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We report the synthesis of thermophilic poly(N-acryloylglycinamide) (PNAGA) microgels that swell in
water upon heating and their use as nanocatalyst hosts. The microgels are prepared by aqueous precipi-
tation polymerization below the UCST phase transition temperature of PNAGA. The diameters of the
PNAGA microgels are around 60 nm in cold water and they show reversible swelling and shrinking upon
change of temperature. Silver nanoparticle (AgNP) loaded microgels were prepared by reduction of
AgNOgz and their catalytic activity in 4-nitrophenol reduction was tested under different conditions. The
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thermophilic behaviour of the PNAGA microgels was retained after nanocatalyst synthesis and the cata-
lytic activity in 4-nitrophenol reduction by AgNPs increased especially at temperatures above 30 °C.
Furthermore, it was shown that the catalytic activity of the thermosensitive AQNP—PNAGA microgels
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Introduction

Aqueous stimuli-responsive microgels exhibiting volume phase
transition temperature (VPTT) are actively studied for various
applications including controlled drug release, sensors, separ-
ations and catalysis."® For catalysis applications the polymeric
microgels have been used as carriers for mostly silver*”** and
gold"™*® nanoparticles (AgNPs and AuNPs, respectively). By far
the most studied stimuli-responsive polymer employed as a
carrier has been poly(N-isopropyl acrylamide) (PNIPAM).
PNIPAM exhibits lower critical solution temperature (LCST)-
type behaviour, which in the case of microgels leads to shrink-
age of the particles upon heating, often called volume phase
transition temperature (VPTT). The colloidal nature of the
microgels together with the thermosensitive property can be
utilised in recycling the catalyst, since the microgels can be
filtered or centrifuged from the dispersion. While LCST-type
thermosensitive behavior is utilised beneficially in many
polymer and microgel applications, for catalytic applications
the gel collapse can be seen as a drawback as the diffusivity of
the reactants is suppressed around and above the phase tran-
sition temperature leading to lowered catalytic activity.
Microgels that exhibit the opposite thermoresponse,
“thermophilicity” or “positive thermosensitivity” due to their
upper critical solution temperature (UCST)-type behaviour
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could be switched on and off by changing the temperature.

have also been reported.'®* The microgels that expand upon

heating are mostly based on polyacrylamide (PAM) with a
charged polymer such as poly(acrylic acid) (PAA)"®* or poly(2-
acrylamide-2-methylpropanesulfonic acid) (PAMPS).>* These
polymers form associative complexes at low temperatures by
intermolecular hydrogen bonding between the repeating units.
With increasing temperature the strength of the associations
decreases leading to the swelling of the microgels. As the inter-
action is largely dependent on the charges on the PAA or
PAMPS units, the thermosensitive behaviour of these systems
is highly sensitive to pH and ionic strength. The catalytic appli-
cations of the UCST-type thermosensitive microgels have not
been studied as extensively as those of the LCST-type systems,
but it has been observed® that the catalytic activity is
enhanced with the opening of the network structure upon
heating, opposite to what has been found for the LCST-type
microgels.

The UCST behaviour of non-ionic polymers in water typi-
cally relies on intra- and/or intermolecular hydrogen bonding,
for example by primary amide groups.>* Due to the relatively
low strength of the hydrogen bonds, the observed phase tran-
sition temperature in the case of linear polymers may vary
greatly for example with the concentration, molar mass and
structure of the polymer. This may lead to broad phase tran-
sition temperature intervals with large hysteresis upon heating
and cooling or even complete disappearance of the phase tran-
sition. However, the UCST-type phase transition behaviour of
non-ionic polymers broadens the scope of applications of
stimuli-responsive polymers and for example poly(N-acryloyl-
glycinamide) (PNAGA)**® is a promising non-ionic polymer
showing UCST-type behaviour in water and saline solutions. It
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has been demonstrated that gold nanoparticles decorated with
PNAGA chains undergo UCST-type transition and can be envi-
sioned for example for biomedical applications,*® copolymers
of PNAGA with biotin monomers have been used to prepare
thermoresponsive magnetic nanoparticles for bioseparations
and macroscopic PNAGA hydrogels have been shown to
undergo reversible size changes in water and saline solutions®
and used for controlled drug release.*'*?

