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ABSTRACT: Polymer—inorganic nanocomposites are a recently
developed class of materials that have altered physical or chemical
properties with respect to the pure polymer, inorganic host, or their
micro- and macrocomposites. Lower generation (G0.0—2.0)
polyamidoamine (PAMAM) dendrimer/sodium montmorillonite
(Na-MMT) nanocomposites were synthesized in a solution-phase
exfoliation adsorption reaction. These are the first reports of the
GO0.0/ and G1.0/Na-MMT nanocomposites and of a structurally-
ordered G2.0/Na-MMT. The materials were characterized using
powder X-ray diffraction (PXRD), thermogravimetric analysis
(TGA), and Fourier transform infrared spectroscopy (FTIR).
PAMAM characteristics at acidic and basic aqueous media were

studied using capillary zone electrophoresis (CZE). Pseudospherical

PAMAM dendrimers in aqueous medium attain a highly flattened conformation within the confined space between MMT sheets
upon nanocomposite formation. The nanocomposite structure depends on the PAMAM generation and the starting dendrimer/
organic composition. G0.0 always forms monolayer structures (d = 0.42 nm), while G2.0 forms monolayer structure, mixed
phase, and bilayer structures (d = 0.84 nm) at lower, intermediate, and higher organic content, respectively, showing an
interesting monolayer to bilayer transition. G1.0 showed an intermediate behavior, with monolayer to mixed-phase transition at
the reactant ratios studied. This monolayer arrangement of PAMAM/clay nanocomposites is reported for the first time.
Maximum organic contents of G0.0 monolayer and G2.0 bilayer nanocomposites were ~7% and ~14%, respectively. Gallery
expansions were similar to those observed with linear polymer intercalates, but the packing fractions (0.31—0.32) were 2—3 times
lower. At acidic pH, the nanocomposites forming only monolayer structures are obtained, indicating a stronger electrostatic
attraction between MMT and protonated PAMAM, and these nanocomposites formed more slowly and were more ordered. Na*
ions play a significant role in nanocomposite formation. At high pH, PAMAMSs show high mobility, { potential, and surface
charge densities due to Na" complexation in solution. FTIR data indicates that both Na-MMT and PAMAM structural units are

preserved in the nanocomposites obtained.

B INTRODUCTION

Polymer—inorganic nanocomposites are a recently developed
class of materials with at least one dimension of the phase
combination in the nanometer range. Depending on the overall
dimensionality, there are several types of nanocomposites; a
prominent example is where two-dimensional (layered)
inorganic structures incorporate or are dispersed into
polymers." In these polymer-containing layered nancomposites,
some golymers studied include poly(ethylene oxide)
(PEO),”™* linear golyethylenimine (LPEI),** poly(vinyl
alcohol) (PVOH),*® poly(vinyl pyrrolidone) (PVPyr),* and
polyaniline (PANT)” polymers; the inorganic structures include
clays,z’3 transition metal oxides, sulfides, selenides,”>’ or
phosphorus trisulfides®® and layered double hydroxides.®
Depending on the nature and relative composition of these
constituents and also on the preparative method employed, the
nanocomposites may form as intercalation com;)ounds
(ordered) or as exfoliated (amorphous) structures.” Some
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preparative methods include exfoliation—adsorption,™ in situ
intercalative polymerization,'® melt intercalation,""'> and
template synthesis.* A major reason for the growing interest
in these nanocomposite materials is their remarkably changed
mechanical, thermal, optical, or physicochemical properties
with respect to the constituent phases or conventional
microcomposites." Specific improvement for applied materials
include increased moduli, tensile stress, thermal stability, and
flame retardancy, decreased gas permeability, and enhanced
thermal stability of the ionic conductivity."'?

