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Microgel organocatalysts: modulation of
reaction rates at liquid—liquid interfacesf
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Anna A. Meyer,” Matthias Mork,® Rustam A. Gumerov, {2 * Igor |. Potemkin,
Walter Richtering 29 and Andrij Pich {2 *ac¢

*bef

Controlling the catalytic activity via the use of smart and responsive carriers is a major challenge in
research concerning supported catalysis. In homogeneous reactions, responsive polymeric carriers are
often used to switch on/off reagent supply by controlled shielding of embedded catalysts. However,
reactions on liquid interfaces are rare subjects of these kinds of studies. As an example of colloidal
microgel-catalysts based on poly(N-isopropylacrylamide) (PNIPAM) containing covalently bound
L-proline, we herein present how temperature and the effect of cononsolvency can be used as triggers
to modulate reaction rates in a homogenous phase and on liquid—liquid interfaces. In particular, the aldol
reaction of cyclohexanone with 4-nitrobenzaldehyde in water, methanol and water—methanol mixtures was
the focus of our study. The swelling degree of the microgels evaluated by dynamic and static light scattering
(DLS and SLS) was adjusted to demonstrate the effect of swelling on the rate of the aldol reaction. Combin-
ing our experimental results with computer simulations, based on dissipative particle dynamics (DPD), we
could relate significant differences in reaction rates to the temperature-responsive swelling of the microgels.
The simulations show that in aqueous reaction mixtures, the microgel-catalysts are adsorbed at the liquid—
liquid interface between water and the hydrophobic reagents. Increasing the temperature causes the
microgel-catalysts to immerse more into the reagent phase due to the temperature-responsiveness of
PNIPAM. As a result, the average number of contacts between the L-proline catalyst and the reagents
increases drastically resulting in a more than 5-fold increase of the catalytic rate observed in the
experiments. On the contrary, the simulations of the reaction in methanol confirm that reagents form a
homogeneous mixture in which the defined average number of contacts changes negligibly with the
increasing temperature as PNIPAM does not possess a temperature-responsive behaviour in this solvent.

class of materials in the recent studies of polymer science.'™
In general, microgels are usually spherical, crosslinked, poly-

Due to their fascinating properties and diverse application
possibilities, aqueous microgels have become an important
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meric colloids with a size between 100 nm and 10 pm.*” In
appropriate solvents, such as water or methanol, microgels
form stable solutions and due to their porous and soft structure
the solvents can permeate into them. Microgels based on
the lower critical solution temperature-responsive polymer
(LCST-type) poly(N-isopropylacrylamide) (PNIPAM) undergo an
entropy-driven volume phase transition by changing from a
swollen to a collapsed state when their aqueous solution is
heated above the volume phase transition temperature
(VPTT).*® For PNIPAM-based microgels the VPTT is 32 °C,
and is independent of the molecular weight of the polymer or
the concentration of the solution.””® Beyond this type of respon-
siveness, PNIPAM-based microgels also show sensitivity
towards the solvent composition.® For instance, they are fully
swollen in pure water and pure methanol whereas in a mixture
with a molar fraction of x(methanol) = 0.2 the microgels
de-swell to a collapsed state. This phenomenon is called
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cononsolvency and is based on the interplay of different
molecular interactions between the polymer chains and the two
solvents."*™"”

Due to their versatile properties, microgels find various
applications in drug delivery, as biomaterials or in the field of
catalysis."®° In the last-named application, microgels enable
the exploration and control of chemical reactions in compart-
ments, opening new platforms for bio-inspired catalysts. Here,
microgels have been investigated as responsive carrier colloids
for catalytically active materials, namely metal nanoparticles,
metallic complexes, organocatalysts and enzymes.>' > In par-
ticular, the most explored catalytic systems are the LCST-type
microgel hydrides containing metallic nanoparticles.*"**?”
A more recent report focuses on exploring upper critical
solution temperature type microgels (UCST-type) as nanocata-
lyst platforms for silver nanoparticles.”® In this work, silver
nanoparticles were applied for catalysing the reduction of
4-nitrophenol whereas the temperature induced UCST-type
collapse of the microgel network was used to control the
velocity of this reaction. Recently, Landfester et al. reported a
dual-responsive polymer photocatalyst in the form of a nanogel
consisting of a crosslinked poly(N-isopropylacrylamide) nano-
gel, copolymerized with an organic, photocatalytically active
monomer.”® The nanogel undergoes a decrease in diameter
with increasing temperature, which shields the photo-catalytic
sites, thus decreasing its catalytic activity. In a recent study,
we showed the successful incorporation of the organo-
catalyst 1-proline into microgels based on PNIPAM.>® It was
demonstrated that the microgels show high activity and selec-
tivity for catalysing the enantioselective aldol reaction of
4-nitrobenzaldehyde and cyclohexanone in water in which free
L-proline is not active. Additionally, by following the kinetics of
the aldol reaction, we were able to relate the reaction rates to
the structure of the microgel-catalysts. In particular, it was
found that the microgel-catalysts are more active in water when
the r-proline sides are located in the core of the microgels. This
is because the core of the microgels provides a suitable
environment around the r-proline catalysts which can serve
as a host for the hydrophobic reagents. It has been demon-
strated that the reagents are preferentially concentrated in the
core to minimize unfavourable contacts with water. These
contacts are shielded by a polymer layer, formed at the microgel
periphery. In contrast, for using methanol as the solvent,
corona-located r-proline side groups are more favourable for
the reaction rate as diffusion is the essential rate-determining
factor in this case. However, in the previous study the microgels
only served as passive carriers.

