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ABSTRACT: Hyperbranched polymers chemically analogous to PAMAM dendrimers and their gluconamide
derivatives were synthesized, and their use for gold nanoparticle synthesis and stabilization is reported. This was
achieved by a two-step process: complexation of metal ions within the polymers then chemical reduction. The
effect of pH values, polymer concentration, and reduction conditions on the formation and the stabilization of
nanoparticles has been evaluated. Furthermore, when compared to PAMAM dendrimers, these experiments clearly
demonstrated the influence of the macromolecular architecture on the formation of the metal nanoparticles.

Introduction

Metal nanoparticles have unique optical, electronic, and
catalytic properties related to their small size.1 Within the broad
range of technological applications of these nanoobjects, those
related to the bioanalytical and biomedical fields appear to be
the most promising ones.2 It then requires high stability and
solubility in aqueous media combined with controllable chemical
or biochemical reactivity. However, the water-based synthesis
of nanoparticles is limited by inherent problems such as ionic
interactions, low reactant concentration, and difficulty in remov-
ing the residue of stabilizers after synthesis. While a number
of promising preparative approaches to stable, water-soluble
metallic nanoparticles have been developed, few of these, if
any, lead to materials that are comparable to the well-described
nonpolar species in terms of stability and chemical versatility.

To overcome these problems, various molecular systems have
been reported to stabilize metal nanoparticles in aqueous media,
such as citrate,3 polyelectrolytes1 or block copolymers.4-10

Dendrimers have been used as nanoreactors in which metal
cations are localized due to complexation of the metal cations
with amine groups before reduction leading to stabilized metal
nanoparticles of few nanometers, this small size being presum-
ably related to the dendrimer structure.11-14 They have also been
used to stabilize and control the growth of nanoclusters by
forming interdendrimer complexes, resulting in larger metal
nanoclusters protected by the exterior amine groups of den-
drimers.14 In contrast to those perfectly branched monodisperse
dendrimers, randomly branched (i.e., hyperbranched) polymers
can be easily accessible,15 and they can effectively stabilize
metal nanoparticles in organic solvents.16-22

In a previous article, we have reported a simple protocol to
prepare dendritic core-shell architectures based on hyper-
branched poly(ethylenimine) (PEI) with carbohydrate shells.
Those compounds were used to elaborate metal nanoparticles
(i.e., Cu, Ag, Au, and Pt) in water with an increased stability
thanks to the carbohydrate shells.23 In the case of platinum,
catalytical activity of the corresponding nanoparticles was
evidenced.23 Preliminary reports on hyperbranched polymer

chemically analogous to PAMAM4 and with close molar mass
have also shown the interesting properties of these compounds.24

In the present work, we compare the complexation properties
of PAMAM dendrimers to the chemically analogous hyper-
branched HYPAM polymers for various molar masses and
ending groups. Synthesis and characterization of a hyper-
branched polymer (denoted as HYPAM5) close to PAMAM5
dendrimer as well as gluconamide persubstitued derivatives
(denoted as HYPAM5G or PAMAMxG for x ) 4 or 5) were
performed to reach such a goal. Then, gold nanoparticles
preparation in water solution using these polymers as stabilizers
are reported. The effect of various parameters on the formation
and the stabilization of nanoparticles has been evaluated.

Experimental Section

Materials. D-Glucono-1,5-lactone, sodium borohydride (NaBH4),
hydrogen tetrachloroaurate(III) trihydrate, copper sulfate hexahy-
drate, and solvents were purchased from Aldrich. Tris(2-aminoet-
hyl)amine (Aldrich) was distilled under reduced pressure and stored
under argon atmosphere before use. Tris(2-di(methyl acrylate)-
aminoethyl)amine (MA6-TREN) was synthesized according to the
method of Dvornic.25 1H and 13C NMR data were in accordance
with the literature.26,27 PAMAM4 and PAMAM5 dendrimers
(respectively fourth and fifth generations) as well as PAMAM4OH
(dendrimer of the fourth generation bearing 64 surface hydroxyl
groups) were purchased from Aldrich and used without further
purification.

Characterization. 1H NMR spectra were recorded on a Bruker
AC 250 spectrometer at 250.13 MHz and on a Bruker ARX 400 at
400.13 MHz.13C NMR spectra were recorded on a Bruker Avance
300 spectrometer at 75.47 MHz and on a Bruker ARX 400 at 100.61
MHz. Attribution of the signals was made by COSY, HSQC and
HMBC experiments and comparison with corresponding spectra
of PAMAM dendrimers. Quantitative15N NMR was carried out
on a Bruker AMX400 at 40.55 MHz with a delay between pulses
of 100 s (probe head for 10 mm tubes, 30° pulse of 20µs, inverse-
gated proton-decoupled experiments). Quantitative13C NMR was
carried out with a delay between pulses of 55 s. The quantitative
response was checked with a test solution of known concentrations
of Me4NOH and ethylenediamine.

