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Negatively charged amino acids (aspartic acid, glutamic acid) and a related polymer, poly(a,b-aspartate), have been intercalated
within the gallery spaces of layered double hydroxides. Synthesis of these bioinorganic nanocomposites was achieved via co-
precipitation involving simultaneous formation of the inorganic layers and intercalation of the anionic species. In situ thermal
polymerization of pre-intercalated aspartate monomers a�ords a second route to the poly(a,b-aspartate)-containing hybrid
material.

The layered double hydroxides (LDHs) consist of inorganic This study is concerned with the synthesis and characteriz-
brucite-like MII(OH)2 layers that are positively charged due ation of layered double hydroxides (LDHs) intercalated with
to partial substitution of the framework divalent cations with anionic amino acids such as aspartate or glutamate, or a
trivalent metal ions. Overall electrical neutrality is maintained polyamino acid derivative, poly(a,b-aspartate). We show that
by the presence of anions (and water)1 within the gallery spaces these new bioinorganic hybrid materials can be produced by
between the inorganic sheets. The general composition of direct synthesis. We also describe the formation of a layered
these intercalation materials can be represented as nanocomposite containing poly(a,b-aspartate) macromolecules
[MII1−xMIIIx (OH)2]x+ ·[(Am− )x/m ·nH2O] where MII is a using an approach based on the in situ polymerization of
divalent cation such as Mg, Ni, Cu or Zn, MIII is a trivalent intercalated aspartate monomers.
metal ion such as Al, Cr, Fe, V, or Ga, and Ax/m an anion of
charge m such as CO32− , Cl− , SO42− or NO3− . The naturally

Experimentaloccurring mineral, hydrotalcite, has a representative formula
unit of [Mg6Al2 (OH)16][CO3]·4H2O, although the value of x Materialscan vary between 0.16 and 0.45 in synthetic derivatives.2 These

Organic and inorganic reagents were of analytical gradeinorganic layered materials are often termed ‘anionic clays’,
(Aldrich) and used without further purification. Sodiumcomplementing the more conventional cationic clays and
hydroxide pellets were obtained from BDH. A solution ofrelated lamellar compounds (e.g. smectite clays, phosphates

and phosphonates of tetravalent metals). Interest in clays and sodium poly(a,b-aspartate) (27% m/m in H2O; Mr ca. 1000;
inorganic lamellar compounds lies in their potential technologi- ca. 62 aspartate residues per molecule) was obtained as a gift
cal applications as catalysts, ion-exchangers, optical hosts and, from BP International. Doubly distilled water was further
more recently, as important components in the fabrication of purified by passing through a Stillplus Purite water system.
new ceramic-based materials and nanocomposites.3

The anion-exchange properties of LDHs4 can be exploited Preparation of carbonate-containing layered double hydroxide
for the post-synthesis incorporation of small, negatively (LDH)
charged organic molecules into the gallery spaces between the

A layered magnesium/aluminium double hydroxide containingbrucite layers. A direct synthesis approach has recently been
intercalated carbonate (Mg–Al–CO3–LDH) was preparedsuccessful for the preparation of well ordered LDH materials
using a standard aqueous precipitation and thermal crystalliz-containing intercalated anions such as terephthalate,5 long-
ation method.19 Typically, a solution containingchain fatty acids,6 organic dyes7 and phthalocyanine-type
Mg(NO3 )2 ·6H2O (0.58 g, 2.3 mmol) and Al(NO3 )3 ·9H2Omolecules.8,9However, the fabrication of LDH nanocomposites
(0.43 g, 1.1 mmol) in 18 ml doubly distilled water was addedwith polymeric guest molecules has a�orded limited success,
dropwise over 1 h to a vigorously stirred freshly preparedprimarily because the methods generally employed for polymer
solution containing NaOH (0.32 g, 8.0 mmol, pH=12) andincorporation in other layered inorganic host materials10 have
Na2CO3 (0.24 g, 2.3 mmol) in 10 ml doubly distilled water.not been applicable. Most notably, the exfoliation/adsorption
During addition there was no change in pH. The resultant gelapproach,11–13 widely utilized for the fabrication of poly-

