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ABSTRACT: To explore the thermal response of the densely packed inner regime of poly(N-isopropylacrylamide)
(PNIPAM) brushes grafted to gold nanoparticles (AuNPs), we systematically studied the thermoresponsive
properties of NIPAM oligomeric brushes affected both by oligomer molar mass and Au core size. A series of
NIPAM oligomers with various molar masses ranging from ca. 600 to 3400 g/mol were obtained by RAFT
polymerization and fractionated with HPLC. The AuNPs stabilized with various NIPAM oligomers were prepared
by a one-pot reaction and further fractionated to achieve three pairs of AuNP fractions with narrow size distributions.
When decreasing the molar mass of brush chains from ca. 3300 to 700 g/mol, a significant molar mass effect on
the thermal transition was found, i.e., the phase transition temperature (defined as the endothermic peak temperature
T, by DSC) shifted from ca. 31 to 15 °C and the endothermic peak became broadened. As a comparison, we also
studied the aqueous solutions of free NIPAM oligomers (molar mass from ca. 3400 to 600 g/mol) by turbidity
measurements. They showed a completely opposite trend of the thermally induced phase transitions; i.e., the
transition shifted to higher temperature with decreasing molar mass. The Au core size also affected the thermal
response of NIPAM oligomer brushes, especially in the case of the shortest oligomers. Large Au cores caused
the thermal transition of NIPAM oligomer brush to occur at lower temperatures compared to the small Au cores.
This was attributed to the hydrophobic nature of Au nanocrystal surfaces. Enthalpy changes (AH) associated
with the thermal transitions of the oligomer brushes are indicative of strong interchain interactions in the brushes,

especially on large Au cores.

Introduction

Polymer brushes made of polymer chains grafted to a solid
surface or interface through one end have been a subject of
intensive studies in the last few decades.! However, polymer
brushes with high grafting densities have been realized only in
recent years, and are interesting because of their specific
structure—property relationship.>* The densely packed polymer
chains avoid overlapping and thus significantly alter the
conformation of individual chains in a way that they stretch
away along the direction normal to the grafting surface. As a
result, high-density polymer brushes can exhibit novel properties
concerning their interactions with liquids, solids, nanoparticles,
proteins, cells, etc., =3 which are different from polymer brushes
with low grafting densities. Stimuli-responsive polymer brushes
are attractive owing to the change in the conformation of grafted
chains in response to external stimuli which allows to construct
functionalized smart surfaces.*> Of the stimuli-responsive
polymers, poly(N-isopropylacrylamide) (PNIPAM) is a well-
known one which undergoes a sharp and reversible coil-to-
globule phase transition at a lower critical solution temperature
(LCST) of ~32 °C in water.® For PNIPAM brushes, theory has
predicted that thermally induced collapse depends on both
grafting density and polymer molar mass, and it has also been
suggested that the segment density profile exhibits the presence
of a dense inner region and a dilute outer region.” Recent
experiments have proven the validity of the predictions,® '°
demonstrating novel properties.''~'*

In the investigation of the core—shell structure of gold
nanoparticles (AuNPs) grafted with PNIPAM (molar mass
~5000 g/mol), we found that PNIPAM brushes with high
grafting densities underwent two well-separated heat-induced
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phase transitions.!! The first transition, which occurred around
31 °C, was attributed to the inner regime of PNIPAM brush
with high density; the second transition, which occurred at
temperatures higher than 35 °C and showed concentration
dependence, was assigned to the outer regime of PNIPAM brush
with a lower density.'' Albeit similar phenomena were later
reported by other groups,'*'* for a better understanding of the
thermal response of PNIPAM brushes, it is still relevant to to
have a closer look into the inner regime of the brush. For this
purpose, in this study, a series of NIPAM oligomers with various
molar masses ranging from ca. 600 to 3400 g/mol were prepared
by RAFT polymerization, followed by fractionation with HPLC.
The gold nanoparticles (AuNPs) stabilized with various NIPAM
oligomers were prepared in a one-pot reaction and further
fractionated to achieve there pairs of AuNP fractions with large
and small Au cores. We systematically studied the thermore-
sponsive properties of NIPAM oligomer brushes varying both
the oligomer molar mass and the Au core size. As a comparison,
the thermal phase transitions of the corresponding free NIPAM
oligomers dissolved in water were carried out by turbidity
measurements.

