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Abstract: Ceso molecules were incorporated into the interlayer of a layered Mg/Al double hydroxide compound, and
the physicochemical properties of these spherical molecules arranged in two-dimensional arrays were examined.
The precursor used was a double hydroxide with dodecyl sulfate counteranignsol&cules were introduced by
dissolving the molecules into the interlayer hydrophobic phase. After heating the resultant compound under vacuum
to decompose the dodecyl sulfateso@olecules were sandwiched in between the double hydroxide layers. The
Csorincorporated compounds were characterized with X-ray diffraction, thermal gravimetric analysis, and Raman,
UV —vis, and solid state NMR spectroscopies. Among them, the most powerful technique to identify the environment
of Cgo Was solid staté3C NMR. The results of; relaxation time and fwhm line width measurement showed that

the incorporated g molecules did not rotate as freely as in the pure solid form and experienced rather intimate
interactions with either the interlayer proton-containing species or the lattice atoms.

Introduction

The isolation of macroscopic quantities oggCwvas first
demonstrated by Huffman et &ln 1990; since then, research
regarding these extraordinary carbon molecules, generally
termed as fullerenes, has drawn great interest among scientist
in the fields of chemistry, physics, and material science. The
incorporation of @ into various solid matrices was stimulated
by the possible applications of the resultant materials in optical
and electronic devices. The interaction of thg @olecule with
substrates may lead to a reduction in the symmetry of the
molecule and to a disturbance of the delocalizeatbitals which
dictate the optoelectronic and chemical properties of the
molecule?® On one hand, the optoelectronic properties of the
materials may be tuned by confining materials on a quantum
scale, such as reducing the dimensions from bulk three-
dimensional materials to two-dimensional layers, one-dimen-
sional wires, and zero-dimensional dét§. On the other hand,
the chemical reactions of the guest molecule taking place in
the restricted environment of a host may be different from those
of a free moleculé. The G molecules were found to be able
to be trapped in 13X molecular sieves by Keizer ef and
the occurrence of & radical ions was reported. Lately, Gugel
et al? have successfully put & into molecular sieves with
channel-shape pores, such as AJR8and VPI-5; the adsorbed
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Cso Was reported to behave like solvated free molecules. In
both cases abovegg@molecules were introduced into the solids
through gas phase adsorption. In a separate report, Hamilton
and co-worker&8incorporated G into the VPI-5 structure from

2 benzene solution, but at a high pressure of 50 atm; the material

so prepared showed strong white light emission arising from
the Go molecules.

Incorporation of G into layered compounds is intriguing
because the & molecules can be arranged in two-dimensional
arrays. The resultant sandwichedyds expected to have
physicochemical properties in between those of the free
molecules and the molecules trapped in the one-dimensional
tunneling matrix. Up to now, however, the only related studies
were reported by Mehrotra and Giannéfisyho incorporated
ethylenediamine-functionalized fullerene molecules into a mica-
type silicate host. The amine-functionalizedyCformulated
as Go(en), was claimed to be soluble in water and can readily
be intercalated in the silicate galleries through ion exchange.
However, the spectroscopic features of the resultant two-
dimensional molecular arrays of functionalized fullerene were
quite different from those of pristinegg In this work, we
propose a method to intercalate freg Molecules into a layered
solid matrix without functionalizing the fullerene molecules. The
layered compound under investigation was in a family of layered
double hydroxides (LDHs) which can be formulated as
M(I1) M (I11) (OH)oxi2yAyin*ZH,0, where M(Il) and M(lIT)
represent cations of di- and trivalencies and A is an interlayer
anion with charge-n. LDHSs containing various metal cations
and carbonate anions are formed in many natural minerals and
can be easily synthesized in the laboratdryThe LDH used
in this study has the formula M8I(OH)e(C12H250SG;). Its
lattice structure is based on the edge-shared octahedral sheets
of brucite, Mg(OH). Positive charge is built into the layers
when Al(Ill) takes 1/3 of the octahedral sites in the layers. The
interlayer anions are dodecyl sulfate;s8,s0SQ;~; they are
incorporated in between the layers during the LDH synthesis.

