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Abstract

Dendrimers are a new class of three-dimensional, man-made molecules produced by an unusual synthetic route which incorporates
repetitive branching sequences to create a unique novel architecture. Exceptional features of the dendritic architecture include a high degree
of structural symmetry, a density gradient displaying an intra-molecular minimum value and a well defined number of terminal groups which
may be chemically different from the interior. The combination of these features creates an environment within the dendrimer molecule
which facilitates trapping of guest species. Recently, dendritic polymers have been used as soluble templates/unimolecular reactors from
which nano-clusters of inorganic compounds or elements can be synthesized. The basic concept involves using dendrimers as hosts to pre-
organize small molecules or metal ions, followed by a simple in situ reaction which will immobilize and stabilize domains of atomic or
molecular guest components (inorganic compounds as well as elemental metals). In one of these examples poly(amidoamine) (PAMAM)
dendrimers have been used, to attract copper(II) ions inside the macromolecules where they are subsequently reacted with solubilized H2S to
form metal sulfides. These organic/inorganic, dendrimer-based hybrid species have been termed ‘nanocomposites’ and display unusual
properties. For example, solubility of the nanocomposites is determined by the properties of the host dendrimer molecules. This allows for
solubilization of the inorganic guest compounds in environments in which they are inherently insoluble. Since it has been established that
there is no covalent bond between host and guest, these observations suggest that the inorganics are physically and spatially restricted by the
dendrimer shell. However, this structure has not been verified. In this investigation a preliminary understanding of the physical structure of
these dendrimer-based nanocomposites was sought. A model system of PAMAM dendrimer–copper sulfide nanocomposites was studied in
various stages of its formation using a combination of small angle X-ray and neutron scattering experiments. The results suggest that little
perturbation of the dendritic species occurs on complexation, but indicate that a secondary super-molecular aggregation phenomena occurs
within nanocomposite solutions.q 1999 Published by Elsevier Science Ltd. All rights reserved.
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1. Introduction

As the chemical synthesis of dendritic polymers matures,
the search for applications is becoming increasingly active.
Successful exploitation of the technology will necessarily
take advantage of the unique, ultra-branched architecture of
these molecules, which lends them many properties which
are distinctly different from those of their linear analogs.
Features which make the dendrimers attractive for a variety
of applications include an unprecedented control over com-
position and architecture, a minimum in their intra-molecular

density gradient and a high number of end-groups which
may be chemically different from the interior. The com-
bination of these features creates an environment within
the dendrimer molecule which facilitates trapping of guest
species [1–6] and offers the potential for exploitation in
applications ranging from drug delivery to pigmentation
of olefins to microelectronics.

Recently, we have been able to use dendrimers as soluble,
unimolecular reactors in which nano-clusters of metallic
species [7] or inorganic compounds can be synthesized
[8,9]. The natural chelating ability of polyamidoamine
(PAMAM) dendrimers with tertiary nitrogen branch points
has been used to attract metal ions into the dendrimer inter-
ior, and solution chemistry has subsequently been employed
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to convert the complexed metal ions into compounds. These
organic/inorganic dendrimer-based hybrid species have
been termed ‘nanocomposites’ to distinguish them from
metallo-dendrimers and metallo-dendritic structures in
which a metal ion or complex forms part of the ‘back-
bone’ of the polymer [10–13]. Early investigations sug-
gest that the inorganic clusters are physically linked with the
dendrimer templates, and that the solubility of these mol-
ecular nanocomposites is controlled by the polymer [8].
Thus, it is possible to solubilize conventionally insoluble
inorganic compounds in water or other solvents using
dendritic hosts. Conceptually, these materials have tremen-
dous potential for applications such as catalysts or molecu-
lar devices, however, little is understood about their
structure.