The purpose of the current work is to demonstrate the
adaptability of the microgel-catalysts by varying their swelling
degree using different triggers and performing catalytic reactions
in homogeneous solutions and in heterogeneous mixtures. We
will investigate the way in which the collapse of the microgels
induced by temperature on the one hand and the cononsol-
vency on the other hand interfere with the reaction rate of
the mentioned aldol reaction. In particular, we will focus on
the question of whether the microgel collapse accelerates the
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reaction due to a more favourable reaction environment or
closing the pores inhibits reagent supply and therewith decele-
rates the reaction. In addition, we will use computer simula-
tions, based on dissipative particle dynamics (DPD), to relate
significant differences in reaction rates to the temperature-
responsive swelling of the microgels. For the heterogeneous
reaction mixture, we will focus on the temperature-dependent
adsorption behaviour of the microgels at the liquid-liquid
interface between water and the hydrophobic reagents. Calcu-
lating the average number of contacts between the r-proline
catalyst and the reagents in this mixture, we will validate our
results with molecular explanations. As a reference, we will
present equivalent simulations for the homogeneous reaction in
methanol in which PNIPAM does not possess the temperature-
responsive behaviour.

Results and discussion

In the present work, microgel-catalysts were synthesized on the
basis of NIPAM and a polymerisable form of protecting-group-
free L-proline. Therefore, the catalyst precursor trans-4-hydroxy-
L-proline was transformed in a first step via a Williamson ether
synthesis type reaction using acryloyl chloride. The yield of this
reaction is 32%, which is in accordance with the literature.>’
The microgel-catalysts were synthesized via free radical preci-
pitation polymerisation of NIPAM, r-proline monomer and
N,N'-methylenebis(acrylamide) (BIS) as a crosslinker in aqu-
eous solution. The polymerisation reaction displayed a good
yield of 92% (see also Fig. S1, ESIT).

For further analysis and tests of the catalytic performance,
the microgel-catalysts were freeze-dried using lyophilization.
This method is a classical and reliable tool for water
removal. However, residual moisture adsorbed onto the porous
network of the microgel-catalysts is difficult to remove. Since
the purpose of a part of this work is to study the influence of the
water-methanol mixture on the catalytic performance of the
microgel-catalysts, an accurate description of this factor is
needed. For this reason, the water content of the synthesized
microgel-catalysts was determined by TGA measurements of
the freeze-dried samples. The loss of weight corresponds to the
mass of water adsorbed on the microgel-network. The corres-
ponding TGA curve can be found in the ESL.{ The curve reveals
a mass loss of 11.47% up to a temperature of 175 °C. Since any
other residue from synthesis was removed via dialysis, this
mass can be assigned to water. Primarily, 11.47% appears to be
a significant value, which should have a tremendous effect on
the catalytic performance. If the weight of the sample of one
catalytic test is considered, this 11.47% responds to a mass of
about 4.2 mg corresponding to 36.4 mg microgel-catalysts and 0.12
ml water-methanol mixture. As a result, the additional amount of
water is about 3.5% with reference to the solvent mixture. This
value is not negligible, but it is probably below the accuracy of the
syringes used for adjusting the total solvent volume of the catalytic
testing. Additionally, this work does not try to picture the universal
mole fraction of the solvent-microgel-catalyst mixtures but rather

This journal is © The Royal Society of Chemistry 2020
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defines the mole fractions of the solvent added to the reaction
mixtures.

The number of effectively incorporated r-proline groups in
the microgel-catalysts was determined using ATR-FTIR spectro-
scopy. In combination with a calibration method it is possible
to calculate the fraction of catalytic groups in a quantitative
manner.”® For the microgel-catalysts used in this work a weight
fraction of 10.1 wt% corresponding to a molar fraction of
6.69 mol% was determined. The corresponding FTIR spectra
can be found in the ESI (see Fig. S3, ESIT).

In order to correlate the swelling properties of the microgel-
catalysts with their catalytic performance, temperature-resolved
dynamic light scattering (DLS) experiments were performed.
Thereby, the hydrodynamic radius R}, of the microgel-catalysts
in the two pure solvents, water and methanol, and in the most
unfavourable mixture of 20 mol% methanol was determined
under variton of the temperature (Fig. 1a). Additionally, a
comparison with the temperature-dependent radii of pure
PNIPAM microgels (5 mol% crosslinker) in the same solvents
is presented (Fig. 1b). Here, for easier comparison, R;, was
normalized to the respective value in the fully collapsed state.

The microgel-catalysts (similar to PNIPAM microgels) show
a reversible temperature-dependent phase transition in water
as depicted by the symmetrical S-shaped curve. At 25 °C, the
microgel-catalysts are swollen in water with a hydrodynamic
radius of 167 &+ 2 nm. By increasing the temperature, the
microgel-catalysts start collapsing and the VPTT is reached
at around 35.0 = 0.5 °C. This value was extrapolated from
the inflection point of the graph. After crossing the VPTT, the
collapse proceeds further until a value of R, = 110 = 1 nm is
obtained at 45 °C. In this mainly collapsed state, the microgel-
catalysts have lost about 34% of their size compared to the
value at 25 °C (compare Fig. 1). However, no plateau of the
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radius in water is observed up to 50 °C. The smallest size, and
thus of the fully collapsed state, was measured at the synthesis
temperature of 70 °C with a hydrodynamic radius of about
68 nm corresponding to a decrease in size of about 60%.
This observation deviates strongly from the behaviour of pure
PNIPAM microgels, where the fully collapsed size has already
reached at around 45 °C.

