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ABSTRACT: In this study, a series of different genera-
tion hyperbranched poly(amine-ester) with hydroxyl as
terminal group were synthesized and used as protectants
to synthesize gold nanoparticles with a facile and highly
reproducible method. The effect of hyperbranched poly
(amine-ester) generation on size and their distribution of
gold nanopartciels were discussed. The results of ultravio-
let visible absorption spectroscopy, Transmission electron
microscopy and scanning electron microscopy showed that

the mean diameter were 24.3 * 2.6 nm, 182 * 2.1 nm,
and 13.6 = 1.5 nm corresponding to the different genera-
tion hyperbranched poly(amine-ester), and the synthesized
gold nanoparticles were almost monodisperse with a nar-
row size distribution. © 2011 Wiley Periodicals, Inc. ] Appl
Polym Sci 122: 2849-2854, 2011
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INTRODUCTION

Attractive for their size, stability, and biocompatibil-
ity, gold nanoparticles have received much attention
in various potential applications fields since the last
two decades." They can be widely used in a variety
of fields, including drug delivery,” biological sensor-
ing,3 elec:trochemis’cry4 biofuel cell,’ c:atalysis,6 nonlin-
ear oytical switching,” immunoassays,®® surface plas-
mon, photonic:s,11 and surface-enhanced Raman
scattering (SERS).">'® As a result, research is empha-
sized on developing a series of effective methodolo-
gies to synthesize gold nanoparticles in recent years.
Most of the methods are proceeded in solution based
chemical techniques such as chemical reduction,'
sonochemical reduction,' polyol process,'® radiolytic
reduction,’” and photochemical reduction.'®

To control the size and polydispersity of nonapar-
ticles with the methods mentioned above, different
kinds of organic small molecule and macromolecules
were used as stabilizers, such as thiols and their
derivatives,'*?° polyaniline,®' polyvinylpyrrolidone,*
C60,% ciprofloxacin,** poly(ethylene oxide)-poly(pro-
pylene oxide)-poly(ethylene oxide) block copoly-

mer,?® pac:litaxel,26 alkanetelluroxide,” alkylamine,28
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and so on. The stabilizing effects of these molecules
are attributable to the fact that either the small par-
ticles were attached to the much larger protecting
polymers or the protecting molecules covered the
metal particles. Using dendrimers to tailor metal
nanoparticles have also been gaining attention in the
recent past years.” They are considered to be good
candidates for preparing functional nanoparticles for
their unique properties.®?'  Firstly, dendritic
branches and terminal groups are effective to control
the access of small substrates into the dendrimers
and thus to obtain nanaoparicles with a narrow size
distribution. Secondly, the loose steric aspects of den-
drimers also allow the encapsulated nanoparticles to
participate in various catalytic reactions, and the ter-
minal groups on the dendrimer periphery can be
modified for purposes of nanoparticle solubility in
different media.>* Therefore, dendrimers are excellent
stabilizer for generating metal functional nanopar-
ticles. However, the synthesis and characterization of
dendrimers are very difficult and costly, which
severely limit dendrimers application in the synthesis
of metal functional nanoparitcles.

In comparison to the cost-intensive and time-con-
suming multistep synthesis of dendrimers, hyper-
branched polymers can be obtained by a single-step
in large quantity and are commercially available in
industrial quantities.’”> Moreover, hyperbranched
polymers have similar molecular structure and prop-
erties with dendrimers, which could be a new kind
of potential candidates for synthesis of nanoparticles.
To date, several kind of hyperbranched polymers
has been used as protectants to prepare metal
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nanoparticles, such as silver nanoparticles, but they
are seldom used to synthesize gold nanopatticles.*’
Following our previous study on hyperbranched
polymer,”®*° we reported here a successful synthesis
method of gold nanoparticles with different genera-
tion hyperbranched poly(amine-ester) as proctec-
tants. According to review of the literature available
to us, hyperbranched poly(amine-ester) with pentae-
rythritol as core (HPAE) has been not used to syn-
thesize gold nanoparticles. In this article, a series of
different generation HPAE were synthesized, and
used to synthesize gold nanoparticles with a facile
and highly reproducible one-pot method by reduc-
ing gold ions with p-glucose. The effect of the HPAE
generation on gold nanoparticles size and their dis-
tribution were investigated, and the role of the
HPAE during the synthesis process was also
discussed.