The average molecular weight of the polymers was determined
by size exclusion chromatography (SEC) analysis in carbonate
buffer solution at pH 10 (flow rate 0.5 mL/min) on an apparatus
equipped with a Waters refractive index detector, a Waters column
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pack (Shodex OHpak SB-802HQ, SB-802.5HQ, SB-804HQ) and
a Minidawn Wyatt light scattering detector. The molecular weights
were uncorrected from low sensitivity of LS-SEC to lower
molecular weights.28 The refractive index increments for PAMAM
dendrimers were measured in the same eluent at ambient temper-
ature. The values for the hyperbranched polyamides were assumed
to be identical. Considering the fact that these polymers have been
observed to trap solvent molecules, even after prolonged drying
under vacuum, the accuracy for the molecular weight measurement
is estimated to be around 20%.

UV-visible spectra of solutions were recorded with a HP 8452A
diode array spectrometer (optical pathlength: 0.5 cm).

Transmission electron microscopy (TEM) was performed on a
Hitachi HU12A transmission electron microscope operating at 125
kV accelerating voltage. To prepare samples for analysis, an
aqueous solution of coated nanoparticules was drop-cast onto
carbon-coated copper TEM grids (Formvar support, 300 mesh, Ted
Pella Inc.).

Preparation of Hyperbranched Polyamidoamines(Figure 1).
The hyperbranched polymers were prepared according to the
method of Dvornic. Synthesis of the HYPAM4 has been already
described.24 For HYPAM5, 2.44 g of tris(2-aminoethyl)amine (16.7
mmol) were mixed with 1.42 g of MA6-TREN (2.14mmol). The
solution was stirred under argon at 70°C during 2 days, after which
the products were dissolved in 5 mL of CH2Cl2 and precipitated
into 200 mL of THF at 0°C. Thus, 2.37 g of precipitated polymer
was obtained as a yellow gum.1H NMR (CDCl3, 250.13 MHz):
2.1-2.9 (m, NH2, -CH2-NH2, -CH2-CO-); 3.25 (br m,-CH2-
NHCO-); 8.29 (br s, -NHCO-). 1H NMR (D2O, 400.13 MHz):
2.34 (m, -CH2-CO-); 2.5 (m, N-CH2-CH2-N); 2.55 (m,
CONH-CH2-CH2-N); 2.63 (m,-CH2-NH2); 2.73 (m, N-CH2-
CH2-CO); 3.22 (m,-CH2-NHCO-). 13C NMR (D2O, 75.47
MHz): 32.6 35.5 (-CH2-CO); 36.7 (-CH2-NH-CO-); 37.8
(-CH2-NH2); 49.1 (N-CH2-CH2-CO); 49.8 51.1 52.5 (CONH-
CH2-CH2-N); 56.0 (N-CH2-CH2-N); 174.5 (CONH).

Preparation of Gluconamide)Polyamides (Figure 2).For the
synthesis of PAMAMxG (x ) 4 or 5), the grafting of gluconolactone
was carried out according to an already published procedure.29 For
HYPAM5G, a solution of 0.85 g of HYPAM5 (4.7 mmol of primary
amine groups), 1.7 g of gluconolactone (9.5 mmol), and 5 mL of
dry DMSO was stirred at 40°C during 48 h under argon. The

polymer was precipitated into 150 mL of MeOH and recovered by
centrifugation at 14500 rpm during 30 min at 5°C. 1.0 g of
modified polymer was obtained.1H NMR (D2O, 400.13 MHz):
2.40 (m, -CH2-CO-); 2.68 (m, N-CH2-CH2-N); 2.80 (m,
N-CH2-CH2-CO); 3.23 (m,-CH2-NHCO-polyamide); 3.29 (3,
-CH2-NHCO-gluconamide); 3.59 and 3.75 (ABX systemJ )
11 Hz,-CH2OH); 3.66 (m,-CHOH-b and-c); 4.01 (m,-CHOH-
d); 4.23 (m, -CHOH-e). 13C NMR (D2O, 75.47 MHz): 32.7
(-CH2-CO); 36.7 (-CH2-NH-CO-gluconamide); 37.1(-CH2-
NH-CO-polyamide); 49.3 (N-CH2-CH2-CO); 52.4 (N-CH2-
CH2-N); 62.8 (-CH2OH); 70.5 (-CHOH-d); 71.3 (-CHOH-b);
72.4 (-CHOH-c); 73.6 (-CHOH-e); 174.5 (CONH). (see Figure
2 for NMR attribution).