Sodium montmorillonite, Na,(Al,_,Mg,)SigO,,(OH), (Na-
MMT), is a smectite belonging to the structural family known
as 2:1 phyllosilicates, which has layers with central alumina or
magnesia octahedra bound and covered by silica surfaces.”'?
These anionic sheets are stacked with monovalent cation (Na*)
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residing between them. The stacking repeat for the anhydrous
structure is 0.96 nm; jon exchange or co-intercalation of
molecules, surfactants, or polymers between the layers can
result in expansion of the layer repeat or delamination of the
sheets into solution.”'*'®

Dendrimers are monodisperse macromolecules with a regular
and highly branched three-dimensional architecture, which
consists of three basic components, an initiator core, interior
zones comprising cascading tiers of branches with radial
connectivity to the initiator core, and an exterior surface with
terminal groups.m’17 Higher generation dendrimers add to the
interior zone tiers. Polyamidoamines (PAMAMs) are the first
synthetic dendrimers, with potential applications in drug or
gene delivery, sensors, and nanoparticle synthesis.'> '
Although dendrimers can have functional groups similar to
those in linear polymers, the net connectivity contrasts with
that of linear polymers and provides an opportunity to evaluate
the effect of organic component on nanocomposite structure
and the gallery composition of intercalated nanocomposites.

Previous studies have reported nanocomposites combining
hyperbranched polymers,**** higher-generation PAMAMs,”*
dendrons,”® or dendritic quaternary ammoniums>® with
smectite clays including montmorillonite*>® or kaolinite.””
Those reports indicated very large gallery expansions,*>*>°
both pure and mixed-phase intercalated nanocompo-
sites,””**72% and exfoliated nanocomposites.”*

Ratanarat et al."> have reported the only lower generation
PAMAM/Na-MMT nanocomposite, an exfoliated nanocompo-
site of generation 2.0 (G2.0) PAMAM and Na-MMT. Alongi et
al** have reported the synthesis of higher generation (G4.0—
7.0) PAMAM/Na-MMT nanocomposites. Here we report the
first systematic compositional study on the synthesis and
characterization of lower generation PAMAM/Na-MMT nano-
composites and clarify the adsorbed monolayer/bilayer arrange-
ments that occur in dendrimer nanocomposite galleries.

B EXPERIMENTAL SECTION

Reagents. Polyamidoamine (PAMAM) aqueous solutions (~16%
w/w, Dendritech), sodium montmorillonite (Na-MMT) (SWy-2, Clay
Minerals Society), HCl (36.5-38.0%, EMD), H;PO, (85%,
Mallinckrodt), Na,HPO, (ACS grade, Mallinckrodt Baker), NaOH
(ACS grade, Mallinckrodt), NaCl (ACS grade, Mallinckrodt),
montmorillonite K 10 (Sigma-Aldrich), and AgNO; (ACS grade,
Alfa Aesar) were purchased and used without further purification.

Syntheses. Aqueous solutions of PAMAM (0.01-0.08 g, 10.00
mL, pH 11—12) were added dropwise to aqueous suspensions of Na-
MMT (0.1000 g, 10.00 mL, pH 5—6). Cloudy or powder-like white
particles were visible within a few seconds to several minutes of
combining the reactants. The suspensions had pH = 10—11 and were
stirred vigorously overnight at room temperature. The white
precipitate was collected after centrifugation for 10 min, washed
twice with deionized (DI) water, and then dried under vacuum at 60
°C for 18 h. Some reactions were performed at ambient temperature
and some at 60 °C.

In another set of nanocomposite syntheses, the PAMAM aqueous
solutions were adjusted to pH = 2—3 using 1 M HCI prior to addition
of the Na-MMT suspension. Higher temperatures (50, 80 °C) were
also utilized for some of these syntheses. These obtained products
were washed repeatedly until no precipitate formed on reaction with
dilute AgNO; (aq).

Samples are labeled below based on the reacted g/g PAMAM/Na-
MMT ratios and PAMAM generation. For example, the sample
obtained by reaction of 0.010 g of generation 0.0 PAMAM with 0.1000
g of suspended Na-MMT is labeled “0.1G(0.0)”. For reactions carried
out at temperatures other than ambient temperature and pHs other
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than pH = 10—11, the temperature (in °C) and pH are also indicated,
for example “0.6G(2.0)-50-2".

Analytical Methods. Powder XRD (PXRD) patterns from 2° to
15° 26 were obtained on a Rigaku Miniflex II diffractometer, using Ni-
filtered Cu Ka radiation at a scan rate of 1° min™" and step size of
0.020° 20. A modified Scherrer equation* was used to determine
crystallite size (L) for the prepared nanocomposites:

0.91
€08 O [ & (20,) — K (20,1)qa]'” (1)

where 1 = 0.15418 nm, A(26,,) = full width at half-maximum (in
radians), and 6, = diffraction angle. A Si(m) powder standard was
employed for these measurements.