Herein, we report PNAGA microgels that display thermo-
philic behaviour in water. The microgels are prepared by utilis-
ing the phase transition behaviour of PNAGA by using sub-
ambient polymerization temperature that leads to the precipi-
tation of the polymer. In the presence of a bifunctional cross-
linker and surfactant, crosslinked microgel particles are
formed instead of linear chains. The microgels can further be
used to encapsulate AgNPs and their catalytic activity at
different temperatures is studied using the reduction of
4-nitrophenol in the presence of NaBH,.

Experimental
Materials

Glycinamide hydrochloride (Bachem) and acryloyl chloride
(Sigma  Aldrich) were wused as received and the
N-acryloylglycinamide (NAGA) monomer was prepared as
described earlier.*®  N,N'-Methylenebis(acrylamide) (BIS),
ammonium persulfate (APS), N,N,N',N'-tetramethyl-
ethylenediamine (TEMED) and sodium dodecyl sulfate (SDS)
(all from Merck) were used as received. N-Isopropyl acrylamide
(NIPAM, Acros organics) was recrystallised from hexane. Other
substances and solvents with the highest purity were used as
received. Deionised (DI) water was used for synthesis and puri-
fication. Regenerated cellulose dialysis tubing used for
polymer purification was from Orange Scientific, with a mole-
cular weight cutoff of 3500 g mol ™.

Synthesis of PNAGA microgels

Free radical precipitation polymerization was employed in the
synthesis of the thermosensitive UCST-type microgels, shown
in Scheme 1. For all syntheses, the total monomer concen-
tration was 70 mM, APS and TEMED concentrations each
1 mM and SDS 4 mM. The general procedure for PNAGA
microgel syntheses (exemplified by PNAGA-2%BIS microgels)

NAGA BIS Precipitation
polymerization
l at 0°C
HN
2
O _

‘ [

View Article Online

Polymer Chemistry

was to add 440 mg NAGA, 10.2 mg BIS crosslinker, and
57.7 mg SDS to a 100 ml round bottom flask with a magnetic
stirrer bar and dissolve in 50 ml deionized water. The flask
was placed in ice bath and stirred at a rotation rate of 750 rpm.
The solution was purged with nitrogen for one hour before the
reaction was initiated by adding 5.81 mg TEMED, immediately
followed by the addition of 11.4 mg APS. The reaction was
allowed to carry on in an ice bath for 6 h, after which the flask
was kept at 4 °C overnight and then exposed to air. For the syn-
thesis of PNAGA microgels with 4% BIS, only the BIS to
monomer ratio was varied. For the reference PNIPAM-2%BIS
microgels, the procedure was the same except that the reaction
temperature was 70 °C and the reaction was stopped after 6 h
by cooling and exposure to air. All the resulting microgel solu-
tions were purified by extensive dialysis against deionized
water.

Silver nanoparticle (AgNP) synthesis

The procedure for the synthesis of AgNPs inside the microgels
was adapted from ref. 12. Generally, the PNAGA microgel dis-
persions (25 ml, 2.8 mg ml~") were mixed with AgNO; aqueous
solution (10 ml, 0.56 mg ml™") at room temperature and
stirred at 50 °C for 24 h under a N, atmosphere before placing
the dispersion in a dialysis bag and dialysed against deionized
ice-water for 2 h to remove the free silver ions. The reduction
of Ag" was then initiated by slowly adding fresh aqueous
NaBH, solution (10 ml, 0.75 mg ml™", 19.8 mM) into the flask
in an ice bath. The reaction was allowed to carry on at room
temperature for 24 h before dialysis against deionized water.
The methods of synthesizing Ag-PNIPAM microgels was the
same as described above, but the mixing of AgNO; with
PNIPAM microgels was done in an ice bath and the following
dialysis process was conducted at room temperature. As a
reference, AgNPs with SDS used as a stabilizer (SDS concen-
tration: 2.16 x 10> M) (AgNP-SDS) in the reduction step were
made according to a published procedure.** Afterwards, a part
of the dispersions was freeze-dried to determine the microgel
concentrations gravimetrically and their Ag content by TGA.
The AgNP sizes were determined from TEM images and the
resulting surface area of the AgNPs in microgels was calculated
based on this information. A detailed procedure for the calcu-
lation is presented in the ESLf

AgNO; reduction to
AgNPs

Scheme 1 Schematic illustration of the synthesis route to PNAGA microgels and Ag—PNAGA hybrid microgels.
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Reduction of 4-nitrophenol

