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Abstract 

Exploring and controlling chemical reactions in compartments opens new platforms for 

designing bioinspired catalysts and energy-autonomous systems. Aqueous polymer networks or 

hydrogels serve as a perfect model for biological tissues, allowing systematic investigations of 

chemical transformations in compartments. Herein, we report the synthesis of a versatile, 

colloidal microgel catalyst containing covalently bound L-proline as an organocatalyst. The key 

finding of our work is that the catalytic activity can be tuned by adjusting the distribution of the 

organocatalyst in the microgel network as well as the properties of the solvent. We demonstrate 

that L-proline groups integrated into microgels enable the reaction of 4-nitrobenzaldehyde and 

cyclohexanone in a heterogeneous reaction mixture in which free L-proline is not active. By 

controlling the localization of the L-proline groups within the microgel network (core or corona), 

the rate of the aldol reaction in homogenous and heterogeneous reaction mixtures can be 

modulated. Furthermore, microgels with covalently attached catalysts can be recycled and reused 

in sequential catalytic runs without deterioration of the catalyst performance in terms of activity 

and selectivity. The internal structure of the microgel in heterogeneous reaction mixtures was 

studied by computer simulations. 
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Introduction 

In recent decades, asymmetric catalysis has attracted significant interest for the synthesis of 

chiral compounds.[1-3] Using asymmetric catalysts, chemists can selectively transform achiral 

substrates into more valuable chiral products. For a long time, the most commonly used 

asymmetric catalysts were enzymes and synthetic metal complexes. However, in recent years, 

organocatalysis has come to the forefront of chemical research.[4, 5] Generally, organocatalysts 

are small, organic molecules made of inexpensive and nontoxic compounds. These properties 

make them suitable for applications in the pharmaceuticals synthesis.[6] Frequently, the amino 

acid L-proline is used as a simple, versatile organocatalyst that can control aldol reactions, 

Robinson annulations, Michael reactions, oxidations and Diels-Alder reactions among others.[7-

10] In particular, the aldol reaction of 4-nitrobenzaldehyde and cyclohexanone is a well-explored 

example of a C-C bond-forming reaction that can be catalyzed by L-proline in an 
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enantioselective manner. The corresponding reaction mechanism has previously been described 

in detail.[11, 12] In two-phase reaction set-ups involving aqueous media, L-proline is water-

soluble, while most organic substrates are poorly soluble in the aqueous phase, resulting in 

sluggish reactions with low catalyst turnover number. Thus, higher catalyst loadings are typically 

required.[13] The application of polymer-supported L-proline by immobilization of the catalyst 

onto suitable substrates can be used to overcome these obstacles.[13-23] Especially, attempts of 

catalyst modifications making L-proline and the corresponding substrates more compatible with 

aqueous media have been reported numerously.[20]   

Initially, immobilization of L-proline was achieved on rigid polymer beads based on polystyrene 

or silica.[14, 17, 18]  The colloidal objects were used as passive carrier materials to enable 

recycling and reuse of the L-proline organocatalyst. Later on poly-(ethylene glycol)-based 

copolymers were applied to generate higher solubility of the resulting catalyst material in a wider 

range of solvents.[15, 16] However, more recent approaches focus on the active enhancement of 

the catalytic performance of L-proline by creating a favorable environment around the catalytic 

centers on a molecular level.  In this context, O’Reilly and co-workers reported miscellaneous 

polymeric micelles forming nanoreactors via self-assembly in water.[13, 19, 20] These nano-

objects concentrate the hydrophobic reagents within their core, resulting in an observed 

acceleration of reaction rate of the catalyzed reactions and introducing selective effects.[19] This 

can be considered as an enzyme mimic.[24] Increasing the complexity of the polymeric material, 

Meijer and co-workers reported compartmentalized nanosized catalysts which were synthesized 

by supramolecular folding of a polymer chain around the L-proline catalyst.[21-23]   
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However, these nanosized polymer objects are extremely sensitive to the type of solvent, and 

they only maintain their integrity in aqueous solutions. This considerably limits the application 

of immobilized L-proline catalysts in processes operating in organic solvents. Additionally, 

varying the number and localization of catalytic centers in these systems can be very 

challenging. 