(9) Glgel, A.; Millen, K.; Reichert, H.; Schmidt, W.; S€hoG.; Sclith,
F.; Spickermann, J.; Titman, J.; Unger, Kngew. Chem., Int. Ed. Engl.
1993 32, 556.
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Table 1. Reaction Conditions for Preparation of Different
Samples
amt of solvent
sample Cg(mg) (amount(mL)) tempdC) time (days)
CL57A 150 T (10) 70 4
L57A 0 T (10) 70 4
CL57B 150 T (10) 80 9
L57B 0 T (10) 80 9
CL58A 150 H (20) 70 4
L58A 0 H (20) 70 4
CL58B 150 H (20) 70 13 -
L58B 0 H (20) 70 13 E
CL66 150 T (20) 80 33 >
L66 0 T (20) 80 33 g
CL67 150 T(10) 80 14 5
L67 0 T (10) 80 14 A
CL79 250 T (10) 80 29 g @
L79 0 T (10) 80 29 g
aWeight of LDH 1 g.» T = toluene.°H = hexane.
Previous study has shown that the interlayer dodecyl sulfate
decomposes at a temperature much lower than the sublimation
point of Cs.l2 The aim of this study is to preparese ®
intercalated LDH compounds by dissolvingg@olecules into
the hydrophobic interlayer of dodecyl sulfate and to characterize
the physicochemical properties of the resultant products in order

to understand the fundamental problems of hayyr@olecules P N
behave in the interlayer and interact with the lattice atoms.
Emphasis will be given to spectroscopic and structural informa-

tion before and after the removal of interlayer organic species. Figure 1. XRD patterns of (a) pristine dodecyl sulfate LDH and (b)
the same after incorporation withe§XCL79).

Experimental Section

Synthesis of Dodecyl Sulfate-Layered Double HydroxidesA 100
mL solution of 4.8 g of NaOH ah8 g ofsodium dodecyl sulfate (SDS)
was added dropwise into a 50 mL stoichiometric mixture of 0.8 M
Mg(NOs),; and 0.4 M AI(NG); solution. The final pH was around
10—12. The mixture was stirred for ca h at 86-90 °C, followed by
water bathing at 78C for 3 days and then at 5 for 2 days. The
solid product was then filtered, washed with deionized water and dried
at 50°C.

Preparation of Cgg-Intercalated Dodecyl Sulfate LDHs. The
intercalation of Gpinto LDH was achieved by dissolvings@molecules
into the hydrophobic phase of interlayer dodecyl sulfate. Powdered
dodecyl sulfate LDH was added into toluene or hexane solutions of
Cso; the mixtures were stirred for different periods of time at-B0
°C (Table 1). The color of the powder changed from white to brown
or dark brown. The powder was filtered and washed with toluene to
remove excess dg until the filtrate was colorless, and then further
washed with 100 mL of toluene. A comparative set of samples were
also prepared by heating the dodecyl sulfate LDHSs in toluene or hexane
in the absence of &

Preparation of Physical Mixtures of Cgo and Dodecyl Sulfate
LDHs. Dodecyl sulfate LDH and § molecules were physically mixed
by grinding them together with a mortar and pestle till a homogeneous
color appeared, and then the powders were heated in an oven at 110
°C for different periods of time. A comparative set of dodecyl sulfate — T T T T T T T T T
LDH samples without ¢ were also thermally treated at the same
conditions. 2

Pyrolysis of Cso-Intercalated Dodecyl Sulfate LDHs. The G- Figure 2. XRD patterns of LDHs: (a) dry sample, (b) sample swollen
intercalated LDHs were heated under vacuun ¢I0orr) at various with toluene, (c) sample swollen with hexane.
temperatures for different periods of time to pyrolyze the aliphatic
chains of dodecyl sulfate.

Characterization Techniques. The powder X-ray diffraction
(XRD) patterns of nonoriented samples were recorded with a Philips
PW1840 automated powder diffractometer, using Ni-filtered Gu K
radiation. The high-temperature patterns were obtained using the high-

temperature cell equipped with a Scintag X2 diffractometer, where a maximum (fwhm) line widths were measured from the Gignals

thin layer of preferred oriented sample was spread over a Pt sheet anc{v hich were obtained with a Brucker MSL-500 spectrometer. The-spin
Y P p P attice relaxation timeT,) of the G signal was determined using the