The reduction of 4-nitrophenol was conducted to study the
catalytic properties of AgNPs containing dispersions at
different temperatures. For each temperature, 4-nitrophenol
(0.01 mg ml™, 0.072 mM) and fresh NaBH, (3.8 mg ml™",
100 mM) in 2.5 ml water were added to a standard 10 mm
quartz cuvette. Then, 13 pl of the AgNP dispersion (microgel
concentration after dialysis: Ag~PNAGA-2%BIS 0.74 mg ml ™",
Ag-PNAGA-4%BIS 1.49 mg ml™' and Ag-PNIPAM-2%BIS
1.48 mg ml™" and AgNP-SDS 0.08 mg ml™") was added to the
cuvette and the UV-Vis absorbance at 400 nm was recorded.
From the absorption data the induction time (¢,) indicated by
no change in absorption was determined. The apparent reac-
tion rate constant (k,pp,) was calculated from the changes of
the absorbance at 400 nm after the induction time using the
pseudo-first order kinetic equation, In(c/cy) = —kappt, Where ¢,
is the concentration at the beginning and ¢ the concentration
at time ¢.**> Then, using the TGA data, the reaction rate was
normalised to the Ag content of the microgels and further nor-
malised with respect to the AgNP surface area employing the
data from TEM image analysis. The reaction rate constant (k;)
normalised to the AgNP surface area was determined to enable
a comparison between samples.” Details of the reaction rate
constant calculations are given in the ESL{

The catalytic reaction was also monitored during a tempera-
ture switch experiment between 50 °C and 5 °C. The quartz
cuvette was charged with 2.5 ml aqueous solution of 4-nitro-
phenol (0.01 mg ml™") and NaBH, (3.8 mg ml™"). The mixture
was heated to 50 °C and 13 pl diluted AgNP dispersion was
added. The change of absorbance at 400 nm was monitored
for 5 min after which the sample compartment was cooled to
5 °C with the maximum cooling rate (~8 °C min™") of the
instrument. The catalytic reaction was then monitored for
5 min at 5 °C and then the sample heated with the maximum
heating rate (~15 °C min~'), simultaneously monitoring the
absorbance. The cycles were then repeated to observe the
changes in catalytic activity.

Characterization

The sizes of the microgel particles were determined using
dynamic light scattering (DLS) with Malvern Instruments
Zetasizer Nano-ZS. For measurements the samples (concen-
tration: 1 mg ml™"') were passed through 0.45 pm Millipore
PVDF filters prior to cell filling. The effective (Z-average) dia-
meters were obtained from the second order cumulant fit and
the size distributions using the Malvern inbuilt multiexponen-
tial fit. The nominal heating and cooling rate in the experi-
ments was 10 °C h™". The UV-Vis spectra of the Ag-microgels
as well as the changes in 4-nitrophenol spectra were recorded
on a Shimadzu UV-1601 spectrometer equipped with a circulat-
ing thermostatted bath. The catalytic activity studies were per-
formed using a Jasco J-815 CD spectrometer equipped with a
Peltier controlled temperature accessory monitoring 400 nm
absorbance and measuring the sample temperature inside the
cuvette. In both cases measurements were made in quartz cuv-
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ettes with a cell path of 10 mm. Variable temperature "H NMR
spectra of the monomers and polymers were recorded on a
500 MHz Bruker Avance III spectrometer in D,O. For the NMR
studies, the samples were made to 10 mg ml~" polymer con-
centration in neat D,O. The spectra intensities at different
temperatures were calculated by comparing the integral of the
solvent signal to the polymer signals. Thermogravimetric ana-
lysis (TGA) measurements were performed using Mettler
Toledo 850 equipment. Samples were placed in 70 pl Al,O3 cru-
cibles and heated from 25 °C to 800 °C at a heating rate of
10 K min™" under a N, atmosphere. For PNAGA samples, runs
were additionally made with a program that further kept the
samples isothermally at 800 °C for two hours after the heating
run due to the surprisingly high charred content even at
800 °C. TEM measurements were carried out using a Hitachi
FESEM S-4800 electron microscope or a FEI Tecnai F20 Field
Emission Gun 200 kV transmission electron microscope. The
microgel samples were placed on a 300 mesh Cu grid with a
uniform carbon film and dried at ambient temperature.

