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Intercalation of dendrimers in the interlayer
of hydrotalcite clay sheets

Abstract Nanocomposites have
been prepared through the intercalation of poly(amido amine) dendrimers with carboxylate terminals into
hydrotalcite clays. The formation of
nanocomposites by anion exchange
during incubating at 70 C was
investigated at various compositions
with increasing dendrimer content in
water and was assessed by Fourier
transform IR absorption spectroscopy, X-ray diﬀraction, small-angle
X-ray scattering, and elemental
analysis. The dendrimer diﬀused
into the clay galleries: the spacing
between the clay layers (sheets)
increased from its intrinsic value of
3.2 to 20–23 Å, and the mass fraction of the dendrimer in the composite was around 0.50 for mixing
ratios (charge of clay to carboxylate
of the dendrimer) higher than 1:2,
indicating the saturated intercalation
of the dendrimer in the clay. The
dendrimers are densely packed with

Introduction
Dendrimers [1] are highly branched macromolecules
consisting of a multifunctional core, to which repeating
units are sequentially covalently bonded to create a
topologically regular structure. The resultant molecules
present a well-deﬁned number of terminal groups and a
narrow molecular weight distribution that is truly monodisperse in most cases. Owing to their structural uniformity, dendrimers provide a valuable model for correlating
the macromolecular structure to the technological

an ellipsoidal structure in the interlayer. At a mixing ratio of 1:8, there
was excess adsorption of the dendrimer on the clay surface besides
the intercalation and initial adsorption.
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function [2–5]. Thus, dendrimers have a wide range of
applications, including drug delivery [6], catalysis, and
sensors [7–8] in high-technology ﬁelds. The organization
of dendrimers in monolayers results in materials that can
be applied as devices [7–10] and scaﬀolds for posterior
elaborations [11–17]. Moreover, stratumous-layered
composites of a dendrimer and a linear polymer can be
prepared by linking terminal groups of a dendrimer to
functional groups of a polymer [12, 13, 16, 18–20].
Double-layered hydroxides, also known as ionic clays,
are important inorganic materials, and have deserved
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much attention in recent years. The hydrotalcite is
constituted from inorganic sheets that are similar to the
basic structure of brucite, Mg(OH)2 [21]. The brucite-like
sheets become positively charged owing to the partial
substitution of divalent metal cations by trivalent metal
cations in the layer structure. In order to balance the
extra charges developed by the trivalent cations and to
maintain electrical neutrality, organic or inorganic
anions and water molecules are intercalated between
the interlayer of the clay. Anions like Cl– and CO23
existing in the crude clay can be easily replaced by many
other molecules, depending on their charge aﬃnity. The
anion-exchange properties of hydrotalcite [22] have been
explored for the intercalation of long-chain fatty acids
[23], organic dyes [24], phthalocyanine-type molecules
[25, 26], aromatic ketocarbonates [27], etc. Intercalation
of large anions has also been tried, and the successful
intercalation of oxymetalates and phthalocyanines has
been reported [28, 29]. The interest in these composites
lies in their potential and technological functionality as
catalysts or catalyst supports [21], anion adsorbents [30],
medicine stabilizers [31], ion exchangers [32], for
controlled release of anions [33], and as components of
ceramic-based nanocomposites [21].
To date no one has reported the use of a clay
framework for the fabrication of dendrimer stratums.
Here, we report a new approach to obtain organic/
inorganic multilayered nanocomposites making use of a
dendrimer and a clay. We investigated the formation of
nanocomposites through the intercalation of a dendrimer in the clay interlayer. The structure of the
nanocomposites was studied regarding the preservation
of the original structural organization of the clay as well
as changes of interlayer distance and dendrimer conformation. The poly(amido amine) (PAMAM) dendrimer
with carboxylate terminals used in this study is
negatively charged in water. Such charges act as the
driving force in the anion-exchange process in the
hydrotalcite clay. A 4.5th generation (G4.5) dendrimer
was used to promote considerable change in the
hydrotalcite interlayer spacing. Nanocomposites were
prepared at high temperature to assist the hydrotalcite
swelling and to facilitate the dendrimer diﬀusion into
the clay interlayer. The preparation of nanocomposites
was investigated at diﬀerent hydrotalcite/dendrimer
ratios. In order to assess the intercalation, the structural changes were monitored by X-ray diﬀraction
(XRD) and small-angle X-ray scattering (SAXS).
Furthermore, we discuss the packing and the structure
of the dendrimer in the nanocomposites at diﬀerent
ratios assessed by X-ray diﬀraction and elemental
analysis. Two-dimensional organization of dendrimers
by using clay as a platform should be utilizable in the
preparation of dendrimer-containing nanocomposites
that are applicable to systems of drug-delivery, catalysis, sensors, and so on.