mer–clay hybrids of the smectite- and MS2-type, is not a viable was aged with stirring at 65 °C for 24 h. A white solid was
synthetic route for polymer–LDH nanocomposites as the high subsequently isolated by filtration under suction and dried in
charge density on the LDH layers prevents exfoliation of a vacuum oven at 70 °C for 24 h. Elemental analysis gave
the sheets. To date, poly(aniline)–LDH14 and 2.5%C, 4.0%H, 0.2%N, 62.0%O, 20.0%Mg and 11.3%Al.
poly(acrilonitrile)–LDH15 nanocomposites have been prepared
by in situ polymerization of pre-intercalated monomers. A Preparation of aspartate- and glutamate-containing LDHs
direct synthesis approach, similar to that used for the incorpor-

Aspartate– and glutamate–LDHs were prepared by reacting aation of small organic molecules, has been used to intercalate
mixed-metal nitrate solution with a basic solution containingpoly(vinyl alcohol ) into a Ca–Al–LDH with the formation of
the organic dianion.5 The free organic acid ( ,-aspartica well ordered layered nanocomposite.16,17 More recently,
acid, -glutamic acid; 1.1 mmol) was dissolved in a freshly pre-nanostructural materials based on Mg4Al2 (OH)12 ·nH2O and
pared solution of NaOH (10 mmol in 10 ml doubly distilledrelated LDH sheet structures, and the ionomers poly(acrylic
water) and the resulting solution stirred under nitrogen. A sol-acid), poly(vinyl sulfonate) and poly(styrene sulfonate), have
ution containing Mg(NO3 )2 ·6H2O (0.58 g, 2.3 mmol) andbeen directly synthesized by coprecipitation from solutions

containing the desired polymer as co-solute.18 Al(NO3 )3 ·9H2O (0.43 g, 1.1 mmol) in 18 ml doubly distilled
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water was deaerated with nitrogen before slow addition to the Results and Discussion
organic anion-containing solution. The pH of the reaction

Aspartate- and glutamate-containing LDHsmixture remained fairly constant at 11.5–12 during the
addition. The resulting precipitate was aged at 65 °C for 24 h The XRD pattern for the carbonate–LDH showed character-
and then filtered in air under suction and dried at 70 °C under istic reflections which corresponded to an interlayer spacing
vacuum for a further 24 h. Elemental analysis gave 6.8%C, of 7.6 A

˚
[Table 1, Fig. 1(a)]. By contrast, the aspartate– and

4.3%H, 3.5%N, 57.7%O, 17.3%Mg and 10.4%Al for the glutamate–LDHs [Fig. 1(b) and (c)] showed expanded struc-
aspartate-containing LDH, and 7.1%C, 4.7%H, 2.9%N, tures with broad (003) di�raction peaks at 11.1 and 11.9 A

˚
,

59.4%O, 17.0%Mg and 9.3%Al for glutamate–LDH. respectively (Table 1). These expanded interlayer separations
are consistent with the intercalation of the organic anions
within the gallery spaces of the LDH. Weak (006) and (00,12)

Preparation of polyaspartate-containing LDH reflections were also observed, indicating that the amino acid
intercalated LDHs were single phases with significant stackingThe preparation of polyaspartate-intercalated LDHs was
disorder. Assuming a thickness of 4.8 A

˚
for the brucite layer,achieved by two synthetic procedures: (a) by in situ thermal

the gallery spacings were approximately 6.3 and 7.1 A
˚

forpolycondensation of an aspartate-containing LDH, and (b) via
aspartate– and glutamate–LDHs, respectively, compared withdirect intercalation of the preformed polymer present as co-
a carbonate–LDH gallery height of 2.8 A

˚
. These values suggestsolute in the basic reaction solution.

a monolayer arrangement for the intercalated amino acids,
with the carboxylates of individual molecules bridging adjacent
layers of the inorganic framework.(a) Thermal polycondensation of aspartate-containing LDH.