Results and discussion
Microgel synthesis

Free radical precipitation polymerization of NAGA in water at
0 °C in the presence of the BIS crosslinker was used to prepare
thermosensitive PNAGA microgels (see Scheme 1). The precipi-
tation polymerization is based on the solubility differences of
the NAGA monomer and the resulting polymer, PNAGA. NAGA
is water-soluble at all temperatures, while PNAGA precipitates at
temperatures below its phase transition temperature. According
to the literature, the phase transition temperature of linear
PNAGA varies greatly,”* but for example PNAGA with sufficiently
high molar mass in a 1 wt% aqueous solution shows phase
transition at 22-23 °C.>® Thus, precipitation polymerization
based microgel synthesis widely employed for LCST-type poly-
mers, such as PNIPAM or poly(N-vinylcaprolactam) (PVCL), was
adapted for a UCST-type polymer. This strategy produced repro-
ducible PNAGA microgels with an average diameter of around
60 nm at room temperature and with a positive temperature
response (see Fig. 1 and 2). The crosslinker concentration, 2 or
4 mol% with respect to the monomer, did not change markedly
the phase transition behaviour or the size of the microgels as
shown in Fig. 1. A higher crosslinker concentration, 6 mol%,
produced a highly aggregated dispersion. Attempts at polymer-
izing NAGA in the absence of SDS on the other hand led to
micrometer sized particles with a broad size distribution.
Though these particles were also thermosensitive, further
attempts at characterizing them were not made. In order to
have a material as a reference to the catalysis studies, a PNIPAM
microgel crosslinked with 2% BIS was prepared at 70 °C under
corresponding synthesis conditions.

Thermosensitive properties

LCST-type polymer microgels shrink upon heating above their
volume phase transition temperature (VPTT). An opposite

Polym. Chem., 2018, 9, 517-524 | 519
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Fig. 1 The size of (W) PNAGA-2%BIS (@), PNAGA-4%BIS and (A)
PNIPAM-2%BIS microgels upon heating based on DLS.
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Fig. 2 Size distributions from DLS of the PNAGA-2%BIS microgel at
10 °C, 40 °C and 70 °C.

temperature effect, swelling upon heating, takes place for
UCST-type microgels such as PAA-PAM.'®° However, often
the UCST-type phase transitions are more sensitive to the
polymer structure and environmental parameters than the
LCST-type transitions. The UCST-type phase transition of even
linear polymers often occurs over a very broad temperature
range and may vary or even disappear depending on the pH,
ionic strength or nature of the ionic species. For the PNAGA
microgel dispersions in water in the present study it can be
observed that the size of the microgels increases continuously
upon heating up to 70 °C (see Fig. 1 and 2). For PNAGA-4%BIS
the diameter increases about 1.5 times from 10 °C to 70 °C
which equals to a 4-fold volume change (Table 1). The size
changes for the PNAGA microgels were repeatable for three
consecutive heating and cooling runs. Similar continuous
swelling and shrinking behaviour has been observed for
macroscopic BIS crosslinked PNAGA hydrogels in water and
saline solutions.*® In the case of macroscopic gels the increase
of the amount of the BIS crosslinker lowered the degree of
swelling, while in the case of these microgels the amount of
the crosslinker does not appear to change the swelling signifi-
cantly. An explanation to this behaviour may come from the
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Table 1 Microgel properties

Diameter Diameter Volume change

20 °C [nm] 70 °C [nm] [V(70 °C)/V(20 °C)]
PNAGA-2%BIS 65 90 2.7
PNAGA-4%BIS 60 96 4.1
PNIPAM-2%BIS 87 78 0.7

fact that during the precipitation polymerization the reactivity
of the BIS crosslinker is typically higher than that of the
monomer,*® leading to a gradient in the crosslinking density
from the core to the surface of the microgel particles, and,
depending on the conversion, also to different final cross-
linker/monomer ratios of the final particles.’” For example for
poly(N-isopropylmethacrylamide) microgels with varying cross-
linker concentrations the diameter and swelling ratio first
decreased with increased crosslinker concentration before the
swelling ratio increased again.*®

The size changes observed by DLS measurements are sup-
ported by variable temperature 'H NMR experiments (see
Fig. 3). The signals from the PNAGA microgel are nearly com-
pletely suppressed at low temperatures and intensify upon
heating. This behavior results from the gradual dissociation of
the hydrogen bonds upon heating leading to higher chain
mobility and correspondingly more intense signals. As a com-
parison, the signal intensities of the PNIPAM microgel are
plotted in the inset showing the loss of signal intensity at the
phase transition temperature.