EXPERIMENTAL

Reagents and apparatus
Apparatus

Fourier transform infrared (FTIR) spectra in the
range of 400-4000 cm ' were recorded on FTIR
TENSOR 27 (Bruker, Germany). The liquid sample
was dropped onto a KBr pellet and covered with
another KBr pellet and all measurements were per-
formed in transmittance mode at 2 cm™ resolution.
"HNMR spectrum was collected on a Bruker AV400
spectrometer (Bruker AXS, Germany) using CD;OD
as solvent. Elemental analysis was conducted on a
VARIO ELIII elemental analyses meter (VARIO, Ger-
many). GPC was performed with Waters 1525 Bi-
nary HPLC Pump using Waters 2414 refractive
index detector, Styragel HT 2,34 as columns, and
THF as eluant. UV-Vis spectra of samples were
recorded in a Hitachi (U-4100, Tokyo, Japan) UV-Vis
spectrophotometer. X-ray diffraction studies were
made on the powder samples at room temperature
on a D8 X-ray diffractometer (Bruker, Germany).
The scanning rate used was 5.0° min~' over the
range of 20 = 10-90°C. The TEM images were
obtained with JEM-1010 transmission electron micro-
scope (JEOL, Japan) at 60 kV. The samples were pre-
pared by placing two or three drops of the dilute
gold nanoparticles dispersion in alcohol on carbon-
coated copper grids. The SEM images were investi-
gated by Quanta200 scanning electron microscopy
(FEI, Holland). The samples of SEM were prepared
by dispersing the final nanoparticles in ethanol; the
dispersion was then dropped on silicon wafer. Size
distribution and number-average particle diameters
were obtained using the Image ProPlus Image Anal-
ysis System.
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Materials

Methyl methacrylate, 2,2'-dihydroxydiethylamine
and pentaerythritol, were purchased from Sigma-
Aldrich Co. (St. Louis, America). Chloroauric acid,
D-glucose and p-toluene sulfonic acid were obtained
from Alfa Aesar Co. (Karlsruhe, Gemany). The other
chemicals were analytical or high-reagent grade.

Synthesis of hyperbranched poly(amine-ester) with
pentaerythritol as core

The N,N-diethylol-3-amine methylpropionate was
synthesized according to the literature.*' The 0.5 mol
methyl acrylate, 0.5 mol diethanolamine, and 50 mL
methanol were added into a 100-mL three-necked
flask, the admixture was stirred at 35°C for 4 h, then
removed the methanol by vacuumizing and N,N-
diethylol-3-amine methylpropionate was obtained.

Pentaerythritol(0.1 mmol), N,N-diethylol-3-amine
methylpropionate (2.8 mmol), and p-toluene sulfonic
acid (0.015 mmol) were added into a three-necked
flask. The mixture were heated to 120°C and kept
for 2 h on the temperature. The methanol formed in
the synthesis process was removed from the mixture
by vacuumizing, and ether was added into the mix-
ture to remove p-toluene sulfonic acid. After these
treatments, the final product was the third genera-
tion (G3) of HPAE with pentaerythritol as core,
where Gn referred to the generation number. When
the molar ration of pentaerythritol and N,N-diethy-
lol-3-amine methylpropionate were 1 : 60 and 1 :
124" with the same synthesis method, the forth and
fifth generation(G4 and G5) of HPAE with pentae-
rythritol as core were received, respectively. The
synthesis scheme of HPAE with pentaerythritol as
core was shown in Figure 1.