Thermogravimetric (TGA) analyses were performed under Ar flow
(20 mL/min) using a Shimadzu TGA-50 analyzer. Approximately 10—
15 mg of sample was placed into an open platinum pan and heated
from ambient to 600 °C at 5 °C/min.

Capillary zone electrophoresis was performed to determine
migration times using an HP *CE instrument equipped with a UV
detector, using a 75 pm inner diameter, 58.5 cm long fused silica
capillary (50.0 cm to the detection window). New capillaries were
sequentially conditioned by flushing with methanol (30 min), water
(Milli-Q) (S min), 1.0 M NaOH (30 min), water (S min), and finally
the background electrolyte (BGE) for 30 min. As preconditioning, the
capillary was flushed with 0.1 M NaOH (3 min), water (1 min), and
BGE (4 min). As postconditioning, the capillary was flushed with
water (1 min). Background electrolytes used were 100 mM H,PO,,
pH adjusted to 2.7, and 50 mM Na,HPO,, pH adjusted to 10.9 with
NaOH. Ionic strengths of BGEs were adjusted to ~0.16 mol L™ using
NaCl. Samples were prepared by freshly dissolving in H;PO, or
Na,HPO,, and the sample was adjusted to the pH and the ionic
strength of BGE, using NaOH and NaCl, respectively. Migrations were
accomplished at applied voltages of +15 kV (pH 2.7) and +18 kV (pH
10.9). The capillary was thermostatted at 25 °C (pH 2.7) or 30 °C
(pH 10.9). Solutions were injected hydrodynamically at SO mbar for S
s. Direct detection was employed at a wavelength of 210 nm.

The dimensionless mobility (u,’) of the dendrimers was calculated
using

,_ Bodne _ IL 3pe
2EEKT Vit 2EEKT

Ly, =

N

’ )
where [ is the effective length, L is the total length, V is the voltage, t,,
is the migration time, j, is the electrophoretic mobility, £ is the
dielectric constant of water (80.5), &, is the dielectric permittivity of
the vacuum, k is the Boltzmann constant, T is the temperature in
kelvin, 7 is the viscosity, and e is charge of the electron. Dimensionless
{ potentials and charge distribution functions (I,) were obtained usin%
numerical solutions published by Wiersema et al.>® and Loeb et al.”
Zeta potential ({) and surface charge densities (6) were calculated
according to the following empirical formulas:*

B
e 3)

C/m* (4)

IR spectra were taken using a Nicolet iS10 FT-IR spectrometer with
an ATR sample cell, using background corrections for air and
collection geometry. Aqueous PAMAM solutions were preconcen-
trated at 80 °C before collecting spectra. Diamond and Ge ATR cells
were used for liquid and solid samples, respectively.

van der Waals volumes of PAMAM dendrimers (G 0.0, 1.0, and 2.0)
were calculated based on Bondi radii using a method termed “Atomic
and Bond Contributions of van der Waals volume” (VABC).>! Packing
fractions were calculated* using

packing fraction = [(ZnV,4,)/(abAd)]

{=¢

o = 5.87181'%I) x 107>

©)

where a 0.517 and b 0.894 nm are Na-MMT unit cell
parameters,”> Ad = interlayer expansion = d, — 0.96 nm, where d; and
0.96 nm are interlayer repeat distances of the nanocomposite and
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anhydrous Na-MMT, respectively, Z = the number of Na-MMT
formula units per cell = 1, n = the number of PAMAM molecules per
Na-MMT formula unit, and V.4, = van der Waals volume of the
PAMAM molecule.

Energy optimization of the gas-phase highly flattened and
pseudospherical G0.0 PAMAM molecules was performed using DFT
B3LYP method with 6-31G(d) basis set using Gaussian 09W software.

B RESULTS AND DISCUSSION

As shown in Figure
repeat spacings (d)

1, GO0.0 nanocomposites show interlayer
of 1.37—1.38 nm. Since the interlayer
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Figure 1. PXRD patterns for (a) G(0.0), (b) G(1.0), and (c) G(2.0)
PAMAM/Na-MMT nanocomposites. The reactant ratios (g/g
PAMAM/Na-MMT) are indicated.

