, namely, sensitivity to 
the averaged chemical and magnetic environment of 
the subject nucleus. 

Although unequivocal interpretations were not al
ways possible the following conclusions can be made: 

(1) Using 29Si NMR it was possible to observe the 
level of bonding interaction between the silicate layer 
and the intercalate; however, it was necessary to con
sider influences not relating to bonding (e.g. , neigh
boring-group anisotropy). 

(2) The width of the 29Si resonances (Av.J showed 
the level of three-dimensional, short-range ordering in 
the kaolinite intercalate. 

(3) I3C NMR in kaolinite:organic intercalates was 
generally difficult to interpret. Upon intercalation, or
ganic molecules were susceptible to changes in bond 
length and angle. These changes were not a problem 
for 29Si because distortion of the aluminosilicate struc
ture after intercalation was not evident. These and oth
er influences (Wehrli and Wirthlin, 1978) made inter
pretation of the l3C spectra more difficult. 

(4) l3C chemical shifts appeared to be compatible 
with changes in hydrogen bond participation that can 
be inferred from infrared studies. Detail was obtainable 
regarding redistribution of electron density in the ka
olinite: PNO intercalate and the non-equivalence of 
methyl-carbon chemical environments in the kaolin
ite:DMSO intercalate. 
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Pe3IOMe-CneKTpOCKOITlUI K,lIepHOrO MarHeTI!.'leCKOfO pe30HaHca DC H "Si HCnOJIb30BaJlaCb ,!\JI5I HCCJIe
,lIOBaHHK KOpoTKO,lleRcTBylO~ero ynop5I,lIOTfeHHH H CBK3H B CTpyKType npOCJIOeK KaOJIHHHTa c ct>OPMaMH,lIOM, 
fll,llpa3HHOM, ,lIHMeTHJIOBOR cepOOKHCblO CUMCO) H nHpH,lIHHO-N-OKHCblO (lINO). XHMHTfeCKHii: C.!!.BHf 29Si 
YKa3bIBaJl Ha yMeHbIllalO~HeC5I ypOBHH B3aHMO,lleRCTBH5I CBH3H MelK,l\y CHJIHKaTHblMH CJIOHMH H BKJIIOTfae
MhIM BemecTBoM B nOp5I,lIKe: KaOJIHHHT:4>opMaMH,lI (0 = -91,9, TfaCTeii: Ha MHJIJIHOH no OTHOIlleHHIO K 
TeTpaMeTHJICllJlaHY), KaOJIHHHT: fll,llpa3HH (- 92,0), KaOJIHHHT: ,UMCO (-93,1). CHfHaJl "Si npOCJIORKll 
KaOJIHHHT: IlNO (- 92, 1) OKa3aJICH HeOlKll,llaHHO He 3aIUHmeHHbIM, Bep05ITHO, B pe3YJIbTaTe apOMaTllTfeCKOR 
npHpO,llbl IlNO. CTeneHb npOCTpaHCTBeHHoro ynopK,lIOTfeHHK CTPYKTYP 6bIJIa o6HapYlKeHa npll nOMO~ll 
IllHpHHbI CHrHaJla "Si. IlpocJIoRKa KaOJIllHHT: ,UMCO llMeJIa HaH60JIhIllee ynopK,lIOTfeHHe, a KaOJlHHHT: 
fH,lIpa3HH-HaHMeHbIllee. Pe30HaHCbI I3C BKJIIOTfaeMbIX OpraHH'leCKHX MOJleKYJl nepeMemaJlHCb BH1l3 Ha 
BeJIHTfHHY nOp5I,lIKa 3 TfaCTeH Ha MHJIJIHOH B pe3YJlhTaTe yaeml'H1BalOmeHCl! BO,llOP0,lUlOH CBH311 nOCJIe npo
CJlaHBaHH5I. B CJIyqae npOCJlOHKH KaOJIHHHT: ,UMCO, .!!.Be XHMHlieCKHe rpynnbl MeTIfJI-YfJIepo,ll 6bIJIH He
PllBHOBeCHhI (0 = 43,7 l!. 42,5). [E.G.] 

Resiimee-DC und 29Si nuklearmagnetische Resonanzspektroskopie mit "Magic-angle Spinning" wurde 
verwendet, urn die Nahordnung und die Bindung in den Strukturen von WechseUagerungen von Kaolinit 
mit Formamid, Hydrazin, Dimethylsulfoxid (DMSO), und Pyridin-N-Oxid (PNO) zu undersuchen. Die 
chemische Verschiebung von 29 Si deutete aufabnehmende Niveaus der Bindungswechselwirkung zwi
schen der Silikatschicht und der Einlagerung hin, in der Reihenfolge: Kaolinit:Formamid (0 = -91,9, 
ppm in Vergleich zu Tetramethylsilan), Kaolinit:Hydrazin (-92,0), Kaolinit:DMSO (-93,1). Das 29Si_ 
Signal der Kaolinit:PNO-Wechsellagerung (-92,1) war unerwartet wenig abgeschirmt, wahrscheinlich 
aufgrund def aromatischen Natur von PNO. Der Grad der dreidimensionalen Ordnung der Strukturen 
wurde aus der Breite des 29Si-Signals abgeleitet, wobei die Kaolinit: DMSO-Wechsellagerung den hochsten 
Ordnungsgrad und die Kaolinit:Hydrazin-Wechsellagerung den niedrigsten zeigte. Die 13C-Resonanzen 
der eingelagerten organischen Molekiile wurden bis zu 3 ppm nach geringerer magnetischer Feldstiirke 
verschoben als Auswirkung einer zunehmenden Wasserstoffbindung nach der Einlagerung, und in der 
Kaolinit:DMSO-Wechsellagerung waren die zwei chemischen Methyl-Kohlenstoff-Milieus nicht gleich 
(0 = 43,7 und 42,5). [U.W.] 

Resume-La spectroscopie de resonance magnetique nucleaire de 13C et de 29Si avec spin d'angle magique 
a ete utilisee pour etudier l'ordre it court terme et les liaisons dans les structures d'intercalates de kaolinite 
avec la formamide, I'hydrazine, la sulphoxide dimethyle (DMSO), et l'oxide-N-pyridine (PNO). Le de
placement chimique de 29Si a indique des niveaux decroissants d'interaction de liaisons entre la couche 
silicate et l'intercalate dans l'ordre: kaolinite: formamide (0 = -91,9, ppm relatives it la tetramethylsilane), 
kaolinite: hydrazine (- 92,0), kaolinite: DMSO (-93,1). Le signal 29Si de kaolinite: hydrazine (- 92, I) etait 
decouvert de maniere inattendue, possiblement it cause de la nature aromatique de PNO. Le degre d'ordre 
it trois dimensions des structures a ete infere it partir de la largeur du signal 29Si, avec l'intercalate kaolinite: 
DMSO montrant le plus grand ordre et la kaolinite:hydrazine, le plus petit. Les resonances I3C de 
molecules organiques intercalantes etaient deplacecs vers le bas du champ par autant que 3 ppm en 
reponse a une liaison d'hydrogene augmentee apres !'intercalation, et dans I'intercalate kaolinite: DMSO, 
les deux environements chimiques methyl-carbone etaient non-equivalents (0 = 43,7 et 42,5). [D.J.] 
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