N,N-diethylol-3-amine methylpropionate, IR (KBr,
v, em™Y), 3248 (—OH), 2932, 2852 (—CH,), 1733
(—C=0), 1302, 1035 (—C—0—), 1200 (C—N). 'HNMR
(CD;OD, 400 MHz, 8 ppm): 3.635 (CH;—0O—), 2.446
(O=C—CH,—CH,—), 2786 (O=C—CH,—CH,—),
2575 (—N—CH,—CH,—), 3.550 (—N—CH,—CH,—),
3.339 (—OH). Elemental analysis of N,N-diethylol-3-
amine methylpropionate (%): C (49.88), H (9.26), N (7.58).

G3, G4, and G5 HPAE, IR (KBr, v, cm ™), G3: 3552-
3250 (—OH), 1739(C=0), 1304, 1035 (C—0), 876
(—OCHy), 2935, 2856, 1440 (—CH,—), 1201 (—C—N).
G4: 3560-3260 (—OH), 1738 (C=0), 1306, 1035 (C—O),
876 (—OCH,), 2936, 2855, 1443 (—CH,—), 1205
(—C—N). Gb5: 3562-3263 (—OH), 1740 (C=0), 1312,
1036 (C—0), 881 (—OCHy), 2936, 2856, 1446 (—CH,—),
1208 (—C—N). "HNMR (CD;OD, 400 MHz, § ppm),
G3: 424 (—N—CH,—CH,OH), 336, 3.12 (—N—
CH,CH,OH), 2.69 (—N—CH,CH,OH), 2.62 (—CH,—
O—CO—CH,CH,—), 235, 232 (—CH,—0O—CO—
CH,CH,—), 351 (—CH,—O—CO—CH,CH,—), 1.19
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Figure 1 The synthesis scheme of HPAE with pentaerythritol as core.

(—CHy—). G4:4.28 (—N—CH,—CH,OH), 340, 3.16
(—N—CH,CH,OH), 272 (—N—CH,CH,OH), 2.61
(—CH,—O—CO—CH,CH,—), 2.38, 2.34 (—CH,—0O—
CO—CH,CHy;—), 3.56 (—CH;—O—CO—CH2CH2—),
121 (—CHy—). G5:4.31 (—N—CH,—CH,OH), 3.36, 3.14
(—N—CH,CH,OH), 270 (—N—CH,CH,OH), 2.59
(—CH,—O—CO—CH,CH,—), 242, 2.38 (—CH,—0O—
CO—CH,CHy;—), 351 (—CH,—O0—CO—CH,yCH,—),
1.22 ppm (—CHy—). Molecular weight and polydisper-
sity of HPAE (M,,, PDI), G3:1.565 x 10°, 3.28; G4: 3.672
x 10%, 3.56; G5: 6.562 x 10° 3.82. Hydroxyl value of
HPAE (mg KOH/¢g), G3: 379; G4: 375; Gb5: 369.

Preparation fold nanoparticles
encapsulated with HPAE

Gold nanoparticles encapsulated with G3 HPAE
were prepared by a very simple method. In a typical
synthesis process, 20 mL aqueous solution contain-
ing 60 mg chloroauric acid was slowly added into a
beaker containing 120 mg G3 HPAE in 20 mL aque-
ous solution in alkaline environment. The mixture
was stirred for 30 min to form Au-HPAE complex.
Next, the complex was reduced by slow addition of
20 mL aqueous solution containing 128 mg bp-glu-
cose. After fixed period of reaction, the gold nano-
particles were separated form the solution by vigor-
ous centrifugation at 20,000 rpm for 15 min to
remove any excess protect agents, and redispersed
D.. water. By these treatments, gold nanoparticles
encapsulated G3 HPAE were obtained. The gold
nanoparticles with G4 and G5 HPAE were received,
respectively, with the same synthetic procedure.

