J. Phys. Chem. R004,108,717—720 717

ARTICLES
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A layered clay mineral, tetrasilicicfluormica intercalated with spherical, planar, and rodlike alkylammonium
ions, was prepared. Two-dimensional dynamic properties of intercalated ions were investigated by solid-state
H and?H NMR and electrical conductivity measurements. From these measurements, all intercalation
compounds were revealed to show two-dimensional (2-D) cationic self-diffusion between mica layers. The
2-D self-diffusion could be characterized by comparing shapes of intercalated ions and their occupancies in
the interlayer space. The activation energies for the 2-D self-diffusion in the present intercalation compounds
were found to be smaller than those for three-dimensional cationic diffusion in bulk crystals.

1. Introduction (@) (©)

Inorganic-organic nanocomposites have recently attracted
attention owing to many applications to a wide range in material v § e
science, such as dielectric layers, rheological reagents, re- . : 4
inforced plastics, and catalysis. The prominent functions of =
nanocomposites are closely connected to low-dimensional
structures, specific orientations, and dynamic properties of (b)
intercalated organic cations.

Cationic arrangements in the interlayer space have been
studied and shown to depend on the cation exchange capacity &+ &0
(CEC) of the clay. In tetrasilicicfluormica, with a small CEC,
n-alkylammonium ions are placed with their long axis parallel
to layers of tetrasilicicfluormica, as shown in Figurel@n Figure 1. Structural schemes of organoclays: @yctylammonium
the other hand, in vermiculite with a large CEC, molecular axes ang (b)n-butylammonium ions intercalated in tetrasilicicfluormica and
in alkylammonium ions are tilted to the layers with certain (c) n-octylammonium ions in vermiculite.
angles® as shown in Figure 1c. In these two-dimensional (2-D)
systems, intercalated cations are expected to exhibit charactern-putylamine and tetramethylenediamine, respectively, with
istic motions of a 2-D nature. However, these 2-D molecular hydrochloric acid diluted with ethanol by 1:1. Commercial
dynamics have been little studied for organic cations in the reagents of trimethylammonium chloride and tetramethylam-
interlayer space. monium chloride were used without further purification.

In this study, we have investigated the 2-D motional state of  \ve used synthetic sodium tetrasilicicfluormica, abbreviated
intercalated cations by solid-state NMR and ac conductivity 35 Na-MC (CO-OP Chemical Co. Ltd.), which was produced
measurements to clarify influences of the cationic shapes andfrom natural clay and is expressed by the ideal formula of
sizes on dynamic properties of intercalated organic cations. To NapMgs »SisO10F> (X = 0.3) with a CEC of 76-80 mequiv/
observe dynamics of intercalated ions of various shapes, wejqq g. Intercalations of the organic cations into tetrasilicicfluo-
selected a platellke trimethylammonium ion, a nearly Spherical rmica were performed by add|ng N&/1C into agueous solutions
tetramethylammonium ion, and chainlikeoutylammonium and  of the above ammonium salts with a concentration twice the

tetramethylenediammonium ions. CEC of Na-MC and stirring the mixtures for 2 days. The
_ _ intercalation compounds were filtered and washed until the
2. Experimental Section AgNO; test became negative. The mica specimens with tri-

methylammonium, tetramethylammoniumbutylammonium,
and tetramethylenediammonium ions are hereafter abbreviated
to M3—MC, M4—MC, C41-MC, and C42-MC, respectively.
* Corresponding author. Present address: Department of Chemistry, The deuteration of ammonium groups in intercalated cations

Faculty of Sciences, Kyushu University, 6-10-1 Hakozaki, Higashi-ku, Was carried out by keeping dried specimens in the saturated
Fukuoka 812-8581, Japan. E-mail: mhyamascc@mbox.nc.kyushu-u.ac.jp.vapor of 99.5 at. % heavy water (Aldrich) for 2 days. Deuterated