The DLS measurements performed in methanol suggest that
the microgel-catalysts do not show a distinct temperature-
responsive volume phase transition in this solvent. Here,
Ry = 175 £ 7 nm is slightly larger than the value in water at
25 °C. The slight increase of Rh at higher temperatures which
can be identified in Fig. 1 suggests that methanol becomes a
better solvent for the r-proline modified microgels with increas-
ing temperature. In contrast, the pure PNIPAM microgels show
no temperature dependence in methanol at all.

In the 20 mol% methanol-water mixture an increase in
size is observed below room temperature. Additionally, the
microgel-catalysts are less collapsed in the mixture than in
water at high temperatures. These findings are true for both the
microgel-catalysts and the pure PNIPAM microgels. However,
the difference between the radius of the fully collapsed state
in water at high temperature and the 20 mol% mixture is
significantly higher in the case of the microgel-catalysts.

In addition to DLS measurements, the swelling behaviour
was characterized using SLS (details and data are shown in the
ESIf Fig. S5 and Table S1). In general, R, exhibits comparable
trends to R, concerning the swelling state of the microgel-
catalysts as described above. The ratios of Ry/Ry, close to 0.78
indicate a less fuzzy and more homogeneous structure of
the microgel-catalysts compared to pure PNIPAM microgels. For
comparison, studies by Senff et al. documented ratios between
0.55 and 0.6 for PNIPAM microgels in the swollen state in water.*
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(a) Plot of the hydrodynamic radius Ry, of microgel-catalysts in water (blue), methanol (red) and 20 mol% methanol (black) depending on the

adjusted temperature. The full symbols represent the heating cycle and the open symbols the cooling cycle. At 25 °C the microgel-catalysts have a size of
R = 167 £+ 2 nm (water), R,, = 175 &+ 7 nm (methanol) and Ry, = 116 + 2 nm (20 mol% methanol). For the aqueous system, the VPTT was determined at the
inflection point of the curve (35.0 &+ 0.5 °C). (b) Comparison of the normalized radius (normalized to Ry, in water in the fully collapsed state) of the
microgel-catalysts (full symbols) and a pure PNIPAM microgel (open symbols) in water (blue), methanol (red) and 20 mol% methanol (black). The data of

the pure PNIPAM microgels were previously shown.!
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(a) Apparent reaction rate constant k,p, and (b) normalized constants as-c of the aldol reaction catalysed by microgel-catalysts in water (blue)

and methanol (red) corresponding to the adjusted temperature. The normalization was applied to show the relative change of reaction rate to the value at

25 °C and therewith the influence of the microgel collapse.

Aligning the results of DLS, the temperature-resolved cata-
lytic activity of the microgel-catalysts was investigated in the
temperature range of 25-45 °C in steps of 5 °C in water and
additionally in methanol for reference. The intervals were
chosen based on the accuracy of the apertures. For each
temperature, the conversion of the time-resolved aldol reaction
of 4-nitrobenzaldehyde and cyclohexanone was followed using
"H-NMR spectroscopy of the raw reaction mixture. For both
solvents, the apparent reaction rate constant k,,, was at repeat
determination (see Fig. 2a) and normalized to the corres-
ponding values at 25 °C in the following manner:

]Capp,T/kapp,25°C = O25°C

In this way the influence of the microgel collapse in water
could be directly compared to the non-responsive system in
methanol as both curves give the relative change of reaction rate
in comparison with the value at 25 °C. The values for o,5:c were
plotted in relation to the adjusted temperature (see Fig. 2b).

For both solvents, o,5-c increases upon increasing the
reaction temperature. However, the course of the two curves
differs significantly. For methanol, o,5-c seems to follow a
linear function. It can be assumed that this acceleration of
the reaction rate is mainly due to the increase of reaction
temperature since methanol as the solvent does not induce a
collapse of the microgel network (compare Fig. 1). For water as
reaction medium, the behaviour of o,5-¢ is completely different.
The reaction rate increases slowly up to 30 °C followed by a
stronger increase above 30 °C, which flattens regardless of the
temperature towards the end of the curve.

However, a distinct plateau was not observed in the investi-
gated temperature range. These observations can be correlated
with the results from DLS measurements presented above: it is
known that the target aldol reaction in water requires a certain
hydrophobic environment close to the catalytic active r-proline
sites.”®?° In general, a polymer network of PNIPAM microgels

2986 | Mater. Adv., 2020, 1, 2983-2993

contains hydrophobic and hydrophilic chain segments and the
temperature-induced collapse above the LCST causes changes
in the local environment around the hydrophobic isopropyl
domains.*' As a consequence of this process, water is displaced
and more hydrophobic guest molecules, like the reagents of the
aldol reaction, can enter the network. This effect is a good
explanation for the behaviour of «,5-¢ in aqueous solution.

At 35 °C, the VPTT of the microgel-catalysts is reached
correlated with the temperature with the strongest network
collapse. On increasing the temperature further to 45 °C, ays-c
is about 5.5 times higher than at 25 °C. In between these points,
oys5°c runs along the S-shaped curve mentioned above. Appar-
ently, the collapse of the microgel-catalysts is the predominant
factor in this system. Other temperature-dependent effects like
reagent solvability or diffusion could not be verified. As the
copolymerized tr-proline derivative influences the swelling
behaviour of the microgel-catalysts in water, the microgel-
catalysts are not fully collapsed at 45 °C but at the synthesis
temperature. This might explain why there was no hint of
diffusion limitation during the catalysis at 45 °C.

