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Effect of Polymer Branching and Average Molar Mass on the 
Formation, Stabilization and Thermoresponsive properties of Gold 
Nanohybrids  Stabilized by Poly(N‐isopropylacrylamide).  

Hong Hanh Nguyen,a Annie Brûlet,b Dominique Goudounèche,c Pascale Saint‐Aguet,d Nancy Lauth‐
de Viguerie*,a and Jean‐Daniel Marty*,a 

Branched structures are of crucial importance in the formation of hybrid materials with tunable properties. Nevertheless 

little is known about the optimal macromolecular parameters (molecular weight, extent of branching...) allowing either to 

control the growth mechanism of the inorganic core or to have access to nanohybrids with high colloidal stability. In this 

paper, the synthesis and characterization of a new family of dendritic polymers comprising a branched polyamidoamine 

core  and  a  poly(N‐isopropylacrylamide)  shell  is  described.  In  aqueous  solution,  a  strong  dependency  of  their 

thermoresponsiveness upon macromolecular architecture was evidenced by neutron and  light scattering techniques and 

electronic microscopy. These polymers were  then employed as stabilizers of gold nanoparticles  (Au NPs) dispersions by 

either  a  posteriori  adsorption  on NPs  or  in  situ NPs  formation.  Both  approaches were  successful  for  stabilization  and 

reversibility  of  the  thermostimulable  precipitation  process.  First, we  demonstrated  that, macromolecular  architecture 

greatly influences the growth mechanism of in situ formed NPs and their colloidal stability. Whereas small linear polymers 

allow  a  better  control  of  NPs  growth,  branched  structures  proved  to  be  better  stabilizing  agents.  On  the  contrary, 

adsorption  on  preformed AuNPs  of  controlled  size,  evidenced  the  higher  efficiency  of  small  branched  structures  than 

linear or hyperbranched polymer as for good stabilizing agent. 

A. Introduction 

In the past decade, particular attention was paid to designing 
smart synthetic materials capable of responding to small 
changes in their environment in a controllable and predictable 
fashion. Environmental stimuli include solvent exchange, 
temperature, pH, light, magnetic or electric field, ionic factors, 
chemicals or biological molecules and mechanical stress. These 
responses are manifested as dramatic changes in the materials 
properties, dimensions, structure and interactions and may lead 
to changes in their aggregation state.1 Hence many polymers 
have been designed to respond to small changes in their 
environment. Thermoresponsive polymers correspond to water 
soluble polymers that upon temperature display changes due to 
a fine hydrophobic–hydrophilic balance in their structure. Small 
temperature changes around a critical value induce the collapse 

or expansion of polymer chains as a response to the new 
adjustments of the hydrophobic and hydrophilic interactions 
between the polymeric chains and the aqueous media. So, this 
kind of systems exhibits a cloud point temperature (Tc) at which 
phase separation occurs. When one phase is observed above 
certain temperature and a phase separation occurs below, the 
system presents an upper critical solution temperature (UCST). 
The opposite, one phase below a specific temperature and phase 
separation above, is a lower critical solution temperature 
(LCST). Poly(N-isopropylacrylamide) (PNIPAM) is by far the 
most commonly described thermoresponsive polymer but other 
families such as polyvinylcaprolactame,2,3 poly(oligo(ethylene 
glycol) methacrylate),4 poly(methyl vinyl ether)5 and poly(N-
acryloyl-N’-propyl piperazine)6  have also been used. 
Incorporation of hydrophilic or hydrophobic comonomers 
enables to finely tune LCST values.7,8 For example, when 
NIPAM is statistically copolymerized with hydrophilic 
monomers such as acrylamide, the LCST increases up to about 
45 °C when the polymer chain comprises 18 mol% of 
acrylamide, whereas LCST decreases to about 26 °C when 20 
mol% of hydrophobic acrolein is incorporated into the polymer 
chain.7 In a lesser extent, the same trend was observed in the 
case of block copolymers.8 Polymer architecture also influences 
thermoresponsiveness of those polymers. Hence, PNIPAM 
chains grafted on four-arm star core are able to collapse to form 
denser globules than the ones observed for linear PNIPAM.9  
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These thermoresponsive structures have been used as stimuli 
responsive drug nanocarriers, as nanoreactors or as coating 
agent to obtain surface with tunable hydrophobicity...10,11 In 
addition, they have also been extensively used to obtain 
thermoresponsive organic–inorganic hybrid nanocomposites 
either by a “grafting from” or a “grafting to” approach, or by 
direct growth of nanoparticles (NPs) within polymer.12 Indeed, 
when a thermoresponsive polymer is physically or chemically 
attached to the surface of NPs, not only a steric stability is 
acquired, but also the properties of the NPs (catalytic, 
optical…) can be modified to some extent in response to one of 
these small changes in temperature.2,13,14 In that context, stimuli 
responsive branched structures have been used to act either as a 
complexing and growth control agent prior to NPs formation or 
as stabilizing agent bringing some additional functionalities.15-