repeat distance of anhydrous Na-MMT is 0.96 nm, these
spacings correspond to an interlayer expansion (Ad) of 0.41—
042 nm. For G2.0 PAMAM, the nanocomposites obtained
show a compositional effect with a more expanded phase, with
Ad = 0.83—0.84 nm appearing only at compositions richer in
dendrimer content. Except for 0.1G(1.0), which shows only the
Ad = 042 nm phase, G(1.0) PAMAM nanocomposites show
both these expanded phases, with the more expanded phase
increasing in relative intensity at higher starting dendrimer
compositions. These observations differ from Ratanarat et al.">
report on exfoliated G2.0 PAMAM/Na-MMT nanocomposite.
But the observed d values and the corresponding Ad calculated
are comparable to those obtained by Alongi et al. with higher
generation (G4.0—~7.0) PAMAM and Na-MMT (d = 1.74—1.93
nm; Ad = 0.78—0.97 nm)** and Amin et al. with a
hyperbranched polymer and Na-MMT (d = 1.397, 1.705 nm,
Ad = 0437, 0.745 nm).>

As will be discussed below, the two expanded phases
obtained in our compositional studies contain galleries
comprising ~0.4 nm thick PAMAM mono- or bilayers. The
dendrimers are strongly adsorbed onto the clay surface and do
not structurally resemble their solution-phase conformations.

TGA data for these nanocomposites show four mass loss
regions, also indicated by four peaks in the derivative (DTG)
curves at <100, 210, 350, and >590 °C. (Figure 2). These are
attributed, respectively, to loss of intercalate water, a two-step
degradation of PAMAM, and finally the degradation of the
MMT sheet structure to liberate H,O. Alongi et al.** observed
a decomposition step around 200 °C that was ascribed to
nonintercalated PAMAM. Since native PAMAM degrades in a
single step around 300 °C, the lower temperature loss was
attributed to a previously reported catalytic effect for organic
decomposition on clays, for example, with quaternary
ammonium/MMT intercalated composites.34 Because the

4605

100

95

% Weight
DTG

90

85 i il 1 1 A
200 300 400 500

Temperature (°C)

600

Figure 2. Mass loss and differential plots for 0.6G(1.0)-2 PAMAM/
Na-MMT nanocomposite.

PAMAM content in our products does not change significantly
upon extended washing, and many different starting composi-
tions resulted in similar mass losses, the presence of a
significant fraction of nonintercalated PAMAM residue appears
unlikely, and both mass loss steps at 210 and 350 °C are
ascribed to the decomposition of intercalated PAMAM.

Table 1 compares interlayer distance (d), interlayer
expansion (Ad), composition, packing fraction, and crystallite
size (L) of different nanocomposites obtained in this study.

Depending on the relative charge densities of the clay host
and guest, different intercalate arrangements can arise,
including monolayers, lateral bilayers, pseudotrilayers, or an
inclined paraffin-like structure."*> Linear polymer/Na-MMT
and linear alkyl ammonium/Na-MMT nanocomposites have
shown monolayer intercalate structures that transition to
bilayers with increasing intercalate content>'* For all the
obtained materials, only two interlayer expansions were
observed, ~0.42 and ~0.84 nm, as shown in Figure 3 and
Table 1. A plot of organic mass content for the GO0.0
nanocomposites reaches a plateau at ~7% and that for G2.0
at ~14% (Table 1, Figure 4). Where two intercalated phases
have both gallery dimensions and organic compositions in a 2:1
ratio, a monolayer/bilayer structure model is strongly indicated.
Because only mixed phases and no intermediate values for
interlayer expansion are observed, a monolayer to bilayer
transition is observed with increasing PAMAM content for
G1.0 and G2.0.

The interlayer distances and interlayer expansion values for
PAMAM/Na-MMT nanocomposites were also comparable to
previously reported polymer/Na-MMT nanocomposites (Table
2), supporting the proposed monolayer and bilayer models.
Although PVOH/Ca-MMT nanocomposites showed higher
interlayer expansion values than with typical polymer
monolayers, Carrodo et al’ note that extensive drying in
vacuo at 65 °C also results in Ad = 0.4 nm.