In this investigation we seek to gain preliminary under-
standing of the structure of the solubilized molecular nano-
composites in various stages of their formation. A model
system of PAMAM dendrimer and copper sulfide was
chosen for study. Its structure was probed using small
angle scattering techniques which are uniquely suited to
the study of solubilized particles in the nanometer size
range. A combination of small angle neutron scattering
(SANS) and small angle X-ray scattering (SAXS) have
been employed to examine: (a) the dimensions of dendrimer
hosts and changes induced therein by complex formation
and the subsequent conversion of complexed ions to
immobilized conventionally insoluble compounds; (b) the
size and state of complexed metal ions and metallic
compounds trapped by the dendritic hosts; and (c) the pro-
pensity of the various systems for forming super-molecular
structures.

2. Experimental

2.1. Materials

Ethylenediamine (EDA) core, generation 3.5 PAMAM
dendrimers [14] were purchased from Dendritech, Inc.,
deuterium oxide (100%) and copper(II) acetate were
obtained from Aldrich Chemical, and used as received.
Hydrogen sulfide gas was purchased from Matheson, Inc.

2.2. Nanocomposite synthesis

Nanocomposite synthesis [8] was accomplished in two
steps: (1) dendrimer complex formation, and (2) immobili-
zation reaction. A fourth generation EDA-core tris(hydrox-
ymethyl)aminomethane terminated [15–17] dendrimer
having Mn ¼ 18 214 g/mole and 192 hydroxyl endgroups
[8,9,18] was used as the host molecule. This modified den-
drimer, designated G4.T, is completely soluble in water and
has tertiary nitrogens only in its interior. Complexation
(Step 1) was accomplished by adding copper(II) acetate to
a dilute solution of PAMAM G4.T dendrimer in deuterated

water (D2O), in a ratio allowing for 15 copper ions per
dendrimer molecule which is slightly below the PAMAM
G4.T measured maximum complexing capacity [7]. The
complex was subsequently isolated as a blue solid, and
then redissolved in D2O to form a 1.5% solution. Nano-
composite synthesis was completed by reacting the
[(CuAc2)15–PAMAM G4.T] dendrimer complex in a 1.5%
aqueous, solution with a slow stream of hydrogen sulfide
gas (Step 2). After converting the blue copper(II) complex
solution to the dark brown but transparent {(CuS)n–
PAMAM G4.T} nanocomposite solutions, the sulfide nano-
composite stock solutions were degassed with nitrogen.
Nanocomposites prepared in this manner are soluble in
water up to 10% concentration, in contrast to pure CuS
which displays negligible solubility (Ksp ¼ 6.3 3 10¹36)
in water [19]. Synthetic details of the dendrimer nanocom-
posite preparation and characteriazation are discussed else-
where [9,18].

2.3. Small angle scattering measurements

Solutions of the [(CuAc2)15–PAMAM G4.T] copper
complex and the {(CuS)15–PAMAM G4.T} nano-
composites in D2O were diluted from the 1.5% solutions
used in synthesis to concentrations of 0.1, 0.3, 0.5 and
0.8% for scattering measurements. After the final dilution,
solutions were divided into two identical sets (one for
SANS, one for SAXS) and sealed in vials under nitrogen
atmosphere for transport to experimental facilities. Samples
were transferred from nitrogen sealed vials into closed
cells for measurements conducted 2–3 days after their
preparation (SAXS) or 4–6 days after their preparation
(SANS).

Samples for SANS measurements were transferred into
optical quality quartz cells with 1 mm path length. All
SANS studies were performed at the Center for Neutron
Research at the National Institute of Standards and Tech-
nology. Measurements were made using the 30 m SANS
instrument with neutron wavelength ofl ¼ 7 Å and
wavelength spread of 0.015. Three different sample-to-
detector distance configurations were employed to collect
data over a wide range of scattering vector. All data were
corrected for empty quartz cell scattering, electronic back-
ground and detector uniformity, and converted to an abso-
lute intensity scale using secondary standards. Before
analysis, the data were further corrected by subtracting
the contributions from solvent scattering and incoherent
background.