On the contrary, system (II) demonstrates substantially
different behaviour. Since the reagents are miscible with
methanol (Table S2 in the ESIt), a homogeneous mixture is
formed, where the microgels retain their spherical shape,
which is demonstrated in Fig. 4c and Fig. S5 (ESIt). The radial
concentration profiles (lower row in Fig. S7, ESIT) indicate the
uniform distribution of both methanol and reagents inside
the microgel. However, unlike in the case of system (I), PNIPAM
is not temperature-responsive in the methanol environment
(the solvent always acts as a good one, Table S2 in the ESIf), and
therefore the increase of the temperature does not cause the visible
changes in the concentration profiles (Fig. S7a and S7b, ESIt). Thus,
in this case the temperature has low influence on the probability of
interaction (contacts) between the catalyst and the reagents.

To study the activitiy of the microgel-catalysts in water (I) and
methanol-water mixtures (II) and to confirm the aforementioned

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Schematic illustration of the catalytic systems studied in this work: (a and b) oil-in-water emulsion, stabilized by thermo-sensitive microgels,
which are protruded into water (a) and reagent (b) phase at low and high temperatures, respectively; and (c) homogeneous mixture of reagents, methanol

and microgels.

assumptions, DPD simulations of the corresponding systems were
performed at different temperatures. Fig. 3 illustrates the studied
systems. Since the reagents (“oil”) are immiscible with water
(Table S2 in the ESIf) and the compositions of water and “oil”
are nearly symmetric, we can expect the formation of an oil-water
emulsion for system (I), in which the microgels are adsorbed at the
oil-water interfaces reducing the interfacial tension and providing
the stability of the emulsion droplets (Fig. 3a and b).***

It has to be mentioned that uptake of “oil” by the microgels
and the colloidal stability of the microgels can be realized
either for a small fraction of “oil” in water or at a very high
concentration of the microgels (in both cases all the “oil” is
adsorbed). We do not consider this regime in the current paper.

Thus, for system I we have studied the behaviour of a single
microgel adsorbed at the liquid-liquid interface. Fig. 4 demon-
strates the simulation snapshots of the microgel modified
with r-proline groups. Different columns correspond to the
different temperatures (the whole set of the snapshots is shown
in Fig. S6 in the ESIt). Here, we can observe the deformation of
the adsorbed microgels, which is caused by the effective
shielding of unfavourable water-reagent contacts. The defor-
mation degree is determined by the interplay between the
surface energy of the liquid interface and the elastic energy of
the network of the microgel.>?*"** Moreover, since PNIPAM is
temperature-responsive in aqueous medium, the temperature
also influences the overall shape of the microgel as well as the
degree of immersion into water and oil. At room temperature,
the microgels are mostly immersed into the water (Fig. 4a). The
increase of the temperature to the value above VPTT causes
the quasi-1D collapse of the microgel (Fig. 4b) which results in
a more symmetric shape of the microgel at the interface.
Further increase of the temperature leads to the preferential

This journal is © The Royal Society of Chemistry 2020

immersion of the microgel into the reagent (oil) phase. The
physical reason for such behaviour is related to the change
of the solvent quality of the water for the PNIPAM-proline
microgel. At low temperatures, water acts as a good solvent
for the microgel while the reagents act as moderately poor
(or theta-) solvents (Table S2 in the ESIT). At high temperatures,
water becomes a poor solvent whereas the reagents remain
better solvents for the microgel. This leads to the transfer of a
significant volume of the microgel from the water to “oil”. The
cross-section of the microgel (Fig. 4d-f) demonstrates that the
interior of the microgels remains permeable to both liquids
(water and reagents) while the ratio of the liquids is different
for different temperatures. This visual picture is quantified by
concentration profiles (Fig. 4g-i) in the central part of the
microgel plotted in the direction normal to the interface (along
the z-axis).*>** Thus, the probability of interaction (contacts)
between the catalyst and reagents grows with the increase of
the temperature.

To further quantify the intensity of interactions between
t-proline and both 4-nitrobenzaldehyde and cyclohexanone, we
calculated the average number of contacts between the corres-
ponding simulation beads.** As a result, we plotted the values
(normalized to the number of contacts at T = 25 °C) as a
function of temperature for both systems (I) and (II) (Fig. 5).
Here, it can be seen that for system (I) the number of contacts
between catalyst and reagent beads grows significantly with the
increase of the temperature. Surprisingly, an excellent correla-
tion was found between the simulation results and the corres-
ponding a,s:-c plot in Fig. 2b, namely, the S-shape of the curves
together with the values at different temperatures (more than
two-fold increase of the number of contacts at 7 = 35 °C and
almost 5-fold increase of the number of contacts at T = 45 °C).

Mater. Adv., 2020, 1,2983-2993 | 2987
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Fig. 4 Results of computer simulations of microgels adsorbed at the water—reagent interface: (a—c) side-viewed snapshots of the adsorbed microgels,
(d—f) cross-section of the microgels through the centre of mass and visualization of PNIPAM (grey), L-proline (red), 4-nitrobenzaldehyde (yellow),
cyclohexanone (orange) and water (blue) beads, (g—i) concentration profiles inside the microgel along the normal to the interface, z-axis, respectively.
The lines of different colours correspond to the concentrations of respective types of beads. Different columns correspond to different temperatures: T =

25°C(a, d, g, T=35°C(b, e h)and T =45°Clcfi.