Typical Procedure for Complexation Studies.An aqueous
solution of the respective stabilizer (concentrations calculated with
the Mw value) was mixed with an aqueous solution of metal ion
(CuSO4, HAuCl4) in order to obtain a determined molar ratio [metal
ion]/[polymers] (in the range 10-300). Absorbance spectra were
recorded after 48 h.

Formation of Nanoparticles. Typically, a determined amount
of CuSO4 or HAuCl4 was dissolved in a 5.10-6 M aqueous solution
of the stabilizer to obtain the appropriate [metal]/[stabilizer] ratio.
Complexes were then chemically reduced with various molar excess
of NaBH4 (1, 5, 11, 16, ...) respective to the metal ions to yield
zerovalent metal particles.

Results and Discussion

1. Synthesis of Hyperbranched Polyamidoamines. The
synthesis of hyperbranched polymers with a similar structure
as PAMAM dendrimers was based on a method described by
Dvornic, where a hexaester is reacted with a triamine (Figure
1).25 This method has the advantage to lead to the hyperbranched
structure in a single step and can be carried out in large
quantities. Its main drawback is to give polymers with broad
distributions. The molecular weight of the polymers was easily
adjusted by changing the ratio between the triamine and the
hexaester (MA6-TREN). For a 10:1 molar ratio, it is close to
the one of a PAMAM of the fourth generation.24 This hyper-
branched polymer was therefore noted HYPAM4. A ratio close

Figure 1. Schematic representation of the synthesis and structure of the HYPAM hyperbranched polymer.

Figure 2. Functionalization of PAMAMx and HYPAMx by gluconolactone to lead to PAMAMxG and HYPAMxG.
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to 8:1 led to a polymer noted HYPAM5 (see Experimental
Section), its molar mass being close to the one of PAMAM5.
Those molar masses were evaluated by size exclusion chroma-
tography (SEC) in carbonate buffer at pH 10 equipped with a
refractive index detector and a light scattering detector. A typical
chromatogramm is presented in supporting data and all the
results are given in Table 1. The attachment ofD-glucono-1,5-
lactone to HYPAMx was carried out according to an already
published procedure with PAMAM dendrimers.29 Primary amino
groups were quantitatively functionalized as demonstrated by
1H NMR.

The analysis of hyperbranched polymers by SEC has been
the subject of many articles.28,30-32 Because of the singular
architecture, a regular analysis with standard calibration is not
valid. The use of light scattering detector together with a
refractometric one, provides an evaluation of the molecular
weight of the polymers. However, even with this approach, for
wide distributions, the difference of sensitivity of light scattering
between high and low molecular masses leads to an underes-
timated polydispersity index. Some authors have proposed a
method to compensate for this effect.28 In our case, this
correction led to an increase of the polydispersity index only
for HYPAM5 and HYPAM5G samples (respectively from 2.2
to 4.9 and from 4.7 to 6.8). However, if the use of this program
is relevant for regular linear polymers, it might not be in our
case, since some interactions between the polymer and the
column might still be present besides size exclusion. Therefore,
the molar masses and polydispersity indices presented in Table
1 are not corrected. Furthermore, these polymers (as well as
PAMAM dendrimers) have been observed to trap solvent
molecules even after prolonged drying. Thus, the measured
molecular weights should be considered as indicative values.
For the PAMAM dendrimers, the SEC analysis were consistent
with the expected values. For sugar-modified polymers, the
strong increase in molecular weight compared to the theoretical
value was likely related to an aggregation phenomenon, even
in aqueous buffer solution. This was particularly strong for
HYPAM5G.

In order to compare the structure of the HYPAM hyper-
branched polymers with the one of PAMAM dendrimers,
titration of the amine groups for the polymers was also carried
out by several methods: simple acid-base titration,33-35

quantitative15N NMR34,36 and quantitative13C NMR. While
titration for well-defined dendrimers has been analyzed, the
titration steps for the hyperbranched polymers presented here
were, in certain cases, too unclear to be unequivocally attributed.
As for 15N NMR, the titration was tested by introducing a
calibration product in the NMR tube. With appropriate relaxation

times, the quantitative determination of primary amine groups
was possible. However, the quantity of polymer needed for this
experiment (more than 0.8 g per tube) as well as the time needed
(60 h) incited us to abandon this method. Best results were then
obtained by quantitative13C NMR experiments in the presence
of a calibration product (Me4NOH). A typical spectrum is
reported in Figure 3.