The lack of sharp volume phase transition in the PNAGA
microgel size implies that upon the change of temperature the
interactions in these microgels change gradually. Similar con-
tinuous swelling behaviour upon heating has also been
reported for other thermophilic microgels, for example those
based on PAA-PAM copolymers. However, an important aspect
to consider with the PNAGA microgels is their phase transition
behaviour compared to linear PNAGA polymers. For linear
PNAGA, phase transition temperature is very sensitive to a
number of parameters, including the concentration and molar

1 (PNIPAM) / | (HDO)

1 (PNAGA) /| (HDO)

TH % e s
Temperature / °C

Fig. 3 Variable temperature 'H NMR signals of the PNAGA-4%BIS
microgel in D,O. Inset: Corresponding integrated signal intensity at
different temperatures compared with the solvent (HDO) signal. (m)
PNAGA-4%BIS and for comparison (@) PNIPAM-2%BIS.
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mass distribution of the polymer. In particular, the use of
ionic initiators or ionic groups present in linear PNAGA has
been shown to lower or suppress the thermosensitive property
in water, in some cases leading to complete disappearance of
the phase transition behaviour.”****? In the present case,
despite the sulfate groups of the initiator fragments and the
use of an anionic surfactant, the microgels show thermosensi-
tive behaviour.

Synthesis of AgNPs inside the microgels

For the synthesis of AgNPs, the microgel dispersions were first
incubated in AgNO; solution to load the silver ions inside the
microgels and then dialysed to remove free ions which could
contaminate the sample with AgNPs outside the microgels. To
have the microgels in a swollen state, the incubation was per-
formed at 50 °C for PNAGA and in an ice bath for PNIPAM.
After dialysis, the reduction of Ag" ions to AgNPs was done in
an ice bath through the addition of fresh NaBH,. Upon the
addition of NaBH, the dispersions turned instantly yellow
indicating the formation of AgNPs. The sizes of the microgels
slightly increased after the nanoparticle formation, but the
microgels retained their temperature sensitivity (see Fig. 4).
Somewhat surprisingly the DLS data for Ag-PNAGA-4%BIS
show a larger increase in size than for Ag-PNAGA-2%BIS. A
similar size increase with respect to the amount of the cross-
linker used has been observed for PS-PNIPAM core-shell par-
ticles, where a higher amount of the crosslinker (5% or 10%
BIS) leads to a larger size increase upon AgNP formation com-
pared to the sample with 2.5% BIS.? At the moment the reason
for this behaviour is unknown, but the heterogeneous distri-
bution of the crosslinker inside the microgels resulting from
the precipitation polymerization may lead to the observed
difference in their swelling characteristics upon AgNP
formation.

The TEM images of the PNAGA microgels and the AgNP
containing samples are shown in Fig. 5. The images of the
PNAGA microgels before AgNP addition (Fig. 5A and C) corres-
pond well to the size shown by DLS. The AgNP containing
Ag-PNAGA microgels (Fig. 5B and D) show similarly microgels
agreeing with the size determined by DLS. The AgNP particles

200
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140 4
120 4
100
80

Diameter / nm

60 4

40
20

Temperature / °C

Fig. 4 The size according to DLS of (W) Ag—PNAGA-2%BIS (@) Ag-
PNAGA-4%BIS and (A) Ag—PNIPAM-2%BIS microgels upon heating.
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Fig. 5 TEM migrographs of (A) PNAGA—-2%BIS, (B) Ag—PNAGA—2%BIS,
(C) PNAGA-4%BIS, (D) Ag—PNAGA-4%BIS, (E) AgNP-SDS and (F) Ag—
PNIPAM—2%BIS.