These small dimensions require a highly flattened dendrimer
conformation within the %alleries. Compared with a solution
diameter of >1.5 nm,***” the maximum thickness for the
dendrimers in the mono- and bilayers is ~0.4 nm for the
nanocomposites we report. The strong adsorption of the
dendrimers on the clay surfaces, coupled with the favorable
lattice enthalpy for smaller expansions, result in minimum
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Table 1. Structural and Compositional Data for PAMAM/Na-MMT Nanocomposite Products Obtained Using PXRD (d and
Ad) and TGA (Organic Mass %) and Derived Packing Fractions and Crystallite Sizes (L)

reactant ratio condition, organic packing L
sample (g/g PAMAM/Na-MMT) temp“/pH phase d (nm) Ad (nm) mass % fraction (nm)
0.1G(0.0) 0.1 RT/10-11 monolayer 138 0.42 5.6 0.23 129
0.2G(0.0) 0.2 1.37 0.41 6.5 0.28 126
0.3G(0.0) 03 1.38 0.42 6.6 0.28 128
0.4G(0.0) 04 1.37 041 6.6 028 130
0.5G(0.0) 0.5 1.38 0.42 72 0.30 128
0.6G(0.0) 0.6 1.37 0.41 7.4 031 126
0.7G(0.0) 0.7 1.38 0.42 7.3 0.31 125
0.8G(0.0) 0.8 1.38 0.42 75 031 122
0.1G(1.0) 0.1 RT/10-11 monolayer 138 0.42 5.6 023 127
02G(1.0) 02 mixed 139, 1.74 043, 0.78 82 b b
0.3G(1.0) 03 142, 1.74 046, 0.78 9.1
0.4G(1.0) 04 139, 1.78 043, 0.82 92
0.5G(1.0) 0.5 140, 1.76  0.44, 0.80 102
0.6G(1.0) 0.6 141,175 045, 0.79 102
0.7G(1.0) 07 172, 142 076, 0.46 107
0.8G(1.0) 0.8 177,141 0.81, 0.45 11.0
0.1G(2.0) 0.1 RT/10-11 monolayer  1.39 043 53 021 115
0.2G(2.0) 02 mixed 177,142 081, 0.46 10.4 b b
0.3G(2.0) 0.3 1.80, 1.42 0.84, 0.46 11.7
0.4G(2.0) 0.4 179, 142 0.83, 0.46 13.1
0.5G(2.0) 0.5 179, 142 0.83, 0.46 13.8
0.6G(2.0) 0.6 bilayer 1.80 0.84 14.1 032 116
0.7G(2.0) 0.7 1.80 0.84 139 0.31 108
0.8G(2.0) 0.8 1.80 0.84 14.5 0.33 103
0.6G(0.0)-2 0.6 RT/2-3 monolayer  1.36 0.40 6.6 029 141
0.6G(1.0)-2 0.6 1.36 0.40 6.6 0.29 145
0.6G(2.0)-50—2 0.6 50 °C/2-3 1.36 0.40 79 035 141
0.6G(2.0)-80—2 0.6 80 °C/2-3 1.36 0.40 7.1 0.31 144
0.3G(0.0)-60 0.3 60 °C/10-11 monolayer  1.37 0.41 6.2 0.26 133
0.3G(1.0)-60 0.3 mixed 140, 1.80 0.4, 0.84 8.5 b b
0.3G(2.0)-60 03 1.81, 141  0.85, 0.45 114
“RT = ambient temperature “Not applicable.
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Figure 3. Interlayer expansion variation with reactant ratios, PAMAM/
Na-MMT g/g, at room temperature and pH 10—11.

gallery expansions. The larger dendrimers show more
favorability for the bilayer structure, most likely because their
greater footprint in adsorbed form requires a larger intercalate
volume for charge compensation of the anionic host.

Previous studies have shown altered PAMAM conformations
due to interfacial or host—guest interactions. Lower generation
(G0.0—G3.0) PAMAM dendrimers with an ethylenediamine
core have an ellipsoidal shape, whereas the higher generation
dendrimers (G4.0—G10.0) have a roughly spherical shape.>***
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Figure 4. Dendrimer mass % variation with reactant ratios, PAMAM/
Na-MMT g/g, at room temperature and pH 10—11.

A significant flattening of dendrimers has been observed on
mica,>®* Au,*' and Pt* substrates; Hierlemann et al. provided
evidence for 0.5—0.8 nm thick G4.0 dendrimers on a Au
surface.*' Even the highly branched net PAMAM, at least for
the lower generations, can compress into a highly flattened
conformation with minimum dimension comparable to those
observed in the mono- and bilayers obtained.