The attribution of the peaks was carried out by COSY, HSQC,
and HMBC experiments and comparison with corresponding
spectra of PAMAM dendrimers. Comparison of the CH2-NH2

peak at 37.8 ppm to Me4NOH peak at 55.2 ppm led to an
evaluation of the quantity of primary amine groups. For
PAMAM4, this method gave a value of 3.8 mmol per gram,
which is relatively close to the theoretical one (4.5 mmol per
gram).24 Table 1 shows that the quantity of primary amine
groups was found slightly higher for the other polymers used
in this study.

Comparing HYPAM and PAMAM polymers at more or less
constant molecular weight (i.e, HYPAM4(G) with PAMAM4-
(G) and HYPAM5(G) with PAMAM5(G)), the number of
primary and tertiary amines were close regardless of the structure
(see Table 1). The largest difference between those two types
of polymers was the quantity of amide groups within the
polymer: by construction, these values are largely reduced in
the hyperbranched structure compared to dendrimers.

Polymer-stabilized nanoparticles were prepared in a two-step
process. Initially, an aqueous solution of the polymer (at various
concentrations) was mixed with an aqueous solution of metal
ions (CuSO4, HAuCl4) to obtain a controlled molar ratio [metal
ions]/[polymer]. In a second step, the ions were chemically
reduced by sodium borohydride (with different molar excess
of metal ions varying from 1 to 10). While the conditions for
the reduction are paramount for the final stability of the
nanoparticles, the interactions metal ions/polymer should be
understood in order to control the size of the metal clusters.
Complexation properties of the dendritic architectures were
therefore studied with copper and gold ions.

2. Complexation with Metal Cations.For these experiments,
solutions were equilibrated during 1 h ormore before measure-
ments. All solutions had a pH around 4. As pKNH2value in
HYPAMx should be close to the one estimated for NH2 functions
in PAMAM4, i.e., 9.5,33 HYPAMx could be assumed mainly
in the protonated form under those conditions.

In the case of copper, complexation occurred on a time scale
shorter than a minute. Figure 4 reports the UV-visible spectra
of Cu(II) solution with or without HYPAM5G. In aqueous
solutions and without any polymer, CuII exists primarily as
[Cu(H2O)6]2+, which gives rise to a broad and weak absorption

Table 1. Properties of Investigated Polymers

Mw
a I ) Mw/Mn

b

primary amines/tertiary
amines /amide groups

(mmol.g-1)

PAMAM4c 13000 (14215)d 1.1 3.8/3.9/7.1e (4.5/4.4/8.7)d

PAMAM4G 27700 (25615)d 1.3 0/3.9/10.9f (0/2.4/7.3)d

PAMAM4OH n.d. (14279)d n.d. (0/4.3/8.7)d

HYPAM4c 13 600 1.4 4.9/5.0/3.3e

PAMAM5 n.d. (28825)d n.d. (4.4/4.4/8.7)d

PAMAM5G n.d. (51627)d n.d. (0/2.4/7.4)d

HYPAM5 30 300 2.2 5.5/5.1/3.7e

HYPAM5G 116200 (60000)f 4.7 0/2.6/4.6f

a Molecular weight determined by LS-SEC.b Polydispersity index
determined by SEC.c Values extracted from ref 24.d Theoretical values
deduced from the ideal chemical structure.e Results obtained from quantita-
tive 13C NMR experiments.f Deduced from the characterization of the
corresponding nonglycosilated compounds.

Figure 3. 13C NMR spectrum of HYPAM5 used for the quantitative
titration within the polymer of primary amine groups (CH2NH2), tertiary
amine groups (NCH2) or amide groups (reference: Me4N+ peak).
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band at ca. 810 nm associated with a d-d transition (ε ∼ 10)
(not shown).12 In the presence of the hyperbranched polymer,
the CuII d-d transition shifted to 605 nm (ε ∼ 30).24 In addition
to those weak bands, a strong ligand-to-metal charge-transfer
(LMCT) transition appeared at ca. 270 nm (see Figure 4): this
new band as well as the shifted d-d transition suggested
interactions and/or complexations between the metal ions and
the polymers (presumably through the amine and amide
groups37). The change in the UV-visible spectrum depending
on the [CuII]/[polymer] molar ratio allowed us to follow this
complexation process. Indeed, the absorbance at the maximum
(i.e., 272 nm) of this new band increased with the [CuII]/
[polymer] ratio (see Figure 5). Initially, the increase was linear
with the molar ratio, suggesting a progressive loading of the
polymer by copper ions. Then, a large decrease in the slope of
the curve was recorded and was assigned to the saturation of
the hyperbranched structure. HYPAM polymers have therefore
a behavior quite similar to that of PAMAM dendrimers.12 An
estimation of the titration end point was obtained by extrapolat-
ing the two linear regions of the previous curve (see Figure 5),
indicating that HYPAM5G can complex up to 130 CuII ions
(see Supporting Information for complexation data of HYPAM4
and HYPAM5 with copper).