in the microgels (Fig. 5B, D and F) are shown as dark spots
with a size below 10 nm. As can be seen, the AgNPs are gener-
ally encapsulated inside the microgels and correspond well to
those found earlier for core-shell PS-PNIPAM based hybrid
microgels (Table 2).° The presence of AgNPs was also deter-
mined by UV-Vis measurements. The UV-Vis spectra of all
hybrid microgels show the typical surface plasmon resonance
of AgNPs centered at 400 nm (Fig. S1}). The broadness of the
signals indicates certain polydispersity of the AgNPs. However,
the TEM images of the Ag-PNAGA microgels (Fig. 5B and D)
show that the AgNPs are rather evenly distributed within the
microgels and there is no clear size or concentration variation
of the AgNPs from the core to the surface of the Ag-PNAGA
microgels. Thus, the size variation of the AgNPs originates
most likely from differences for example of the mesh size of
the polymer network during the AgNP formation. When com-
paring the Ag-PNAGA-2%BIS and Ag-PNAGA-4%BIS micro-
gels, the higher crosslinker amount led to the reduced average
size of the AgNPs as could be expected for a more densely
crosslinked network. At the same time, increasing the cross-
linker concentration from 2% to 4% decreased the silver
loading significantly (TGA; Table 2 and Fig. S21). In order to
enable the comparison of the catalytic efficiency between the
different microgels, gravimetric data and TEM images were
used to calculate the surface area of the Ag nanoparticles. As a
comparison to the microgel based AgNP dispersions, AgNPs
with only SDS (AgNP-SDS) as the stabilising agent were pre-
pared. According to TEM (Fig. 5E), the size of the AgNP-SDS
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Table 2 Properties of the AgNP microgels

AgNP AgNP AgNP surface

content® [wt%]  size’ [nm]  area’ [nm?]
Ag-PNAGA-2%BIS 12.5 6.2 +1.7 1.1x10"
Ag-PNAGA-4%BIS 7.7 47+19  81x10"
Ag-PNIPAM-2%BIS 4.4 8.6 +2.5 2.7 x10'®
AgNP-SDS 0.0084 25.1+7.5 2.1x10"

“TGA. ? TEM image analysis. “In 1 g of dry sample. ¢ Ag content in dis-
persion, estimated assuming full conversion of AgNO; to AgNPs.

particles is bigger and they are more polydisperse than the
AgNPs in the microgels, most likely due to the fact that no
network was limiting the growth of the particles.

AgNP microgels as catalysts

To study the catalytic activity, a widely employed model reac-
tion, reduction of 4-nitrophenol in the presence of NaBH,, *°
was followed by UV-Vis measurements at different tempera-
tures. The catalytic activity of the hybrid microgels and AgNP-
SDS was compared by adding the samples into the 4-nitro-
phenol-NaBH, solution. The typical changes in the 4-nitro-
phenol absorption spectra are shown in Fig. S31 - the 400 nm
absorbance was chosen as the reference wavelength for moni-
toring the kinetics. Upon addition of the AgNP containing
microgels, the temperature, microgel structure and concen-
tration were all found to contribute to the catalysis kinetics.
For the hybrid microgels the reaction begins only after a
certain induction time (Fig. 6 and 7, Fig. S4 and S5t) which is
related to the temperature and the microgel in question. At
temperatures below 20 °C, the induction time for Ag-PNAGA
microgels is considerably longer than in the case of the Ag-
PNIPAM-2%BIS microgel. This is due to the collapsed struc-
ture of Ag-PNAGA microgels that hinders the diffusion of reac-
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Fig. 6 Kinetics of 4-nitrophenol reduction with addition of the Ag—
PNAGA-4%BIS microgel monitored by UV-Vis.
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Fig. 7 Induction times of 4-nitrophenol reduction after different micro-

gel injections. (W) Ag—PNAGA-2%BIS, (@) Ag—PNAGA-4%BIS and (A)
Ag—-PNIPAM-2%BIS. Lines are to guide the eye only.

tants inside. Upon heating the induction times shorten for all
microgels and for temperatures above 30 °C the induction
times are only of the order of ten seconds for most of the
studied reactions. For AgNP-SDS the reaction starts instan-
taneously regardless of temperature due to the more accessible
Ag surfaces (Fig. S67).

In all the studied reactions, after exceeding ¢, the absorp-
tion from 4-nitrophenol begins to decay obeying pseudo-first
order kinetics (see Fig. 6 and the ESIt). By analysing the linear
part of the kinetic plots of In(c/c,) versus time, the apparent
rate constants, k,pp, for the reduction were determined for the
respective dispersions. The mass and the size of the AgNPs
were then used to normalise the rate constants to the Ag
surface area, k; (Fig. 8 and Fig. S77).

When observing the temperature dependence of the cataly-
sis kinetics of Ag-PNIPAM-2%BIS in Fig. 8, it can be seen that
at 35 °C, ie around the VPTT of PNIPAM, the catalytic
efficiency is slightly reduced until the reaction rate starts to
increase again at higher temperatures. This phenomenon has
been observed before for PNIPAM based AgNP microgels"®'°
and is related to the shrinking of the microgels which reduces
the diffusion of reactants inside.