17 Indeed, dendritic architectures have shown huge capacity to 
encapsulate and stabilize metal nanoparticles due to their 
unique topologies.18–21 Hyperbranched polyethyleneglycol 
grafted with PNIPAM polymer chains have thus been used to 
stabilized preformed citrate stabilized gold nanoparticles.15 
Upon heating above the cloud point temperature, the surface 
plasmon band of the coated AuNPs became broader and further 
red-shifted by 50 nm with a concomitant change in solution 
colour from clear red to opaque purple. The observed 
aggregation is completely reversible over multiple cycles, thus 
revealing the robust nature of this hyperbranched polymer 
coating. Moreover the transition temperatures of the polymer-
encapsulated nanoparticles are slightly lower (3–9 °C) than that 
of the pure polymer. This resulted from the significant 
reduction in conformational freedom of the HPG-NIPAM 
polymers after immobilization at the gold nanoparticle 
surfaces/core. Hence, the thermoresponsive behavior can 
significantly differ from the behavior of free chains in 
solution.22 Liu et al have reported the use of hyperbranched 
polyethyleneimine functionalized with thermoresponsive 
isobutyric amide groups (HPEI-IBAm) to stabilize gold NPs.16 
Upon raising the temperature above Tc, a red-shift of the 
surface plasmon resonance is observed in a narrow temperature 
range. Interestingly, Tc of the obtained nanohybrid could be 
easily tuned by modulating the molecular weight or the degree 
of substitution of the core. Consequently, thermoresponsive 
AuNPs could act as colorimetric sensors for detecting the 
variation of temperature, pH or salt concentration.16,17 They 
could also be used as recyclable responsive catalysts for the 
reduction reaction of 4-nitrophenol by NaBH4. As already 
observed for linear polymer,13 the reaction rate was first 
accelerated by elevating the reaction temperature, but reached a 
plateau or decelerated upon raising the temperature close to the 
cloud point temperature of the thermoresponsive AuNPs 
catalysts.16,17 Moreover, reducing the molecular weight of the 
HPEI core, lowering the degree of substitution values or 
increasing the concentrations of the capping HPEI-IBAm 
polymers or the gold resulted in the acceleration of the reaction.  
Thus, branched structures are of crucial importance in the 
formation of hybrid materials with tunable properties. 
Nevertheless little is known about the optimal macromolecular 
parameters (molecular weight, extent of branching...) allowing 

either to control the growth mechanism of the inorganic core or 
to have access to nanohybrids with high colloidal stability. In 
this paper, we aim at better understanding the effect of 
macromolecular architecture on the properties of those 
nanohybrids. For this purpose, the synthesis and 
characterization of a new family of dendritic polymers 
comprising a hyperbranched polyamidoamine core and a 
PNIPAM dense shell are described. This study has allowed 
assessing the key macromolecular parameters that  control i) 
the growth mechanism of in situ synthesized gold NPs, ii) the 
colloidal stability and iii) the thermoresponsive properties of 
the obtained nanohybrids. 
 