In the case of Au(III), slow kinetics have been reported for
complexation with dendrimers.38 To avoid any problems, the
incubation time for gold uptake was chosen to be equal to 48
h, although due to the lower degree of branching, complexation
with hyperbranched polymers should occur more rapidly (no
significant evolution of the spectra was observed 24 h after the
beginning of the complexation process). All samples were stable
on this time scale if protected from light exposure. As already
described in a previous article,24 the absorption spectrum of an

aqueous HAuCl4 solution exhibited a strong absorption band
at 226 nm and a shoulder at 290 nm due to charge transfer
between the metal and the chloro ligands beside a very weak
band around 640 nm. When adding the hyperbranched polymer,
the absorbance at 290 nm increased linearly with the number
of added metal ions until a particular [metal ion]/[polymer] ratio.
Above this ratio, a change in slope was observed (see ref 24
and Supporting Information for complexation data with the
various polymers). The difference in slopes suggested different
surroundings for the added gold ions and therefore some
interactions between gold ions and the polymer. The nature of
interactions was not yet fully determined, but as already
described in the case of chitosan,39 considering that HAuCl4

has a pKa lower than 3, formation of ion pairs between AuCl4
-

and the protonated amino groups of HYPAMx (the pKNH2 value
in HYPAMx was estimated to 9.524) could be responsible at
least partially for this phenomenon. Nevertheless, in the case
of HYPAM4, this limit ratio (150) was larger than the primary
amine functions of HYPAM4 (ca. 70 as deduced from Table
1) and close to the number of amine and amide functions within
the polymer (estimated to ca. 180), suggesting more complex
interactions between gold ions and polymers.

Because of differences in the mechanism of interactions,
copper ions led to smaller maximum loading values than those
for the gold ions. The critical ratio associated with the saturation
of the polymer was strongly related to the type of polymer used
(see Table 2). The primary structure (dendrimer against hyper-
branched polymer) was clearly one of the most important
parameter controlling the maximum loading of the polymer.
Whereas the maximum number of loaded metal ions for
PAMAM4 was found around 50, HYPAM4 had a maximum
load of cupper or gold metal cations equal respectively to 90
and 150. The open structure of the hyperbranched polymer
compared to the dendrimer architecture facilitated the interac-
tions of the metal ions with the internal chemical functions and
led therefore to an increase of the maximum load of ions per
polymer. The influence of the polymer molar mass was quite
similar in the case of PAMAM and HYPAM. The increase in
the polymer generation induces a growth of the maximum load
of metal ions, even if this increase was proportionally less
pronounced in the case of HYPAM than in the case of
PAMAM12 (respectively, 25% and 50%). Finally, the substitu-
tion of NH2 groups by gluconic amide groups did not signifi-
cantly modify the complexation properties of the different
systems studied, suggesting that the amide functions of the
dendritic skeleton participated to the interaction between the
polymers and the metal ions.

All these results show that it is possible to load the dendritic
architectures to various metal levels by adding controlled
quantities of metal ions on the polymer solution. These results
are similar to those obtained with dendrimers for which similar
properties have already been demonstrated.14

Figure 4. Absorption spectra of aqueous solutions: 6× 10-4 M CuSO4

(open squares), 3.10-6 M of HYPAM5G (full circles), 6 × 10-4 M
CuSO4 and 3× 10-6 M of HYPAM5G (full squares).

Figure 5. Absorbance at 272 nm of a solution 3× 10-6 M of
HYPAM5G with various amount of CuII.

