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The galleries of a Mg—Al layered double hydroxide have been functionalized by intercalation of (carboxymethyl)-
B-cyclodextrin cavities. The functionalized inorganic solid can adsorb iodine molecules from vapor as well as
nonaqueous and aqueous solutions. The adsorbed iodine complexes with the grafted cyclodextrin cavities,
disassociating heterolytically to form polyiodide species. Electronic and Raman spectra provide conclusive evidence
for the existence of linear symmetric triodide, I;~, and pentaiodide, Is~, species within the cyclodextrin cavities
confined in the layered double hydroxide.

Introduction Host structures are, of course, not limited to inorganic
solids; a variety of organic hosts are known, the most well-

The ability to accommodate guest molecules in their known of which are the crown ethers, cyclodextrins, calix-
interlamellar space is perhaps the most unique feature of the : O X

chemistry of layered inorganic solid$n a majority of these ?ernsest’h:r:: zezzr%ﬁggn?élggl?:jeé: dﬂ,sre]etvg? g(r):; ﬁtc:lsjtc-can
solids the interaction between host and guest is Coulumbic,,~ =™’ Y gani g '
be integrated, a new family of host structures can be en-

W.'th the gg_est Species c_:ompensau_ng for the charge d(.aﬂcn’visaged. Indeed, such structures have been realized; modified
either positive or negative, of the inorganic layer. Typical

. o cyclodextrins have been successfully intercalated in mont-
examples of these solids are the phyllosilicate clays, the — 1 o ;
. . . morillonite clays!! zirconium phosphate’d, and layered
layered double hydroxides, the divalent metal thiophosphates, . ;
e double hydroxid€'s to create a new generation of host struc-
and the metal(lV) phosphates and phosphonatethe tures. Cyclodextrins, herein abbreviated as CDs, are cyclic
subsequent hosguest chemistry of these intercalated solids e ' ’ y

is restricted to exchange of the interlamellar charged Spedeﬁ?II?j(r)gnﬁ;sbigfcz\?iltlij;s%gavr\]/ﬁisceh ;@\_/';ﬁ) V(\;:‘thca)(llllrr]:c::giLIes
for other ions and, to a limited extent, adsorption of polar ydrop ty

. be introduced.
molecules, e.g., crown ethérand poly(ethylene oxide)? may . .
through ion-dipole interactions. The hosguest chemistry Layered double hydroxides (LDHs), the so-called anionic

of these solids can, however, be extended to include nonpolalplags_" tc?n3|st” of pok? itively bi:hargzz Hbr(l;u:el-h}:e layers
molecules by appropriate functionalization of the internal and interiamefiar éxchangeable ani ydrotaicites are

: . . . layered double hydroxides with the chemical composition
surface of the solid. It is well established that grafting of e
long-chain surfactant molecules to the walls of the galleries, [M?l‘X¢|X(OI._t|_)2]XI [A:] ]X/"°rgHIZO (Mg—Al It‘DI_:) éh?t con-d
to form intercalated bilayers, allows for the solubilization SISIS Of positively charged layers Conirjgc ed from edge-
of a wide variety of neutral organic molecules in the sharing Mg(OHj and Al(OH); octahedrd™** The positive

hydrophobic interior of the bilayér®
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charge of the layers is compensated for by interlayer anionsLDH-NOz was Mg 7Alg 5 OH)>(NOs)o 3, and that of LDH-CMCD
that are usually hydrated. The interlayer anion can be ex-was Mg AloOH)(CMCD)o.073

changed for other inorganic or organic anions, thus imparting  Inclusion of iodine in LDH-CMCD was effected by three
new functionality to the LDH. For example, the NOions different routes: (i) exposure of the solid LDH-CMCD to iodine
in [Mg1_4Al,(OH),][NO3]« may be exchanged for halide ions vapor, _(ii) adsorption___from a nonaqueous solution of iodin_e, eg.,
such as 1 to give [Mgi_ Al (OH)][l] x. It is this anion- !od!ne in CCl, an_d (|||_) adsorption from an aqueous solution of
exchange capability of the LDHs that has been investigatedIOdme' The reaction, in all three cases, was carried out at room

temperature and allowed to equilibrate for 24 h. In the first route
for many years. They have been used as catalysts and Cataly§ dine crystals and LDH-CMCD were placed in the two arms of a

preculriggs, as sorbents and scavengers for halogens and weagaed glass U-tube and allowed to equilibrate at room temperature.
acids; and more recently for storing and delivering The inclusion was rapid as could be judged from the change in