B. Experimental section 

B.1. Materials. Tetrachloroauric acid trihydrate (HAuCl4, 
3H2O), D-Glucosamine hydrochloride, 1,1′-
Carbonyldiimidazole, anhydrous DMSO, carboxylic acid 
terminated PNIPAM 2000, 5000 and 7000 g/mol, Pur-A-
Lyzer™ Mega Dialysis Kit of MWCO 3.5 kDa, 6-8 kDa and 
12-14 kDa were purchased from Aldrich and were used without 
further purification. Tris(2-aminoethyl)amine (Aldrich) was 
distilled under reduced pressure and stored under argon 
atmosphere before use. Ultrapure water (ρ=18 MΩ cm-1) was 
obtained from Aquadem apparatus.  
 
B.2. Polymer synthesis.  
The synthesis of the aminoterminated hyperbranched 
amidoamine H4 and H5 cores were carried out following 
previously published work.23,24 
The synthesis of core-shell polymers were performed using 
either three-branches molecule TREN (T) or hyperbranched 
polymer H4 and H5 cores and PNIPAM of different number 
average molar masses (2000 g/mol, 5000 g/mol and 7000 g/mol 
noted P2, P5 and P7 respectively). The details of preparation of 
H4P2 are given below as a typical example (see supporting 
information for characterization of other compounds). 1g of 
carboxylic acid terminated P2 (5.10-4 mol, 1 eq.) and 89.2 mg 
of 1,1′-carbonyldiimidazole (5.5.10-4 mol, 1.1 eq.) were 
dissolved in 10 mL dry DMSO. The mixture was stirred 
overnight under argon at room temperature (25°C). Then, 3.63 
mL of a 20 mg/mL H4 in DMSO solution (72.6 mg H4, 0.9 eq. 
of primary amine) was added slowly in the previous mixture. 
The reaction was continuously stirred for 24 h under argon at 
room temperature. Then, the mixture was dialyzed in ultrapure 
water for 3 days and the final core-shell polymer H4P2 was 
collected by lyophilization. 
TP2: 1H NMR (D2O, 300Hz): 1.07 (CO-NH-CH-CH3, 

PNIPAM), 1.51 (CH-CH2, PNIPAM), 1.94 (CH-CH2, main 
chain PNIPAM), 2.36 (N-CH2-CH2-NH-CO), 2.45 (N-CH2-
CH2-NH-CO), 2.60 (CO-CH2-CH2-S, PNIPAM), 2.70 (CO-
CH2-CH2-S, PNIPAM), 3.83 (CO-NH-CH-CH3,

 PNIPAM) 
IR (TP2) : ത	 = 3434, 3289, 3075, 2971, 2932, 2875, 1642, 
1543, 1458, 1386, 1366, 1263, 1172, 1130, 1025, 927, 881, 838 
cm-1 
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H4P2: NMR, 300Hz, D2O, 1H: 1.0. (CO-NH-CH-CH3), 1.44 
(CH-CH2), 1.87 (CH-CH2 main chain PNIPAM), 2.28 (CO-
CH2-CH2-S), 2.37 (N-CH2-CH2-CO), 2.45 ( N-CH2-CH2-N), 
2.53 (CO-NH-CH2-CH2), 2.55 (CO-CH2-CH2-S), 2.63(N-CH2-
CH2-CO), 3.23 (CO-NH-CH2-CH2), 3.75 (CO-NH-CH-CH3); 
13C: 21.7. (CO-NH-CH-CH3), 27.80 (CO-CH2-CH2-S), 35.01 
(CH-CH2), 35.09 (N-CH2-CH2-CO), 36.51 (CO-NH-CH2-CH2), 
37.05 (CO-CH2-CH2-S), 41.8 (CO-NH-CH-CH3), 42.7 (CH-
CH2,  main chain PNIPAM), 51.1 (N-CH2-CH2-CO), 52.0 (CO-
NH-CH2-CH2 ), 53.6 ( N-CH2-CH2-N), 174 (CO-NH). IR 
(H4P2): ത	 = 3434, 3288, 3073, 2972, 2933, 2857, 1641, 1542, 
1458, 1386, 1366, 1268, 1172, 1130, 1026, 975, 927, 882, 838 
cm-1.  
In all cases, PNIPAM was added with a slight excess relatively 
to the number of primary amine available. Therefore   only 
hyperbranched structures with a dense PNIPAM shell were 
obtained. Measured molar grafting ratio were found from FTIR 
and DSC measurements around 70% depending on both  
hyperbranched core size and PNIPAM chain length (see Table 
1).  
 