Table 2. Complexation Properties of PAMAMx and HYPAM x

maximum load of ions

polymer CuSO4 HAuCl4
no. of functional amines
(primary/tertiary/amides)

PAMAM4a 46 ( 5 47( 5 64/62/124
PAMAM4G 40 ( 5 52( 5 0/62/188
PAMAM4OH 24 ( 5 20( 5 0/62/124
PAMAM5 85 ( 10 N.D. 128/126/252
HYPAM4a 90 ( 10 150( 10 67/68/45
HYPAM5 135( 10 180( 10 167/155/112
HYPAM5G 130( 10 160( 10 0/155/279

a Extracted from ref 24.
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3. Formation of Nanoparticles. In order to obtain the
nanoparticles, reduction of the cations loaded in the polymer
was carried out with a 1-50 fold excess of dissolved NaBH4

(respective to metal ions). In all cases, an immediate color
change of the solution was observed and assigned to the
formation of copper and gold nanoparticles. In the case of gold
complexes, the 226 nm band of AuCl4

- vanished, indicating
that the AuCl4- ions were completely reduced.24 Instead, a broad
band appeared at around 540 nm, which is assigned to a plasmon
band of gold particles.24 Furthermore, a very weak shoulder was
observed at ca. 280 nm and may be due to some irreversible
oxidation of the polymer by gold ions. In the case of copper, a
plasmon band appeared at ca. 570 nm. Copper nanoparticles
easily reoxidize in Cu(II) ions if not maintained under an inert
atmosphere. Consequently further studies will focus on the more
stable gold nanoparticles. Figure 6a shows a transmission electon
microscopy (TEM) micrograph of gold nanoparticles coated with
HYPAM4 (see Supporting Information for nanoparticles coated
with HYPAM5 and HYPAM5G). The particles are well isolated
with a low dispersity in size. The mean particle size was
determined to be ca. 4 nm. Electron diffraction micrographs of
these nanoparticles fitted well with expected pattern associated
with gold metal.

A question arising from these first experiments is whether
the growth of particles is controlled by confinement effect due
to specific adsorption of hyperbranched polymers or only by
the nucleation process. When comparing sizes obtained by
reducing gold ions by a 5-fold excess of sodium borohydride
with or without HYPAM4, it clearly appeared that nanoparticles
obtained in presence of HYPAM4 were smaller (respectively
6.9 and 4.0 nm). Moreover nanoparticles without any stabilizer
were not stable in these conditions (pH around 6.5) and rapidly
increased in size (after 2 h size was greater than 9 nm).
Therefore, the use of HYPAM allows one to control of the
growth of gold nanoparticles.

Starting from these preliminary experiments, we then ana-
lyzed the influence of the reduction agent, the [polymer]:[metal]

ratio and the polymer architecture (composition and molar mass)
on the size of the nanoparticle obtained.

3a. Influence of the Conditions of Reduction.Conditions
of reduction greatly influenced the formation of nanoparticles.
The reduction of gold ions with large excess of sodium
borohydride induced a slight decrease in the size of nanopar-
ticles. For instance, for HYPAM4 system, when [NaBH4]/
[HAuCl4] was increased from 1 to 5, nanoparticles were
obtained with an average size of respectively 5.6( 1.6 nm and
4.0 ( 1.0 nm. For greater excess, this effect was difficult to
control as a change in [NaBH4]/[HAuCl4] ratio induced also a
change in the pH and consecutively a modification in the
stabilizer conformation. When amino groups were substituted
by gluconic amide groups (HYPAMxG structure), gold ions
were found to undergo reduction without adding any reducing
agent but with very slow kinetics.40 Nanoparticles obtained in
that case were larger (15 nm) with a broader distribution in size
and an uncontrolled morphology.

3b. Influence of the Metal:Polymer Ratio. Figure 7
represents the evolution of mean size as a function of [HAuCl4]/
[polymer] for HYPAM4 for [NaBH4]/[HAuCl4] ) 5. For this
one, no significant difference with NaBH4 used as reducing
agent appeared in the size distribution for ratios below the
maximum loading ratio (NC). Reduced systems, with a [HAuCl4]/
[polymer] ratio higher than the maximum loading ratio, induced
the formation of bigger nanoparticles with larger size distribu-
tion. These systems were also observed to be less stable: e.g.,
after 1 day complete aggregation occurred. The growth of gold
nanoparticles outside hyperbranched structure occurred more
rapidly and induced a complete aggregation of gold nanopar-
ticles by capping the formed gold particles. Thus, the interactions
between the stabilizer and the gold ions before and during
reduction appeared to be the key factor for the growing process.
Similar results were obtained with HYPAM5 and HYPAM5G
(see Table 3).