Experimental Section

Chemicals. N-Isopropylacrylamide (NIPAM, Polyscience Ins.)
was recrystallized twice from benzene. Hydrogen tetrachloroaure-
ate(III) hydrate (HAuCl,*xH,O, Au content: 52%, Fluka) and super
hydride (LiB(C,Hs);H, 1.0 M in THF, Aldrich) were used as
received. 4,4'-Azobis(4-cyano-1-pentanol) as an initiator (ACP,
Langfang Triple-well Chemicals Co., Ltd., China) was recrystallized
from ethanol. A neutral RAFT agent with a hydroxy end group,
4-cyano-1-hydroxypent-4-yl dithiobenzoate was prepared according
to the literature."> 2-Hydroxyethyl acrylate (HEA, Pfaltz & Bauer
Inc.) was used as received. Dioxane (Laboratory-Scan, Analytical
Ac.) was distilled before use. All other solvents with high quality
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Table 1. First Group of NIPAM Oligomers and Corresponding
NIPAM-n-HEAs Used in the Studies of Phase Transitions of
Free Oligomers in Water

M, (g/mol) PDI M, (g/mol) NIPAM

M, (g/mol)

N-Isopropylacrylamide Oligomer Brushes 2697

Table 3. Characteristics of NIPAM Oligomer Protected AuNP
Fractions

NIPAM
feed oligomer formula of o

oligomer by MS by MS of oligomer” units of NIPAM-n-HEA AuNPs ratio® Da, (nm)” (Wt %)° AuNPs?  (chain/nm?)®

NIPAM-3 628 1.000 605 3 601 N5-AuNP-L 172 3.0£0.5 40.2 Nis2Augre 4.5
NIPAM-8 1209 1.004 1186 8 1182 N5-AuNP-§ 26+03 43.9 Ni27Ausge 4.4
NIPAM-13 1757 1.004 1734 13 1730 N10-AuNP-L  1/10  4.14+0.6 253 Ni2sAuzg6 1.8
NIPAM-28" 3447 1.04 3424 28 3420 N10-AuNP-S 24+04 49.5 NeoAuysg 2.8

“ The values of M, of NIPAM oligomers obtained by subtracting the NI5S-AuNP-L /10 32£0.6 27.5 NsiAuiag L1
atomic mass of sodium from the values of M, by MS * NIPAM-28 used NI5-AuNP-S1/2 20£03 64.9 NuAus 29
without fractionation. N28-AuNP-S 1/5 2203 764  NgAuys 3.1

Table 2. Second Group of NIPAM Oligomers Used As Stabilizers
in the Synthesis of Gold Nanoparticles

M, (g/mol) PDI M, (g/mol) M, (g/mol) NIPAM
oligomer by MS by MS of oligomer” of brush chain  units

NIPAM-5 854 1.000 831 709 5
NIPAM-10 1430 1.003 1407 1286 10
NIPAM-15 2030 1.003 2007 1887 15
NIPAM-28” 3447 1.04 3424 3304 28

“ As in Table 1. ” As in Table 1.

were used as received. The water used for all the measurements
was deionized in an Elgastat UHQ-PS purification system.

Syntheses of NIPAM Oligomer Samples via RAFT Polymeri-
zation. We synthesized three samples of NIPAM oligomers with
designed molar masses 600—1200 g/mol, 1000—2200 g/mol, and
ca. 3000 g/mol, respectively. The synthesis details are presented
in Table S1 in the Supporting Information. Here, the synthetic route
for the first sample is given as an example. NIPAM monomer (0.65
mol/L), the chain transfer agent ACP-RAFT ([NIPAM]/[ACP-
RAFT] = 55/1), and initiator ACP ([ACP-RAFT]/[initiator] = 15/
1) were dissolved in 30 mL of dioxane. The solution was degassed
with at least 5 freeze-evacuate-thaw cycles and sealed under
nitrogen. RAFT polymerization took place at 70 °C for 20 h. The
product was purified through silica flash column with ethyl acetate
as eluent and the molar mass was measured by MALDI—TOF MS,
M, = 970 g/mol. The second sample was synthesized in a similar
way but different molar ratios (see Table S1). These two polydis-
perse samples were further fractionated in order to obtain the
NIPAM oligomer fractions with very narrow molar mass distribu-
tions (see Table 1 and Table 2). The fractionation method is depicted
below. The third sample was used after RAFT polymerization
without fractionation due to its relatively large molar mass, M, =
3424 g/mol with a very narrow distribution, PDI = 1.04, determined
by MALDI-TOF MS (denoted NIPAM-28 in Table 1 and Table
2, where 28 is the number of NIPAM repeating units).