Therefore, the increase of probability of interactions (contacts)
between the catalyst and the reagents can be considered as the
driving force for the increase of the reaction rate with the
temperature in system (I). In turn, the number of contacts
reveals almost no changes with the temperature for the system
(I1), which is also in agreement with the results in Fig. 2b.
Overall, such a good correlation between the experimental
data and the simulations can serve as the direct proof of the
conclusions made from the results presented in Fig. 2.

As stated before, PNIPAM based microgels are swollen in water
and methanol, forming colloidally stable solutions. However, in

certain mixtures of the two they undergo a volume phase transi-
tion resulting in a collapse of the polymeric network. In addition
to the temperature sensitive behaviour, this transition is subject to
influence the performance of the microgel-catalysts.

To quantify this effect, the hydrodynamic radius of the
microgel-catalysts was determined in a first step performing
DLS experiments under variation of the fraction of methanol (see
Fig. 6a). As catalytic testing in this part was exclusively performed
at 25 °C, the values for R;, were measured at this temperature.

The microgel-catalysts show a solvent-composition depen-
dent swelling. At a temperature of 25 °C, they are swollen in
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Fig. 5 Normalized average number of contacts between the beads of L-proline and 4-nitrobenzaldehyde (a), cyclohexanone (b), and both reagents (c)
as a function of temperature. The blue curves correspond to the case of the water—reagent system while the red curves correspond to the case of the

methanol-reagent system. The error bars are of the size of the points.
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of apparent reaction rate constants k,pp in relation to the methanol fraction x(methanol) of the corresponding methanol-water mixtures for microgel-
catalysts (black) and L-proline reference (green) (measured at 25 °C) are shown.

pure water and in pure methanol. As mentioned above, their
hydrodynamic radius in pure water is 167 + 2 nm, whereas
pure methanol as the solvent gives rise to an even higher value
for R, of 175 + 7 nm. From the literature, it is known that the
phase transition of PNIPAM induced by cononsolvency is more
continuous than the temperature induced phase transition in
pure water.'® Here, the minimal value of Ry, can be found at
x(methanol) = 0.2. At this solvent composition, the microgel-
catalysts are in their collapsed state displaying a hydrodynamic
radius of 116 &+ 2 nm. This value is slightly higher than the one at
45 °C for the temperature-induced phase transition. Additionally
surprising is that the incorporation of the catalyst as a co-monomer
does not seem to affect the position of this minimum as the
literature shows the same result for pure PNIPAM microgels.’® In
contrast, for temperature-induced phase transitions the VPTT
depends on the hydrophily of incorporated co-monomers.*"*®

In the region between the minimal and the maximal values
of Ry, the microgel-catalysts are in a partially collapsed state.
However, starting from the minimum, this partial collapse is
not symmetrical. This is due to the fact that the collapse of the
network is determined by competitive molecular interactions.
In aqueous solution predominant H-bonds between the carbo-
nyl groups of NIPAM units and water molecules are destroyed
when the share of methanol increases within the solvent
mixture. The resulting destabilization of the polymer solution
can neither be compensated for by the formation of H-bonds
between the carbonyl group and methanol nor by the solvation
of the isopropyl group. As a consequence, a reduction of the
total coverage of the chains by solvent molecules and collapse
of the polymer network occur.'®'®'7?% Additionally, recent
literature states a preferential adsorption of methanol molecules
on PNIPAM chains. This results in an enriched methanol fraction
within the polymer network in solvent mixtures causing the
cononsolvency-induced collapse (15-30 mol% methanol).*”

From the DLS results, suitable water-methanol mixtures
were identified for catalytic testing of the microgel-catalysts.

This journal is © The Royal Society of Chemistry 2020

For those mixtures, the apparent reaction rate constant k,p, was
detected in the repeat determination. The values for k,p, were
plotted in relation to the methanol fraction x(methanol) (see
Fig. 6b). Complementary, k,p, values for unbound r-proline are
given as well. From the chosen designation, a high value for
kapp correlates with a fast and a small k,,, with a slow rate of
reaction, respectively.

The plot of k., shows a consistent picture for both catalytic
systems: for free L-proline as well as for the microgel-catalysts a
higher methanol fraction results in a higher rate of reaction.

Starting from pure water, k,pp, of free r-proline increases
slowly until x(methanol) = 0.2. From this point on it increases
rapidly reaching its maximum at a methanol fraction of 0.8.
However, going to pure methanol, k., decreases again by
about 60% in comparison to the value at x(methanol) = 0.8.
An explanation for this observation lies in the mechanism of
the aldol reaction. A series of studies showed that water plays
an ambivalent role in the enamine type reaction mechanism.***'
On the one hand, the intrinsic kinetic effect of water within the
catalytic cycle is a suppression of the reaction rate as the
presence of water suppresses the formation of key intermedi-
ates within the cycle. On the other hand, reversibly and
irreversibly formed spectator species, such as oxazolidinones
and oxapyrrolizidines, are suppressed as well, resulting in
an acceleration of the reaction. Thus, the net effect on the
observed productivity of the reaction will depend on the
balance between these two effects. It is interesting to note that
for the microgel-catalysts this effect does not seem to matter, as
with the increasing fraction of methanol k., also increases
steadily. Additionally, here the route of &y, follows a different
trend in comparison to the unbound r-proline. Starting from
pure water again, k,p, increases strongly up to a methanol
fraction of 0.2. At this point the development of k,p;, changes its
growth to a steady increase similar to the development of k,pp
for free r-proline. The route of k,p, is probably the result of a
combination of multiple overlapping effects. It is known that
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the reaction in methanol is faster than in water due to the
better solubility of the reagents in the solvent media. Thus, the
aforementioned enrichment of methanol in the collapsed
polymeric network is favourable for the aldol reaction. For this
reason, k.., increases with increasing methanol fraction. A
counterpart is formed by the swelling and collapsing of
the microgel network. Going from pure water to x(methanol)
= 0.2 the microgels collapse, creating a more hydrophobic
environment in their core where the catalyst sites are located.
As mentioned above, this environment enables the aldol reac-
tion to take place more easily in this region where the solvent
composition is still mainly water-based. As a result, the rate of
reaction increases intensely.