biologically active material3*?>The guest species, however,

color of the solid LDH-CMCD from white to yellow and finally

have, out of necessity, to be anions for charge neutrality to brown within a period of 30 min. A similar experiment carried out

be preserved, and as a consequence, the-lgosst chem-
istry of the LDHSs is limited to ion-exchange reactions.
Insertion of neutral, nonpolar or poorly water soluble guest

with the starting Mg-Al LDH (NO3) showed no change in color
even after extended exposure (24 h) to iodine vapor. The adsorption
isotherm for uptake of iodine from aqueous solutions was obtained

molecules is not possible. Here we show that, when the Py monitoring the absorbance &t~ 460 nm by UV-vis spec-

internal surface of a MgAl LDH is functionalized by
grafting cyclodextrin cavities to the gallery walls, the LDH
can adsorb iodine from vapor as well as from polar and
nonpolar solutions. Insertion occurs by the complexation of
iodine by the intercalated cyclodextrin cavities.

Experimental Section

Preparation and Characterization. Mg;—xAl(OH)x(NOs)x-
[LDH-NO3] was prepared by coprecipitation by dropwise addition
of known volumes of aqueous Mg(NJ2(0.04 M) and AI(NQ)s-
(0.02M) into NaOH at a constant pH of 8, under adtmosphere,
following the procedure reported by Meyn et?@The resulting
white precipitate was aged for 24 h prior to washing with
decarbonated water. The graftingtyclodextrin cavities within
the Mg—Al LDH was achieved by ion-exchanging the BiGons
in Mg;—xAl(OH)2(NO3), with methyl carboxylate-derivatizeetcy-
clodextrin ions. The sodium salt of (carboxymethiyclodextrin,
C42H70-n035(CH;COONa), (CMCD), was obtained from Cerestar
Co. (Hammond, IN). The average number of carboxylate groups
per3-CMCD molecule, as established by pH titrations, is 3.8. The
ion-exchange intercalation ¢g-CMCD in the LDH was effected
following the procedure of ref 13. A 100 mg sample of LDH-NO
was added to 10 mL of a 10 mM aqueg&MCD solution at 65
°C, and the resulting solution was stirred for 24 h. Completion of
the intercalation of thg-CMCD was confirmed by the absence of
00 reflections with a basal spacing of 8.9 A in the powder X-ray
diffraction (Shimadzu XD-D1, Cu K) and the appearance of a
new set of 00 reflections with a basal spacing of 24.6 A. The
B-CMCD stoichiometry in the LDH was established from C, H, N
elemental analysis (C, 18.9; H, 5.06) and also by estimation of
the unexchange@d-CMCD in the reactant solution. Mg/Al ratios
in the LDH were determined by inductively coupled plasma
spectroscopy (Jobin Yvon JY24). The composition of the starting
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troscopy. The adsorption measurements were made after 2 mg of
LDH-CMCD was allowed to equilibrate with 10 mL of iodine
solution with a concentration varying from 2.36 to 0.786 mM for
a period of 24 h. The maximum uptake was 2.4blecules per
grafted cyclodextrin cavity. This corresponds to a chemical compo-
sition of [Mgo_7A| 03(OH)2][CMCD] 0,07;{|2)0.179(LDH-CMCD_|2).
Measurement Techniques.Absorbance spectra of the solid
samples were recorded on a Hitachi U3000-tXs spectropho-
tometer. The powder X-ray diffraction pattern of LDH-BMQ@DH-
CMCD, and LDH-CMCD-iodine was recorded on a Shimadzu
XD-D1 X-ray diffractometer using Cu &« radiation ofA = 1.54
A. The samples were mounted by pressing the powders on a glass
plate, and the data were collected at a scan speef sf 2°/min.
FT-IR spectra were recorded as KBr pellets on a Bruker IFS55
spectrometer operating at 4 chresolution. FT-Raman spectra were
recorded on a Bruker IFS FT-Raman spectrometer using a Nd:YAG
(4 = 1064 nm) laser for excitation. Spectra were recorded at a
resolution of 4 cm? with an unpolarized beam using an Al sample
holder. The laser power was kept at 150 n¥¥Z cross-polarization
magic angle spinning (CP-MAS) NMR was recorded on a Bruker
DSX-300 solid-state spectrometer at a Larmor frequency of 75.46
MHz with a contact time of 1 ms. The spectra were externally
referenced to tetramethylsilane (TMS). C, H, N analysis was
performed on a CHNS (Carlo Erba) elemental analyzer.