Fractionation of NIPAM Oligomers. To obtain the wanted
oligomeric fractions, two samples of NIPAM oligomers were
fractionated with HPLC consisting of a semipreparative Nucleosil
120 A CN (7 um) 250 x 10 mm column, Waters 717 plus
Autosampler, refractive index detector (Waters 2410) and Waters
Autocollector III. The fractions were collected according to peak
detection when possible, and otherwise according to retention time.
The eluent was MeOH—H,0O with varying ratios depending on
synthesis. Sample 1 (molar mass 600—1200 g/mol) was fractionated
with 50/50 wt % MeOH/H,O eluent and a flow rate of 2.00 mL/
min. For sample 2 (molar mass 1000—2200 g/mol), the eluent used
was 53/47 wt % MeOH/H,0 and the flow rate 0.80 mL/min. The
injected sample concentration was 100 mg/mL for each fraction-
ation, and the injected volumes varied from 10 to 1000 uL. The
final fractions are combinations of fractions from several injections.
The fractions were analyzed with MALDI—TOF mass spectrometer
(see all mass spectra of oligomers in Figure S1 in the Supporting
Information).

Michael Addition of NIPAM Oligomer Fractions. Four
NIPAM oligomer fractions as shown in Table 1 were modified into
NIPAM-n-HEA oligomers by first hydrolyzing the dithiobenzoate
end groups of the oligomers into thiols and then by Michael addition
of 2-hydroxyethyl acrylate (HEA).'® In this way, hydrophilic end

“ Feed ratio of the NIPAM oligomer to HAuCl, applied in the synthesis
of corresponding AuNPs. ® D,,, the mean diameter of Au cores measured
by HRTEM. © Weight loss of NIPAM oligomeric brush in TGA measure-
ment. ¢ Shape of Au cores taken as the truncated octahedron from
ref 24. ¢ Grafting density of NIPAM oligomeric brush (o), calculated
according to the surface areas of gold cores in ref 25.

groups were produced to the oligomers. The method is described
briefly. A fraction of NIPAM oligomer (20 mg) was dissolved in
10 mL of THF with stirring under nitrogen flow for 10 min. Then
5 mL of super hydride solution was injected into the solution. After
the red color in solution disappeared, HEA (30 mg) was added
and the reaction mixture was stirred overnight. The reaction mixture
was purified through a silica flash column with ethyl acetate as an
eluent, and the product was washed with methanol and analyzed
by MALDI—TOF MS (see all mass spectra of NIPAM-n-HEAs in
Figure S2).

Synthesis and Fractionation of Gold Nanoparticles. All batches
of NIPAM oligomer protected AuNPs were prepared in one-pot
reactions. The synthetic route and the characterization were
described in detail in our previous work.'” Table 3 presents the
molar feed ratios of NIPAM oligomer and precursor HAuCl, in
the synthesis of AuNPs. As an example, the synthesis of N5-AuNPs
(i.e., AuNPs protected with NIPAM-5 oligomer) is briefly described.
NIPAM-5 oligomer and HAuCly (molar ratio 1:2) were dissolved
in THF and kept in an ice—water bath for 30 min. N5-AuNPs were
formed immediately with fast addition of an excess super hydride,
and then the solution was stirred over 2 h at room temperature.
The products were purified by sentrifugation (to remove possible
nonprotected particles) and by ultrafiltration with Millipore mem-
brane of MW cutoff 10000 and using ethanol as an eluent. Next,
all the as-prepared AuNP batches were fractionated through
precipitation into two fractions with different sizes and narrow size
distributions. In a typical fractionation, in a round glass flask, 20
mL of n-hexane as nonsolvent was added into 4 mL of an ethanol
dispersion of AuNPs. The turbid dispersion was allowed to settle
overnight. Larger particles precipitated and stuck to the bottom of
flask, while smaller particles still dispersed in liquid were collected.
The procedure was repeated until a sufficiently narrow size
distribution was obtained.