B.3. Nanoparticles synthesis. 
Ex situ synthesis of AuNPs. 35 µL of freshly prepared NaOH (1 
mol·L-1) solution were added to 18.86 mL of ultrapure water 
under magnetic stirring. Then 1 mL of HAuCl4 0.01 mol·L-1 
solution was added, the solution became pale yellow. Finally 
100 µL of freshly prepared NaBH4 0.1 mol·L-1 were added 
under vigorous stirring. The solution changed from pale yellow 
to deep red immediately. The solution was stable for several 
weeks. [NaOH]/[NaBH4]/[HAuCl4]=3.5/1/1.  
AuNPs were then stabilized with the chosen polymer at 
different concentration (from 5.10-2 wt.% to 10-6 wt %). The 
final [Au] was fixed at 2.5 10-4 mol·L-1. The protocol for 
stabilization with final polymer concentration of 10-2 wt% was 
the following: 10 µL of 0.2 wt.% polymer stock solution were 
added to 90µL of water, then 100 µL of 5.10-4 mol·L-1 gold 
colloid solution were added. 
In situ synthesis of AuNPs. 10µL of 0.1 wt % polymer stock 
solution were added to 85 µL of water, then 100 µL of 5.10-4  
mol·L-1 gold colloid solution were added. Then 5 µL of freshly 
prepared 0.01 mol·L-1 NaBH4 solution was added under 
shaking, corresponding to a molar ratio 
[NaBH4]/[HAuCl4]=1/1. Finally, the solution became red.  
 
B.4. Apparatus. 
Size Exclusion Chromatography (SEC). Average number 
molecular weights (Mn) and polydispersity indexes (Đ) were 
determined by SEC on an apparatus equipped with a Waters 
2140 refractive index (RI) detector, using a Waters Styragel HR 
4E column (40°C, eluent, THF, flow rate, 1 mL·min-1). 
Typically, samples at a concentration of 5 mg·mL-1 in THF 
were injected. Alternatively, samples were analyzed with a SEC 
apparatus comprising a Varian ProStar 325 UV detector (dual 
wavelength analysis) and a Waters 410 refractive index 
detector, using two Shodex K-805 L columns (8 mm, 300 mm, 
13 μm) and DMF LiCl (1 g·L-1) as the eluent at 40°C (flow 
rate, 1 mL·min-1). 