n-Butylammonium chloride and tetramethylenediammonium
dichloride were prepared by neutralizing ethanol solutions of
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Figure 2. Powder X-ray diffraction patterns measured at 400 K in (a) 0.001 E
(CHz)sNH—MC (M3—MC), (b) (CH;)sN—MC (M4—MC), (c) CHs- %
(CHZ)sNH3—MC (C41—-MC), (d) NH;(CH;)4aNH;—MC (C42—-MC), and [ 1 L ! I
(e) Na—MC. 3 4 5 6 7
TABLE 1: | I Di Calculated by Sub i 1ocor” /<
- _Interlayer Distances Calculated by Subtracting Figure 3. 'H NMR spin—lattice relaxation timed; observed at 54.4
tsheatﬁ]yesr Thickness 0.96 nm from Respectivel(001) MHz in (CHz)sNH—MC (M3—MC). Open and filled circles correspond
P 9 to the shortest and longeBtvalues, respectively. The dotted and broken
sample interlayer distance/nm solid lines indicate calculatef, values for models of the cationiCs-
M3—MC 0.28+ 0.05 rotation and the cationic self-diffusion, respectively, and their super-
M4—MC 0:37:& 0:03 position of the long components is given in a solid line.
C41-MC 0.37+0.03 . : ;
Ca2-MG 0324 0.03 TABLE 2: Area Fractions of the Clay Layer Covered with

Intercalated lons Estimated by Using van der Waals Radii
of Respective Atoms

M3—MC, C41-MC, and C42-MC were named M8—MC,

C41d;—MC, and C42s—MC, respectively. sample fraction/%
Powder X-ray diffraction measurements were performed with mz:mg g%

a PHILIPS X'pert PW 3040 diffractometer using CuaK CA1-MC 77

radiation. The data were collected at 48@ K to exclude the C42—MC 43

influence of water absorbed in the interlayer space. C81—MC 130

°H NMR spectra were taken for M3-MC, C41d;—MC, and
C42s—MC with a Bruker MSL-300 NMR system at a Larmor  densely packed in interlayer spaces, as shown in Figure 1b. The
frequency of 46.1 MHz using the quadrupole-echo mettiod  small area fraction obtained in C4®IC implies that tetra-
the temperature range 12840 K. The temperature dependence methylenediammonium ions are much separated from each other
of IH NMR spin—lattice relaxation timeT;) was measured at  compared with the other monovalent cations.
25.7-54.4 MHz with a homemade apparatusising the 3.2. Motional States of Alkylammonium lons in the
180-7—90° pulse sequence in the range 0810 K. Interlayer Space.3.2.1. Trimethylammonium lons in M3/C.
Electrical conductivity measurements were performed with 2H NMR spectra for M8—MC showed a typical Pake pattern
pellets of samples using an HP 4261A LCR meter at 1 kHz. To and no marked line shape change in the temperature range 300
remove water, prepared pellets were dried in vacuo at ca. 400420 K. A quadrupole coupling constant (QCC) of 15% kHz

K for 2 h. evaluated from alPH spectra observed was close to 173 kHz
) ) reported for the rigid NB" group in ethylammonium chloridfe.
3. Results and Discussion This implies that the molecul&s-axis is fixed in the interlayer
3.1. Arrangements of Alkylammonium lons in the Inter- space and its direction has no marked fluctuation up to 420 K.
layer Space X-ray powder diffraction patterns of NaMC and In theH NMR T; measurement of M3MC, the largest part

the prepared intercalated compounds are shown in Figure 2.0f the recovery of théH magnetization was fitted with a single-
Interlayer distances in samples were estimated by subtractingexponential curve below ca. 140 K. On the other hand, the
the layer thickness of 0.96 nm in NMC® from basal spacings ~ recovery above 150 K showed the presence of a distributed
obtained from (001) reflections and are listed in Table 1. relaxation time. We evaluated the rangeTafby giving the
Determined interlayer distances in intercalated compoundsshortest and the longest; components. The temperature
became wider than that in NaMC, indicating that organic ~ dependence of the longest and shortest values of tliange
cations are intercalated between clay sheets. Judging from thesés shown in Figure 3. The observéd implies the presence of
interlayer distance and cationic sizes, we can expect that cationictwo relaxation processes which contribute to the relaxation
monolayers are formed between inorganic clay layers in all above ca. 150 K. Moreover, the percentage of the sfiprt
compounds. As for a planar trimethylammonium cation irfi3 ~ component increased with temperature, which will be discussed
MC, its molecular plane is oriented parallel to the clay layers. in the section on M4MC.