(12) Lin, J.-T. Ph.D. Dissertation, National Taiwan University, Taipei, inversion recovery method with Brucker DSX-300 and MSL-500
Taiwan, ROC, 1994. spectrometers. Th&*C NMR chemical shifts were referenced to
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heated at various temperatures. Diffractographs of the sample were
taken under a 0.06 Torr vacuum. Raman spectra were recorded with
a Bomem MB155 FT-IR/FT-Raman spectrometer, with the resolution
of 4 cntl. Spectra were taken on capillary tubes filled with powder
samples. The solid staf€C MAS NMR and the full width at half-
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Figure 3. Temperature dependent XRD patterns of (A) pristine dodecyl sulfate LDH (L67) and (B) LDH incorporatedewi{{BL&7), at (a)
room temperature, (b) 100C, (c) 150°C, (d) 200°C, and (e) 25CC.

tetramethylsilane (TMS). Thermal gravimetric analysis (TGA) was peak appearing at the lowest angle is apparently split into two
performed on a du Pont 951 thermogravimetric analyzer. The heating peaks and a broad peak appears at ca. 30 8 spacing for
rate used was 10C/min and then isothermal at 98C for 15 min or LDH incorporated with G. In the split peaks, one has the
10f?0°c for to\#m'_” under 100 mL/ m flowing qproden. TUh\? gToulsF?C samed spacing as that of pristine LDH, while the other appears
reflectance UV"vis spectra were taken on a Shimadzu UV- ca. 2 A lower ind spacing. The latter and the broad peak at

spectrometer, and Bag@Was used as the reference. The band pass .
was set at 5 nm for diffusion reflectance spectra and 1 nm for liquid ca. 30 A therefore should correspond to the LDH phase with

transmission spectra. Ceo incorporated into the interlayer. However, the crystallinity
of the sample became poor after it was heated at temperatures
Results higher than 250C, at which the interlayer dodecyl sulfate starts

to decompose.

Thermal Gravimetric Analysis. Figure 4 shows the thermal
gravimetric analysis profiles of dodecyl sulfate LDHs with and
without incorporation of . The profile of dodecyl sulfate
LDH shows multi-staged weight losses. By analyzing the
evolving gases with a mass spectrometer, the first stage of
weight loss (room temperature to 18Q) is attributed to the
relief of physisorbed water. The weight losses in the temper-
ature ranges 156300 and 306550 °C are both due to the
epyrolysis of the aliphatic chain of dodecyl sulfate. Two
reactions contribute to the weight loss extended at-=8D
°C: the further decomposition of the residue of dodecyl sulfate
and the dehydroxylation of LDH basal layers; the latter is
accompanied by phase transformation to MgO and MGAI
On the other hand, Milliken et & reported that pure & had
an abrupt weight loss in the temperature range of-58D °C,
which was attributed to the sublimation o Accordingly,
the amount of g uptaken by LDH was determined by the

X-ray Powder Diffraction. The interlayer spacinggl) of
LDHs varied with the sizes of the interlayer species. The XRD
pattern of the as-prepared dodecyl sulfate LDH shows that the
compound is well-ordered and multilayered with= 26.7 A
(Figure 1a). Figure 2 shows that thespacing expanded to a
value greater than 3040 A after the powders were stirred in
either toluene or hexane, and returned to its original value after
the solvents were removed by drying the samples at caC50
After incorporation with G, the XRD pattern shows that tlue
spacing of the host remained at 26.7 A and no crystalline phas
of Cgowas detected (Figure 1b), indicating thab @id not locate
on the outer surface of LDH as bulk crystals.