3c. Influence of the Molecular Weight of the Polymeric
Core and the Substitution of Primary Amino Groups. For a
low [HAuCl4]/[polymer] ratio (i.e., 60), the average particle size
of gold nanoparticles increased with increasing molecular weight
of the polymer (HYPAM4, 4.0 nm( 1.1 nm; HYPAM5, 6.5
nm ( 2.1 nm), and just slightly increased by attaching
gluconolactone to the amine groups (HYPAM5, 6.5 nm( 2.1
nm; HYPAM5G, 7.7( 2.7 nm). Moreover, for HYPAM5 or
HYPAM5G, below the maximum loading ratio, there was a
slight increase of mean size by increasing the [AuCl4]/[polymer]
ratio (Table 3). Similarly, it was reported in the literature that
a PAMAM:Au ratio of 1:10 (Mn PAMAM of generation 5.5)

Figure 6. TEM micrographs and corresponding histograms (ca. 300
nanoparticles analyzed) illustrating the gold nanoparticles diameter (D)
distribution of HYPAM4 with various ratios [HAuCl4]/[HYPAM4]: (a)
60 (adapted from ref 24); (b) 120; (c) 180; (d) 240 ([NaBH4]/[ HAuCl4]
) 5).

Figure 7. Mean diameter size (with standard deviation) of gold
nanoparticles formed by reduction with NaBH4 ([NaBH4]/[HAuCl4] )
5) as a function of [HAuCl4]/[polymer] ratio for HYPAM4.

3038 Pérignon et al. Macromolecules, Vol. 40, No. 9, 2007



50 864 g mol-1) gave a mean particle size of 5.6 nm, whereas
at a ratio of 10:1 the synthesized particles were smaller (2.3
nm).41

All these results led us to the following conclusions: (1) The
hyperbranched HYPAM polymers enables the formation of gold
nanoparticles of different sizes (below 10 nm). The size could
be controlled by adjusting the [HAuCl4]/[polymer] ratio,
[NaBH4]/[HAuCl4] ratio, changing molecular weight or modify-
ing the chemical structure of the hyperbranched polymer. (2)
Most particles obtained are too large to be contained inside a
single hyperbranched polymer. These particles are most likely
to be capped by multiple polymer chains as has been demon-
strated in the literature concerning some dendritic or hyper-
branched systems.23,24 The well-defined architecture of den-
drimers seems to be best suited to confine growth of the
nanoparticles inside a single dendrimer. Nevertheless, template
effect with hyperbranched polymer could be obtained by
lowering [HAuCl4]/[polymer] ratio as demonstrated in hyper-
branched PEI systems.23

4. Stabilization Properties.Numerous publications deal with
the stability of metal nanoparticles in relation with the [polymer]:
[metal ratio],4,5,41,42pH of the solution,4,43 concentration of the
polymer in solution,6,7,41,42 concentration of metal cations in
solution6 and the reduction agent applied.4,5 Parameters that
influence the stability of nanoparticles, such as the molecular
weight of the polymer core, the pH of the solutions, the
[polymer]:[metal] ratio were investigated and are reported here.

As previously mentioned, to avoid a rapid destabilization of
the hyperbranched capped nanoparticles, reduction should occur
below the maximum loading ratio. In the following experiments,
long-term stability was studied with the [HAuCl4]/[polymer]
ratio equal to 120 for all solutions.

To estimate the stability of the nanoparticles vs time, we have
monitored the UV spectra of the solution. The evolution of
absorbance at 520 nm normalized by absorbance at zero time
as a function of time for gold nanoparticles stabilized by
HYPAM4, HYPAM5, or HYPAM5G at room temperature with
[NaBH4]/[HAuCl4] ) 11 is represented in Figure 8. Whereas
HYPAM4 systems were stable for a relatively short period (less
than a week), in contrast HYPAM5 ones were stable for months
(decrease of 60% of the absorbance after 2 months). Therefore,
the increase of the molecular weight improved the overall
stability of the gold nanoparticles. This is probably due to the
increase of the steric hindrance. Moreover, in these conditions,
functionalization of amino groups with gluconolactone slightly
improved the stability of gold nanoparticles.

After the molecular weight of the polymer, we were interested
in the effect of the pH on the gold nanoparticule stability. The
primary effect of excess borohydride was to raise the pH of the

solution (excess 1, pH) 4.3; excess 5, pH) 8.7; excess 11,
pH ) 9.4; excess 16, pH) 9.6). Figure 9 shows the evolution
of absorbance at 520 nm as a function of time for gold
nanoparticles stabilized by HYPAM5 after addition (att ) 0)
of various amounts of excess sodium borohydride (1, 5, 11, 16
comparative to gold ions HAuCl4). Stability of the systems
decreased when increasing the amount of NaBH4, i.e., when
increasing pH value. To check if the effect observed was not
simply the result of change in ionic strength, addition of NaCl
on the solution obtained with a stoichiometric amount of NaBH4

(pH ) 4.3) up to concentrations equivalent to the addition of
11-fold excess of borohydride was performed. As shown in
Figure 9, no significant change in the absorbance evolution was
observed between 1 excess of NaBH4 and 1 excess of NaBH4
plus NaCl. So, the main factor controlling stability was the pH
of the solution. This result was in good agreement with the level
of protonation of amino group. At lower pH value, amino groups
are mainly protonated: electrostatic repulsion improved stability
of HYPAM5-stabilized gold nanoparticles. When increasing pH,
amino groups were deprotonated and stability decreased. This
was confirmed by measuringú potentials of gold-capped
nanoparticles that decrease by increasing pH (supporting data).