Recently, microgels have been investigated as templates for catalytically active materials, such 

as metal nanoparticles and enzymes.[25-28] Microgels are usually spherical, soft and crosslinked 

macromolecules between 100 nm and 10 µm in size, and their size is always characterized by a 

distribution.[25, 29] Due to their porous structure, microgels can be permeated by suitable 

solvents, forming stable dispersions in which the microgels are swollen. In water, their 

amphiphilic nature creates a hydrophobic inner network that can be used to take up organic 

molecules.[30] As the crosslinker is enriched in the denser core of the microgels, the polymeric 

network opens the door for compartmentalization.[31, 32] For synthesizing microgels, straight 

forward precipitation polymerization can be used in most cases allowing to incorporate 

functional groups as well as changing their number and localization within the polymeric 

network.[33] The most intensely explored microgels are based on temperature-responsive poly-

N-isopropyl acrylamide (PNIPAM), which has a lower critical solution temperature (LCST) in 

water of 32 °C.[34, 35] It has been shown that incorporating metal nanoparticles into these 

microgels enables the modulation of the catalytic activity of the nanoparticles.[36-38] 

Furthermore, it was revealed that incorporation into the microgel offers sufficient stabilization to 

prevent aggregation and leaching of the metal nanoparticles, enabling recycling and reuse of the 

catalyst.[38] 
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In this study, we developed a synthetic approach to incorporate the organocatalyst  L-proline into 

temperature-responsive microgels based on PNIPAM by free-radical precipitation 

polymerization in water. This polymerization technique was optimized to synthesize microgels 

with adjustable concentrations and controlled distributions of the organocatalyst L-proline, 

which is covalently bound to the microgel network. The motivation for this work was to 

demonstrate that microgels are unique catalyst carriers due to their straightforward synthesis, 

porous structure, compartmentalized interior and ability to maintain their colloidal stability and 

swelling in different solvents. Free L-proline and L-proline attached to linear PNIPAM chains 

were used as reference systems to highlight the benefits of microgels as catalyst carriers. The 

most important findings of this research work can be summarized as follows: a) L-proline groups 

integrated into microgels enable catalytic reactions in non-homogeneous reaction mixtures in 

which free L-proline is not active; b) the localization of L-proline groups within the microgel 

network (core or corona) strongly influences the rates of aldol reactions; and c) L-proline-

modified microgel catalysts can be recycled and reused in sequential catalytic runs without 

deterioration of the catalyst performance. This observation can be explained by the ability of 

water-swollen microgels to take up organic molecules and concentrate them in the pores of the 

microgel, thus increasing the reaction rates. The physical source of the unique behavior of the 

microgels was obtained from computer simulations on a molecular level.  
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Materials and Methods 

Materials N-Isopropyl acrylamide (NIPAM, 98%; Sigma-Aldrich) was purified by 

recrystallization from n-hexane. The crosslinker N,N'-methylenebisacrylamide (BIS, 99%; 

Sigma-Aldrich) and the initiator 2,2′-azobis(2-methylpropionamidine) dihydrochloride (AMPA, 

97%, Sigma-Aldrich) were used as received. The polymerizable form of the L-proline 

organocatalyst was prepared by the procedure described below using trifluoroacetic acid 

(CF3CO2H, 99%, Alfa Aesar), trans-4-hydroxy-L-proline (99+%, Alfa Aesar), 

trifluoromethanesulfonic acid (CF3SO3H, 98+%, Alfa Aesar) and acryloyl chloride (97+%, 

Sigma-Aldrich). The substrates for the catalysis were 4-nitrobenzaldehyde (99%, Alfa Aesar) 

and cyclohexanone (ACS, 99+%, Alfa Aesar). The corresponding solvents were of analytical 

grade (SupraSolv®, Merck) and were used as received. 1H NMR spectroscopy was conducted in 

deuterated chloroform (CDCl3, 99.8%). 