Instrumentation and Characterization. AuNPs and all oligo-
mers were characterized by FT-IR spectra in the range of 4000—650
cm™! with a Perkin-Elmer Spectrum One. '"H NMR measurements
were conducted with a 200 MHz Varian Gemini 2000 spectrometer.
Deuterated chloroform (99.90%D, Euriso-top, France) was used
as a solvent to dissolve the synthetic oligomers and AuNPs (the
spectra not shown). The MALDI-TOF mass spectra of all
oligomers were recorded in the reflector mode on a Bruker
Microflex spectrometer. Dithranol was used as a matrix, and sodium
trifloroacetate was added as a cationic agent to reduce spectral
complexity.'® AuNPs were characterized by high-resolution trans-
mission electron microscopy (HRTEM, Philips CM200FEG) for
the estimation of the size distribution and mean diameter of gold
cores (all the images of AuNPs were shown in Figure S3), and by
thermogravimetric analysis (TGA, Mettler Toledo TGA 850) for
the information of the total amount of the oligomeric brushes and
the residual gold. For more information, see ref 17.

Microcalorimetry. Microcalorimetric measurements were per-
formed on a Precision Scanning VP-DSC (Microcal, LLC, Northamp-
ton, MA) microcalorimeter with a cell volume of 0.50721 mL at a
heating rate of 0.5 °C/min in the range of 3—60 °C under elevated
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Scheme 1. Structures of NIPAM Oligomers and Corresponding
Michael Addition Products and Oligomeric Brush Chains
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pressure (170 kPa). The sample solutions and pure deionized water
as a reference were degassed by vacuum before filling into the
sample cell. For each experiment, three heating scans under same
conditions were normally carried out. The prescan time at 3 °C
was 2 h in order to allow the collapsed NIPAM oligomeric brush
chains to recover completely. All the aqueous solutions of AuNPs
and oligomers, correspondingly, were filtered through Millipore
filters (0.45 um pore size) before the microcalorimetric measure-
ments. The concentrations of the NIPAM oligomeric brushes
(excluding the gold cores) were calculated.

Results and Discussion

NIPAM Oligomers. A series of NIPAM oligomer fractions
with molar masses in the range of ca. 600—2000 g/mol achieved
through fractionation was divided into two groups for the current
studies, as shown in Tables 1 and 2. The first group in Table 1
contains three fractions and NIPAM-28, which were modified
into corresponding NIPAM-n-HEA oligomers. The modification
was considered necessary for the understanding of the thermal
properties of the oligomers. The hydrophobic end groups are
known to have a noticeable effect on the behavior of NIPAM
polymers'?2® and oligomers.*' ~** Therefore, the hydrophobic
dithiobenzoate end groups of the original NIPAM oligomer
fractions were modified into neutral hydrophilic ends of
NIPAM-n-HEA oligomers. Scheme 1 illustrates the structures
of NIPAM oligomers and corresponding NIPAM-n-HEAs as
well as brush chains grafted to gold nanoparticles. The second
group of oligomers, shown in Table 2 includes three fractions
and NIPAM-28 which were applied as stabilizers in the synthesis
of AuNPs. The thermoresponsive behavior of NIPAM oligomer
brushes end-grafted to AuNPs in water will be compared with
those of aqueous solutions of free NIPAM-n-HEA oligomers.

In Tables 1 and 2, the value of M, given directly from
MALDI-TOF MS includes the atomic mass of a sodium ion
due to the use of sodium trifloroacetate as a cationic agent.'®
Therefore, to obtain the M, of a NIPAM oligomer, the atomic
mass of sodium was subtracted. When NIPAM oligomers were
grafted to gold cores through a sulfur, a CcHs—C=S was
removed from each oligomeric chain. The final M, values of
the brush chains were used in the analyses of TGA and
microDSC data.

Gold Nanoparticles. All batches of the NIPAM oligomer
protected AuNPs were fractionated in order to get particles with
narrow size distributions. Table 3 summarizes the characteristics
of all the fractions of AuNPs, where, for example, N5-AuNP-L
and -S mean the large and small Au cores, respectively,
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stabilized with a NIPAM-5 brush. We can see the following
points: (i) Large and small sizes of Au cores can be obtained
by either fractionating of AuNPs synthesized in one pot (such
as two pairs of N5-AuNPs and N10-AuNPs) or by tuning the
feed ratio between NIPAM oligomer and HAuCly in the
synthesis of AuNPs (like one pair of N15-AuNPs in Table 3).
(i1) The large Au cores have more brush chains but with a bit
lower grafting density in comparison to the small Au cores.
This is attributed to the features of gold clusters as has been
shown to be the case also with alkanethiolate protected gold
clusters.®® (iii) Though all the values of the grafting densities
(0, chains/nm?) shown in Table 3 vary with Au core sizes, they
are all above the critical value of grafting density 0.07 chains/
nm? over which the chains are in the brush regime rather than
the so-called mushroom regime.?® Indeed, in this study all the
NIPAM oligomer brushes are very dense. We can see that the
fractionation of AuNPs helps to narrow the size distribution
(<15% deviation for all fractions shown in Table 3) comparing
to the usual value >30% before the fractionation.