RESULTS AND DISCUSSION

UV-Vis spectra of gold nanoparticles
encapsulated with HPAE

The UV-Vis spectra of gold nanoparticles encapsu-
lated with different generation of HPAE were shown
in Figure 2. It displayed a strong absorption at
around 520 nm, which arose from the surface plas-
mon absorption. According to Mie’s theory,* the
position and shape of the adsorption peaks were
affected by the nature of the metal nanoparticles,
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Figure 2 UV-Vis spectra of gold nanoparticles encapsu-
lated with G3 HPAE (526 nm, curve a), G4 HPAE (523
nm, curve b), and G5 HPAE (519 nm, curve c), respec-
tively. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Figure 3 XRD spectra of gold nanoparticles encapsulated
with G3 HPAE (curve a), G4 HPAE (curve b), and
G5 HPAE (curve c), respectively. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

such as size, shape, and the status of aggregation.
Compared the absorption spectra in Figure 2 the
peak positions for curves a, b, and ¢ was determined
to be at 526, 523, and 519 nm, corresponding to gold
nanoparticles encapsulated with G3, G4, and G5
HPAE, respectively. The peak was shifted toward
red on decreasing the HPAE generation which sug-
gested that there were the bigger gold nanoparticles
to form in the synthesis system,**** and these results
were in good agreement with the later TEM and
SEM analysis.

ZHANG AND SHOU

XRD spectra of gold nanoparticles
encapsulated with HPAE

The crystalline structure of the synthesized gold
nanoparticles encapsulated with G3, G4, and G5
HPAE were examined by electron and X-ray diffrac-
tion and shown in Figure 3(a—c), respectively. X-ray
diffraction analysis showed peaks (111) at 26 =
38.2°, (200) at 260 = 44.4°, (220) at 260 = 64.7°, (311) at
20 = 77.7°, and (222) at 20 = 81.4° which matched
the literature values of gold nanoparticles.* All the
reflection peaks at about 38.2, 44.4, 64.7, 77.7, and
81.4° can be indexed to face-centered cubic crystal
structure representing the 111, 200, 220, 311, and 222
Braggs reflections. The results provided supporting
evidence for the HPAE-encapsulated crystal struc-
ture and confirmed the formation of gold
nanoparticles.*®

TEM and SEM of gold nanoparticles
encapsulated with HPAE

TEM micrographs of synthesized gold nanoparticles
encapsulated with G3, G4, and G5 HPAE were pre-
sented in Figure 4(a—), and their SEM micrographs
were displayed in Figure 4(d—f), respectively. As
shown in Figure 4, all gold nanoparticles exhibited
regular spherical shape homogeneously with respect
to the morphology. The analysis of gold nanopar-
ticles synthesized using G3 HPAE indicated that
most of them were in the size range of 21-27 nm
[Fig. 4(a,d)]. When G4 HPAE was employed, it pro-
duced spherical nanoparticles in the size range
15-21 nm [Fig. 4(be)]. Using G5 HPAE, the

Figure 4 TEM and SEM of gold nanoparticles encapsulated with G3 HPAE (a,d), G4 HPAE (b,e), and G5 HPAE (cf),

respectively.
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TABLE I
The Characteristic Data of Gold Nanopartiles
Encapsulated with HPAE

HAuCl,/ Mean
HPAE Amax nanoparticles  Standard
Generation (mm) (nm) size (nm) deviation
G3 1:2 526 24.3 +2.6
G4 1:2 523 18.2 *2.1
G5 1:2 519 13.6 +1.5

nanoparticles size decreased in the range 11-16 nm
[Fig. 4(c,f)]. These changes in gold nanoparticle size,
dependent on the HPAE generation, were in good
agreement with the UV-Vis spectra presented above.
When no protectants were added into the reaction
system following the same synthesis procedure, the
synthesized particles aggregated and the particles
size was several microns, or even tens of microns.
Moreover, the shape of synthesized particles was
irregular. These results suggested that HPAE could
effectively prevent the synthesized particles from
aggregation.

