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ABSTRACT: Recyclable core—shell (CS) nanogels based on
L-proline-containing hydrophobic cores with a thermorespon-
sive poly(N-isopropylacrylamide) (PNIPAM) shell have been
synthesized via a seeded precipitation polymerization process.
Dynamic light scattering (DLS) and transmission electron
microscopy (TEM) were used to verify the successful addition
of the shell and investigate the thermoresponsive properties of
the nanostructures. The catalytic activity of the nanogels was
assessed in a model asymmetric aldol reaction, where an
enhancement was observed with increasing temperature,
attributed to the hydrophobic nature of the PNIPAM shell.
However, when a nanogel was synthesized with core—shell
morphology based on a gradient of cross-linking density in the
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corona (GS), a dramatic drop in activity was observed at elevated temperatures: the collapse of the outer, lightly cross-linked,
“corona” polymer chains appears to block access to the catalytic core. High activity and enantioselectivity were maintained in a
number of recovery and reuse cycles, highlighting the recycling potential of these catalytic nanostructures.

In Nature, aldolase enzymes carry out highly enantioselective
carbon—carbon bond forming reactions in a controlled
fashion within small hydrophobic pockets." Numerous
synthetic systems have been designed to mimic the natural
ones,'~” from single-molecule catalytic species® '° to compart-
ment-forming ones,"" in which catalytic functionalities such as
transition metals or organocatalysts have been introduced to
yield highly efficient nanoreactors.'”*”’ An enhancement in
catalytic activity is often observed in these systems as a result of
the efficient concentration of organic substrates within the
hydroghobic cavity, an effect known as the concentrator
effect.”® The hydrophobic cavity within nanostructures has also
been used to accommodate a range of lipophilic molecules such
as dyes and drugs, in water.”’~>* A very popular organocatalyst
incorg)orated into such systems is the amino acid L-pro-
line,*>**~ and our group has previously shown its successful
incorporation into the hydrophobic core of a range of novel
polymeric nanostructures.**~* High catalyst activity was
reported for the aldol reaction between two relatively
hydrophobic substrates, in water, which does not occur at all
with the native catalyst in the same medium.**

Catalyst loading has been significantly lowered in many of
the systems, and significant advances have now been made in
terms of carrying out reactions in aqueous media; however,
there is still room for improvement and extension to what is
possible in the area of designing structurally well-defined and
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readily recyclable nanoreactor systems.*> Poly(N-isopropyla-
crylamide) (PNIPAM) is a well-studied thermoresponsive
polymer with a lower critical solution temperature (LCST) of
°C,**” a property which has been utilized in

a number of recyclable catalytic systems, where recovery has
48,49

approximately 32

been achieved by precipitation at elevated temperatures.
The change in solubility of the polymer in water around its
LCST has been explored to allow for switching between unimer
and micellar states which in turn modulate the catalytic
activity.** Cross-linked PNIPAM microgels have also been used
as intelligent microreactors where the reversible hydrophobic
nature of PNIPAM as a response to temperature has been used
to control access of substrates into the catalytic core. In some
cases, enhanced catalytic activity is observed at elevated
temperatures as the hydrophobic nature of PNIPAM enhances
substrate uptake.’”>' In other cases, the opposite effect has
been reported where the collapse of PNIPAM instead blocks
the catalytic sites and thus reduces nanoreactor activity.”>>>
Several groups have successfully taken advantage of both the

hydrophilic and hydrophobic properties of PNIPAM, allowing
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catalysis of both hydrophilic and hydrophobic substrates by
simply tuning the temperature of the system.*>**

We wanted to expand on this by synthesizing L-proline-
containing thermoresponsive nanogels, the catalyst being
contained in a hydrophobic core while the shell is temperature
responsive, and investigate the catalytic activity and selectivity
dependency on temperature. Thus, two PNIPAM shells with
different morphologies were synthesized to investigate the
effect of their collapse on the activity of the core-functionalized
catalyst. The first system consisted of the catalytic core
surrounded by a cross-linked PNIPAM shell (CS) and the
second by a thinner cross-linked shell and a “corona” made up
of less cross-linked PNIPAM polymer chains, essentially
resulting in a decreasing gradient of cross-linking density
(GS). We hypothesized that the less cross-linked PNIPAM
chains would collapse in a different manner to the cross-linked
PNIPAM network at elevated temperatures and that this might
yield two nanoreactor systems with unique and tunable catalytic
efficiencies.