From elemental analysis of C, N, and H, we evaluated the = From the measurement of thd NMR second moment\(y),
content of intercalated ions in the specimens and the areaa constaniM, of 1.5+ 0.2 G was obtained in the range 110
fraction of the clay layer covered with intercalated ions by 300 K. The M, value was calculated to be 1.112 Gor
assuming van der Waals radii of respective atoms. The estimatedreorientations of three CHgroups (CH-rot) and the whole
values are shown in Table 2 together with thanefctylam- cation around it€z-axis (cation-rotf Since the calculated 1.11
monium-tetrasilicicfluormica (C8+MC).” Area fractions ob- G2 corresponds to the observed 1.3, @&e excitation of both
tained in M3-MC, M4—MC, and C41-MC are nearly half that motional modes is expected at 110 K. From this consideration,
obtained in C8+MC, implying that the present cations are less the relaxation below 150 K is attributable to cation-rot which
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TABLE 3: Activation Energies for Cationic 2-D 400 300 200 T/IK 100
Self-Diffusion Obtained from H NMR T; and Electrical
Conductivity Measurements 1
E4kJ mol?
sample NMR conductivity

M3—MC 8.6+ 0.8 13+ 0.3 ®

M4—MC 19+5 28+ 0.8 ~

C41-MC 18+ 4 25+0.3 Yy

C42—MC 15+ 2 31+ 0.3 '

is usually excited at higher temperature than that observed for
CHa-rot. For these motional procesE, can be expressed as a
BPP-type theoretical cur®given by

1 25 T 4t 0.01
=5)2AM + @)
TP 3 2{ 1+ w1+ 4w02172}

E, 1000 T /K
T=T7pexX RT 2 Figure 4. 'H NMR spin—Ilattice relaxation timed; observed at 54.3
MHz for (CH3)sN—MC (M4—MC). Open and filled circles correspond
wherey, AMy, wo, 7o, andE, are the gyromagnetic ratio of a to the shortest and longe§t values, respectively. Dotted and broken
proton ,the di,fferlenc,e i, before and after the onset of the !ines indicate calculate®, values for models of th€s-rotation of four

. h lar L f f h . | methyl groups and the cationic self-diffusion, respectively, and their
motion, the angular Larmor frequency of a proton, the motional g ,sernosition for the long component is shown by a solid line. The

COI’I’e|atI0n t|me |n the I|m|t Of the |nf|n|te temperature, and the temperature dependence of the percentage of the 'fhoﬂmponent
activation energy of the motion, respectively. In the limit of is shown in the inset.

the fast motion, we havery < 1 and obtain a linear relation
between InT; andT-1. From the slope of Iy, E; of 134 2

kJ moi~t was estimated for cation-rot.

Above 150 K, T; values decreased with temperature and
became 0.7 and 3.5 ms at 300 K. Such sfartvalues at a
Larmor frequency of 54.4 MHz cannot be attributed to any
fluctuations of the!H—H dipolar interactions in the present
system. We assigned this relaxation mechanism above 150 K
to paramagnetic impuriti€d. To observe the existence of
paramagnetic species in the host clay, we carried out ESR an
X-ray fluorescence measurements for NAC and found
paramagnetic spins attributable t*F@ns with a concentration
of 0.16 wt %. This seems to originate from the natural clay
used for preparing NaMC. The estimated Fe content corre-
sponds to 1 Fe atom per 30 Amf the interlayer area where
approximately 85 trimethylammonium ions are intercalated. We,
accordingly, presume that the dominant process of The
decrease above 150 K is the fluctuation of magnetic dipolar
interactions betweetH and electron spins. The fluctuation is
caused by the cationic self-diffusion in the 2-D space (2-D
diffusion) because paramagnetic*Feites are fixed in clays. -
In this case!H T; induced by paramagnetic sping{ARA) is expected to have unifori, values.

expected to be given by an analogous expression like Solomon’s 3.2.3. n-Butylammonium lons in C4MC and Tetrameth-
pec Lo g y 9 pre e ylenediammonium lons in C4MC. The2H spectra observed
equationt! which is applicable to the relaxation from diffusional

motions in a three-dimensional (3-D) system. In the limit of C4ld;~MC and C42s—MC given in Figure 5 show atypical

. : - . . Pake pattern. The QCC of 56 1 kHz was obtained below
the slow motion, we can approximately obtain a relationship 200 K in both C4#ls— MC and C42ls—MC. This value agrees
given by :

well with the calculated value of 58 kHz for the NDrotation

presence of paramagnetic impurities in the wall by the same
reason mentioned above. We estimated the range as given
in M3—MC. The temperature dependenceTafis shown in
Figure 4. A deep minimum observed at ca. 200 K in the long
T; could be fitted with egs 1 and 2. Sin¢eM, of 15+ 1 G?
obtained by the fitting is close to 18.92@alculated for the
Cs-rotation of all methyl groups in a catidthis T; minimum
d’s attributable to this motion. Above 350 K; values began to
decrease. From the analogolisanalysis in M3-MC, this Ty
decrease was attributed to the onset of the cationic 2-D self-
diffusion, and the estimated activation energy is shown in Table
3. The fraction of the shoif; component increased above 200
K and became major above ca. 350 K, as shown in Figure 4.
An analogous increase was observed in-\i8C. These results
indicate that the environment around intercalated cations is quite
inhomogeneous in the slow-motion limit at low temperatures,
while it becomes homogeneous following the frequent occur-
rence of cationic diffusion with increasing temperature. In the
fast-motion limit at high temperatures, therefore, all protons are