Catalyst modification A polymerizable functionality was introduced into L-proline according to 

the literature (see Figure S1 in Supporting Information for reaction scheme).[39] In a typical 

procedure, CF3CO2H (120 ml) was placed in a round bottom flask in an ice bath, and trans-4-

hydroxy-L-proline (32.84 g, 250 mmol, dried overnight under vacuum at 60 °C) was slowly 

added under vigorous stirring. After 5 min of stirring, the ice bath was removed, and CF3SO3H 

(4.0 ml, 45.8 mmol) was added, followed by acryloyl chloride (48.5 ml, 596 mmol). The flask 

was fitted with a stopper, and the mixture was stirred at room temperature for 3 h. To precipitate 

the product, the reaction flask was placed in an ice bath again. Over a period of 20 min, Et2O 

(360 ml) was carefully added. The precipitate was filtered off, washed with cool Et2O and dried 

overnight in a ventilated hood. To purify the product, the solid was recrystallized from boiling 

water, followed by the addition of cooled acetone drop wise until complete dissolution. 
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Microgel-catalysts synthesis For the free-radical precipitation polymerization, appropriate 

amounts of modified L-proline, NIPAM (see Table 1) and BIS (0.031 g, 2.0 mol%) were 

dissolved in 98 ml of distilled water and placed in a double-walled glass reactor equipped with a 

glass stirrer. The mixture was purged with argon for 30 min with stirring (250 rpm) and heated to 

70 °C. An aqueous solution of AMPA (0.028 g, 1 mol% in 2 ml of distilled water) was rapidly 

added to start the reaction. The mixture was allowed to react for 2 h under an argon atmosphere 

(see Figure 1).  

 

 

Figure 1. Reaction scheme for synthesis of microgel-catalysts (3) by precipitation 

polymerization. For synthesis NIPAM (1) and modified L-proline catalyst monomer (2) were 

polymerized with crosslinker BIS and initiator AMPA. 

 

Afterwards, samples were purified by dialysis against distilled water (regenerated cellulose tube 

MWCO 12000-14000) and freeze dried for analysis. 
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Table 1. Reactants used for the synthesis of microgel catalysts. 

Sample name n(L-proline) m(NIPAM) m(modified L-proline) Yield 

MG-1 0 mol% 1.1316 g - 88% 

MG-2 5 mol% 1.0750 g 0.0925 g 90% 

MG-3 6 mol% 1.0637 g 0.1111 g 95% 

MG-4 7 mol% 1.0524 g 0.1296 g 92% 

MG-5 8 mol% 1.0411 g 0.1481 g 89% 

MG-6 9 mol% 1.0298 g 0.1667 g 94% 

MG-7 10 mol% 1.0184 g 0.1852 g 87% 

MG-8 to 15 10 mol% 1.0184 g 0.1852 g 87-94% 

 

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

spectroscopy) Dried samples of the microgel catalyst were analyzed with an FT-IR Nexus 

system from Thermo Nicolet with an ATR-unit SMART SPLIPEA (spectral resolution 4.4 cm-1, 

Si crystal) from Thermo Electron Corporation. To calibrate the system, mixtures of defined 

ratios of dried, linear homopolymers of NIPAM and modified L-proline were dissolved in water, 

stirred overnight and freeze dried. Samples were measured in triplicate, and the relationship 

between the ratios of the intensities and the ratios of the sample weights was determined. A 

calibration curve of m(poly-L-proline)/m(PNIPAM) ≈ n(L-proline)/n(NIPAM) ∙ M(L-

proline)/M(NIPAM), as shown in Figure 2, was obtained. 

Calorimetric measurements The progress of the free-radical precipitation polymerization of the 

microgels MG-1, MG-7 and linear poly-L-proline catalyst was monitored using an RC1e reaction 

calorimeter from Mettler Toledo equipped with a triple-walled 500-ml AP01-0.5-RTCal glass 
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reactor. In addition, the system contained a stirrer from Hastelloy® and a baffle. The following 

procedure was used for the calorimetric measurements. In the glass reactor, the monomers and 

crosslinker were mixed with an appropriate amount of purified water. Under continuous stirring, 

the mixture was heated to 70 °C and purged with nitrogen for 90 min. The polymerization was 

started by rapidly adding the dry initiator, and the reaction process was monitored for one hour. 

Bright-field scanning transmission electron microscopy (BF-STEM) analysis Experiments 

were conducted on a UHR-FE-SEM SU9000 instrument from Hitachi. The microscope was 

operated with an accelerating voltage of 30.0 kV. For sample preparation, 50 µl of the microgel 

solution was diluted in 1 ml of distilled water. Subsequently, 20 µl of this solution was incubated 

on Carbon Film 200 Mesh, Copper TEM grids from Electron Microscopy Sciences and dried 

overnight. Bright-field images were recorded at 15.0k magnification and 45.0k magnification to 

acquire an enlarged view of the microgel catalyst. 