Compared TEM and SEM images in Figure 4, the
characteristic data in Table I clearly demonstrated
that the mean size of the synthesized gold nanopar-
ticles decreased from 24.3 * 2.6 to 13.6 * 1.5 nm
with the generation of HPAE increase. From Table I,
it was also noteworthy that the standard deviation
of the synthesized gold nanoparticles decreased with
the generation of HPAEA increase. It was evident
from above that the HPAE generation played an im-
portant role in the synthesis of gold nanoparticles.
From TEM, SEM, and Table I, the synthesized gold
nanoparticles had a narrow particle distribution,
almost monodisperse. It may be concluded that
HPAE could efficiently prevent gold nanoparticles
from aggregation during the synthesis process and
may be perfect protectants to synthesize metal
nanoparticles.

An understanding of the mean nanoparticles size
and standard deviation change with HPAE genera-
tion increase could now be obtained by examining
the process involved in the buildup to gold nanopar-
ticles. It has been postulated that metal ions could
bind with the atom at the surface and interior of the
HPAE, the gold nanoparticles formation would gen-

TABLE II
The HAuCl,/HPAE Mass Ratio Effect on the Mean
Size and Distribution

HAuCly/ Mean
HPAE Amax nanoparticles
Generation (mm) (nm) size (deviation
G4 1:1 527 26.1 +3.7
G4 1:2 523 18.2 +2.1
G4 1:3 520 15.3 +1.9

erally take place in the internal cavity of HPAE mol-
ecules or among the HPAE molecules. When G3
HPAE molecules were used, the internal cavities
were bigger and the steric effect was smaller. As the
structure evolved to G4 HPAE molecule, the internal
environment started to get defined, more so in G5
HPAE molecule, creating smaller cavities around the
central pentaerythritol core. Moreover, the steric
effect of G4 and G5 HPAE molecules was higher
compared with G3 HPAE molecules and could pre-
vent gold nanoparticles from aggregation to form
bigger nanoparicles. At the same time, the terminal
groups of HPAE molecules increased rapidly with
the generation increase, and were very effective to
stabilize the gold nanoparticles by binding with the
gold nanoparticles. From mentioned above, it was
reasonable that the mean nanoparticles size and
standard deviation became smaller with HPAE gen-
eration increase.

The HAuCl;/HPAE mass ratio effect on the mean
size and distribution were also investigated, and the
results were shown in the Table II. From the Table II,
the mean size and distribution decreased with the
HAuCl,/HPAE mass ratio increase. The mean size
of the synthesized gold nanoparticles decreased from
26.1 + 3.7 to 153 * 1.9 nm as the HAuCl,/HPAE
mass ratio increased from 1 : 1 to 1 : 3. From Table
II, it was also shown that the standard deviation of
the synthesized gold nanoparticles decreased. This
was because there were more protectants to prevent
the synthesized gold nanoparticles from aggregating
with the HAuCly/HPAE mass ratio increase, and
monodisperse gold nanoparticles were obtained.

CONCLUSION

In summary, different generation HPAE with
hydroxyl as terminal group were synthesized and
used to synthesize gold nanoparticles with a facile
and highly reproducible method. The mean diameter
of synthesized gold nanoparticles encapsulated with
G3, G4, and G5 HPAE were 243 = 2.6 nm, 182 *
2.1 nm, and 13.6 = 1.5 nm, respectively. From the
UV-Vis spectra, TEM and SEM images, the synthe-
sized gold nanoparticles capsulated with HPAE mol-
ecules were almost monodisperse, which proved
that HPAE were a new kind of perfect protectants to
synthesize metal nanoparticles. This method success-
fully provided a facile way to synthesize uniform
and functional gold nanoparticles.
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