Phase Transitions of Free NIPAM Oligomers in Water.
Although previous studies of PNIPAM and other thermore-
sponsive polymers in water have shown the LCST to be
independent of the molar mass, it has recently been reported
that the LCST has molar-mass dependence especially for low-
molar-mass PNIPAMs.?'**> To reveal the thermal response of
the very low-molar-mass NIPAM oligomers in this study,
turbidity measurements on four free NIPAM oligomers (see
Table 1) dissolved in water were performed, as demonstrated
in Figure 1. The phase transitions of the aqueous solutions of
four oligomers show strong concentration dependence. For
NIPAM-28-HEA, the longest oligomer used in this study, the
thermal phase transition gets sharp when increasing the con-
centration from 0.5 to 10.0 mg/mL, consistent with the previous
reports for NIPAM oligomers with molar mass similar to
NIPAM-28.2> However, the other three shorter oligomers present
gradual thermal phase transitions at different concentrations.
Especially interesting, even the shortest oligomer NIPAM-3-
HEA which has no recognizable transition at 10 mg/mL,
undergoes a transition at higher concentrations. We can see a
clear molar mass dependence of phase transition of NIPAM
oligomers, i.e., with decreasing the molar mass the phase
transition shifts to a higher temperature range. It would be
beneficial to extend the range of experiments to higher
concentrations. However, due to the very minute amounts of
the samples this was not possible. So far, quite few reports have
discussed the phase transition behaviors of NIPAM oligomers.
Stover group first reported the molar mass dependence of the
cloud points for the low-molar-mass and narrow-disperse
PNIPAMs (with no fractionation).”"** Kakuchi studied the
thermoresponsive properties of end-functionalized NIPAM
oligomers.>* In these reports, however, the lowest molar mass
of PNIPAM used was over 3000 g/mol. Here, we revealed for
the first time the thermal response of a series of NIPAM
oligomers with molar masses from an extremely low ca. 600
g/mol (only composed of 3 NIPAM repeating units) up to ca.
3000 g/mol. This is significant because it not only extends the
range of thermoresponsive NIPAM family to as small molecules
as NIPAM-3 but also gives us an opportunity to exploit such
small thermoresponsive molecules to stabilize metallic nano-
particles for potential applications.

Brush Molar Mass Effect on Thermal Response. To study
the brush molar mass effect on the thermal response, we chose
four fractions of AuNPs from Table 2, i.e., N5-AuNP-S, N10-
AuNP-S, N15-AuNP-S, and N28-AuNP-S, which have similar
Au core sizes and higher grafting densities but the brush chain
lengths vary. The microcalorimetric endotherms of the four
aqueous dispersions of AuNPs are shown in Figure 3. The
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Figure 1. Turbidity measurements of four types of free NIPAM oligomers in water: (a) NIPAM-3-HEA, (b) NIPAM-8-HEA, (c) NIPAM-13-HEA,

and (d) NIPAM-28-HEA.
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Figure 2. The transition temperature (74) as a function of oligomer
concentration (c).

thermodynamic parameters were obtained from the endotherms
and are presented in Table 4. All the four oligomer brushes
show thermal transitions. The most surprising feature shown in
Figure 3 is that with decreasing the brush molar mass the
transition temperature (say, the endothermic peak temperature
T, in Table 4) shifts from ca. 31 to 15 °C. This trend is
completely opposite to that for the corresponding free NIPAM
oligomers as has been shown in Figure 2. These reverse trends
with decreasing the molar mass get much more visible in Figure
4 which shows the transition temperature as a function of the
molar mass of NIPAM oligomers. Note that for the shortest
free NIPAM-3-HEA, the value of T4 is for a solution with ¢
= 20 mg/mL, different from others corresponding to ¢ = 5 mg/
mL, because no thermal response was observed when ¢ = 10
mg/mL (see Figure 1a). We can see that the NIPAM oligomer
brushes have the transition temperatures lower than those of
free oligomers until crossing/overlapping with each other at ca.
31 °C as the molar mass is ca. 3500 g/mol. We think that,
comparing to the free NIPAM oligomers in water, the brush
chains favor to interact through H-bonding with each others,