Results and Discussion

The ion-exchange intercalation @i-CMCD, with an
average degree of carboxymethyl substitutions of 3.8 per
cyclodextrin molecule, in MgAlo3(OH)(NO3)o 3 Occurs
with an increase in the interlayer lattice spacing from 8.9 to
24.6 A (Figure 1a). The latter corresponds to a separation
of the brucite layers by 19.8 A. The ion exchange is com-
plete; the stoichiometry as established by elemental analysis
is [Mgo7A| 03(OH)2][CMCD] 0.073. Completion of the ion
exchange was also verified by the absence of the bands due
to the NG~ ion in the infrared and Raman spectra and the
presence of bands due to the carboxylate (C&hion of
the intercalate@-CMCD (see the Supporting Information).
The 13C CP-MAS NMR spectrum of LDH-CMCD and that
of the sodium salt gf-CMCD are shown in Figure 1b along
with the assignments for the resonances. The positions of
the resonances in the two compounds are identical, indicating
that the integrity of the cyclodextrin cavity is preserved on
intercalation. This was further confirmed by the fact that the
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Figure 2. A model representing the arrangement of grafted CMCD
molecules within the galleries of a M@Al LDH.
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Figure 1. (a) X-ray diffraction pattern of LDH-N@(dotted line) and LDH-

CMCD. (b) 13C CP-MAS NMR spectra of LDH-CMCD and the sodium

salt of 5-CMCD (dotted line).
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positions of the infrared and Raman bands of the two
compounds were identical (see the Supporting Information).
The intercalated LDH-CMCD is stable on exposure to the
atmosphere as well as moisture, and the grgft&&MCDs
are no longer exchangeable, e.g., with carbonate ions. —————

The observed lattice expansion and stoichiometry can be 04 08 1z 16 20
accounted for by a perpendicular bilayer arrangement of the concentration mM
cyclodextrin molecules in the gaIIeries, with the axis of the Figure 3. Adsorption is_otherm for the inclusion of iodine in LDH-CMCD

. " . from an agueous;Isolution.

cyclodextrin cavities parallel to the interlayer normal. The
[-cyclodextrin molecule may be considered as a truncated
cone with an approximate torus thickness of 7.8°AThe
outer diameter of the wider end of the cone is 15.4 A, while
that of the narrower end is 7.8 A. The carboxymethyl groups
are attached by substitution of the primary hydroxyl groups
located at the narrower end of the truncated ¢8iMolecular
modeling shows that the presence of the carboxymethyl
groups increases the effective torus thickness by 1.46 A.
The perpendicular bilayer arrangement would therefore result
in an interlayer expansion of 18.52 A, which is close to the
experimental value of 19.8 A. The stoichiometry of the
functionalized LDH [Mg 7Al¢.3(OH)2][CMCD].073 to0 can
support such an assignment. Assuming a hexagonal clos
packing of thes-CMCDs grafted to a layer, the effective
area per molecule isv(3/2)(15.4% or 205 A. The area of
the unit cell of the brucite layer is(3/2)(3.05% or 8.05 &.
Hence, the maximum value ok"for a perpendicular bilayer
arrangement i = (8.05 x 2)/205= 0.078. The observed
stoichiometry ofx = 0.073 is well within the requirements
of a close-packed bilayer arrangement while also satisfying

0.8 4

charge neutrality. We propose a model shown in Figure 2
as the possible arrangement of grafted cyclodextrin cavities
in the galleries of Mg-Al LDH. For this model, the average
distance between the centers of the cyclodextrin cavities is
~17 A and the volume fraction of the galleries occupied by
the cyclodextrin cavities is-50%.

Adsorption Isotherm. Inclusion of iodine in LDH-CMCD
was achieved by three different routes: (i) exposure of the
solid LDH-CMCD to iodine vapor, (ii) adsorption from a
nonaqueous solution of iodine, e.g., iodine in ¢@&hd (iii)
adsorption from an aqueous solution of iodine. In all three
cases the inclusion was rapid as could be judged from the
Gi:hange in color of the solid LDH-CMCD from white to
yellow and finally brown. The starting LDH-NOwhen
exposed toJdvapor or when treated with kolutions, under
similar conditions, showed no change in color. The adsorp-
tion isotherm at 298 K for the uptake of iodine from aqueous
solution by LDH-CMCD is shown in Figure 3. The amount
of iodine adsorbed by the intercalat8dCMCD, expressed
as the molar ratio of adsorbed iodine to graffe€MCD
(27) Insightll, v.4.0.0.R-, Molecular-modelling system, Molecular Simula- (hencefort_h referred to as the |o_d|ne/QM§:D r?tlo)’ is plotted

tions Inc., 1998. as a function of the concentration of iodine in the aqueous
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Figure 4. UV—vis spectra of LDH-CMCB-, for different L/CMCD Figure 5. Raman spectra of LDH-CMCBI, for different L/CMCD ratios.

ratios as indicated in the figure.