2,, 2,2 about itsCz-axis (NDs*-rot), indicating the onset of this motion
1 7%rshtl A3) below ca. 200 K.
TR R, T The QCC values of C4,—MC and C42s—MC showed no

remarkable reduction in the ranges 200 and 206-380 K,
wherey, (vs), R, andR[j, are gyromagnetic ratios of a proton  respectively, indicating that the cationic isotropic rotation which
(an electron), the distance between a proton and a paramagnetigives vanishing QCC is not excited.
site, and the time-averaged value Bf, respectively. The In the IH T; measurement for C41IMC, the largest part of
observed longest and shortést values were approximately  the magnetization recovery could be fitted by a single-
fitted by eqs 2 and 3 using the same valu&gfor the cationic exponential curve at 104 K. On the other hand, above 140 K
2-D self-diffusion, and the estimatdg}, is shown in Table 3. the recoveries showed distributéld values attributable to

3.2.2. Tetramethylammonium lons in MMIC. The H paramagnetic sites in the host. The siarcomponent became
magnetization recovery for MAMC observed above room  major above 300 KT; values decreased monotonically above
temperature showed distributdd values attributable to the 250 K. Analogously to M3-MC and M4-MC, theT; behavior
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Figure 5. 2H NMR spectra observed for (a) G{CH;)sND;—MC
(C41d;—MC) and (b) NB(CH)sNDz—MC (C42ds—MC).
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Figure 6. Temperature dependences of ac electrical conductiwijty,
measured at 1 kHz in (GNH—MC (M3—MC, 4), (CHs)s.N—MC
(M4—MC, O), CH;(CH,)sNH3—MC (C41-MC, O), and NH(CH,)4-
NHs;—MC (C42—MC, x).

observed in C4:MC above 250 K was attributed to the
excitation of the cationic 2-D self-diffusion, and then the longest
and the shortest; values were fitted with eqs 2 and 3. The
estimatedg, is shown in Table 3.

In the T; measurement for C42MIC, a distributedT; was

Yamauchi et al.

TABLE 4: Activation Energies (E,) for Cationic
Self-Diffusion in Bulk Crystals

compound E/kJ mol? ref
(CH3)sNHBF, 21 12
(CH3),NSCN 106 13
CHs(CH,)sNHsCl 64 14
NH3(CHz)aNH5Cl 50 15

MC, where n-octylammonium ions form a densely packed
cationic monolayer, the 2-D diffusion could not be observed in
the!H T, up to 410 K7 It can be expected that the cationic 2-D
diffusion becomes easy when many vacant hopping sites for
cations are formed.

In Table 4, reported activation energies for the cationic self-
diffusion in bulk crystals are listed. We can see that activation
energies in the present intercalated compounds are lower than
those in bulk crystals. This is because the density of anionic
centers of mica layers is lower than that in bulk, resulting in
enough space for small cations to diffuse in the interlayer space.

It is noted that the platelike trimethylammonium ion performs
characteristic behavior; i.e., the 2-D self-diffusion takes place
without the onset of the isotropic rotation in the interlayer space,
whereas the cationic self-diffusion is always accompanied by
the isotropic rotation in the 3-D system. This fact implies that
the anisotropic orientations and molecular motions are favored
in the 2-D space.

4, Conclusion

We observed the 2-D self-diffusion of alkylammonium ions
in the interlayer space of tetrasilicicfluormica by solid-state
NMR and ac conductivity measurements. This is the first
observation of the cationic self-diffusion of organic species in
clay compounds. In thtH NMR measurements, the 2-D self-
diffusion could be recognized as thE relaxation caused by
the magnetic dipolar fluctuation betwedit and paramagnetic
spins. Activation energies for the cationic 2-D self-diffusion in
the intercalation compounds were shown to be lower than those
for the cationic diffusion in corresponding bulk crystals.
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