2,0+
&
= N5-AuNP-S
= 1,5 N10-AuNP-S
8 —— N15-AuNP-S
o —— N28-AuNP-S
%)
£ 1,0
o
©
Q
©
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Figure 3. Brush molar mass effect on the phase transitions. Micro-
calorimetric endotherms of the four dispersions of N5-AuNP-S, N10-
AuNP-S, N15-AuNP-S, and N28-AuNP-S in water. In each case the
concentration of NIPAM oligomer brush (excluding the gold cores) is
1.0 mg/mL, with heating rate 0.5 °C/min.

Table 4. Thermodynamic Parameters Calculated from
Microcalorimetric Endotherms of Aqueous Dispersions of

AuNPs
AuNP T, (°C) Tonset (°C) AT, (°C) AH (kJ/mol)
N5-AuNP-L 11.7 <3 13.5 1.05
N5-AuNP-$ 15.0 6.0 14.4 223
N10-AuNP-L 21.8 15.0 8.7 1.35
N10-AuNP-§ 26.0 16.0 13.0 2.49
N15-AuNP-L 29.3 20.5 7.6 0.73
N15-AuNP-S 30.6 25.5 7.6 2.66
N28-AuNP-§ 30.5 28.0 33 3.57

rather than with water molecules, due to the high grafting
densities.”'° This interaction makes the thermal response occur
earlier at a low temperature. With decreasing the brush molar
mass, the chains are expected to be more stretched with restricted
freedom within a small conic space close to the curved surface
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Figure 4. The thermoresponsive transition temperature as a function
of the molar mass of NIPAM oligomers for both free NIPAM oligomers
and NIPAM oligomeric brushes in water. Notes: (1) for the free NIPAM
oligomers, the values of T}y were used as the transition temperatures
at ¢ = 20 mg/mL for NIPAM-3-HEA, and ¢ = 5 mg/mL for other
three oligomers; (2) for NIPAM oligomeric brushes, the values of T},
were plotted as the transition temperatures as shown in Table 4.

of nanoparticles, reinforcing the interchain interaction and
leading to an earlier transition.''

Another impressive feature revealed in Figure 3 is the
broadening of transition with decreasing molar mass. The width
of the endothermic peaks for the four AuNPs (see AT/, in Table
4), with decreasing the brush molar mass, increases markedly
from ca. 3 to 15 °C. Meanwhile, the thermal transition starts at
a very low temperature (see Tops in Table 4). The broadening
of the transition will be discussed in the next subsection together
with the Au core size effect.

Gold Core Size Effect on Thermal Response. It is known
that the properties of polymeric brushes are affected by
substrates, e.g., the glass transition temperature of the brushes,
in particular for low-molar-mass polymers.> What about the
impact of the gold nanocrystals on the thermoresponsive
properties of PNIPAM brushes? To study this effect, we chose
three pairs of the AuNP fractions stabilized with various NIPAM
oligomers. Each pair includes two fractions, one with a relatively
large core and another with a small core (see Table 3). It is
worth noting that the grafting density varies with the core size
due to the synthesis method applied to prepare AuNPs in this
study, i.e, the large cores have a low grafting density, while
the small cores have high density.?” The Au core size effect on
thermal transition was investigated with microcalorimetry as
shown in Figure 5. It can be seen that the thermal transition
shifts when changing the size of the core. On the average, the
differences in the particle sizes are very small. However, the
size distributions are different and this clearly affects the thermal
beahvior of the oligomers. For large AuNPs the thermal
transition occurs at a lower temperature range than that for small
AuNPs. Comparing the thermograms of three pairs, we found
that the shifts of the transition gaps for two pairs of N5-AuNP-
L/-S and N10-AuNP-L/-S are large, but gets smaller for N15-
AuNP-L/-S. Therefore, we can conclude that (i) the Au core
size has a noticeable effect on the thermal transition of the
shorter NIPAM oligomer brushes; (ii) as the brush molar mass
increases, say over 2000 g/mol, the effect becomes less
pronounced; (iii) the large Au cores cause an earlier thermal
transition of NIPAM oligomer brush, and vice versa.