Samples for SAXS measurements were transferred into
closed cells with polyimide windows and 1 mm path length.
All SAXS studies were performed at the 10 m SAXS Facil-
ity at Oak Ridge National Laboratory [20] using copper
radiation withl ¼ 1.54 Å and pinhole collimation of the
incident beam. All data were corrected for empty cell
scattering, solvent scattering, electronic background and
detector uniformity.
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3. Theoretical background

The small angle scattering intensity,I(Q), from an assem-
bly of particles dispersed in a solvent may be represented by
the expression:

I (Q) ¼ NKiP(Q)S(Q) (1)

whereQ ¼ (4p/l) sin(v/2) is the momentum transfer vector,
or ‘scattering vector’, corresponding to the scattering angle
(v) of radiation having wavelengthl, N is the number of
scattering particles,Ki is a contrast factor for radiation of
type i, P(Q) is the intraparticle scattering function for a
single particle, andS(Q) is a scattering function for inter-
particle correlations [21,22]. When the particles are non-
interacting and in dilute solution, the intraparticle contribu-
tion dominates the scattering. Under these conditions the
functionS(Q) approaches unity, simplifying Eq. (1) to:

I (Q) ¼ NKiP(Q) (2)

Thus, the form of the scattered intensity,I(Q), from a dilute
solution of non-interacting particles as a function of the scat-
tering vector,Q, is defined by the functionP(Q), while the
magnitude of the scattered intensity is controlled byKi.

The contrast factor,Ki, gives a measure of the difference
between the scattering power of a particle and the scattering
power of the surrounding medium. Because X-rays interact
with the electron cloud of atoms, the X-ray scattering power
or ‘X-ray scattering length’ of a given species is directly
related to its electron density (no. electrons/unit volume).
Elements with high atomic number (i.e. Cu, S) will scatter
X-rays more strongly than elements with small atomic
number (i.e. H1, H2, C, N, O). Therefore, X-ray contrast
(KX) may be generated by complexation or incorporation
of inorganic species into particles dispersed in an organic
solvent. Unlike X-rays, neutrons interact with the nuclei of
atoms. Neutron scattering lengths may take either positive
or negative values, and are often very different for different
isotopes of a given atomic species. For example, the neutron
scattering length for hydrogen isbc(H

1) ¼ ¹3.739 fermi,
while the neutron scattering for deuterium isbc(H

2) ¼

6.671 fermi [23]. This isotopic discrepancy in scattering
lengths is the basis for deuterium labeling in the study of
organic species using neutrons; it is the value ofbc(H

1)
which is unusual, other elements comprising common
organic species (C, N, O, H2, S), as well as many metallic
ions (Cu) have positive neutron scattering lengths in the
range of 2–10 fermi [23]. In the present study, neutron
contrast was manipulated by using deuterated solvents, gen-
erating significant neutron scattering contrast between the
solvent and the hydrogenated, dendrimer-based particles.
Applying both X-ray and neutron scattering techniques to
the same series of samples allowed for an independent probe
into the behavior of the dendrimer molecules (the hydrogen-
rich components of the system) using SANS, and the dis-
tribution of the metallic components of the system (Cu2þ

ions and CuS domains) using SAXS.

Returning to Eq. (2), one sees that while it isKi that
defines which species in the system constitutes a particle,
all of the information regarding the structure of the particle
is contained inP(Q). In this study, the goal is to extract the
radius of gyration,Rg, for a given particle (dendrimer,
complex or nanocomposite) from the scattered intensity,
which gives a measure of the mean square distance of the
scattering centers within the particle from its center of
gravity and therefore is related to particle size. For scatter-
ing from a dilute solution of non-interacting particles, in the
limit of low Q whereQRg p 1, the scattered intensity,I(Q)
is simply related to (RgQ)2. Practical considerations gener-
ally prohibit the collection of scattering data in the extreme
limit of low Q, and therefore proper estimation ofRg from
experimental data requires an appropriate choice of the ana-
lytical method [21,22]. For scattering from a collection of
scattering centers which are assembled into a particle
resembling a sphere, the Guinier method is appropriate for
analysis of scattering data [24], and the functionP(Q) takes
the form:

PGuinier(Q) ¼ exp ¹
Q2R2

g

3

" #
(3)

Combining Eqs. (2) and (3) allows for the extraction ofRg

from the slope of a plot of ln(I(Q)) versusQ2. Several recent
studies have demonstrated that the scattering from den-
drimers in solution may be approximated by the scattering
from spherical particles [24–29] and that the Guinier
method is appropriate for the analysis of experimental scat-
tering data from fourth generation dendrimers [28].