Nuclear Magnetic Resonance. To determine the structural 
characteristics of the polymers, NMR experiments were 
performed at 298K in D2O on a Bruker AVANCE 300 MHz or 
500 MHz spectrometer equipped with a 5 mm Z-gradient TCI 
cryogenic probe. The 90° pulse length was 9 µs, the sweep 
width was 10 kHz and the acquisition time was 3.5 s. The scan 
number was adjusted to obtain a sufficient signal to noise ratio 
and the relaxation delay between transients was 3s. For 1D 1H 
experiments, a 30° pulse was used. Attribution of the signals 
was made by COSY, HSQC and HMBC experiments. 
Fourier Transform Infra Red (FTIR). Spectra were recorded 
with a Nexus Thermonicolet spectrometer equipped with a 
detector DTGS, in attenuated total reflection (ATR) mode with 
a diamond crystal in the spectral region of 600-4000 cm-1 with 
a resolution of 2 cm-1. The physical mixtures were prepared by 
simple homogenization of HYPAM and PNIPAM as followed: 
2 mL of an aqueous solution of HYPAM (5 mg.mL-1) was 
prepared. To this solution was added 5 mL, 4.5 mL, 3.75 mL, 
2.5 mL of (25 mg·mL-1) aqueous PNIPAM affording the 1 : 1, 
1 : 0.90, 1 : 0.75 and 1 : 0.5 ratios respectively. The obtained 
solution was then freeze-dried and the spectra of the obtained 
solids were recorded.  
Differential Scanning Calorimetry (DSC). The thermal 
properties of the polymer (in solution and in bulk) were 
determined by DSC using a Mettler Toledo DSC 1 STARe 
System Thermal Analysis calorimeter equipped with a Gas 
Controller GC200. Solid samples were sealed inside aluminum 
crucibles of 40 µL, glass transition temperatures were taken at 
inflection points as the temperature increased at different rates: 
30, 20, 10°C·min-1. Solution samples were sealed in 
impermeable crucibles of 120 µL. Transition temperatures were 
taken at the top of the DSC peaks as the temperature increased 
at different rates; 10, 5, 2 and 1 °C·min-1, and finally 
extrapolated to 0 °C·min-1. The variation of enthalpy was 
measured as the temperature increased at a rate of 10 °C·min-1. 
Small Angle Neutron Scattering (SANS). SANS experiments 
were performed with the PACE spectrometer at the Orphée 
reactor (LLB, Saclay). Polymer solutions in D2O solvent were 
put inside quartz cells of 2 mm path length. ([polymer] = 1 wt 
%). Two spectrometer configurations were used: a neutron 
wavelength () of 6 Å with a sample to detector distance of 3 m 
and a wavelength of 13 Å with a distance of 4.7 m. The 
scattering vector range thus reached was 0.0032 < q (Å-1) < 
0.12. Scattering intensities were normalized by the incoherent 
signal delivered by a 1 mm gap water sample in order to 
account for the efficiency of the detector. Absolute values of 
the scattering intensity, I(q) in cm-1, were obtained from the 
direct determination of the number of neutrons in the incident 
beam and the detector cell solid angle. No background was 
subtracted to the sample scattering, thus a flat incoherent signal 
was observed at high q values. Data treatment was done with 
the Laboratoire Léon Brillouin software. 
Dynamic Light Scattering (DLS). DLS was carried out on a 
Malvern Zetasizer NanoZS equipped with a He-Ne laser 
(λ=633 nm). The correlation function was then analyzed via the 
general-purpose non-negative least squares (NNLS) method to 
obtain the intensity-weighted distribution of diffusion 
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coefficients (D) of the solutes. This distribution can be 
converted, using Mie theory, to a number-weighted distribution 
describing the relative proportion of multiple components in the 
sample based on their number rather than based on their 
scattering. The average apparent hydrodynamic diameter, noted 
as Dh were determined using the Stokes-Einstein equation from 
number-weighted distribution respectively. The typical 
accuracy for these measurements was 10-15%. It has to be 
mentioned that the determination of Dh assumed non interacting 
particles modelized with a homogeneous spherical hard sphere 
models.  
Turbidity measurements. Transmittance of polymer aqueous 
solutions was recorded with a HP 8452A diode array 
spectrophotometer with increasing temperature at different 
heating rates at a wavelength of 500 nm. The cloud points were 
then calculated by the extrapolation to 0 °C min−1 of the cloud 
points obtained from the inflection point of each transmittance 
curve. 
Transmission electron microscopy (TEM). A drop of the 
aqueous dispersion was placed on a formvar carbon-coated 
copper TEM grid (Ted Pella Inc.) and left to dry under air. For 
samples needing negative staining, the TEM grid was 
successively placed on a drop of the sample solution for 1min 
and on a drop of an aqueous solution of uranyl acetate (2 wt %, 
10 s), after which the grid was then air dried before introduction 
into the electron microscope. To visualize mesoglobules, we 
heated polymer solutions (45°C) for 1 h prior to the deposit. 
The previously described procedure for preparation of TEM 
grids was then employed; however, they were dried in an oven 
at 45°C. The samples were viewed with a MET Hitachi 
HT7700 transmission electron microscope operating at 80 kV 
accelerating voltage. Size-distribution histograms were 
determined by using magnified TEM images. The size 
distribution of the particles was determined by measuring a 