Crossing the methanol fraction of x(methanol) = 0.2 the
microgels swell again increasing the hydrophily of the network
at the same time. However, increasing the share of methanol in
the solvent composition also decreases the need for a hydro-
phobic environment because of a better solvability of the
reagents. Here, the diffusion of the reagents is the dominant
factor.

Experimental
Materials

N-Isopropylacrylamide (NIPAM, 98%; Sigma-Aldrich) was purified
and destabilized by recrystallization in n-hexane. Crosslinker
N,N'-methylenebisacrylamide (BIS, 99%; Sigma-Aldrich) and
initiator 2,2’-azobis(2-methylpropionamidine) dihydrochloride
(AMPA, 97%, Sigma-Aldrich) were used as received without
further purification. A polymerisable form of the r-proline
organocatalyst was prepared according to the literature.”® For
the synthesis procedure trifluoroacetic acid (CF;CO,H, 99%,
Alfa Aesar), trans-4-hydroxy-r-proline (99+%, Alfa Aesar), tri-
fluoromethanesulfonic acid (CF;SOszH, 98+%, Alfa Aesar) and
acryloyl chloride (97+%, Sigma-Aldrich) were utilized. Reagents
for catalysis were 4-nitrobenzaldehyde (99%, Alfa Aesar) and
cyclohexanone (ACS, 99+%, Alfa Aesar). The corresponding
solvents were water (LiChrosolv®, Merck) and anhydrous
methanol (max. 0.002% water, VWR Chemicals, stored under
argon on the molecular sieve A3). The solvent mixtures of water
and methanol were prepared prior to catalytic testing and
stored in centrifuge tubes. For the determination of reaction
conversion, the analysis using "H-NMR spectroscopy was exe-
cuted in deuterated chloroform (CDCl;, 99.8%, deutero). For
reference values of the molecular catalysis, L-proline (99%, Alfa
Aesar) was used as the catalyst.

Microgel-catalyst synthesis

The 1-proline-modified NIPAM microgels used as microgel-
catalysts were synthesized in a free radical precipitation poly-
merisation according to a previous report (see also Fig. S1,
ESI).?® In a double-wall glass reactor equipped with a glass-
stirrer, a solution of NIPAM (4.0738 g, 90 mol%), the polymeri-
sable form of r-proline (0.6680 g, 10 mol%) and BIS (0.1232 g)
dissolved in 399 ml of distilled water was purged with argon for
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20 min while stirring (400 rpm) and heating up to 70 °C. The
reaction was started by injecting AMPA (0.1084 g), dissolved in
2 ml distilled water, purged with argon and run for 1.5 h under
argon atmosphere. Purification of the microgel ensued by
dialysis (regenerated cellulose tube MWCO 12 000-14 000 Da)
against distilled water and freeze-drying. For uniform adjust-
ment of the water content within the microgel-catalysts to
atmospheric humidity, the dried microgels were exposed to
the laboratory air for two days.

Thermogravimetric analysis (TGA)

Determination of the water content in the microgel-catalysts
was implemented using thermogravimetric analysis. The mea-
surements were performed on a NETZSCH TG 209 C using the
controlling device NETZSCH TASC 414/4. About 10 mg of dried
microgel was placed into an aluminum oxide crucible. For each
measurement, a temperature program from 20 to 250 °C was
executed with a linear heating rate of 10 °C min". The final
temperature of 250 °C was maintained for 10 min.

Attenuated total reflection Fourier-transform infrared
spectroscopy (ATR-FTIR-spectroscopy)

For the determination of the actual catalyst content, freeze-
dried microgel-catalysts were measured on a FT-IR Nexus from
Thermo Nicolett using an ATR-unit SMART SPLIPEA (spectral
resolution 4.4 cm™", Si crystal) from Thermo Electron Corpora-
tion in combination with calibration.?®

Nuclear magnetic resonance spectroscopy (NMR spectroscopy)

The "H-NMR spectroscopy of freeze dried microgel-catalysts
was carried out in D,O using a Bruker Avance 400 High-
Resolution Liquid-State NMR. The spectrum was used for
qualitative analysis and can be found in Fig. S4 of the ESL ¥

Dynamic light scattering (DLS)