4. Results and discussion

4.1. Particle interactions and contrast

Small angle neutron scattering curves from a concen-
tration series of PAMAM G4.T dendrimers in deuterated
water are shown in Fig. 1. The contrast giving rise to scat-
tering in these solutions is generated by the difference in
scattering length density between the hydrogenated den-
drimer and the deuterated solvent. Clearly, a maximum
begins to develop in the scattering from PAMAM G4.T in
the concentration range between 0.3 and 0.8% by weight,
indicating that intermolecular interactions are occurring in
solution. Due to the presence of these interactions, all ana-
lysis of data from pure PAMAM G4.T in solution was per-
formed on scattering curves from solutions with concentration
# 0.5%, which displayed no evidence of interparticle inter-
actions. Electrostatic interactions between dendrimer mol-
ecules in solution have been observed previously in the
scattering from aqueous solutions of –NH2 terminated
PAMAM dendrimers [30]. However, the modified
PAMAM G4.T dendrimers used in this study contain only
hydroxyl terminal groups, the intermolecular interactions
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of which should be screened in aqueous solution. The
appearance of a maximum in the PAMAM G4.T scatter-
ing curves at low concentration is therefore an indication
of strong intermolecular interactions between species pre-
sent within the dendrimer interior. In contrast, the SANS
curves from [(CuAc2)15–PAMAM G4.T] solutions did
not show evidence of interparticle interactions at concen-
trations up to 1.5% by weight (Fig. 2), indicating effective

screening of interparticle interactions by the addition of
salt, behavior which is similar to that which has been
observed previously for primary amine terminated den-
drimers [30].

The scattered X-ray intensity versus scattering vector
curves for PAMAM G4.T dendrimer and [(CuAc2)15–
PAMAM G4.T] solutions accumulated over 1 h are
displayed in Fig. 3. While the intensity of X-radiation

Fig. 1. SANS data from solutions of PAMAM G4.T dendrimer in D2O: (W) 0.3 wt%; (3) 0.8 wt%; (D) 1.5 wt%. Arrow indicates position of interparticle
interference maximum (see text).

Fig. 2. SANS data from solutions of [(CuAc2)15–PAMAM G4.T] complex in D2O: (=) 0.3 wt%; (S) 0.8 wt%; (þ) 1.5 wt%.
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scattered from the pure dendrimer is indistinguishable from
background noise, the SAXS intensity for the solutions of
dendrimer Cu2þ complex in water is readily measurable,
verifying the association of the metal ions with the den-
drimer molecules. These results coupled with the results
of previous electron paramagnetic resonance studies [1]
indicate that the Cu2þ ions are associated with internal,

tertiary amino groups of the surface modified PAMAM
G4.T dendrimers.

4.2. Analysis of dendrimer complexes

Plots of ln[I(Q)] versusQ2 from PAMAM G4.T solutions
and [(CuAc2)15–PAMAM G4.T] solutions show a linear
relationship in the lowQ region, indicating that a Guinier
analysis of the data is appropriate for the extraction of radii
of gyration (Fig. 4). TheRg values calculated from the slope
of the ln[I(Q)] versusQ2 plots (Eqs. (2) and (3)) are listed in
Table 1. The results of the Guinier analysis indicate thatRg

(G4.T),19 Å, which, as expected, is similar to sizes
reported previously for unmodified primary amine termi-
nated G4.0 PAMAM dendrimers [28,31]. The agreement
betweenRg values extracted from the PAMAM G4.T and
[(CuAc2)15–PAMAM G4.T] complex solutions shows that
complexation does not alter the physical size of the den-
drimer molecules significantly.