Figure 3 compares the XRD patterns in the 2 10° region
of the LDH samples with and withoutegafter heating under
vacuum at various temperatures. The diffraction peaks were
found shifted toward lower angles relative to those shown in
Figures 1 and 2 due to the fact that the instrumental alignment
of the high-temperature cell was based on the diffraction of the = ™. . ) )
Pt sheet while the surface of LDH samples sitting on top was weight loss dlff_erence N this temperature range between the
above the calibrated zero degree. Figure 3A shows that threel‘DH samples with and withoutégintercalation. '_I'able Z.ShOWS
peaks with spacings likely corresponding to (001), (002), and that the G uptake calculated from the TG proﬂles.vanes from
(003) planes are observed for the pristine dodecyl sulfate LDH 1.24 to 13'2.4 mg of €/100 mg of LDH, depending on the
sample. These peaks retain up to Z@ heating and shift reaction period and the solvent used.
slightly toward lower angles as the temperature increases du€ ™ (13) miliiken, J.; Keller, T. M.; Baronavski, A. P.; McElvany, S. W.:
to thermal expansion of the lattice. Figure 3B shows that the Callahan, J. H.; Nelson, H. HChem. Mater1991, 3, 386.
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Figure 4. TGA profiles of LDH samples with and withouteg (a) the physical mixture of g and LDH, (d) Go in LDH (boiled with
CL79, (b) L79. toluene), (e) G in LDH (boiled with hexane), and (f) LDH.
Table 2. TGA Data of GoIncorporated LDH and the Table 3. Absorbance Maxima of U¥Vis Spectra of
Comparative Test Samples Cso-Containing Samples
sample temp rangécq) wt loss (%) wt loss diff (%) | absorbance maxima (nm)
sample
CL57A 539~791 6.62 3.45 P
L57A2 520~757 3.17 Cso © 244 324 444 491 615
CL57B 512-783 8.99 3.86 Ceo |nahexane 210 256 328 406 533 594
L57Bs 571761 513 CLM d 258 332 507 612
CL58A 522~775 7.17 1.24 CLM-100° d 262 348 499 617
L58A 530~794 503 cL d 280 358 510 618
CL58aB 516~790 10.08 3.51 a Physical admixture of g and LDH.? CLM after heating at 100
L58B S17~777 6.57 °C for 19 days<‘ Cgeincorporated LDH prepared by heating with
CL66 522795 17.69 13.24 toluene.d Absence of the peak after subtraction of the strong absorption
L662 533~756 4.45 of LDH at 220 nm.
CL67 516~780 7.76 291
L6728 545~774 4.85 . . .
CL79 527818 13.81 8.37 heating period (I_:l_gure §). For the&ntercalated LDH samples
L792 547~764 5.44 prepared by boiling with the solvents, although the peaks are

even broader, the peak shapes and positions are apparently
different from those of the physical admixture. Moreover, in
UV—Vis Spectra. Figure 5 shows the UVvis spectra of contrast to that of the physical admixture, the shape of the
Cso-containing LDH as well as the samples of related blank spectra changes little after pyrolysis at temperatures lower than
tests. It was found that LDH itself had an absorption at around 300 °C (Figure 7).
220 nm, which also appeared on the spectra of all the blank Raman Spectra. Parts a-d of Figure 8 show the Raman
test samples and overlapped with one of the absorptionggef C  spectra of pure g, dodecyl sulfate LDH, grintercalated LDH,
containing samples. In order to avoid this interference, the and the physical admixture ofsgand LDH, respectively. The
spectra of the related blank tests were subtracted from those ofsharp peaks at 1467, 495, and 271 érm Figure 8a are the
Cso-containing samples, and the locations of the peak maxima strong characteristic vibrational absorption ahCThe peaks
are summarized in Table 3. The spectrum gf dissolved in at 1447, 2858, and 2898 crhin Figure 8b correspond to the
hexane has three sharp peaks appearing at 210, 256, and 328brational modes of €H in dodecyl sulfate, and that at 1303
nm, while the absorptions appearing at 244, 324, 444, 491, andcm™! is due to the vibration of the sulfate group. The latter
615 nm of solid Gp are much diffuse and broader. It is peak shifts to 1297 cm for sodium dodecyl sulfate, SDS (Table
interesting to find that the peak maxima positioned at 258 and 4). The lattice vibration of LDH is buried in the strong peaks
332 nm of the physical admixture are very close to those of of dodecyl sulfate in the low wavenumber region. Surface
Ceso in hexane. These absorption peaks became broader aftemdsorbed Cgalso contributes two weak peaks at 2310 and 2400
the sample was heated at 1% and with the elongation ofthe cm™l. These Raman absorptions are summarized in Table 4.

a Comparative tests withouteg
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Figure 7. UV—vis spectra of & in LDH (CL79, referred to L79))

(a) at room temperature and after pyrolysis underIrr for 4 h at
(b) 200°C and (c) 30C°C.

The Raman spectrum ofsgintercalated LDH was found to be
a mixture of those of puredgand dodecyl sulfate LDH, while
that of the physical admixture is similar to that o§,C The

J. Am. Chem. Soc., Vol. 118, No. 18, 189865
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Figure 8. Raman spectra of (a)e& (b) dodecyl sulfate LDH, (c) 6

in LDH (CL79), and (d) the physical admixture of£and LDH.