To further explore the feasibility for such highly flattened
structures, a PAMAM GO0.0 dendrimer was structurally
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Table 2. Compositional and Packing Data for Polymer/A-
MMT Nanocomposites

door Ad organic  packing

nanocomposite phase (nm) (nm) mass % fraction®  ref
PEO/Na-MMT  monolayer 1.37 0.41 13 0.67 2
PEO/Na-MMT  bilayer 1.77 0.81 23 0.68 2
PEI/Na-MMT monolayer 1.38 0.42 18 0.93 N
PVOH/Ca- 1.70 0.74 10.3 0.24 6

MMT

(heated)
PVOH/Ca- 1.55 0.59 8 0.23 6

MMT

“Calculated from the compositional and structural data provided in the
references indicated.

optimized with flattened conformation of only 0.38 nm using
Gaussian 09W (see Figure S). While the flattened model may

Na-MMT
Te a = - A, 4 2 3 2 » ==
1.38 nm J‘ﬁ?ﬂf‘?‘éa#& Jﬁ?ﬂ:?#ﬁg& 0.42 nm
Na-MMT

Figure S. A structural model for the G0.0 monolayer nanocomposites.
(H, white; O, black; C, light gray; N, dark gray).

not correspond to the precise conformation of the dendrimer
intercalates, the result does support the feasibility of such
PAMAM conformations in the obtained nanocomposites. We
calculate the flattened conformation energy of PAMAM GO0.0
to be ~100—200 kcal/mol higher than the pseudospherical
conformation. However, these are gas-phase calculations and
do not account for the real synthetic conditions, where both
solvation and clay surface interactions are important.

Under acidic synthetic conditions (pH = 2-3), all the
obtained nanocomposites show only intercalate monolayers.
Figure 6 compares PXRD patterns obtained under acidic and
basic conditions for the different PAMAM generations. As
shown in Table 1, the interlayer expansion for acidic syntheses
decreases slightly, by ~0.02 nm, while the crystallite domain
size increases by ~10—15 nm. Under these acidic conditions,
the terminal primary amines on PAMAM (pK, ~ 9—10)*"*

are protonated, and the cationic dendrimers must jion exchange
with Na* jons in Na-MMT. The slightly smaller interlayer
expansion suggests that the protonated PAMAM bonds
strongly via electrostatic interaction with the anionic MMT
sheets. A similar observation was reported by Alongi et al.**
using protonated G4.0 PAMAM, where a smaller interlayer
expansion occurs than for materials prepared at higher pH.

The increase in crystallite size at lower pH can be attributed
to the observed slower reaction rates. For example, under acidic
conditions, a flocculate does not appear at ambient temperature
with G2.0 PAMAM. At 50 °C, particles appear after reaction for
30 min, and at 80 °C they appear after 10 min. Elevated
temperature also increases the nanocomposite yield, although
the yield remains lower than that under basic conditions. The
slower reaction kinetics may again be associated with an ion
exchange process required for a positively charged dendrimer.

When reactions are performed where a protonated
montmorillonite, K10 (H-MMT) is substituted for Na-MMT,
no dendrimer intercalation is observed. This difference
implicates Na® in the intercalation reaction, either via ion
exchange or dendrimer complexation.

To study the effect of synthesis temperature, 0.3 g/g
PAMAM/Na-MMT nanocomposites with all G0.0, G1.0, and
G2.0 PAMAM were prepared at ambient temperature and at 60
°C. The obtained gallery dimensions (Table 1, Ad) and relative
phase contents for mixed phases as indicated by PXRD
reflection intensities (Figure 1S, Supporting Information) did
not change significantly at higher temperature. However, the
organic mass contents were lower at higher temperature (Table
1), which suggests that the higher rate of nanocomposite
formation prevents efficient packing of the expanded galleries
with PAMAM.