Comparison ofRg values measured from PAMAM G4.T
solutions and [(CuAc2)15–PAMAM G4.T] solutions using
SAXS (Rg,X) and SANS (Rg,N) indicates that there is no
difference between the values obtained from the two tech-
niques to within the uncertainty of the measurement analysis
(typically ,5–10%). The agreement betweenRg,X andRg,N

suggests that the scattering centers giving rise to the X-ray
scattering are distributed about the molecule in a similar
way to the scattering centers giving rise to neutron scatter-
ing. This, in turn, which implies that there is no preferential
positioning of Cu2þ atoms within the PAMAM dendrimer

Fig. 3. SAXS data from 0.3 wt% solutions of (X) PAMAM G4.T dendrimer
in D2O, and (P) [(CuAc2)15–PAMAM G4.T] complex in D2O. Data col-
lected over 1 h. Representative error bars are included on a limited number
of data points.

Fig. 4. Guinier plots of SANS data from G4.T dendrimer/copper acetate complexes[(CuAc2)15–PAMAM G4.T]: (=) 0.3 wt%; (S) 0.8 wt%; (þ) 1.5 wt%. For
the linear fit shown, (———) slope¼ ¹113.6 Å2, correlation coefficientR2 ¼ 0.9751.
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host. This behavior is in contrast to the behavior of poly-
ethyleneimine dendrimer complexes in which preferential
association of metal ions with terminal amine groups has
been observed [32].

4.3. Analysis of dendrimer/copper sulfide nanocomposites

Though complexation of the dendrimers with Cu2þ seems
to leave the molecular dimensions unperturbed, the conver-
sion of the [(CuAc2)15–PAMAM G4.T] complexes to
{(CuS)15–PAMAM G4.T} nanocomposites results in a
structural change to the scattering particles, which is evident
from the small angle scattering patterns (Figs. 5 and 6). The
scattering behaviors of the dendrimer, dendrimer complex,
and dendrimer nanocomposite solutions in the highQ
region are very similar, indicating that the contribution
from the individual dendrimer molecules manifests itself
in this range. However, both SANS and SAXS patterns
from the G4.T/CuS nanocomposite solutions show evi-
dence of enhanced scattering in the lowQ range which
is not present in the scattering from the dendrimer or
copper complex solutions. Emergence of this lowerQ
feature in the scattering from the nanocomposite solutions is
indicative of the formation of larger multi-dendrimer

aggregates in this system. The Guinier plots of the
SANS and SAXS data from {(CuS)15–PAMAM G4.T}
nanocomposites clearly show the two distinct regions as
well (Fig. 7). The linear relationship between ln[I(Q)] and
Q2 in each region indicates that a Guinier analysis is valid,
and a radius of gyration for each feature may be extracted
from the slope of its corresponding linear region provided
the analysis is performed over aQ range in whichQRg is
near unity.

Particle radii of gyration extracted from the higherQ
region in which the single molecule features are prevalent
are given in Table 2. There is a significant difference in the
single molecule feature’sRg,X and Rg,N values, extracted
from the nanocomposite solution scattering, indicating a
difference in the distributions of the X-ray and neutron
scattering centers about the individual dendrimer–CuS
hybrid molecules. The value ofRg,N (,19 Å) obtained
from analysis of the single molecule scattering region
for the {(CuS)15–PAMAM G4.T} nanocomposite agrees
with the values measured for PAMAM G4.T and
[(CuAc2)15–PAMAM G4.T], indicating that the organic
part of the nanocomposite—the dendrimer molecule—
remains unchanged during the conversion from pure

Table 1
Radii of gyration measured for endgroup modified PAMAM G4.T dendrimers and [(CuAc2)15–PAMAM G4.T] complexes

Particle C (wt%) Rg,N (Å) Rg,X (Å)

PAMAM G4.T 0.3 18.8 19.2a

[(CuAc2)15–PAMAM G4.T] 0.3 18.7 –
[(CuAc2)15–PAMAM G4.T] 0.8 18.9 –
[(CuAc2)15–PAMAM G4.T] 1.5 18.3 19.2

a Due to low X-ray contrast between PAMAM G4.T and water, it was possible to collect a measurable signal for analysis only by increasing measurement
time to more than 10 h.