Experimental
Materials
Hydrotalcite clay, [Mg4.5Al2(OH)13Cl2]Æ3.5H2O, was donated from
Kyowa Chemical Co. and was used as received. Its anion-exchange
capacity is 350mEq 100 g–1. The G4.5 PAMAM dendrimer with
carboxyl terminal groups (molecular weight 26,258, 128 terminal
groups) was purchased from Aldrich and was used as received.
MilliQ water was used throughout the experiment.
Nanocomposite preparation
PAMAM dendrimer was dried by purging it with nitrogen for 1 h
and then by drying it in vacuo for 30 min. Water and hydrotalcite
clay were added to the dendrimer residue in order to prepare
hydrotalcite/PAMAM dendrimer mixtures at diﬀerent ratios. The
composition number ratio (anionic charge of clay to carboxylate of
the dendrimer) varied from 1:1 to 1:8, where the clay concentration
was kept constant. The mixtures were incubated at 70 C for 24 h
under shaking, where the adsorption equilibrium is attained. The
resulting materials were ﬁltered using a Millipore ﬁlter (0.22 lm
pore size), washed a few times with water to remove the possible
excess of free dendrimer, and dried.
Measurements
Fourier transform IR (FT-IR) spectra were acquired by using a BioRad FTS 575C FT-IR spectrometer in the range 1,000–4,000 cm)1
at 4-cm)1 resolution. A few milligrams of hydrotalcite/PAMAM
mixtures or hydrotalcite were ground with potassium bromide and
afterwards pressed to prepare discs. The spectrum of a dendrimer
was measured by dropping a small volume of a dendrimer solution
in methanol onto a pure KBr disc.
The XRD patterns were recorded using a Rigaku RINT 2100 V Xray diﬀractometer possessing Cu Ka radiation of wavelength 1.54 Å,
operating at 60 kV and 50 mA and scanning at a rate of 0.5 min)1.
SAXS measurements were performed with a Rigaku instrument
(SAX-LPB), equipped with an ultraX18HB X-ray source and Heprotected CMF25-77.5Cu6 confocal multilayer optics. The radiation used was Cu Ka (k=1.54 Å) and the supply voltage and
current were 45 kV and 60 mA, respectively. Prior to the measurements, specimens were placed between two Kapton ﬁlms and dried
at 60 C for a few minutes. Two-dimensional SAXS patterns were
recorded on a Fuji imaging plate (13·13 cm2) detector. The
sample-to-detector distance was set to 0.5 m and the exposure
time to 24 h. Scanned scattering patterns were azimuthally
averaged and corrected for a background of two Kapton ﬁlms in
the air gap. The scattering function I(2h) was converted to I(q),
where 2h is the scattering angle and q=4psin(2h/2)/k is the scalar of
the scattering vector.
Elemental analysis experiments were done using a LECO CHN900 C, H, N analyzer. Prior to the analysis, mixtures were dried in
vacuo in a desiccator containing P2O5 for 16 h.

Results
FT-IR spectra and band assignment of the hydrotalcite,
dendrimer, and mixtures of hydrotalcite/dendrimer are
presented in Fig. 1 and Table 1, respectively. The
hydrotalcite spectrum showed a broad absorption band
at 3,474 cm)1 which is attributed to an OH stretching
vibration mode of intercalated and adsorbed water
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Fig. 1 Fourier transform IR
spectra for mixtures at diﬀerent
mixing ratios of hydrotalcite to
dendrimer

molecules and/or the hydroxyl groups of brucite-like
sheets [34–39]. In addition to this band, the spectrum of
hydrotalcite showed an absorption band at 1,624 cm)1
assigned to a HOH bending mode. The absorption band
at 1,364 cm)1 is attributed to carbonate anion impurities
[40, 41]. The carbonate anions have high aﬃnity for
hydrotalcite cations. Hence, Cl anions are easily replaced
with carbonate anions in the hydrotalcite interlayer
during the synthesis or the dispersion of hydrotalcite in
water.
The FT-IR spectra of all hydrotalcite/dendrimer
mixtures displayed very broad absorption bands between
3,700 and 3,300 cm)1, which coincide with the broad IR