Table 4. Data of Raman Spectra ofg§; C12H2:0SONa (SDS),
and Dodecyl Sulfate LDH

Ceo SDS dodecyl sulfate LDH
cmL, intensity cmY, intensity cm?, intensity
271, s 272, w 257, w
431, m 418, m 418, m
485, m 594, w 568, m
495, s 842, m 835, m
567, w 1076, s 1065, s
709, w 1297, m 1127, w
771, m 1448, s 1303Ps
1099, m 2722, w 1447, s
1248, m 2882,s 2736, w
1467, 8 2804, w
1573, m 2858, s
2898, s

aResolution 4 cm. ® Frequencies used to estimate the superfacial
concentration ratio of g versus dodecyl sulfate LDH.

of solid samples because the technique measures the scattering
of photons from the surfacé$1®> These results imply that most
of the Go molecules probably penetrated into the LDH
interlayers for the former sample and were retained on the
surface for the latter sample. The ratio of the peak intensity of
1467 and 1303 cmt (l146711309 was used to estimate the
concentration of g on the superficial layers of LDH crystallites.
The values are tabulated in Table 5. Moreover, the ratio was
found to increase with the heating period (CL57A vs CL57B
and CL58A vs CL58B) and with the decrease of the solvent
volume (CL66 vs CL79). The ratio is larger for samples boiled
with hexane than those boiled with toluene (CL58A/B vs
CL57A/B).

(14) Niemantsverdriet, J. WSpectroscopy in Catalysis/CH Ver-
lagsgesellschaft: Weinheim, Germany,1993, Chapter 8.
(15) Wan, B.-Z.; Cheng, S.; Anthony, R. G.; Clearfield, A.Chem.

superficial species are usually enhanced in the Raman spectraoc., Faraday Transl991, 87, 1419.
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Table 5. Intensity Ratios of the Raman Frequencies at 1467cm Table 6. T; Values(s) of Various g-Containing Samples at

for Cso and 1303 cm! for Dodecyl Sulfate LDH Different Magnetic Fields
sample l146711303 sample l146711303 sample 7.05T 11.75T sample 7.05T 11.75T
CL57A 1.56 CL66 4.56 Cod® 41.9 23.6 ce 9.4 8.5
CL57B 2.31 CL67 1.53 CLMP 30.8 CL-300 10.0
CL58A 3.67 CL79 6.19 5 - -
CL58B 4.00 a Powders of pure . ? Physical admixture of g and LDH. ¢ Cgo

and LDH heated in toluené.Cg intercalated LDH after pyrolysis at
300°C under 102 Torr for 4 h.e The fitting function isY = a[1 — 2
exp(=X/T1)] + b, whereY is the intensity of the 6 NMR signal, X is
the variation delay of the inversion recovery sequence gaamtlb are
the fitting parameters.

145.5 142.0 (o) for pure G, the physical admixture, andsgintercalated LDH,

respectively. Figure 9e shows that by addingHe-13C high
power spin decoupling technique, the intensity of these methyl
and methylene peaks is strongly enhanced while thatspfsC
almost retained. However, the fwhm line width of theg €ignal
was reduced from 0.21 to 0.12 ppm.
(b) The 13C NMR line widths of the Gy peaks for the samples
mentioned above were also evaluated from spectra obtained with
then/2—7—7/2—AQ solid echo sequence but without MAS and
decoupling. The resultant peaks were much broader. The fwhm
line widths of pure G, the physical admixture ofdgand LDH,
and Go-intercalated LDH were determined to be 2.3, 2.4, and
2.7 ppm, respectively.

The spin-lattice relaxation time T;) of 13C in Cgo was
determined by tha—7—m/2—AQ inversion recovery sequence.
The room temperatur€; values are listed in Table 6.

J 145.5 142.0 (c)
.