The microgel sizes in various solvents were measured using
dynamic light scattering experiments. For performing the mea-
surements an ALV setup connected to a goniometer equipped
with a HeNe laser (4 = 633 nm) was used. The temperature of
the index-match-bath filled with toluene was controlled by a
programmable thermostat (Julabo F32). Highly diluted samples
of the freeze-dried microgel-catalysts were investigated to avoid
multiple scattering. The solutions were filtered using cellulose
acetate (CA) filters (Minisart®, pore size 0.8 pm). For
temperature-resolved measurements in water and methanol
the value of the temperature was adjusted between 20 and
50 °C in steps of 2 °C. In the case of the sample in 20 mol%
methanol the temperature was varied between 10 and 40 °C.
According to the literature scattering angles between 40° and
110° in steps of 10° were evaluated for each temperature.*?
Additionally, individual g-dependent measurements were per-
formed at 25 °C in all solvents and in water at 60, 70 and 75 °C.
Here, the scattering angle was varied in steps of 5°. For
measurements in various water-methanol mixtures, solely
g-dependent measurements at 25 °C between 40° and 110°
in steps of 5° were performed. The corresponding values of

This journal is © The Royal Society of Chemistry 2020
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Table 1 Refractive indices and viscosities of the binary water—methanol
mixtures used for DLS measurements.*>44

x(methanol) [—] Refractive index [—] Viscosity [mP]

0.11 1.3365 13.45
0.15 1.3375 14.40
0.20 1.3388 15.50
0.35 1.3396 15.49
0.50 1.3389 13.30
0.60 1.3380 10.69
0.80 1.3334 8.30

refractive indices and viscosities of the water-methanol mix-
tures were taken from the literature (Table 1).**** The average
diffusion coefficient was determined from the second order
cumulant. The Stokes-Einstein equation was applied to deter-
mine the corresponding hydrodynamic radius R;,. Samples were
prepared several times. The error bars were then obtained by
averaging over several g-dependent measurements and the
deviation within the results of the g-dependence.

Static light scattering (SLS)

Highly diluted samples of the microgel-catalysts were investi-
gated to prevent multiple scattering and the influence of the
structure factor. After redispersion, all samples were filtered
with CA filters (Minisart®, pore size 0.8 um). All experiments were
performed on a closed goniometer from SLS-Systemtechnik
GmbH with two laser wavelengths of 407 and 640 nm. In total,
a g-range between 0.003 nm™ " and 0.04 nm™* was covered. The
temperature of the toluene bath was controlled via a thermostat
(Julabo CF40). Before each measurement, the temperature was
equilibrated for at least 10 min. The scattering intensity was
corrected by subtracting the respective solvent scattering. Due
to an increase in the scattering intensity of the solvent back-
ground at low g, g-values below 0.0056 nm ™" were excluded for
the evaluation of the radius of gyration. The radius of gyration,
Ry, was determined from the Guinier plot at small g-values for
the microgel-catalysts in water (25, 45 °C), methanol (25 °C) and
20 mol% methanol (10, 25 °C).

Catalytic testing

Conversion analysis of the reactions catalysed by microgel-
catalysts or r-proline, respectively, was executed in glass tubes
equipped with stirring magnets and sealed with rubber plugs.
For each run of the reaction with microgel-catalysts, 0.0302 g
(0.2 mmol, 1 equiv.) 4-nitrobenzaldehyde and 36.4 mg microgel-
catalyst (0.02 mmol r-proline-groups, 0.1 equiv.) were placed
in a glass tube and dissolved in 0.12 ml solvent-mixture.
The amount of microgel-catalyst was calculated from FTIR-
analysis. To start the reaction, 0.103 ml (1.0 mmol, 5 equiv.)
cyclohexanone was added. For the reference measurements
with t-proline, the amounts of reagents were adjusted to
0.1511 g (1.0 mmol, 1 equiv.) 4-nitrobenzaldehyde, 11.6 mg
L-proline (0.1 mmol, 0.1 equiv.), 0.60 ml solvent-mixture and
0.515 ml (5.0 mmol, 5 equiv.) cyclohexanone. With variation of
the reaction time, all reaction runs were processed at room
temperature (25 °C). After each run the reaction was terminated

This journal is © The Royal Society of Chemistry 2020
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by separation of the catalysts, performing extraction with ethyl
acetate and brine followed by drying of the organic phase with
magnesium sulfate. After removal of the solvent, the conversion
of the reaction run was determined using "H-NMR spectroscopy
of the raw reaction mixture dissolved in CDCl;. For this a
Bruker AV III 400 MHz spectrometer was used.

Computer simulations

Dissipative particle dynamics (DPD) simulations were performed
to study the microgels in water-reagent and methanol-reagent
environments.*>*® Within the standard DPD framework, all
polymer segments and solvent molecules are represented in
terms of spherical beads of equal mass m, and each bead
usually represents a group of atoms. The interactions between
the beads are mainly determined by a conservative force, Fj;
which is responsible for the repulsion between them via a soft
potential characterized by the parameters a;: the bigger the
value of ay, the stronger the repulsion between the ith and the
jth beads.* Fj acts only within a certain cut-off radius, r., which
serves as the characteristic length scale unit.*> By setting the
standard value of the number density as 3 (in dimensionless
units), the interaction parameters a; (in units of kz7/r.) can be
mapped onto the Flory-Huggins (FH) parameters y; using the
linear relation a; = a;; + 3.27y;;, where a; = 25 for any two beads
of the same type. A more detailed description can be found in
the literature.*®