Fig. 5. SANS data from (W) PAMAM G4.T dendrimer, (=) [(CuAc2)15–
PAMAM G4.T] complex, and (A) {(CuS)15–PAMAM G4.T} nanocom-
posite in D2O solution.

Fig. 6. SAXS data from (X) PAMAM G4.T dendrimer*, (P) [(CuAc2)15–
PAMAM G4.T] complex, and (B) {(CuS)15–PAMAM G4.T} nanocompo-
site in D2O. * G4.T data collected for 10 h.

2542 N.C. Beck Tan et al./Polymer 40 (1999) 2537–2545



dendrimer to Cu2þ complex to CuS nanocomposite. How-
ever, the X-ray scattering measurements show thatRg,X of
the single molecule scattering feature increases significantly
on conversion of the complex to the nanocomposite, indi-
cating a change in the distribution of the inorganic compo-
nents within the dendrimer molecules on conversion of the
G4.T/Cu2þ hybrid to the G4.T/CuS hybrid.

If the X-ray and neutron scattering centers were each
distributed evenly about a spherical particle, the fact that
Rg,X {(CuS)15–PAMAM G4.T} is greater than Rg,N

{(CuS)15–PAMAM G4.T} would suggest that a water
soluble CuS particle is formed on conversion of the Cu2þ

complex which is larger than a single dendrimer molecule.
This is highly improbable, given the insolubility of CuS in
water and the Cu/dendrimer ratio stoichiometry in the
system (,15 CuS molecules perD,50 Å dendrimer mol-
ecule). Similarly, the fact thatRg,X is greater thanRg,N

negates the possibility that the CuS molecules are con-
densed in a compact spherical region within a single, den-
drimer host molecule. In order to interpret the physical
meaning of these results, it is necessary to consider the
relationship between the dimensions of specific geometrical
objects and their radii of gyration. The radius of the dendri-
mer molecules which comprise the smallest unit of the
nanocomposite and are known to behave as spherical par-
ticles in solution [24–29] can be calculated from

RPAMAM sphere;N ¼ Îð5=3ÞRg;N; HighQ ¼ 24:3Å

From the X-ray experiments, the measuredRg,X, High

Q , 24 Å would correspond to a spherical CuS particle
with Rsphere,X, 31 Å in diameter, a non-physical result, as
noted above. In considering alternate geometrical shapes
with spherical symmetry, one finds that an X-ray scattering
center in the shape of a thin, spherical shell of CuS as
measured by X-rays would have,Rshell,X ¼ Rg,X ¼ 23.7 Å.
This value,RCuS shell,X, 24 Å, is in good agreement with the
radius of the spherical dendrimer molecule which hosted the
CuS reactants,RPAMAM sphere,N, 24 Å (Table 2). The agree-
ment implies that on conversion to the neutral CuS species,
the Cu2þ ions from the complex which are located through-
out the dendrimer molecules redistribute and become loca-
lized near the periphery of the dendrimer molecule in a region
whose shape approximates a thin, spherical shell. The pro-
posed structure is illustrated schematically in Fig. 8 (left).
The formation of such a structure is reasonable, given that

the spherical symmetry of dendrimers has been established
and it is not unlikely that the conversion of internally com-
plexed Cu2þ ions to neutral CuS compounds by reaction with
a gas introduced through the solvent should take place in the
peripherial region of the PAMAM dendrimer.

Table 2
Radii of gyration for {(CuS)15–PAMAM G4.T} nanocomposites. Individual dendrimer feature and supermolecular aggregates

Feature Rg,N

(Å)
Rg,X

(Å)
QRg range RN sphere

(Å)
RX shell
(Å)

Number of
dendrimers

HigherQ—single molecule 18.8 23.7 1.0–3.5 (N), 1.5–3.2 (X) 24.3 23.7 1
Lower Q—aggregate 90 – 0.5–1.9 (N) 116 – ,50–110a

a A calculation of the exact number of dendrimer molecules in a super-molecular aggregate cannot be made without assuming a particular type of molecular
packing within the cluster. A packing fraction of 50% would suggest,54 dendrimers per aggregate. Complete space-filling (100% packing fraction) would
suggest,108 dendrimers per aggregate.