First, based on findings from our previous studies,”’ the
hydrophobic core, containing the catalytic L-proline function-
ality (seed), was synthesized by emulsion copolymerization of
ethyl methacrylate (EMA), proline methacrylate (ProMA), and
ethylene glycol dimethacrylate (EGDMA), resulting in particles
with an average 35 nm diameter, incorporating (based on the
monomer feed ratios) 15 wt % of catalyst functionalization
(DoF) and 0.5 wt % cross-linking density (CLD) (DLS, TEM
in Supporting Information (SI), Figures S2 and S3). The
thermoresponsive core-cross-linked shell (CS) nanogels were
then synthesized, using our catalytic seeds and following a well-
established seeded precipitation polymerization procedure.**~*
Similarly, the core—gradient shell (GS) morphology was
pursued by initially allowing the polymerization of a cross-
linked shell using half the volume of reagents compared to that
used for the CS particles, followed by the addition of the
remaining monomer without additional cross-linker or initiator
(Figures S1 and S8, SI). We hypothesize that the polymer-
ization of the second batch of monomer proceeds from the
remaining radicals in solution, although further investigation
into the mechanism is ongoing.

In the CS case, the increase in size of the nanogels from 35 to
132 nm upon addition of NIPAM/cross-linker is prominent
and attributed to formation of the desired cross-linked
PNIPAM shell (Figure 1A). Similarly, for the GS nanogels,
upon addition of the first batch of NIPAM monomer (with
cross-linker), an increase in particle hydrodynamic diameter
(Dy) was seen by DLS (Figure 1B), followed by a further
increase in Dy, upon addition of the second batch of NIPAM
(no cross-linking agent), suggesting a two-step shell addition.
Due to the thermoresponsive nature of PNIPAM, particle
growth was monitored by removing samples and performing
the measurements at 5 °C, in order to easily observe the change
in Dy, (SI, Figure S8 and Table S1) at a temperature where the
PNIPAM shell is fully hydrated. At the end of the polymer-
ization, an overall change in Dy, from 35 nm to 132 and 142 nm
was observed for CS and GS nanogels, respectively (Figure 1).
The lack of a small population (by DLS) suggests complete
functionalization of the seed particles as well as the absence of
NIPAM homopolymer, though further investigation is
necessary to prove this beyond doubt.

In order to further investigate the CS and GS morphology
the particles were observed by TEM. Unsurprisingly, dry-state
TEM was not conclusive, as water is effectively removed from
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Figure 1. DLS traces of hydrophobic EMA core (black trace) and the
corresponding thinner CS (A, red trace) and GS (B, purple trace)

nanogels upon addition of a PNIPAM shell/corona, determined at S
°C.

the shell upon deposition onto the TEM grid causing it to
collapse onto the core; thus, spherical particles with an average
size of 39 and 38 nm, respectively, were observed (SI, Figures
SS and S9), which is a minor increase in particle size compared
to the seed particles. Nevertheless, when observed with
cryogenic TEM (SI, Figures S7 and S11) and selective staining
of PNIPAM (SI, Figures S6 and S10), the CS and GS particles
both appeared to have a core—shell morphology, suggesting the
successful seeded polymerization of NIPAM.

As previously mentioned, PNIPAM exhibits an LCST at
about 32 °C, below which it is hydrophilic and water-soluble
and above which it becomes hydrophobic and collapses. The
change in particle size with respect to temperature was
investigated by DLS. As expected, for both morphologies a
decrease in D, was observed with increasing temperature as
water is removed from the shell causing PNIPAM to collapse
and thus the shell to shrink (Figure 2 and SI Figure S17). A
further nanogel CS-50, with S0 wt % shell cross-linking (DLS,
TEM in SI Figures S12 and S13), was also investigated (Figure
2), and as expected it demonstrated a smaller change in size
upon heating compared to CS and GS. The transition
temperature, where the most significant change in size is
observed, was more accurately determined using the first
derivative®® of the change in D; with temperature and was
found to be 30, 27, and 33 °C for CS, GS, and CS-50,
respectively (S, Figures S18 and S19). The reversible change in
particle D, which results from the temperature-dependent
hydrophobic and hydrophilic nature of the shell was confirmed

by exposing the nanostructures to repeated heating and cooling
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Figure 2. Change in Dy, with temperature, confirming the shrinking of
the PNIPAM shell with increasing temperature (error bars are from
standard deviation).

cycles, achieving comparable particle sizes in multiple cycles
(SI, Figure S20).