For GO0.0 nanocomposites, an increase of PAMAM packing
fraction was also observed at higher initial dendrimers ratios
(Figure 7, left). G2.0 nanocomposites that formed with higher
organic loading are more tightly clustered (Figure 7, right)
indicating less effect of starting composition on product
composition. It is very clear that there are two structures
having similar packing fractions at full loading (0.31 for the
monolayer, and 0.33 for the bilayer). H,O may partially fill the
available volume in the galleries; water content was not
considered in the packing fraction calculation because the water
contents are highly variable and depend in part on sample
history. For comparison, packing fractions of ~0.67—0.68 can
be deduced from reported data for PEO/Na-MMT mono- and
bilayer intercalate structures” and of 0.93 for PEI/Na-MMT,’
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Figure 6. PXRD patterns of (a) G(0.0), (b) G(1.0), and (c) G(2.0)/Na-MMT nanocomposites synthesized in acidic (pH = 2—3) and basic (pH =
10—11) conditions. Reactant ratios for all the nanocomposites were 0.6 g/g PAMAM/Na-MMT.
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Figure 7. Packing fraction vs dendrimer mass % of nanocomposites
synthesized at room temperature and pH 10—11. Labels show reactant
ratios (g/ g PAMAM/ Na-MMT). Packing fractions were not calculated
for mixed phases.

although a much lower value can be deduced from data
reported for PVOH/Ca-MMT.® Linear polymers can yield
packing fractions 2—3 times higher than those observed for the
PAMAM/Na-MMT nanocomposites. This difference may be
due to inefliciencies in packing the flattened dendrimers but
may also be an electrostatic effect related to the higher charge
density of the dendrimers.

To help understand the mechanism of nanocomposite
formation, capillary zone electrophoresis (CZE) was used to
evaluate the nature of solvated PAMAM at pH conditions
employed in these syntheses. Figure 8 shows electrograms of

(a) (b
G2.0 } N G20
= =
« <
g G1.0 g
G1.0
G0.0 G0.0
7 8 9 10 11 3 4 5 6 7

Migration Time (min) Migration Time (min)

Figure 8. Capillary electrograms for different PAMAM generations at
pH 2.7 (a) and 10.9 (b).

PAMAM at pH 2.7 and 10.9, with results summarized in Table
3. The positively charged PAMAM dendrimers migrate toward

the cathode under a positive applied voltage. Migration times
increase with increasing PAMAM generation, reflecting a
decreased charge density for the higher generation dendrimers.
Surface charge densities at pH 2.7 were estimated 0.10—0.19
C/m2 Shi et al.>® and Ebber et al* also observed clear
separation of PAMAM generations 2.0—5.0 at pH 2.5 and
generations 1.0-5.0 at pH 2.7. Although these PAMAM
generations have similar theoretical charge/mass ratios, Shi et
al.*® proposed a shielding model that retards migration for
larger dendrimers.

At pH 10.9, the PAMAM dendrimers (terminal primary
amine pK, ~ 9—10)*~* are not protonated. However, they
may readily coordinate to Na® ions in the aqueous solution,
forming positively charged complexes. The much faster
migration shows that these complexes have higher charge
densities than the protonated dendrimers, with calculated
surface charges of 0.49—4.5 C/m% As in acidic solution, the
dendrimer generations show differential shielding and can be
separated by migration time.

The differential shielding effects observed for PAMAM
generations involve CZE buffer anions, and this mechanism is
not necessarily operative under reaction conditions. However,
the much higher dendrimer surface charge densities observed in
basic aqueous conditions correlates with the faster, higher-yield
nanocomposite reactions observed above. On the other hand,
more highly charged dendrimers should favor monolayer
structures over bilayers, whereas the opposite case was
observed. The explanation for this difference may be either
that dendrimer complexation within clay galleries is not the
same as that in aqueous solution (due to the dramatic
conformation change) or that it is related to the reduced MMT
surface charge under acidic conditions. The reported {
potentials and surface charge densities vs pH indicate less
negative { potential and surface charge density at lower pHs for
Na-MMT," bolstering the latter explanation.

Figure 9 and Table 4 compare the FTIR spectra and bond
vibrations observed for Na-MMT, PAMAM G(0.0) and a 0.4
PAMAM G(0.0)/Na-MMT nanocomposite. Characteristic
bands observed for pristine Na-MMT at 1120 cm™' (Si—O
bend), 1048 (Si—O stretch), and 920 (AI—-OH stretch) were
also present in the nanocomposites without significant shifts,
confirming that the aluminosilicate sheets do not change.*** A
sharp peak near 3600 cm™ and a broad band at 3400 cm™,
corresponding to O—H stretches, were each present in both
Na-MMT and the nanocomposites. The former arises from
intrasheet O—H>* and the latter from H,O adsorbate or
intercalate.*” The latter band, along with the associated O—H
bend at 1636 cm™}, are reduced or absent after Na-MMT is