Fig. 7. Guinier plots of (a) SANS data and (b) SAXS data from {(CuS)15–
PAMAM G4.T} nanocomposite solutions in D2O. (a) (———) slope¼
¹118.0 Å2, correlation coefficientR2 ¼ 0.9897; (- - -) slope¼ ¹2981. Å2,
correlation coefficientR2 ¼ 0.9919. (b) (—— — ——) slope¼

¹187.9 Å2, correlation coefficientR2 ¼ 0.9634.
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An analysis of the enhanced lowQ scattering from the
nanocomposite solutions remains. Due to experimental
limitations, it was not possible to collect enough data points
in the low Q region to perform an analysis of the lowQ
scattering feature from the X-ray data. However, sufficient
data were collected in the lowQ SANS range to allow for
estimation of the size of the larger scattering feature from
the neutron data. The Guinier analysis in this regime
(Fig. 7(a), Table 2) indicates that the lowQ scattering
feature is contributed to by particles withRg,N, low Q, 90 Å,
or RN, sphere, low Q, 116 Å. The size of these particles coupled
with their scattering contributions in both SANS and SAXS
suggest that they are soluble, supermolecular aggregates
of dendrimer and copper sulfide large enough to contain
50–100 dendritic molecules. Given the nature of the
SAS studies, it is not possible to determine without a
doubt if the nanoclusters observed were formed imme-
diately on sulfide formation, or are the result of slow aggre-
gation in solution over time. However, it is likely that the
aggregation phenomena are contributing strongly to the
long-term destabilization of the insoluble inorganic species
in the aqueous solution, occurring especially at higher
concentrations.1

The combined results of the analyses of the SANS and
SAXS data from the {(CuS)15–PAMAM G4.T} nanocompo-
sites in both the highQ and lowQ regimes indicate that the
nanocomposites exists in the physical form illustrated in Fig.
8, in which single dendrimers with copper sulfide molecules
entrapped near their peripheriesy aggregate in solution form-
ing clusters of 50 dendrimers or more. Future studies will be
focused on the evaluation of stabilization schemes (surface
modification, additives) on the structure and formation of
dendrimer-based nanocomposites, on the structure of nano-
molecular composites containing species other than copper
sulfide, and on the development of appropriate sample pre-
paration methods for applying complementary experimental

techniques (TEM, SEC) to the study of these unique
dendrimer-based nanocomposite materials.

5. Summary

The structure of nanomolecular {(CuS)15–PAMAM
G4.T} copper(II) sulfide–PAMAM dendrimer nanocompo-
sites was studied by a combination of small angle X-ray and
neutron scattering techniques. These inorganic/organic
hybrid nanocomposites were prepared through the reaction
of [(CuAc2)15–PAMAM G4.T] copper–dendrimer com-
plexes in aqueous solution with hydrogen sulfide gas. The
pure dendritic starting materials were found to exist as iso-
lated, dispersed particles in dilute solution (, 0.8%) having
radii of gyration of,19 Å. The physical size of the den-
dritic molecule was not perturbed by internal complexation
of Cu2þ ions, or by the subsequent conversion of these ions
into the neutral CuS species. Comparison between SANS
and SAXS measurements of dendrimer–copper complexes
and dendrimer–copper sulfide nanocomposites in solution
indicate that the ions in the complexes are primarily distrib-
uted throughout the dendrimer molecules, but that conver-
sion of the Cu2þ ions to neutral CuS molecules results in a
redistribution of the inorganic species. The results imply
that the CuS molecules in the nanocomposites are localized
at the periphery of individual dendrimer molecules. In addi-
tion, there is strong evidence of aggregation in the nano-
composite system, which suggests that the stable form of the
dendrimer/CuS hybrid species in solution is in supermole-
cular clusters containing more than 50 individual dendrimer–
copper sulfide molecules.
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