The implementation of the DPD approach lies in the explicit
representation of all modelling species. Our systems contain
the beads of the following types: P, L, N, C, W and M. The first
two types correspond to PNIPAM and vr-proline; the second pair
corresponds to 4-nitrobenzaldehyde and cyclohexanone; and
the last pair corresponds to water and methanol, respectively.
The interactions between the beads were estimated through the
FH parameters y;. While most of the interaction parameters
were estimated using the Hansen solubility parameter?” with
chosen length scale r, = 0.81 nm (see the details*®), the water-
PNIPAM interactions at different temperatures were deter-
mined using the approach proposed by Yong et al*® Thus,
the value of awp ranged from awp = 25.6 at T = 25 °C to awp =
28.7 at T = 45 °C, which corresponds to the transition from
the good to the poor solvent conditions for the microgel
with the continuous change of ywp from 0.18 to 1.13. Finally,
the r-proline-water and PNIPAM-methanol interaction para-
meters were fixed as apw = apy = 25 which reflects the facts that
the catalyst is highly soluble in water and that PNIPAM swells a
bit more in methanol than in water at the same temperature.
The total set of the interaction parameters at 7 = 25 °C can be
found in Table S2 in the ESL.{

The microgel model was constructed from an ideal diamond-
like network as reported in our previous publications.?*?%*
The resulting microgel network has a total number of the beads
of type P ~ 100000 (including both sub-chains and dangling
chains) with the subchain length equal to Ng,;, = 10 beads. To
obtain the microgel-catalyst model, the beads of type L were
uniformly distributed throughout the network and randomly
grafted onto the subchain beads. The fraction of the L beads
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was 10% with respect to the P beads. While this value is similar
to that of L-proline monomers used in the synthesis (10 mol%,
or ~13% by mass), the amount of cross-links in the model
(~4.7%) was slightly higher than the amount of BIS used in
this synthesis (2.5% mol, or ~2.7% by mass). This was done in
order to avoid a strong flattening of microgels at the liquid
interface®® and provide better correlation with the shape of a
real microgel whose size (mass) exceeds the size of the model
microgel in computer simulations.

The behaviour of the microgels in a water-reagent mixture
was modelled using an orthogonal simulation box with
imposed periodic boundary conditions and dimensions of
Ly x Ly, X L, = 1407, x 140r, x 70r.. In turn, the behaviour of
the microgels in a methanol-reagent mixture was modelled in a
cubic box with dimensions of L, X L, x L, = 110r. X 110r. X
110r.. The fraction of the reagent beads in both cases was 50%
of all the liquid beads while the proportion between C and N
beads was taken as 4:1 similar to that in the experimental
conditions. In each case the total number of the beads was
about 4 million. The simulations were carried out at different
temperatures (different sets of the interaction parameters a;)
from T =25 °C to T = 45 °C with the temperature step of 5 °C
using the open source software LAMMPS*® with an integration
time step of At = 0.037. Initially, the systems were equilibrated
over 4 x 10° steps, and then the statistics were gathered during
the subsequent 2 x 10° steps by taking snapshots of each
25 x 10° steps.

Conclusions

Responsive microgel-catalysts based on PNIPAM with the
covalently bound organocatalyst r-proline can be used for catalys-
ing the enantioselective aldol reaction of 4-nitrobenzaldehyde and
cyclohexanone. We demonstrated that the activity of the catalysts
can be modulated by the variation of the swelling degree of the
microgel-network and localization of microgels in the reaction
mixture. In this work, the modulation of the swelling degree of the
microgels was induced by temperature in water and by the
principles of cononsolvency in mixtures of water and methanol.

For the temperature induced switching of the network, we
showed a change of reaction rate correlated with the swelling
degree of the microgel-catalysts in water. As the microgel-
network provides a suitable environment around the r-proline
catalysts, it can serve as a host for the hydrophobic reagents. As
collapsing of the microgel-catalysts is driven by enhanced
hydrophobicity of the network, an acceleration of the aldol
reaction could be observed. The detailed mechanism behind
this phenomenon is demonstrated on the molecular level with
computer simulations based on dissipative particle dynamics
(DPD). We demonstrated that in the heterogeneous reaction
mixture, the microgels adsorb at the liquid-liquid interface
between water and the hydrophobic reagents (depicted here as
the oil phase). Further temperature increase forces the microgels
to immerse more into the hydrophobic reagent phase due to
the temperature-responsiveness of PNIPAM and consequently
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increasing the number of contacts between the r-proline
catalyst and the reagents. Due to this, the catalytic reaction
rate increases to about five times its initial value, as shown in
the experiments.

By picturing comparative measurements in methanol in
which the microgels do not show temperature-induced switch-
ing, the influence of the increase of temperature could be
considered as being negligible. Additionally, the computer
simulations confirm that the reagents form a homogeneous
mixture in which the defined average number of contacts
changes negligibly with the increasing temperature.

In the case of cononsolvency-induced switching, overlapping
effects could be identified. Increasing the methanol fraction of
the water-methanol mixtures up to x(methanol) = 0.2, at which
the microgels are in collapsed state, resulted in a higher
reaction rate. However, as methanol is a better solvent for the
aldol reaction than water, increasing the share of methanol in
general leads to a faster reaction. This effect is supported, as in
the cononsolvency region the microgel-catalysts create a metha-
nol enriched solvent fraction in their polymeric network, which
is favourable for the aldol reaction, especially in mainly water-
based media.

In summary, our experimental data demonstrate that
microgel-catalysts are unique adaptive and switchable catalytic
systems which are able to modulate the reaction rates and
operate in homogeneous solutions and hetero-phased systems
(emulsions). This behaviour is unique and opens new possibi-
lities for the development of sustainable and highly efficient
catalysts based on stimuli-responsive microgels.
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