Discussion

The d spacing of dodecyl sulfate LDH obtained by powder
XRD was 26.7 A. By subtracting the basal thickness of 4.6
1455 142.0 (d) A, the interlayer distance was expanded by 22.1 A, implying
T that the dodecyl sulfate anions probably form a bilayer phase
o e between the LDH layers with the charged sulfate groups pointing
toward the basal layers and the organic chains aligning almost
perpendicular to the basal layers. That ¢ttepacing increased
ﬂ with either toluene or hexane swelling is an indication that the
interlayer is hydrophobic andegshould be brought into the
1455 142.0 (e) interlayer spacing by dissolution.

The high-temperature diffraction study shows that there are
at least twod spacings observed on the dodecyl sulfate LDH
boiled with solvents containingde The appearance of neav

160 140 120 100 80 60 40 20 0 spacings, one c& A and the other ca. 10 A lower than that of
PPM pristine LDH, was direct evidence thakgwas incorporated
Figure 9. Solid state MAS (5000 Hz)*C NMR (11.75 T) spectra of  into the interlayer. The shrinkage of thespacing is attributed
(@) Geo, (b) LDH (L79), (c) physical admixture of 4 and LDH, (d) to the fact that interlayer £, with a van der Waals diameter of
Cooin LDH (CL79), and (€) sample (d) with proton decoupling. Portions 1y A 18 yay expel the dodecyl chains from the forming bilayer.
of the G peaks are enlarged in the upper trace. However, the remaining pristine LDH spacing implies that a
portion of LDH particles probably contain fewsg&molecules.
Solid State 13C NMR. The 3C NMR spectra of ap- In other words, the distribution of g molecules in LDH was
proximately 0.5 g of powdered samples were obtained at 11.75 notvery homogene_ous. Moreo_ver,_the poor crysta_lllmlty .
T (75 MHz). Parts ad of Figure 9 show th&’C magic-angle- samples after heating at 25C implied that, after interlayer
spinning (MAS) NMR spectra of purecg LDH, the physical dodecyl sulfate was decomposed, the amountgir€orporated

admixture of Goand LDH, and Geintercalated LDH, respec- V@S not enough to serve as pillars and hold the layers apart

. X L . ith regular spacing.
tively. In either of the Gg-containing samples, 4 gives a wi L .
relatively sharp peak at ca. 144 ppm, which is close to the The temperature ranges o§dsublimation shown in Table 2

: : ; ; Il with that reported in the literature for VPI-5
chemical shift of Go in solutionsi®'7 The broader peaks 2d€€ W€
appearing in the range of8B0 ppm are assigned to thepcarbon incorporated 6‘?'6'9 The TG_A result_s also S.hOW that the amount
atoms of methyl and methylene groups of dodecyl sulfate. The of Cgo Uptaken increases with reaction period (CL57A vs CL57B

fwhm line widths of G signals are 0.06, 0.08, and 0.21 ppm and CL58A vs CL58B). Besides, morgdvas incorporated
' ' when toluene was the solvent than when hexane was the solvent

élggéghn, R. D.; Meijer, G.; Bethune, D. $. Am. Chem. Sod.99Q (CL57A/B vs CL58A/B) and when a larger volume of solvent
11 .
(17) Taylor, R.; Hare, J. P.; Abdul-Sada, A. K.; Kroto, H. \®@hem. (18) Kraschmer, W.; Lamb, L. D.; Fostiropoulos, K.; Huffman, D.

Commun 199Q 20, 1423. Nature 199Q 347, 354.
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Table 7. Fitting Results of Different Functions for the Physical Admixture @ &d LDH

function T1(s) a b c % Ceg intercalated rzb
Fi=a[l —2exp-X/T)] +c 30.8 208.65 78.36 0.999 248
F,=a[l — 2 exp(-X/41.9)]+ ¢ 251.82 126.12 0 0.997 962
Fs=Db[1 — 2 exp(=X/9.4)] + ¢ 137.64 —25.94 100 0.931 701
Fs=all — 2 exp(~X/41.9)]+ b[1 — 2 exp(=X/9.4)] + c 224.61 16.09 109.69 67 0.999 043

aThe percentage of ggintercalated into LDH is estimated by tiéa + b) value.” r2 is the correlation coefficient.