minimum of 200 particles of each sample, using WCIF Image J 
software. The size distributions observed were analyzed in 
terms of Gaussian statistics (wc (σ)). 

C. Results and discussion 

C.1. Synthesis and characterization of the hyperbranched 
polymers consisting of the PNIPAM shell and 
hyperbranched polyamidoamine core. 
 
The synthesis of three-branched or hyperbranched polymers are 
outlined in Scheme 1. The core of the three branched polymers 
was a trisamine molecule (tris(2-aminoethyl)amine, TREN 
noted T). Amino-ternimated hyperbranched polyamidoamine 
cores (HYPAM) with a structure similar to the one of PAMAM 
dendrimers25 were synthesized following a previously 
published procedure.26 In this procedure, tris(2-
aminoethyl)amine was reacted with a hexaester (tris(2-
di(methylacrylate)aminoethyl)amine) leading in a single step to 
hyperbranched cores. 
Molecular weight of these hyperbranched polymers was easily 
adjusted by changing the ratio between the reactants. TREN on 
hexaester molar ratios close to 12:1, 10:1 or 8:1 led to polymers 
with molecular weight close to those of PAMAM of the third, 
fourth and fifth generation and were noted H3 or H4 or H5 
respectively. From size exclusion chromatography, the mass 
average molar masses of the three cores were evaluated at 
5200, 13000 and 27000 g·mol-1 respectively and the number of 
primary amine groups obtained from quantitative 13C NMR 
were 5.0, 6.2 and 4.2 mmol·g-1 respectively. 
 
 

 
Scheme 1. Synthesis of HYPAM‐based branched or hyperbranched polymers with a core‐shell structure. 
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Moreover, small‐angle neutron scattering (SANS) measurements 

were  carried  out  to  quantitatively  analyze  the  size  and 

conformation  of  the  H3,  H4  and  H5  cores  in  D2O  solution  at 

20°C. Figure 1 shows the scattering vector q dependence of the 

measured  neutron  scattering  intensity  I(q)  of  H3,  H4  and  H5 

solutions in D2O (1 wt %).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1. SANS curves for the hyperbranched hypam H3, H4 and H5 in D2O (1 wt %). 

Lines are best fits to the Guinier law allowing to deduce the radius of gyration Rg of 

polymers. In the inset, the double‐logarithmic plot of Rg versus the weight average 

molecular weight (determined by SEC) of hyperbranched polymers with the best fit to a 

power law with an exponent 0.356.  

The  scattering  intensity  reached  a  plateau  at  low  q  which 

demonstrates  that  entities  with  defined  molar  mass  are 

present. These traces can be fit using the Guinier model which 

provides  an  estimate  of  the  gyration  radius  (Rg)  of  these 

hyperbranched polymers. As expected,  the Rg values  increase 

with  the polymer generation: 1.4, 2.7, and 3.2 nm  for H3, H4 

and H5 respectively. Further structural information is obtained 

from the dependence of the radius of gyration on  the weight 

average  molecular  mass  (Figure  1,  inset).  The  double‐

logarithmic plot of Rg vs MW shows a linear dependence (Figure 

1  inset), with a power  law, ܴ௚ ൌ ௪ܯ	0.0878
଴.ଷହ଺. The slope of 

this  linear plot  is 0.356 and thus  is very close to 1/3, which  is 

found  for  spheres.  This  indicates  H3,  H4  and  H5 

hyperbranched  polymers  are  collapsed  in  compact  spherical 

objects,  as  already  observed  in  others  hyperbranched 

polymers.27  The  sizes  are  similar  of  those  found  for  PAMAM 

from  light  scattering measurements:  respectively 1.5 nm, 2.0 

nm  and 2.6 nm  for  generation 3, 4  and 5.28  This proved  the 

unimolecular feature of hyperbranched polymers. 