Because the TEM data did not differentiate between the two
targeted morphologies, it was proposed that in the case of the
GS nanogels the second batch of NIPAM may simply have
diffused into the cross-linked shell and polymerized within it,
rather than forming an extra layer of PNIPAM chains. To assess
the possibility of that happening, we examined the polymer-
ization of NIPAM in the presence of a preformed CS nanogel.
These nanogels (ICS) were found to indeed increase in size
(SL, Figures S14—S16), attributed to the polymerization of
NIPAM within the PNIPAM shell. This kind of morphology is
expected to render the shell more rigid and therefore shrink less
upon heating. Indeed, upon heating the ICS particles decreased
in size, shrinking to 50% of their original size, whereas the GS
shell reached 19% of their swollen size (SI, Figure S21). In
addition to that, at elevated temperatures the CS-50 nanogel is
significantly larger, shrinking to only 68% of its original size, a
value much larger than either that of the CS (which was 17%)
or GS but more comparable to that of the PNIPAM-
impregnated ICS nanogels. This further suggests that the GS
nanogels do not demonstrate the same rigidity as the purposely
heavily cross-linked CS-50 nanogels nor that of the ICS
particles, thus supporting the suggested gradient cross-linked
shell morphology.

The efficiency of the core—shell nanostructures as nano-
reactors in water was investigated in a model asymmetric aldol
reaction®**>" between 4-nitrobenzaldehyde and cyclohexa-
none (Figure 3). We hypothesized that the collapse of cross-
linked PNIPAM in the CS and GS case would differ, potentially
resulting in different catalytic efficiencies at elevated temper-
atures. In order to examine the catalytic dependency of the
nanostructures on temperature, reactions were carried out at
three temperatures: at 4 °C where PNIPAM is in a hydrophilic
and fully solvated state, at around room temperature, 25 °C
where PNIPAM is somewhat hydrophobic, and finally at 40 °C
where it is fully hydrophobic and in a collapsed state. Catalysis
was carried out as previously reported*' at 2 mol % catalyst
loading, and a differing temperature-dependent catalytic activity
was indeed observed for both nanogel systems. At low
temperature, GS showed appreciably greater catalytic activity
than the corresponding CS nanogel (66 vs 40% conversion),
which was attributed to the lower cross-linking density of the
GS shell, effectively resembling more the morpholong of
micelles whose catalytic activity is found to be high.*"*>** At
25 °C, the conversion increases and is comparable for both
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Figure 3. Conversion of asymmetric aldol reaction catalyzed by CS
and GS at 2 mol % loading and three different temperatures,
determined after 24 h (all experiments were performed in triplicate).

systems; however, at elevated temperature they display the
converse behavior, with CS displaying greater activity than their
GS counterparts (88 vs 28% conversion, Figure 3). The CS
nanogels followed an Arrhenius-type dependence on temper-
ature,” where an increase in catalytic activity was observed with
increasing temperature, which may be due to an increase in
substrate uptake as a result of the increased hydrophobicity of
PNIPAM at high temperature and the greater mobility of the
substrates within the core. While this is not in agreement with
the literature,®> we believe it is a demonstration of the absence
of water within the hydrophobic core. GS on the other hand
showed a significant drop in activity at elevated temperatures
with a decrease in conversion from 79% at 25 °C to 28% at 40
°C (Table 1). This is consistent with the hypothesis that the