was used (CL66 vs CL79). The interaction betweeg C Solid state’3C NMR spectra also provide strong evidence
molecules and toluene through- interaction is much stronger  that Gy was incorporated into LDH. The fwhm line widths
than that between & and hexane; hence,sghas a better for pure Go molecules and those incorporated into LDH were
solubility in toluene than in hexane. When dodecyl sulfate LDH 2.3 and 2.7 ppm, respectively, under static conditions without
was boiled with Gg-containing solvents, the amount ok proton decoupling. For theggincorporated LDH sample, the
molecules dissolved in the hydrophobic interlayer phase of LDH variations in NMR line width indicate the presence of dipolar
depended on thedgconcentration in the solvent. As a result, interaction between th&C nuclei in Go and the neighboring
more G was incorporated into LDH with toluene as solvent protons and/or the slowing of the rotational motion qb @
than with hexane as solvent. Another factor that affects the LDHs. Although the comparison is rather inferential, these
uptake of Go by LDH is the volume of the solvent. The solvent results immediately point toward the strong possibility thgg C
plays an important role in swelling and making the interlayer experiences rather intimate interaction with the proton-contain-
distance of LDH large enough to facilitate the incorporation of ing species such as dodecyl sulfate, water molecules in the
Ceo into the interlayer. Nevertheless, the dissolution reaction interlayer spacing, or hydroxy groups on the LDH lattice.
probably takes a long time to reach equilibrium owing to the  The fwhm line widths in Figure 9 are much sharper than those
stronger interaction betweers€and toluene than £ and the of the spectra taken under static conditions because magic angle
dodecyl chains. This accounts for thesgQuptake being spinning removes the chemical shift anisotropy. The reduction
increased with reaction period. On the other hand, the intensity of the fwhm line width of the g NMR signal from 0.21 to
ratios of the Raman peaks (Table 5) showed that a higher0.12 ppm when applying proton decoupling is more evidence
superficial concentration of dg was obtained when samples for the presence of interaction betwe®& nuclei in Go and
were heated with hexane than with toluene (CL57A/B vs protons. In either case, the likely location fogsGvould be
CL58A/B). That is elucidated by the fact thagddnolecules intercalated in the LDH layer. A direct approach in determining
may diffuse deeper inside the interlayer when toluene is usedwhether Gy was intercalated in the LDH layers was Ay
as solvent rather than hexane due to the highgc@hcentration relaxation measurement. Johnson efaroposed that th&;
in toluene. value of 13C was contributed to by two terms, namely, the
Making a comparison between the transmission-tyis chemical shift anisotropy (CSA) and the nonchemical shift
spectrum of G in hexane and the reflectance spectrum gf C  anisotropy (NCSA), simply expressed in the following equation:
powders, two factors shall contribute to the broadening of the
peaks of the latter. One is that thgg@owders have the energy UT, = mez +n
states in band structures instead of divided energy levels as for !

the isolated molecules in hexane solution. The other is the whereBy i the field strength anth andn are the coefficients
contribution from the intense light scattering of powder samples. =0 . ; e
g gorp p The field dependent term is contributed by CSA, which is an

The latter apparently adds difficulties in analyzing all the diffuse . - o ;

reflectance spectra. Nevertheless, the peak maxima and théntramolecular character,_wh_lle the field mde_per_lden_t term is
variation of the spectra through heat treatment are quite diﬁ‘erent.Com”bu.tecl by NICSA’ Whl'.Ch |n.cludes rnagneﬂ(;: dlpgtbpple
for the physical admixture sample and the ones prepared by!nteract!on, scalar coupling Interaction, and sprotation
boiling in the solvents. The physical admixture gh@nd LDH mteractlo?. ) )

has the UV-vis absorption maxima closer to that ofgdn For the'*C-labeled Goin solid powder form, Johnson et .
hexane than that of solideg It suggests that most of thesC obtained a straight line with a slope of 0.191 mHZ&nd an

molecules in the physical admixture probably spread over the iNtercept of 5.4 mHz when plotting T{ versusBy®. The
dodecyl sulfate monolayer on the LDH surface during the contribution from NCSA at 7.0 T was thus estimated to be about

grinding process, in a case similar tgo@nolecules dissolved ?32% In otr_ler vyords, thg domif‘a”t interaction contributing to
in hexane, while a small portion of them may penetrate into . C 'elaxation is chemical shift anisotropy, and the other
the interlayer. The latter was confirmed by th&€ NMR interaction mechanisms of nonchemical shift anisotropy have

studies, which showed that ca. 6.7% of the @olecules were €SS effect on the spirlattice relaxation. _