Calculated chemical compositions for the as-synthesizedTypically, a sample (0.5–1.0 g) of the dried aspartate–LDH
intercalated LDHs are shown in Table 2. The organic contentwas heated in a furnace at 220 °C for 24 h in air. Upon removal
of the aspartate- and glutamate-containing materials was typi-from the furnace the crucible and sample were allowed to cool
cally 20% by mass. Nitrate ions were also co-intercalatedslowly in a dessicator in air to room temperature. The product
within the gallery spaces. This was confirmed by FTIR spec-was yellow–pale brown. The organic content of the heated
troscopy (see below) and was consistent with a broad XRDmaterials was calculated as 21–25 mass%. The heat-treated
peak at 4.2 A

˚
[Fig. 1(b), (c)] which was attributed to disorderedsample was dispersed in 20 ml doubly distilled water under an

layers of intercalated nitrate anions (d006 for pure NO3–LDH=argon purge and the pH of the solution adjusted to 11.0 by
4.0 A

˚
) within the amino acid–LDH materials. The composi-the addition of 10 mol dm−3 NaOH solution. The reaction

tional data demonstrate that the amount of organic andmixture was stirred at 60 °C for 1 h, during which the pH was
inorganic anions incorporated into the LDH materials ismaintained at 11.0 by further addition of NaOH solution.
stoichiometrically related to the net positive charge generatedUpon cooling to room temperature the solution was neu-
by Al substitution in the inorganic layers. In addition, the datatralized by the addition of HCl and the solid product isolated
indicate that the acidic amino acids were incorporated asby centrifugation and washed with doubly distilled water.
dianionic species, consistent with the highly alkaline [pH=12;Elemental analysis of the heated sample gave 7.7%C, 3.8%H,
pKa(NH3+ )=10.0] reaction conditions.3.9%N, 57.1%O, 16.9%Mg and 9.9%Al, and after base

For all synthetic procedures, an initial mole ratio of Mg/Al=hydrolysis, 7.3%C, 4.2%H, 1.2%N, 60.5%O, 16.8%Mg and
2 was charged to the reaction vessel. The resulting Mg/Al10.0%Al.
ratios in the precipitated products di�ered according to the
nature of the intercalated anions. For the purely inorganic
carbonate–LDH, a ratio of Mg/Al of 2.8 indicated an incom-(b) Direct intercalation. Polyaspartate solution (0.75 g of a
plete precipitation of aluminium ions. In comparison, the27% m/m polymer solution: 1.5 mmol aspartate monomers,
corresponding ratios in the aspartate and glutamate samples[Asp*]) was stirred in a freshly prepared solution of NaOH
were slightly lower than the theoretical value (Table 2), indicat-(7.5 mmol in 10 ml water) under nitrogen. The pH of the
ing an enrichment of the trivalent cation in the brucite layers.resulting solution was ca. 12. A solution containing
This suggests that the composition of the brucite layers initiallyMg(NO3 )2 ·6H2O (0.29 g, 1.2 mmol) and Al(NO3 )3 ·9H2O formed can be influenced by host–guest interactions that are(0.22 g, 0.6 mmol), previously purged with nitrogen, was added
presumably taking place prior to assembly of the doubledropwise to the vigorously stirred polymer solution. The
hydroxide layers. For example, di�erences in the stabilityresulting suspension was aged at 65 °C for 24 h and the tan

coloured product was dried under vacuum at 50 °C for 24 h.
Elemental analysis gave 15.3%C, 4.4%H, 4.4%N, 57.0%O,
10.4%Mg and 8.6%Al.