band of OH groups in hydrotalcite. A HOH bending
band of hydrotalcite is not observed in the spectra of the
mixtures and this may be caused by the superposition
with dendrimer bands or the shift of the HOH band. The
band of the carbonate anion impurities shifts to
1,370 cm)1 with increasing fraction of the dendrimer in
the mixture. The hydrotalcite/dendrimer mixtures also
displayed absorption bands that are associated with the
dendrimer, as is apparent when comparing the IR
spectrum with the IR spectrum of the G4.5 PAMAM
dendrimer [42]. The bands at 3,275, 3,078, 2,957, and
2,833 cm)1 represent the amide A and B (NH stretching
mode) and CH2 antisymmetric and symmetric stretching

Table 1 Assignments of IR absorption bands of hydrotalcite, dendrimer, and the hydrotalcite/dendrimer mixture. Spectral resolution
4 cm)1
Band position/cm)1a

Assignment
Hydrotalcite
OH stretching
Amide A (NH stretching)
Amide B (NH stretching)
CH2 antisymmetric stretching
CH2 symmetric stretching
C=O stretching
Amide I
HOH bending
COO) antisymmetric stretching
Amide II
COO) symmetric stretching
CO32) (impurity)
Amide III
C–N stretching

Dendrimer

3,474(b, s)
3,272(s)
3,077(m)
2,957(m)
2,834(m)
1,730(m)
1,643(vs)
1,624(m)
1,584(vs)
1,570(vs)
1,406(s)
1,364(vs)

a) (vs) very strong, (s) strong, (m) medium, (w) weak, (b) broad

1,358(w)
1,040(w)

Hydrotalcite/dendrimer mixture
3,482(b, s)
3,275(s)
3,078(m)
2,957(m)
2,833(m)
1,731(w)
1,645(vs)
–
1,585(vs)
1,572(vs)
1,407(s)
1,370(m)
1,360(w)
1,048(w)
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modes, respectively, and originated from the PAMAM
dendrimer. The absorption bands at 1,731, 1,645, 1,585,
1,572, and 1,407cm)1 are attributed to the C=O
stretching, amide I, COO– antisymmetric stretching,
amide II, and COO– symmetric stretching modes, respectively. The bands at 1,360 and 1,048 cm)1 were assigned
to the amide III and C–N stretching. The presence of IR
bands of the PAMAM dendrimer in the specimens after
rinsing indicates the complex formation between hydrotalcite and the PAMAM dendrimer. It should be noted
that the intensity ratio between the IR bands of
carbonate anion impurities and the dendrimer is almost
constant at a mixing ratio above 1:2.
Information on the morphology and crystallinity were
obtained from analysis of XRD data. The XRD patterns
and the indexing of the hydrotalcite and hydrotalcite/
dendrimer mixtures are shown in Fig. 2 and Table 2,
respectively. The spectra are shown as I(q)·q2 versus q
(Kratky representation). The spacing between the reﬂection planes was calculated from the indexed Bragg peak
position qhkl, where hkl are the Miller indices, and from
the equation dhkl=2p/qhkl. Typically, the XRD pattern
of hydrotalcite presents major diﬀraction peaks: (1) the
large basal spacing (d003); (2) the half-height harmonic
spacing (d006) (where d006=d003/2); and (3) the d009
diﬀraction (where d009=d003/3) [43]. The hydrotalcite
spectrum, as seen in Fig. 2, exhibits strong and sharp
diﬀraction peaks at q=0.788, 1.600 and 2.440 Å)1,
which correspond to a basal spacing (d003) value of
7.97 Å. The thickness (4.77 Å) of the brucite-like sheet
[44] is a good approximation of the thickness of a single
Mg...Al...(OH)x (hydrotalcite) layer. Subsequently, the
interlayer distance is simply found by subtracting 4.77 Å
from the observed basal spacing. In this case, the
Table 2 Bragg peak positions
(Å–1) for mixtures at diﬀerent
ratios, with the indexes according to rhombohedral R(-3)m
symmetry in parentheses, and
data evaluated from Bragg
peaks

Ratio

Basal hydrotalcite

1:0

0.788
1.600
2.440
0.788
1.607
2.420

1:1

interlayer distance was 3.20 Å, which correlates well with
the size of the foremost-entrapped anion, Cl–. All
hydrotalcite/dendrimer mixtures present, in addition to
the diﬀraction peaks of the crude hydrotalcite, new
diﬀraction peaks around q=0.23 Å)1 and q=0.52
Å)1 at mixing ratios larger than 1:1. The new peaks are
indexed as the dendrimer intercalated spacing (d003),