Dynamic light scattering (DLS) experiments For the dynamic light scattering measurements, 

an ALV/CGS-3 Compact Goniometer System from ALV-Laser Vertriebsgesellschaft mbH 

equipped with a 22 mW HeNe laser (wavelength of laser light 632.8 nm) was used. One drop of 

the filtered microgel solution (Chromafil®, PTFE filter, pore size 1.2 mm) was diluted in filtered 

distilled water and placed into a glass cuvette. To measure the hydrodynamic radii (Rh values), 

every sample was analyzed at angles between 30-100° in steps of 5° at 20 °C and at 50 °C. The 

size was determined by cumulant fit of the scattering intensity according to the literature.[40] 

Catalytic testing The catalytic activity was tested in glass tubes equipped with magnetic stir bars 

and sealed with rubber plugs. For each run, 0.015 g (0.1 mmol, 1 eq) of 4-nitrobenzaldehyde and 

0.031 ml of (0.3 mmol, 3 eq) cyclohexanone were mixed in 0.1 ml of solvent. For all reactions, 

the amount of microgel catalyst (or L-proline for reference measurements) was adjusted to 
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10 mol% catalyst loading relative to the aldehyde. The reactions were conducted at room 

temperature (25 °C). After each run, the reaction was terminated by separation of the catalyst by 

extraction with ethyl acetate followed by drying of the organic phase with magnesium sulfate. 

After removal of the solvent, the conversion of the reaction was determined by 1H NMR 

spectroscopy of the crude reaction mixture in CDCl3 on a Bruker AV III 400 MHz spectrometer. 

Therefore, the ratio between the singlet aldehyde peak at approximately 10 ppm (δreagent) and the 

aldol reaction product peak (doublet at approximately 4.9 ppm, δproduct) was calculated. Both 

signals correspond to a single proton, which allows the reaction conversion (C) to be determined 

as follows: 

C [%]=δproduct /(δreagent + δproduct)·100% 

The enantiomeric excess was measured on an analytical JASCO PU-2080 plus system equipped 

with a JASCO UV-2077 plus detector. A Daicel AS-H column was used as the chiral stationary 

phase with a mixture of n-hexane:i-PrOH (90:10) as the mobile phase. 

Computer simulations To demonstrate the thermodynamic behavior of the microgel-solvent-

reagent system, we used dissipative particle dynamics (DPD)[41-43] as described in our recent 

works.[44-46] 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 beads interact with each other by a pairwise additive force: 

         
     

     
     

  

   

 (1) 

 

where    
  is a conservative force responsible for repulsion via soft potential characterized by the 

parameter aij
1: the larger the value of aij, the stronger repulsion between the ith and the jth beads. 
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  and    

  are the dissipative and random forces, respectively, which serve as the heat sink and 

source and are specified by a friction coefficient, λ, and the noise amplitude, σ.    
  is a bonding 

force that keeps the beads in the microgel together and in our case, is represented by a harmonic 

potential with specified spring constant, ks, and equilibrium bond length, r0. The sum includes all 

beads in the system, N. The first three terms in eq.1 act only within a certain cutoff radius, rc, 

which usually serves as the characteristic length scale unit. 

By setting the standard value of the number density as 3 (in dimensionless units), the interaction 

parameters aij (in units of kBT/rc) can be mapped onto the Flory-Huggins (FH) parameters χij by 

the linear relation                 where aii  = 25 for any two beads of the same type.[43] A 

more detailed description can be found elsewhere.[43, 46] 

Our simulation systems contain three types of beads, W, O and P, corresponding to the water, oil 

and PNIPAM. Here, the oil is the averaged representation of 4-nitrobenzaldehyde and 

cyclohexanone at the proportion used in the experiments. This approximation can be validated by 

calculating the FH parameters through the Hansen solubility parameter[47]: 

  
         

    
  

 
        

    
  

 
        

    
  

 
 

   
 (2) 

 

where α is a numerical coefficient usually taken as 0.6;[48] vref is the reference average volume 

of ith and jth
 beads; and δ

d
, δ

p
, and δ

h
 are the dispersion, polar and hydrogen bonding Hansen 

solubility parameters, which were obtained from calculations[49] or the literature[47, 50] (see 

Table S1 in the Supporting Information). 