present in the interlayer. During the heating process, mgge C ~ 1able 6 shows that thd; values for Go in LDH are
molecules should gain enough thermal energy to migrate into Substantially shorter than those of purg.CMoreover, theT,

the LDH interlayers. However, they might also meet each other Value of pure & varies remarkably with the magnetic field
and form larger aggregates. The latter probably dominates andStréngth, from 41.9 s foBo = 7.05 T t0 23.6 s foBo = 11.75
contributes to the observation that the absorption peaks becamd » While that of Go in LDH only changes slightly with field
broader as the heating period increased, owing to the fact thatStrength, from 9.4 to 8.5 s under the same field conditions. By
the molecular orbitals of & molecules interacted with each  @PPlying the above equation, it was found that the mechanisms
other and formed band structures. In contrast, the peak shape&f nonchemical shift anisotropy become the major contribution
change little after pyrolysis of &-incorporated LDH, prepared 10 T1(>85%) for Goin LDH.  As a result, the main relaxation
by boiling in the solvents. This is attributed to the fact that the Paths are likely through dipotedipole interaction and spin
Ceo molecules or small clusters are rather homogeneously rotation since scalar coupling interaction plays little role in this

distributed in the interlayer and are isolated by the LDH layers (19) Johnson, R. D.; Yannoni, C. S.; Dorn, H. C.; Salem, J. R.; Bethune,
so that they have little chance to form larger aggregates. D. S. Sciencel992 255 1235.
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system. This gives direct evidence thaj & intercalated in Conclusions
LDH layers so that the molecule is closely associated with the
LDH lattice and experiences increasing dipolar interaction with
proton-containing species and/or the layer lattice atoms. The
possible slowing of the & motion in the interlayer can also
account for both observations in line width and spin relaxation.
On the other hand, since the pyrolysis process did not
significantly influence theT; values of G in LDH, the Gy
molecules were likely sandwiched in between the LDH layers
and still could not rotate as freely as in their pure powder form
after the dodecyl chains were decomposed.

Finally, it is interesting to note that intercalation ofgnto
LDH layers can also be achieved by a simple physical mixture,
although to a lesser degree as compared with the chemical

We report a method to incorporatgg®nolecules into layered
double hydroxide by boiling the dodecyl sulfate LDH powders
in an organic solution containingee Spectroscopic studies
with Raman and UVvis spectroscopy as well as X-ray
diffraction showed that thedggmolecules were dissolved in the
interlayer dodecyl phase. A greater amount ofp, Qvas
incorporated into LDH by using toluene instead of hexane as
the solvent because a higher concentration gf €@uld be
achieved in the former due to stromg-x interaction. The
broadening of the fwhm value fC NMR spectra of & as
well as the tremendous reduction of thevalue (from 41.9 s
for pure G powders to 9.4 s for gincorporated LDH under
a 7.05 T magnetic field) strongly supported the fact thgg C
relaxation measurement. Summarized in Table 7 are fou':]mqlecules were i.n the in_terlayers of LDH.a.nd experienced rather
functions to simulate thé inversion recovery curves for the intimate interactions with proton-containing species. On the

hysical admixture sample, CLM. A value of 30.8 Sy) is _other hand, only a small portion qu,g:_could diffuse into th(_e
phy P'e, - M oL interlayers of LDH by physical grinding. The NMR studies

:gafgggct?srsluor?'&% ?ezg\r::a?girljer\c/);j( ;]r:jgi@lz )Ft]\?vzssebb?aoir?é?jr also showed that interlayeggmolecules, either before or after
p o y ) 3 . the removal of interlayer dodecyl chains, could not rotate as
using theT; relaxation time value of either 41.9 or 9.4 s derived freely as in their pure powder form

from pure Go or Cg in LDH by the chemical process,

respectively. However, if one would simulate the CLM system  acknowledgment. Financial support from the National
by a biphasal mixture of pures&(T: = 41.9 s) and intercalated  gcience Council, Republic of China, is gratefully acknowledged.

Ceo (T1 = 9.4 ), one would obtain as good a fit as that of the Thanks are also extended to Mr. Jyun-Hwei Hwang and Mr.
single component witfT; of 30.8 s. From this bicomponent  Tran-Chin Yang for their technical assistance.

analysis, the amount ofggmigrated into LDH is estimated to
be about 6.7%. JA952588T