. . - - With increasing #CMCD ratio the UVW-vis spectra
SOIU.“O”' The maximum |od!ne up_take was 4.9 |od_|ne atpms (Figure 4) of LDH-CMCD-1;, show increasing intensity and
per intercalated cyclodextrin cavity. The X-ray d_|ffract.|on broadening of the band at 362 nm. For the highest iodine
pat.tem of LDHf-CMCD shqwed.no change on 'FC'“S'O” content compound £/ICMCD = 2.45) the band is red-shifted
of iodine; the pattern was identical to that in Figure la. to 375 nm and the broadening skewed toward higher wave-

Insertion of iodine does not lead to any change in the | o . -
y i .~ lengths. These changes indicate the formation of polyiodide
composition of the host LDH-CMCD. Thermogravimetric spegcie§° g poly

measurements showed that the iodine inclusion compounds " . . . .
Vibrational Spectroscopy. Raman vibrational spectros-

were thermally stable up to 550 K, at which temperature copy provided complimentary evidence for the existence of
the parent LDH-CMCD decomposes. Thermal stability could triodide and polyiodide species in LDH-CMGB,. Attention

also be ascertained by the fact that the yellow-brown color .

s retained even afeer heating © 500 K, which aiso ules out £ @ 85 AL T AR, BEEES OIS PRS2
the possibility of iodine sticking to the outer surface of the 9

LDH. pf the_ nature _and symmetry of polyidide speﬁés‘[he__
Electronic Spectra.The UV—vis spectra of the products |nclu5|o_n of iodine does not Iea_ld to any change in the pQS|t|on
of the three routes are identical. The YVis electronic of the infrared anq Raman V|brat|ona_l modes of t_he inter-
spectra of LDH-CMCD-1, for different L/CMCD ratios are calated cyclodextrin (see the Supportmg Information). The
- . Raman spectra of LDH-CMCBI, for different L/CMCD
shown in Figure 4. Surprisingly, although the compounds ratios from 0.65 to 2.46 are shown in Fiaure 5. The low-
were prepared by adsorption of neutral iodine, either from f R X ' i f thﬁéGMCDg= 0 6'5 i
vapor or solution, bands due tg (460 nm) are not seen. requency kaman spectrim o 00 com
The spectra of LDH-CMCB 1, with a L/CMCD ratio of pound shows an intense band at 110&rind a weak band

1 ¥ L
0.65 show two absorption maxima at 294 and 362 nm. Thesealt 137 cm* (the low-frequency band at 85 cmis (jue to

o e . the LDH). These features are the characteristic signature of
bands are characteristic of the triodide;,lspecies; the

g X the triodide ior®? The k™ ion has three vibrational modes
transitions correspond to the spin- and symmetry-allowed the symmetricy; (110 cr®), and antisymmetricy, (140
— ¢* and = — o* transitions of the linearDgy or Co,, I3~ Y " ’ y Cva

ion.28 The analogous, — oy* and y — oy* transitions of e, stretching modes and a bending, mode (70 crm)
the- b- ion expected ;t 386 and 6%)0 Fﬁ:are absent. and which is usually very weak (the figures in parentheses are
consequently, the presence of this species may be ruled outpr'CaI b_and posmor?§)_. . . )
The spin-forbidden singlettriplet transitions of thesl ion, _ Foralinear symmetrigt ion the antisymmetria;z, mode
is infrared allowed but Raman forbidden, whereas for the

expected at~440 and~560 nm, are not seen, indicating - )
that the linear4~ ion is in a highly symmetric environment linear asymmetric ion both stretching modes are Raman

in the LDH-CMCD. These bands are known to show allowed. The fact that in the Raman spectra of LDH-
significant enhancement in intensity when the symmetry of —— —
the I~ ion is lowered, e.g., in the solid staie. (30) rge%lzd(—:gzl\él.z.E., Rimai, L.; Kilponen, R. G.; Gill, . Am. Chem. Soc.

(31) Nour, E. M.; Chen, L. H.; Laane, J. Phys. Chem1986 90, 2841.
(28) Gabes, W.; Stufkens, D. Spectrochim. Acta: Part A: Mol. Biomol. (32) Klaboe, PJ. Am. Chem. Sat967, 89, 3667.