To define the vref, we can follow the work of Groot and Rabone[51] and define a water mapping 

number, Nm, so that each water bead corresponds, on average, to Nm water molecules. Hence, the 
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characteristic mass of this type of beads will be multiple to 18 Da,3 and the molecular volume, 

vm, will be approximately a multiple of 30 Å3. By selecting Nm = 6, which approximately 

corresponds to one PNIPAM monomer or the size of both reagents, the beads have a mass of 108 

Da and occupy a volume of 180 Å3. Therefore, we can finally determine the characteristic length, 

rc. First, we set the total number density of the system as      
   to reproduce the isothermal 

water compressibility.[43] Then, by using the mapping number tautology [52]        , we 

obtain rc = 0.81 nm. Thus, for water-4-nitrobenzaldehyde, water-cyclohexanone, PNIPAM-4-

nitrobenzaldehyde and PNIPAM- cyclohexanone, we obtained the following FH values: χWB = 

10.01, χWC = 9.59, χPB = 1.8, and χPC = 0.66. The reagents on this scale can be replaced by the 

averaged oil beads with aWO = 57 and aPO = 29. 

In the case of PNIPAM-water interaction, we used the approach proposed by Balazs et al. for 

simulating thermoresponsive gels[53] and later adapted for microgels.[46] In turn, at T = 25 °C, 

we obtain aWP = 25.6, which corresponds to a good solvent with χWP = 0.18. 

The microgel model was constructed from an ideal diamond-like network,[54] as in our previous 

publications.[44-46] In brief, fully stretched subchains of the same length were arranged and 

connected through tetrafunctional crosslinkers to form a modified diamond unit cell. Each 

subchain consists of identical beads equidistant from each other, while the beads themselves 

represent either the crosslinkers or the monomers. The positions of the crosslinks in the 

constructed cell cause the diamond cubic crystal structure to repeat. The number of beads in the 

subchain (between two neighboring crosslinks) is equal to Nsub = 20, which approximately 

corresponds to microgels with 2.5% crosslinks. This value is close to the value of BIS used in 

this synthesis (2.0% mol or ~ 2.7% by mass, see Table 1). To obtain the spherical microgels, a 

sphere of a certain radius was inscribed into the frame, and all the beads that were outside the 
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sphere were cropped out. In each case, the resulting microgel model has a total number of beads 

of ~ 20000. Additionally, the microgel subchains are considered to be fully flexible, so we chose 

the following values for each bond: ks = 20 and r0 = 0.7. 

The behavior of the microgels in a binary mixture was modeled using cubic simulation boxes 

with imposed periodic boundary conditions and dimensions of Lx×Ly×Lz = 80rc×80rc×80rc. The 

fraction of oil beads, noil, was varied from 0 to 10% of all the liquid beads. All simulations were 

performed using the open source software LAMMPS [55] with an integration time step of 

Δt = 0.03τ. Initially, the systems were equilibrated over 5 × 106 steps, and then the statistics were 

gathered during the subsequent 3 × 106 steps.[69] 
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Results and Discussion 

Synthesis and characterization of the microgel catalysts 

In the first step, the catalyst precursor, trans-4-hydroxy-L-proline, underwent a reaction with 

acryloyl chloride to afford a polymerizable form of protecting-group-free L-proline. This 

reaction has been described in the literature and provides a yield of 32 %.[39] Following this 

step, the modified L-proline-catalyst was copolymerized with NIPAM and the crosslinker, N,N’-

methylenebis(acrylamide) (BIS), in a precipitation polymerization in good yields (85-90%) (see 

Table 1). The slight deviations in the yield can be explained by a small fraction of 

noncrosslinked water-soluble PNIPAM chains, which were washed out during purification by 

dialysis. The amount of proline catalyst was adjusted between 5 and 10 mol%, and the chemical 

structure of the microgel catalyst was evaluated using attenuated total reflectance Fourier 

transform infrared spectroscopy (ATR-FTIR-spectroscopy) (see Figure 2). 
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Figure 2. ATR-FTIR analysis of the microgel catalysts: (a) FTIR spectrum with the relevant 

frequency region of L-proline-linker carbonyl band expanded as the inset. (b) Linear regression 

curve from the FTIR calibration. 