Poly(N‐isopropyl  acrylamide)  (PNIPAM)  with  three  different 

number  average  molar  masses  Mn  of  2000,  5000  or  7000 

g.mol‐1  (P2,  P5,  P7)  were  grafted  to  the  amino‐terminated 

cores  (T,  H4,  H5)  chains  by  an  amide  coupling  reaction  as 

shown  in Scheme 1. First, carboxylic acid  terminated PNIPAM 

is reacted with 1,1’‐carbonyliimidazole (CDI)  in dried DMSO to 

form  carbonylimidazolide‐terminated  PNIPAMs.  Then 

activated  PNIPAMs  were  added  onto  the  amino‐terminated 

HYPAM  cores  to  form  the  core‐shell  architectures.  The 

obtained compounds, noted TP2, 5 or 7 and HxP2, 5 or 7 with x 

= 4 or 5, were purified by dialysis. Their main  characteristics 

were summarized in Table 1. 

Table 1. Macromolecular characterization of hyperbranched structures determined 

from ATR‐FTIR and DSC measurements 

Sam‐

ple 

Macromolecular characteristics 
Grafting 

ratio 

Behavior in 

solution 

M  theo
a
  

(g/mol)

pnipam 

theo wt % 

Number of 

pnipam 

chains theo 

Tg (°C)  FTIR  DSC Tc (°C) 
H 
(J/g)

P2  2000  100%  /  112.3  /  /  32.1  20.5

P5  5000  100%  /  130.1  /  /  32.7  19.0

P7  7000  100%  /  133.3  /  /  33.4  18.5

TP2  5300  97%  2.6  119.1  86%  87% 33.9  20.0

TP5  13000 99%  2.6  130.7  87%  89% 34.1  18.8

TP7  17000 99%  2.4  136.4  81%  83% 33.0  18.4

H4P2  56000 88%  24.7  122.6  61%  49% 33.3  18.5

H4P5  135000 95%  25.7  130.2  64%  72% 34.0  18.2

H4P7  192000 97%  26.5  135.0  66%  71% 33.4  17.9

H5P2  73000 84%  30.6  85.8  62%  51% 33.8  18.0

H5P5  182000 94%  34.1  127.6  69%  73% 34.4  17.9

H5P7  253000 95%  34.5  138.7  70%  79% 33.6  17.8

a M (theorethical) was calculated using the grating ratio from FTIR method 

The  successful  grafting  of  P2  onto  branched  core  was  first 

evidenced by size exclusion chromatography in DMF as eluant 

with  1  g∙L‐1  LiCl.  Figure  2  and  Figure  SI1  in  ESI  showed  SEC 

traces  for  P2,  TP2,  H4P2  and  H5P2.  Grafting  of  P2  to  the 

hyperbranched  core  (TREN  or  HYPAM)  led  as  expected  to  a 

shortened elution time. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2. Superposition of normalized SEC chromatograms (RI detection in DMF with 1 

g∙L‐1 LiCl) of P2, TP2, H4P2 and H5P2. 
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For  those experiments, polymer  concentrations of 0.01 wt % 

was  chosen  because  an  efficient  stabilization  is  provided  in 

such conditions. The formation of NPs was followed by UV‐Vis 

measurements  and  transmission  electron  microscopy.  After 

reduction,  the  final  solution  color,  which  is  related  to  the 

surface  plasmon  band wavelength  and was  obtained  in  few 

minutes,  varied  from  red  to  light  orange  depending  on  the 

polymer  used  (see  Figure  10A).  This  clearly  evidences  the 

formation of  gold nanoparticles of different  size  (see  Figures 

SI28‐30  in  ESI).  TEM  images  of  the  so‐obtained  hybrids  NPs 

confirmed  that  the  macromolecular  structure  had  a  strong 

influence on  the  final size and polydispersity of particles  (see 

Figure 10 and Figures SI25‐27 in ESI).  