Characterization

X-Ray powder di�raction (XRD) data were collected on a
Phillips PW1130 di�ractometer using Cu-Ka radiation (l=
1.5405 A

˚
). FTIR spectra were recorded on samples pressed

into KBr discs using a Nicolet 51OP FTIR spectrophotometer.
Electron microscopy was performed on ground samples, dis-
persed by sonication in ethanol or water, using a JEOL
1200EX microscope with attached scanning imaging device.
Thermal analyses of powdered samples up to temperatures of
600 °C were carried out at a ramp rate of 5 °C min−1 in flowing
N2 using a Perkin-Elmer Delta Series 7 instrument. Organic
contents were calculated from the C5N ratio obtained from
microanalyses of the samples performed on a Varian AA-275
Series spectrophotometer. Atomic absorption spectroscopy was Fig. 1 Powder XRD patterns for (a) carbonate–LDH,

(b) aspartate–LDH and (c) glutamate–LDHused to determine the Mg and Al contents.
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Table 1 XRD data (d/A
˚
) for synthesized LDHs (ht=heated)

d003 d006 d009 d006a d00,12 d012 gallery heightb

CO3–LDH 7.6 3.8 — — — 2.6 2.8
Glu–LDH 11.9 6.0 — 4.2 3.1 2.6 7.1
Asp–LDH 11.1 5.7 — 4.2 2.9 2.5 6.3
ht–Asp–LDH 9.0 — — 4.3 — 2.5 4.2
ht–Asp–LDH+OH 12.2 6.3 — 3.9 — 2.6 7.4
ht–CO3–LDH 6.8 3.4 — — — 2.6 2.0
polyAsp–LDH 15.1 7.7 5.8 — 3.9 — 10.3

aValues assigned to intercalated nitrate/carbonate. bAssumes a thickness for the brucite layer of 4.8 A
˚
.

Table 2 Compositional data for synthesized LDH materialsa

chemical composition Mg/Al ratio

CO3–LDH Mg1.15Al0.4 (OH)3.08[CO3]0.2[NO3]0.01 ·0.5H2O 2.8
Asp–LDH Mg0.71Al0.38 (OH)2.18[Asp]0.14[NO3]0.10 ·0.6H2O 1.9
Glu–LDH Mg0.7Al0.34(OH)2.05[Glu]0.12[NO3]0.10 ·0.9H2O 1.8
polyAsp–LDH Mg0.43Al0.32 (OH)2.05[Asp*]0.32 ·1.1H2O 1.2

a[Asp]=aspartate dianion, [Glu]=glutamate dianion, [Asp*]=polyaspartate monomer.

constants of Al3+ and Mg2+ complexes of the amino acid 650 and 460 cm−1 were assigned to the metal–oxygen modes
of the LDH sheets.dianions might favour the partial fractionation of the more

highly charged cationic species. However, it is known that Thermogravimetric analysis traces for the carbonate–LDH
showed a distinctive reduction in mass between 80 and 200 °CLDH materials with low crystallinity often have low Mg/Al

ratios,20 suggesting that the trivalent enrichment could be a (15 mass%) owing to loss of surface adsorbed and interlayer
water. A major mass loss was observed at 280 °C, continuinggeneral kinetic e�ect.

FTIR spectra of the aspartate– and glutamate–LDHs up to 500 °C, owing to concomitant dehydroxylation of the
inorganic layers and decomposition of intercalated carbon-showed absorption bands corresponding to the intercalated

organic dianions (Fig. 2). Characteristic alkyl CMH stretches ate anions (ca. 30 mass%)21 [Fig. 3(a)]. In contrast, the
aspartate–LDH underwent a more gradual mass loss fromwere observed in the region 3000–2800 cm−1 of both spectra

and the RCO2− asymmetric and symmetric stretches at 1590 room temperature up to ca. 330 °C (25 mass%) [Fig. 3(b)]
owing to both dehydration of the hydroxide layers and poly-and 1400 cm−1 , respectively, were also evident. Co-intercalated