Spectrosc1974 30A 1835. (33) Maki, A. G.; Forneris, RSpectrochim. Acta, Part A: Mol. Biomol.
(29) Howard, W. F.; Andrews, LJ. Am. Chem. Sod.975 97, 6. Spectrosc1967, 23A 867.
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CMCD-1; the v, band (110 cm?) is intense while the’,
band (137 cm?) weak implies that thest ion in the grafted

rocycles®® The polyiodide species;1 and k= present in
LDH-CMCD-—I; are not ion-exchangeable with other anionic
B-CMCD cavities is linear and symmetric. At higher species, indicating that they are associated with the grafted
I,/CMCD ratios a new band at 167 cfappears in the  cyclodextrin cavities. The absence of the blue color, typical
Raman spectra that grows in intensity with increasing iodine of the iodine-amylase complexe¥,implies that - and k-
content (Figure 5). This band is assigned to the Raman-are isolated from each other in LDH-CMCD,.
allowed v, symmetric stretching (outer) mode of a linear  As mentioned in the introductory paragraph the hogstest
symmetric - species! The Raman-allowea, symmetric chemistry of the layered double hydroxides is generally
stretch (inner) of the lineagt, expected below 70 crj, is restricted to ion-exchange reactions, e.g., the exchange of
obscured by the LDH modes. The Raman spectra of the nitrate ions in Mg-.Al(OH)x(NOs)y for halide ions. Insertion
I,/CMCD = 2.46 LDH-CMCD-1, compound shows the of neutral halogens was hitherto not possible. We have shown
presence of bothyT and k™ species. The results of the Raman that, by appropriate functionalization of the internal walls
spectra are in agreement with the observations of the of the inorganic solid, in this case by intercalation of
electronic spectra of LDH-CMCBI.. cyclodextrin cavities in a MgAl LDH, it is possible to
adsorb iodine molecules within the galleries of the layered
solid. Although the iodine molecules once adsorbed dissoci-
The internal surface of MgAl LDH can be functionalized  ate heterolytically to form polyiodide anionic species, such
by ion-exchange intercalation of (carboxymeth§gyclo- as k- and k-, the host-guest chemistry of the functionalized
dextrin cavities. The structural integrity of the cyclodextrin LDH is conceptually very different from the usual ion-
cavity is preserved even after grafting to the gallery walls. exchange chemistry of the parent LDH. The polyiodide
We have shown here that the functionalized LDH can adsorb species4~ and k- present in LDH-CMCDB-I, have no part
neutral b molecules from vapor as well as from polar and to play in maintaining charge neutrality of the LDH unlike,
nonpolar solutions. Insertion occurs by the complexation of for example, the role oflions in [Mg1—xAlx(OH),][l] x. The
the iodine molecules by the grafted cyclodextrin cavities. iodine content in LDH-CMCDB-1; has, therefore, no relation
UV —vis and Raman spectra provide conclusive evidence for to the negative charge deficit (the Mg/Al ratio) of the LDH
the existence of linear, symmetric, triodide,,lions when layers. The polyiodide anions formed by the heterolytic
iodine is included within cyclodextrin cavities grafted in a disassociation of neutra} In the grafted cyclodextrin cavi-
Mg—Al LDH. At higher iodine content polyiodide species, ties are weakly bound to the cyclodextrin cavities and are
such as the lineart, are formed. not ion-exchangeable unlike the lons, for example, in
The iodine inclusion chemistry of cyclodextrin confined [Mgi—xAlx(OH);[I] x. In subsequent work we show how a
in the galleries of the layered solid MgAlos(OH), LDH is variety of neutral molecules ranging from aromatic hydro-
similar to that of cyclodextrin in solution where, too, the carbons to neutral organometallics can be inserted in the
presence of triodide species has been repdtt&dollowing galleries of the functionalized LDH. The method outlined
heterolytic disassociation 0f.IThe inclusion reaction may, in this work may easily be extended to other layered solids,
therefore, be represented, as in the case of cyclodextrin inby appropriate choice of the derivatizgecyclodextrin for
solution? as functionalization, thereby extending the range of their host
guest chemistry.

Conclusions

. . ~ . + oo —
(LDH-cyclodextrin)+ 21, = (LDH-cyclodextrin=17)---I, Acknowledgment. The (carboxymethyl)cyclodextrin was

received as a gift from Cerestar Co. (Hammond, IN).
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