As  described  above  in  the  absence  of  polymer, NPs with  an 

average  diameter  of  5  ±  2  nm  were  obtained.  Addition  of 

polymer  strongly modified  this  average  size  suggesting  that 

they play  a  critical  role on nucleation‐growth process.  In  the 

case of linear PNIPAM, the mean size of particles was 2.7 ± 0.8, 

3.1 ± 0.8 and 3.8 ± 1.2 nm for P2, P5 and P7 respectively. Thus 

increasing  macromolecules  length  tends  to  increase  the 

average size of the obtained NPs. This difference in size can be 

correlated  to different  level of  interaction during NPs growth 

mechanism. Small polymers seem to interact strongly with NPs 

surface  as  they  can diffuse  and  rearrange more quickly onto 

these  surface  at  the  early  stage  of  the  NPs  growth.  Such 

interactions  seems  to  be  less  efficient  for  larger  polymers 

during  the growing  step as NPs presented  size  similar  to  the 

one of  the control experiment  (i.e. without  stabilizing agent). 

This  trend was  confirmed when  PNIPAM moiety was  grafted 

on branched core. For a given PNIPAM chain length, increasing 

the  size  of  the  core,  i.e.  increasing  the  final macromolecular 

masses,  induces  an  increase  of  gold  NPs  size:  hence,  in  the 

case of P2, the size of NPs  increase to 3.4 ± 0.8, 5.2 ± 2.5 and 

5.1  ±  2.0  nm  respectively  for  TP2,  H4P2  and  H5P2.  Similar 

trends were observed for other PNIPAM chain length.  

Moreover, in the case of branched structures, a slower kinetics 

of  formation  of  NPs  is  evidenced  as  slight  changes  of  color 

occur with time within the first hours. This could be related to 

efficient  interactions  of  those  structures with  gold  ions  that 

could  slow  down  the  growing mechanism.   Nevertheless,  as 

demonstrated  in  the  previous  part,  hyperbranched  act  as 

better stabilizing agent than their linear counterparts once the 

colloidal solutions are obtained. Even  if those  large structures 

rearrange probably more  slowly with NPs  surface preventing 

them  to  be  a  good  growth  control  agent,  their  specific 

structure  allows  them  to  hinder  more  efficiently  the  NPs 

surface and thus to avoid aggregation. TREN structures offered 

the best compromise to gain a control over NPs growth and to 

get colloidal solutions with high stabilization properties. 

D. Conclusion 

PNIPAM‐based hyperbranched structures were prepared from 

different  branched  core  using  and  their  properties  were 

studied  in  aqueous  solutions.  Those  experiments  permit  to 

assess  a  strong  relationship  between  macromolecular 

architecture  and  thermoresponsiveness  of  those  polymers. 

These  polymers were  then  employed  as  stabilizers  of AuNPs 

dispersions  by  either  a  posteriori  adsorption  on AuNPs  or  in 

situ  formation.  Both  approaches  were  successful  for 

stabilization  and  reversibility  of  the  thermostimulable 

precipitation  process  was  demonstrated.  Moreover,  we 

showed  that,  macromolecular  architecture  greatly  influence 

growth mechanism  of  in  situ  formed  NPs  and  the  colloidal 

stability  of  the  obtained  nanohybrids. Whereas  small  linear 

polymers  allowed  a  better  control  on NPs  growth,  branched 

structures proved to be better stabilizing agent. Moreover, for 

this purpose,  TREN based  structures were  found  to be more 

efficient than highly branched structures HYPAM. This strategy 

should  be  easily  applied  to  other  type  of metallic  NPs,  and 

should  lead  to  useful  “smart”  materials  for  a  range  of 

applications including drug‐delivery devices and catalyst. 
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