nitrate anions gave a very intense absorption at 1385 cm−1 . A condensation of the intercalated aspartate monomers (see
below). At 330 °C, the onset of a rapid and major mass lossbroad absorption between 3600 and 3200 cm−1 was associated

with the stretching mode of hydrogen-bonded hydroxy groups ensued, continuing up to 500 °C as dehydroxylation and partial
decomposition of organics occurred (30 mass% loss). Thefrom both the hydroxide layers and interlayer water. Peaks at
corresponding DSC trace (data not shown) showed two endo-
therms centred at 360 and 430 °C owing to dehydroxylation
and organic decomposition, respectively.

Electron microscopy revealed significant di�erences in the
morphologies of the carbonate- and amino acid-intercalated
LDHs. The bead-like structure of the carbonate–LDH
[Fig. 4(a), 5(a)] was evident in both scanning and transmission
electron micrographs, which showed discrete, regular sized
particles of ca. 0.1 mm dimensions. In contrast, the
aspartate–LDH a�orded non-uniform irregular aggregates
(<1.0 mm in size) of plate-like morphology [Fig. 4(b), 5(b)].
Layering within the sample was evident and coherent lattice
fringes were occasionally imaged [Fig. 5(c)]. These results

Fig. 2 FTIR spectra for (a) aspartate–LDH, (b) glutamate–LDH and Fig. 3 TG profiles for (a) carbonate–LDH, (b) aspartate–LDH and
(c) polyaspartate–LDH (prepared by direct synthesis)(c) carbonate–LDH
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Fig. 4 SEM images for (a) carbonate–LDH and (b) aspartate–LDH.
Scale bars=500 nm.

indicate that the texture and morphology of LDH materials
can be influenced by the nature of the intercalated anion. The
insertion of new growth units into a developing crystal surface,
as well as the aggregation behaviour of primary particles, can
be influenced by properties such as spatial charge distribution,
lattice periodicity and the stereochemical disposition of surface
groups. Guest anions can therefore make a significant contri-
bution to the interfacial interactions associated with crystalliz-
ation. For example, the basal (001) face of the LDH structure
appears to be preferentially stabilized in the presence of
aspartate, with the result that plate-like primary particles
are formed.

Fig. 5 TEM images for (a) carbonate–LDH and (b) aspartate–LDH.Polyaspartate-containing LDH
Scale bars=50 nm. (c) High magnification view of an area of
(b) showing lattice fringes (d=10.8 A

˚
). Scale bar=10 nm.(a) Synthesis by in-situ polymerization. Thermal treatment of

the white aspartate–LDH (d003=11.1 A
˚
) at 200 °C for 48 h

resulted in a single-phase yellow material with a decreased d003spacing of 9.0 A
˚
, corresponding to a reduction in the interlayer owing to loss of water during dehydration, but the overall

plate-like shape and aggregated texture remained.separation of 2.1 A
˚

[Table 1, Fig. 6(a)]. The d003 peak width
was comparable with that of the aspartate–LDH material Subsequent treatment of the heat-treated sample with

sodium hydroxide yielded a material which exhibited a broadbefore heating, but no d006 reflection was observed. By compari-
son, a heated sample of carbonate–LDH showed only a small d003 reflection [Table 1, Fig. 6(b)] with a peak maximum at

12.2 A
˚
, and the reappearance of the d006 reflection, suggestingcontraction in d003 from 7.6 to 6.8 A

˚
and the d006 reflection

was still present. The decreases in basal spacing and structural further rearrangement/conversion of the intercalated organic
species. In addition, the 4.2 A