It is generally assumed that gold nanocrystals larger than 0.8
nm have a truncated octahedral or cuboctahedral shape, depend-
ing on the number of gold atoms in the core, with eight {111}
facets truncated by six smaller {100} facets.?® It is known that
the Au{111} surface in water exhibits hydrophobic behavior.>**
Therefore, it is reasonable to assume that overall the Au
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Figure 5. Gold core size effect on the thermal transitions. Microcalo-
rimetric endotherms of the dispersions of (a) N5-AuNP-S and N5-
AuNP-L, (b) N10-AuNP-S and N10-AuNP-Z, and (c) N15-AuNP-S and
N15-AuNP-L in water. Each concentration of NIPAM oligomeric brush
(excluding the gold cores) is 1.0 mg/mL, with heating rate 0.5 °C/min.

nanocrystal surfaces are to some extent hydrophobic, even
though this basic question still remains open. Hence, a gold
nanocrystal stabilized with NIPAM oligomer brush can be seen
as an analogue of an amphiphilic star copolymer, where the
oligomer brush chains are the hydrophilic arms and the Au
nanocrystal is like hydrophobic polymers as a core. As a
consequence, the Au core size effect on thermoresponsive
properties can be attributed to the hydrophobicity of Au cores.
We may expect the thermal behavior resembling that of
amphiphilic PNIPAMs.?° The large hydrophobic Au cores would
prohibit water molecules to penetrate into the dense NIPAM
oligomer brushes and impede the interaction between the
oligomer chains and water molecules. Thus, interchain interac-
tion would increase, this resulting in an earlier thermal transition
of NIPAM oligomer brushes. This speculation agrees well with
the enthalpy changes (AH) in the course of thermal transition
of NIPAM oligomer brushes estimated from microcalorimetry,
which detects the disruption of the hydrogen bonds among the
amide groups and water molecules during the transition.*' All
the AH values are summarized in Table 4. We can see that
for the large particles the AH value is always smaller than that
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for the small particles in each pair of AuNPs. The different AH
values in each pair of AuNPs also suggest that stronger
interchain interaction exist in the brushes on large Au cores
than in the brushes on small Au cores. This conclusion is in
good agreement with the fact that the majority of large Au core
surfaces is composed of the Au{111} facets rather than edges
and corners, leading to “bundles” of ordered chains with gaps
(areas with a disordered organic layer) at the corners and
vertexes.”®*? Corbierre et al.*® suggested that for polymeric
brushes on Au cores there are voids at the facet edges and the
percentage of void volume greatly decreases with increasing
Au core diameter in the range of ca. 1—5 nm with various brush
thicknesses. The sizes of the gold cores studied in this paper
are within this range.

The broadening of the thermal response of NIPAM oligomer
brushes as revealed in Figures 3 and 4 agree with the theoretical
predictions’ and experiments'? reported on the phase transition
of PNIPAM brushes on flat surfaces with a high grafting density.
This is due to the fact that the response of a brush is associated
with conformational changes of grafted chains via segmental
diffusion,” and therefore at a high grafting density the interchain
interaction and the local viscosity of the brush can be very high,
likely resulting in a slow response. On the other hand, that the
broadness of the endothermic peak becomes noticeably wider
with decreasing the brush molar mass is indicative of the effect
resulted from the gold core, to some extent because of the
hydrophobicity of the gold cores.

Conclusions

We synthesized NIPAM oligomers by RAFT polymerization
and successfully fractionated them by HPLC. We obtained a
series of NIPAM oligomer fractions with various molar masses
ranging from ca. 600 to 3400 g/mol. We then prepared gold
nanoparticles stabilized with various NIPAM oligomer fractions
and further fractionated them to achieve fractions of gold
nanoparticles with different sizes and narrow size distributions.
By microcalorimetry, the brush molar mass effect and the Au
core size effect on the thermoresponsive properties of NIPAM
oligomeric brushes in water were investigated. As a comparison
to the oligomeric brushes, the turbidity measurements on the
aqueous solutions of corresponding free NIPAM oligomers were
also carried out. A significant effect of the brush molar mass
on the thermal transition was found, which is completely
opposite to that for the corresponding free NIPAM oligomers.
The Au core size affects the transition temperature not as
significant as the brush molar mass, but causes a slow transition
behavior due to the high interchain interaction and the hydro-
phobic nature of Au nanocrystal surfaces.
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