When the reaction rates of the hybrid microgels are com-
pared, it can be seen that the Ag-PNAGA microgels have gener-
ally higher apparent rate constants k,,, than Ag-PNIPAM-2%
BIS. This result is expected, as the Ag-PNAGA microgels have
higher AgNP loading and smaller AgNP size. When the data
are normalised to the AgNP surface area, the rate constants are
generally on a comparable level for all microgels at room temp-
erature. The k; values obtained for the Ag-PNIPAM-2%BIS
microgel are similar to those reported earlier for core-shell
type PS-PNIPAM Ag-microgels.” However, due to the different
thermal responses of PNAGA and PNIPAM microgels, two
observable trends are evident. Firstly, at low temperatures, the
PNAGA microgels have lower reaction rate and also longer ¢,

This journal is © The Royal Society of Chemistry 2018
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Fig. 8 Apparent (k) and normalised rate constants (ki) of 4-nitro-
phenol reduction vs. temperature. Symbols: (B) Ag—PNAGA-2%BIS, (@)
Ag—PNAGA-4%BIS and (A) Ag—PNIPAM-2%BIS and inset (O) for AQNP—
SDS. The Arrhenius presentation of the normalised rate constant data is
shown in Fig. S7.1

compared to PNIPAM due to the restricted diffusion inside the
microgels. Secondly, at temperatures above 30 °C, the catalytic
efficiency of Ag-PNAGA microgels increases significantly due
to the expansion of the microgel networks and thus they show
higher catalytic efficiency than PNIPAM. The differences in &,
between the two Ag-PNAGA microgels may relate to the fact
that the smaller size of AgNPs in Ag-PNAGA-4%BIS facilitates
faster catalysis kinetics (specific turnover frequency, TOF) even
when the data are normalised to the surface area.’ The AgNP-
SDS dispersions exhibit faster reaction rates compared to all
the microgel samples (Fig. S6 and S7+t). This is due to the thin
SDS layer on the surface of the AgNPs.

The thermoreversible swelling behavior of the PNAGA
microgels gives an additional possibility to tune the catalytic
activity by modifying the diffusion by temperature. When the

o
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o Abs. intensity at 400 nm _

o
I

0 5 10 15 20 25 30 35 40 45 50 55
Time / min

Fig. 9 The decrease of 4-nitrophenol absorbance versus time while
changing the temperature. Microgel: Ag—PNAGA-4%BIS; concentration:
0.0149 mg ml™,

This journal is © The Royal Society of Chemistry 2018

View Article Online

Paper

Ag-PNAGA-4%BIS microgel dispersion is injected to the reac-
tant mixture at 50 °C (Fig. 9), as expected the reduction
process begins almost instantaneously. However, when the
mixture is cooled, the lowered temperature as well as the
shrinking of the microgels slows down the reaction rate during
the cooling and essentially switches the reaction off at 5 °C for
a period of time. The catalytic activity can then be conveniently
switched back to the “on” state by heating the mixture again
and to the “off” state by cooling the mixture. As shown in
Fig. S8,T a similar “off” state upon cooling is not observed for
SDS stabilised AgNPs. We foresee that these hybrid thermo-
philic microgels may be utilised in the future for efficient and
more complex catalytic transformations and for advanced
control over the catalytic processes.

Conclusions

Thermosensitive poly(N-acryloylglycinamide) (PNAGA) micro-
gels were prepared by aqueous precipitation polymerization.
By utilising polymerization temperature lower than the UCST
of PNAGA, successful microgel preparation was accomplished.
The PNAGA microgels swelled upon heating in water leading
to over a 4-fold increase in the volume upon heating from 5 °C
to 70 °C in the case of the PNAGA-4%BIS microgel. Hybrid
microgels containing silver nanoparticles were prepared by
reducing AgNO; inside them. These hybrid microgels retained
the thermosensitive behaviour and were shown to catalyse the
reduction of 4-nitrophenol in aqueous dispersion. Upon
heating the catalytic efficiency of PNAGA microgels increased
more when compared to the LCST-type poly(N-isopropyl acryl-
amide) (PNIPAM) microgel. This enhancement originates from
the increased diffusivity of reactants in the swollen PNAGA
microgel. The thermosensitive behaviour of PNAGA microgels
was shown to allow them to have control over their catalytic
activity upon change of temperature.
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