˚
reflection attributed to interca-order can be attributed to the loss of intercalated water

molecules and, in the case of aspartate–LDH, also to the lated nitrate was no longer observed, and a new peak at 3.9 A
˚

was assigned to the presence of disordered brucite layerspolycondensation of the organic monomers within the gallery
spaces of the LDH. The organic content of the heated samples containing carbonate anions. Thus, treatment with NaOH

results in facile exchange of intercalated nitrate for carbonate,remained between 20 and 25 mass% (Table 2) indicating no
significant de-intercalation of the organic molecules. presumably by rehydration in the presence of high concen-

trations of dissolved CO2 . This interpretation is consistentElectron microscopy of aspartate–LDH following thermal
treatment and before treatment with NaOH showed little with the NMR and FTIR data described below. Moreover,

the increase in the interlayer spacing to a value larger thanchange in morphology of the clay particles. Surface cracking
could be observed in the SEM (data not shown), presumably the unheated aspartate–LDH suggests that condensation reac-
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Fig. 6 Powder XRD patterns for (a) aspartate–LDH after heat
treatment at 220 °C for 24 h, (b) aspartate–LDH after heating and
treatment with NaOH and (c) polyaspartate–LDH prepared by
direct synthesis

tions may have occurred within the gallery spaces. The thermal
polymerization of aspartic acid at 200 °C followed by treatment
with base is a well documented method of forming poly(a,b-
aspartate). The reaction proceeds via a polysuccinimide inter-
mediate which rearranges to give polyaspartate (Scheme 1).22,23

The decrease in the interlayer spacing after dry thermal
treatment, and subsequent expansion following reaction with
aqueous NaOH supports the implication that initial heating

Fig. 7 13C CP MAS NMR spectra for (a) aspartate–LDH,of the organo–LDH brings about in situ polymerization of the (b) aspartate–LDH after heat treatment, and (c) aspartate–LDH afteraspartate monomers to produce intercalated polyimides, which heating and treatment with NaOH. Asterisks indicate spinning
subsequently undergo ring-opening by hydrolysis. side-bands.

Supporting evidence for polycondensation of the intercalated
monomers was provided by solid-state 13C NMR spectroscopy.
The spectrum of the as-synthesized aspartate–LDH a�orded
signals consistent with the presence of aspartate dianions [d after heating [Fig. 8(a)], when compared to the as-synthesized
180 (CO2− ), 54 (CHN), 41 (CH2 )], and carbonate (d 170) aspartate–LDH [Fig. 2(a)]. Absorptions due to alkyl CMH
[Fig. 7(a)]. Following heat treatment, a new resonance at d groups were still evident between 2800 and 2900 cm−1 , but
175 was observed in the form of a shoulder to the d 180 peak the unambiguous assignment of polymer residues was not
[Fig. 7(b)]; this peak was characteristic of an amide linkage possible. Other assignments could be made for intercalated
[C(NO)MN] and was also observed in the solution 13C NMR nitrate ions (1385 cm−1 ), and the metal–oxygen stretching
spectrum of pristine polyaspartate [d 180 (COO−), 174 modes (460 and 650 cm−1 ). Following base hydrolysis, an
[C(NO)MN], 54 (CHN) and 40 (CH2 )]. However, an intense but broad absorption peak at 1500–1700 cm−1 was
additional resonance at d 166 suggested the presence also of attributed to carbonyl resonances from amide (1650 cm−1 )
an imide [(CNO)MNRM(CNO)], although this peak is not and carboxylate groups (ca. 1580 cm−1 ) of polyaspartate, whilst
reported in the NMR spectrum for polysuccimide.24 a broad peak of comparable intensity (1380–1450 cm−1 ) was
Subsequent treatment with NaOH gave a spectrum consistent consistent with the symmetric stretching mode of carboxylate
with further reaction of the imide intermediate; in particular, groups (1410 cm−1 ), and inorganic carbonate (1390 cm−1 )
the d 174 resonance (amide linkage) was now well resolved [Fig. 8(b)]. Metal–oxygen stretching absorptions were also
against the d 179 carboxylate peak, and the d 166 (imide) observed.
resonance was absent [Fig. 7(c)]. The spectrum also contained
several new resonances between d 15 and 60, suggesting that (b) Synthesis by direct intercalation. Direct intercalation of
a number of species were formed in the hydrolysis reaction. A polyaspartate by co-precipitation a�orded an organo–LDH
sharp resonance at d 170 due to inorganic carbonate, which with an average interlayer separation of 15.1 A