Table 3. Migration Data from CZE and Calculated Charge Data for PAMAM Dendrimers

pH 2.7 pH 10.9
G(0.0) G(1.0) G(2.0) G(0.0) G(1.0) G(2.0)

hydrodynamic radius (nm) 0.75 1.10 145 0.75 1.10 1.45

ionic strength (mol L") 0.16 0.16 0.16 0.16 0.16 0.16
average migration time (min) 8.41 922 9.66 4.36 4.67 5.45
electrophoretic mobility (m?/(V-s)) 3.87 X 1078 3.52 x 1078 337 x 1078 621 x 1078 5.80 X 107® 497 x 1078
dimensionless mobility 2.82 2.57 2.46 4.46 4.17 3.57
dimensionless { potential 3.4S 2.94 2.72 10.41 8.80 5.97

¢ potential (V) 0.089 0.076 0.070 0.269 0227 0.154
charge distribution function (1) 8.18 5.59 4.38 192.69 86.0S 20.82
surface charge density (C/m?) 0.192 0.131 0.103 4.526 2.021 0.489
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Figure 9. FTIR spectra of (a) NaMMT, (b) PAMAM G(0.0) and (c)
0.4 PAMAM G(0.0)/Na-MMT nanocomposite. The 2850—3500 cm™
region of (c) is intensified x10 for clarity.

Table 4. Comparison of IR Bond Vibrations in Reactants
and Nanocomposites

wavenumber Na-

(em™) PAMAM MMT nanocomposites bond vibration
3600 X X O—H str.
3300—3400 X X O—H str.

(b)

3300 X X N—H asymmetric
str.

3000 X X N—H symmetric str.

2900 X X C—H str.

1640 X X amide I (C=0 str.)

1635 X X O—H bend.

1550 X X amide II (N—H
bend. + C—N str.)

1120 X X Si—O bend.

1045 X X Si—O str.

920 X X Al—-OH str.

heated at 80 °C for 24 h (Figure 2S, Supporting Information).
Both O—H absorption intensities are significantly reduced in
the nanocomposite, indicating that less water is present in the
nanocomposite than in Na-MMT. The terminal amine groups
of dehydrated PAMAM GO0.0 produce strong N—H stretches at
3284 cm™!' (asymmetric) and 3068 (symmetric).”>>' These
absorption intensities increase for higher PAMAM generations,
reflecting the larger number of terminal amine groups.”’ The
nanocomposites present a band at 3290 cm ™" (Figure 9¢c). The
G2.0/Na-MMT nanocomposite (Figure 3S, Supporting In-
formation) shows this band at higher intensity. Characteristic
PAMAM absorptions at 2930, 1645, and 1554 cm}
corresponding to a C—H stretch, amide I (primarily C=0)
stretch, and amide II (a combination of N—H in-plane bend
and C—N stretch), respectively, are also seen in both
dehydrated PAMAM and the obtained nanocomposites.*®

4609

B CONCLUSIONS

Lower generation (G0.0—2.0) PAMAM dendrimers form
intercalated nanocomposites with Na-MMT. These are the
first reports of the G0.0 and G1.0/Na-MMT nanocomposites
and of a structurally ordered G2.0/Na-MMT. Compositional
studies show clearly that the structures obtained depend on the
generation of PAMAM and the starting organic composition.
G0.0 always forms monolayer structures (Ad = 0.42 nm), while
G2.0 also forms bilayer structures (Ad = 0.84 nm) at higher
organic content, showing a marked monolayer to bilayer
transition. G1.0 showed an intermediate behavior, with mixed-
phase products obtained at the reactant ratios studied. This
monolayer arrangement of PAMAM/clay nanocomposites is
reported for the first time. Maximum organic content of G0.0
monolayer and G2.0 bilayer nanocomposites was ~7% and
~14% respectively. Although gallery expansions were similar to
those observed with linear polymer intercalates, packing
fractions of 0.31—0.32 were 2—3 times lower. At acidic pH,
the nanocomposites forming only monolayer structures are
obtained, indicating a stronger electrostatic attraction between
MMT and protonated PAMAM, and these nanocomposites
formed more slowly and were more ordered. Na* ions play a
significant role in nanocomposite formation. At high pH,
PAMAMs show high mobility, { potential, and surface charge
densities due to Na" complexation in solution. FTIR data
indicates that both Na-MMT and PAMAM structural units are
preserved in the nanocomposites obtained.
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