Table 1. Catalytic Efficiency of CS and GS at 2 mol %
Loading and Three Different Temperatures

catalyst T/°C  D,%/nm  conv.”/% anti/syn ratio® ee/%
cs 4 133 40 8  98/2 £l 86 2
25 70 83 x5  97/3 1 93  #2
40 30 88 48  96/4 o+l 96 =+l
GS 4 142 66 +4  96/4 +2 95 =+l
25 88 79 x7 97/3 £l 95 *l
40 28 28 +2  95/5 +3 97 1

“Determined by DLS. “Determined by 'H NMR spectroscopy after 24
h (400 MHz, CDCl,), reactions carried out in triplicate. “Determined
by HPLC, ChiralPak IA, hexane:propan-2-ol:ethanol (80:10:10).

less cross-linked polymer chains of the GS shell collapse in a
different manner to the consistently cross-linked CS shell and
seem to block access to the core rather than enhance substrate
uptake. Except for a slightly lower enantioselectivity (ee) for CS
nanogels at 4 °C, both nanogel systems are highly
enantioselective, highlighting the successful design of our
nanostructure for efficient enantioselective organocatalysis in
water (Table 1).

For comparison, a drop in conversion was not observed at 40
°C when CS-50 was used (SI Table S2), suggesting a simple
increase in shell density cannot be used to explain the
properties observed by GS. Thus, we maintain our hypothesis
that the shell morphology of the CS and GS nanogels differs,
whereby the CS is constructed by a hydrophobic cross-linked
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core and a temperature-responsive cross-linked shell, while the
GS morphology bears an additional layer where the polymer
chains are more flexible. This morphological difference is then
directly linked to their catalytic activity.

One of the main motivations behind the design and synthesis
of these CS and GS nanoreactors is their potential recyclability,
an important feature to take into account due to the high
catalyst loadings (~30 mol %) often required in conventional
organocatalytic reactions.’”** For this purpose, the solubility of
PNIPAM in water at temperatures below its LCST was used.
Organic reagents/products were removed from the nanogel
core via extraction with diethyl ether, after which the remaining
aqueous solution containing the nanogels was dried and
subsequently redispersed into water at 4 °C. In terms of
particle size, a similar D}, was observed for both the CS and GS
nanogels before and after catalysis (SI, Figure S22), though
some larger structures were observed after the sixth catalytic
cycle (SI, Figure S23). In terms of catalytic activity, the
recovery and redispersion process provided high catalytic
efficiencies, with conversion only deteriorating after the fourth
cycle (Figure 4 and SI, Table S3). This may be attributed to
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Figure 4. Catalytic efficiency of the CS and GC nanogels over six
cycles, carried out at 2 mol % loading and 25 °C, determined by 'H
NMR spectroscopy after 24 h (all experiments were performed in
triplicate).

small losses of nanogels after each catalytic cycle and was not
seen to be problematic overall, as the reaction goes to
completion if allowed to run for an additional 12—24 h. In
addition, enantioselectivity was maintained by both nanogels
throughout with only a small drop from 97% to 87% and 95%
to 87% ee for CS and GS, respectively, after six catalytic cycles
(S, Table S3). This suggests the nanogels act as excellent
scaffolds for L-proline-catalyzed reactions in water.

To conclude, in this work we have successfully synthesized
recyclable core—shell and core—shell-corona type nanostruc-
tures in a simple two-step procedure, through emulsion
polymerization of the hydrophobic core followed by a seeded
precipitation polymerization to form the shell. The morphology
of the thermoresponsive PNIPAM shell was found to have a
significant effect on the activity of the catalyst embedded within
the hydrophobic core: indeed collapse of PNIPAM at elevated
temperatures was found to increase the catalytic activity of
nanogels with a CS morphology (attributed to the increased
hydrophobic nature of the CS nanogels), whereas collapse of
the less cross-linked PNIPAM corona in the GS nanogels
appears to block substrate access to the catalytic core resulting
in a dramatic drop in activity. Interestingly, high enantiose-
lectivity was maintained in both systems throughout, as well as
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in a number of recovery and reuse cycles, highlighting the
recycling potential of these novel catalytic nanostructures.

B ASSOCIATED CONTENT

© Supporting Information

Synthetic procedures and some characterizations are also
provided. This material is available free of charge via the
Internet at http://pubs.acs.org.
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