Dendrimer-intercalated Dendrimer
hydrotalcite
layer thicknessÅ

Area occupied
by dendrimer/Å2

(003)
(006)
(009)
(003)
(006)
(009)

1:2
0.790 (003)
1:3
0.800 (003)
1.600 (006)
1:4
0.810 (003)
1:5
0.820 (003)
1:8

Fig. 2 X-ray diﬀraction patterns for mixtures at diﬀerent mixing
ratios of hydrotalcite to dendrimer

0.230
–
0.250
0.530
–
–
0.224
0.480
–
0.245
0.520
–
0.240
0.530

(003)
(003)
(006)
20.4

7.92 · 103

(003)
(006)

23.3

6.93 · 103

(003)
(006)

20.9

7.73 · 103

(003)
(006)

21.4

7.57 · 103
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which is around 25–28 Å. The coexistence of diﬀraction
peaks of crude hydrotalcite suggests that there are
interlayers in which the Cl– anions were not replaced
by the dendrimer molecules.
To obtain more information on the character of
hydrotalcite/dendrimer systems, SAXS measurement
was performed and scattering patterns were plotted as
I(q) versus q (Fig. 3). The crude hydrotalcite presented no
reﬂection peak, since the basal distances for hydrotalcite
intercalated with Cl– and CO23 anions give reﬂections
outside the measured q range in SAXS. Hydrotalcite/
dendrimer mixtures prepared at ratios of 1:2–1 T:8
showed broad bands at 0.224–0.250 and 0.480–
0.530 Å)1, which are the interlayer spacings d003 and
d006 for hydrotalcite intercalated by dendrimer molecules.
Elemental analysis was used to assess the dendrimer
content in the hydrotalcite/dendrimer mixtures. Since
nitrogen atoms are nonexistent in the hydrotalcite
structure, the dendrimer mass fraction, fD, was calculated directly from the N content in the hydrotalcite/
dendrimer mixture, as listed in Table 3, which also
includes the results of elemental analysis. Mixtures at
ratios of 1:3, 1:4, and 1:5 presented very similar results,
where the fraction was constant at 0.495. This numerical
value indicates that the dendrimers are almost fully
intercalated in the interlayer of the clay and are adsorbed
on the surface of the clay. On the other hand, the mixture
at a ratio of 1:8 presented a higher fraction (0.558) of
dendrimers. This may be due to the additional (excess)
adsorption of dendrimers on the adlayer of the
dendrimer on the surface of the clay.

Discussion
To ensure the intercalation of the dendrimer into
hydrotalcite, the hydrotalcite/dendrimer mixtures were
incubated at high temperatures. The IR results evidenced

Fig. 3 Small-angle X-ray scattering patterns for mixtures at diﬀerent
mixing ratios of hydrotalcite to dendrimer

the complex formation after the incubation. There are two
possible ways of hydrotalcite/dendrimer composite
formation: the intercalation of the dendrimer into
hydrotalcite and its adsorption onto hydrotalcite. The
X-ray techniques were used to study the morphology of
dendrimer/hydrotalcite mixtures. XRD and SAXS indicated that dendrimer molecules were intercalated into
hydrotalcite. The lamellar structure is preserved upon the
intercalation of the dendrimer but the interlayer distance
increased, as illustrated in Fig. 4.
At ﬁrst glance, the XRD spectra seemed to be similar
but some trends were observed with an increase in the

Table 3 Elemental analysis results for mixtures at diﬀerent ratios and data evaluated from elemental analysis
Ratio
1:3
1:4