˚
[Table 1,

was small in the heated aspartate-containing LDH prior to Fig. 6(c)]. The XRD pattern also showed broad peaks for the
base hydrolysis, was also observed. d006 and d009 spacings, and a very broad reflection centred at

There was little change in the FTIR spectrum of the sample 3.9 A
˚

which could be d00,12 or d006 of highly disordered
carbonate-intercalated layers, or both. However, elemental
analysis of the polymer–LDH gave a typical chemical composi-
tion, Mg0.43Al0.31 (OH)1.48[Asp*]0.31 ·0.8H2O (Table 2).
Assuming 62 Asp* monomers per polymer molecule, this gives
a molar stoichiometry of [polyaspartate]0.006 , with an organic
content between 20 and 35% by mass. The data indicate that
the singly charged aspartate side residues of polyaspartate are
the charge balancing species, and no evidence for the incorpor-
ation of other inorganic anions was observed. The Mg/Al ratio
was 1.2, indicating that Al3+ incorporation into the inorganic
layers was more favourable than in the case of the dianionicScheme 1 Thermal polycondensation of aspartic acid to poly(a,b-

aspartate) aspartate– and glutamate–LDHs, which again suggests a

J. Mater. Chem., 1997, 7(8), 1623–1629 1627



Fig. 8 FTIR spectra for (a) aspartate–LDH after heat treatment,
(b) aspartate–LDH following thermal and base treatment, and
(c) polyaspartate–LDH prepared by direct synthesis

Fig. 9 (a) SEM image (scale bar=1 mm) and (b) TEM image (scale
degree of guest-assisted cationic selectivity in the synthesized bar=50 nm) for polyaspartate–LDH prepared by direct synthesis
clay.

FTIR spectroscopy showed characteristic frequencies associ- expanded interlayer spacings and modified texture. Poly(a,b-ated with the intercalated polyaspartate macromolecules aspartate) can also be intercalated by coprecipitation to give[Fig. 8(c)]. Major assignments included those for NMH a laminated nanocomposite with ca. 15 A
˚

repeat spacing.(3500 cm−1), CNO (1650 cm−1 ), CO2− (1580, 1410 cm−1 ), Thermal polycondensation of intercalated aspartate mon-and NMH (1520 cm−1 ). The clearly resolved absorption peaks omers, followed by base hydrolysis, results in a LDH materialarising from the intercalated organic species reflect in part the containing poly(a,b-aspartate) and unreacted polyimide inter-higher organic content of the preformed polymer intercalation mediates. These new bioinorganic hybrid materials might havematerial. The spectrum correlated well with absorptions uses as organo-clays with bioactive, biocompatible or biodeg-assigned to intercalated polyaspartate in the spectrum of the radable properties.heat-treated, base-hydrolysed aspartate–LDH sample
[Fig. 8(b)]. The results therefore support the hypothesis that We thank B. Chapman (University of Bath) for XRD, BPin the latter case, in situ reaction with NaOH is required to International for the gift of poly(a,b-aspartate), Dr. D. C.convert thermally derived intercalated polyimide intermediates Apperley (University of Durham) for NMR spectroscopy, andto the ring-opened polyaspartate product. English China Clays International for TG–DSC analysis. WeTG profiles showed an almost linear loss in mass of 13% thank the NERC for support of a postgraduate studentshipfrom room temperature up to 280 °C [Fig. 3(c)], which was to N.T.W.attributed to dehydration of the layered double hydroxide. At
280 °C, a more rapid and sustained decrease in mass began,
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