The effect of functionalization on stability was then evaluated.
HYPAM5G was clearly unaffected by pH changes due the
functionalization of pH sensitive amino groups by gluconolac-
tone.

Ionic strength was increased to study the effect of the polymer
outer shell on stability. Seven HYPAM5 and HYPAM5G
stabilized gold nanoparticles solutions, at pH∼ 9, were added
with increasing quantity of NaCl (from 0 to 0.1 mol L-1). Their

Table 3. Mean Size of Gold Nanoparticles as a Function of
[HAuCl 4]/[polymer] for HYPAM4, HYPAM5, and HYPAM5G a

D (nm) ( standard deviation

[AuIII ]/ [HYPAMx(G)] HYPAM4 HYPAM5 HYPAM5G

60 4.0( 1.1b 6.5( 2.1 7.7( 2.7
90 6.6( 2.2 8.3( 2.7

120 4.0( 1.0b 7.1( 2.6
180 4.9( 1.5 9.0( 2.2
240 7.1( 2.2b 7.5( 2.3
300 6.4( 3.3c

a Data obtained from TEM measurements after reduction by a 5-fold
molar excess (respective to AuIII ) of NaBH4. Drop-cast onto TEM grids
was realized 1 h after reduction.b Extracted from ref 24.c Partial precipita-
tion occurred before TEM deposition, so in this case mean size was
evaluated only for the remaining nanoparticles in solution. This explains
the significant decrease in size for this sample.

Figure 8. Evolution of absorbance at 520 nm as a function of time
for gold nanoparticles stabilized by HYPAM4 (full triangle), HYPAM5
(full square) or HYPAM5G (full circle) at room temperature with
[NaBH4]/[HAuCl4] ) 11.

Figure 9. Evolution of absorbance at 520 nm as a function of time
for gold nanoparticles stabilized by HYPAM5 formed with presence
of various excess of NaBH4 (1, 5, 11, and 16 comparative to gold ions
AuIII ) or in presence of NaBH4 (excess 1) and NaCl (excess 10).
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aggregation (and precipitation) with time was followed by
monitoring the decrease of the absorbance at 520 nm. The
relative absorbance is reported in Figure 10 after 5 months as
a function of NaCl concentrations for all solutions. The
HYPAM5 stabilized nanoparticles were very sensitive to ionic
strength even for low concentrations of NaCl. All solutions were
completely sedimented after 1 week (for concentrations superior
to 10-2 mol L-1). In contrast, the functionalization of HYPAM5
by a gluconolactone shell completely prevented the aggregation
promotion by salts in aqueous solutions. HYPAM5G stabilized
gold nanoparticles solutions remained stable for weeks using
salt concentrations up to 0.15 mol L-1 and for months using
salt concentrations up to 6.10-2 mol L-1 (Figure 10).

Conclusion

We synthetized, in a single step reaction, a new family of
hyperbranched polymers HYPAM, which are chemically analo-
gous to PAMAM dendrimers. Moreover, the molecular weight
of the polymers was easily adjusted by changing the condition
of reaction. HYPAMx were then used to prepare water stable
gold nanoparticles. The open architecture of the HYPAM
hyperbranched polymers facilitates the interactions between
metal ions and polymer functional groups. Nevertheless, it
maintains a control on the gold nanoparticles formed after
reduction by sodium borohydride. Nanoparticles of ca. 4 nm
were indeed obtained and stabilized in solution by the hyper-
branched polymer. The average size of the nanoparticles could
be easily adjusted by changing the [HAuCl4]/[polymer] or
[NaBH4]/[HAuCl4] ratios. The stability of the nanoparticles in
water was mainly influenced by the molecular weight of the
polymer core and the pH of the solutions. HYPAM function-
alized by gluconolactone influences rather the stability of the
nanoparticles than their size. Indeed, the presence of glucono-
lactone prevents the aggregation promotion by salts in aqueous
solution. Experiments are also underway to use these polymer
to stabilize platinum nanoparticles and to use them as water-
soluble catalysts.
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