1:5
1:8

C/wt %

H/wt %

N/wt %

Dendrimer
mass fraction fD

Hydrotalcite area
per dendrimer/Å2

Observed
Calculated
using fD
Observed
Calculated
using fD

22.56
22.77

5.56
3.09

7.22
6.60

0.495 ± 008

1.73 · 103

22.55
22.78

5.72
3.09

7.17
6.60

0.495 ± 0.006

1.73 · 103

Observed
Calculated
using fD
Observed
Calculated
using fD

22.66
22.73

5.64
3.08

6.69
6.59

0.494 ± 0.009

1.74 · 103

25.82
25.70

5.57
3.49

7.39
7.45

0.558 ± 0.004

1.35 · 103
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Fig. 4 Schematic representation of a dendrimer intercalated into hydrotalcite via
direct ion exchange

amount of dendrimer in the mixtures. The diﬀraction
peak of the basal spacing of dendrimer-intercalated
hydrotalcite dispersed within 0.22–0.25 Å)1 at mixing
ratios of 1:2–1:8, indicating the saturation of intercalation. On the other hand, there was a progressive increase
from 0.79 to 0.82 Å)1 in the diﬀraction peak position
corresponding to the basal distance of the crude
hydrotalcite. These positions coincide with the spacing
of hydrotalcite that interlaid Cl– (7.9 Å) and CO23
(7.6 Å), respectively [45]. The carbonate anions are
strongly adsorbed on hydrotalcite and/or intercalated
in it, as revealed by IR spectroscopy. On the basis of
these facts, it was proposed that, even at higher mixing
ratios, there are some regions of hydrotalcite intercalated
with mainly carbonate anions and possibly chloride
anions.
Although the diameter of the spherical G4.5 PAMAM
dendrimer is around 59 Å [46], the hydrotalcite interlayer
intercalated with dendrimer molecules was not thicker
than 24 Å. Dendrimer molecules of lower generation are
ﬂexible rather than hard and spherical. This indicates
that dendrimer molecules distort their shape from a
sphere, when intercalated into hydrotalcite. Similar
distortion of the dendrimer structure was observed
between lamellar bilayers of didodecyldimethylammonium [47].
The area occupied by a dendrimer molecule was
evaluated by making use of the XRD results. The
dendrimer in solution presents a spherical shape with
a diameter represented by 2r (59 Å for the G4.5
PAMAM dendrimer) [46]. On the other hand, from
the basal distance obtained from the XRD results, we
assume that the dendrimer molecules are intercalated
with an oblate ellipsoidal structure. If the volume of
the dendrimer does not change during the structural

deformation, the volume obtained for the spheroid
shape can be matched to that of an oblate ellipsoid in
order to obtain the long-axis diameter of the
dendrimer denoted as 2a in Fig. 4. The dendrimer
layer thickness, dD, that was obtained from the XRD
result and that is listed in Table 2 was used as the
short-axis diameter in the oblate ellipsoid. Then, the
spheroid volume of (4/3)pr3 is equal to the oblate
ellipsoid volume of (4/3)pa2(dD/2). Making use of the
evaluated long-axis diameter 2a of the intercalated
dendrimer, we obtained the area (pa2) occupied by a
dendrimer molecule, which is listed in Table 2.
The dendrimer packing within the interlayer of
hydrotalcite clay was also studied by making use of the
result of elemental analysis and was compared with the
intercalation structure obtained from XRD. In this
study, a model where all interlayers are intercalated with
dendrimer molecules was used, even though the coexistence of chloride and carbonate anions with dendrimers
in the hydrotalcite interlayer is more likely to be true
from the XRD results. From the combination of the
dendrimer mass fraction fD obtained from elemental
analysis, the clay area (50.6 Å2) [47] per charge site and
the anionic exchange capacity (350 mEq 100 g–1), we
calculated the hydrotalcite area per dendrimer
[50.6·350·10)3·NA(1–fD)/2]/(fDNA·100/Mden), where
NA is the Avogadro number and Mden (26,258) is the
molecular weight of the PAMAM dendrimer. The
hydrotalcite area per molecule, which is listed in Table 3,
was smaller than the area occupied by the dendrimer
obtained from XRD (Table 2). This discrepancy may
occur because (1) the intercalated dendrimers coexist
with the intercalated chloride and carbonate anions in
the clay interlayer, (2) dendrimer molecules are not only
intercalated in the clay interlayer but are also adsorbed
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on the clay surfaces, or (3) the intercalated dendrimers
are overlapped or compressed.

Conclusions
We have prepared nanocomposites composed of a clay
and a dendrimer through the intercalation of a PAMAM
dendrimer into the interlayer of hydrotalcite clay. The

XRD and SAXS results of nanocomposites indicated the
increase of the clay interlayer distance after the
intercalation. The saturation of dendrimer intercalation
was also identiﬁed, and the possible dendrimer adsorption on the hydrotalcite clay was assumed. The
nanocomposites obtained may be useful as dendrimer
storage systems and in processes where dendrimercontrolled release is desirable.
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