 17 

For this purpose, dried, linear homopolymers of NIPAM and modified L-proline were mixed in 

defined ratios. Based on the recorded FTIR spectra, the intensity ratios of the corresponding IR 

bands were related to the weight of the samples taken. In particular, the carbonyl stretching band 

of the modified L-proline catalysts at 1733 cm-1 (ν(C=O)L-proline) was referenced to the amide II 

band of NIPAM at 1541 cm-1 (ν(amide II)PNIPAM) in accordance with the literature.[56] The linear 

regression (Figure 2 (b)) of these data points gives the following equation, which allows the 

content of L-proline to be determined from the FTIR spectra of the microgel catalysts. The 

amounts of L-proline incorporated into all the microgel catalysts are listed in Table 2. 

 

n(L-proline)  
                          

                          
       (1) 

 

Table 2. Adjusted and determined content of L-proline incorporated in the microgel catalysts. 

Sample  

name 

Adjusted  

n(L-proline) 

Determined  

n(L-proline) 

MG-1 0 mol% - 

MG-2 5 mol% 2.9 ± 0.1 mol% 

MG-3 6 mol% 3.7 ± 0.1 mol% 

MG-4 7 mol% 4.9 ± 0.5 mol% 

MG-5 8 mol% 5.1 ± 0.2 mol% 

MG-6 9 mol% 6.2 ± 0.3 mol% 

MG-7 10 mol% 6.6 ± 0.3 mol% 
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Based on the adjusted L-proline contents, the incorporation of L-proline into the microgels is not 

quantitative. However, we were able to determine the content of L-proline in the microgels, 

which is very important for conducting the catalytic experiments. For the catalytic experiments, 

the catalyst concentrations were adjusted using the L-proline values obtained from FTIR 

analysis. 

Evaluating the incorporation of the catalyst into the microgels using FTIR analysis does not 

provide information on the localization of the active sites within the microgel network. We 

assumed that the acrylic double bond of the L-proline monomer is more reactive than the 

acrylamide double bond of NIPAM. For that reason, the concentration of L-proline sites is 

expected to be higher in the core of the microgel catalysts under batch precipitation 

polymerization conditions. To verify this assumption, calorimetric measurements of the heat 

emitted during the polymerization processes were made (Figure 3). The corresponding plot 

shows the time-resolved emitted heat flow during polymerization of the PNIPAM microgels 

(sample MG-1), microgel catalyst with 10 mol% (MG-7) and pure polymerized L-proline 

catalyst for comparison. 

 

Figure 3. Polymerization heat flow vs. reaction time in the synthesis of the microgel without L-

proline (MG-1) and microgel with 10 mol% L-proline (MG-7). For comparison, the L-proline 
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monomer was polymerized under the same reaction conditions (poly-L-proline) (a). Schematic of 

microgels with different localization of L-proline groups (b). 

For each synthesis, the plot shows one peak corresponding to the time of the maximal heat 

release during the polymerization. For the PNIPAM microgels, the maximum occurred 2.5 min 

after initiation, and the reaction was complete after 13 min. In the case of the polymerized 

catalyst, the reaction was complete after six minutes, and the maximum appears at approximately 

1.2 min. From Figure 3, we can conclude that the modified L-proline catalyst polymerizes faster 

than NIPAM. Consequently, the catalytic sites should be mainly located in the core of the 

microgel (Figure 3b). 

The pictured calorimetric measurements are based on a single batch synthesis procedure in 

which NIPAM and the modified L-proline catalyst are both reagents in the initial reaction 

mixture. Based on the experimental results from calorimetric measurements, it was decided to 

change the polymerization procedure to a semibatch process, in which the modified catalyst is 

added to the reaction mixture in a time-delayed manner. In this way, the L-proline catalyst can be 

positioned in the outer layer of the microgel. A series of microgel catalysts were synthesized 

using the semibatch polymerization mode. Since the polymerization mainly occurs in the four 

minutes immediately after initiation, the time frame for the experiment series was defined within 

that region. The time at which the modified catalyst was added to the reaction mixture was 

varied in steps of 0.5 min. In each synthesis, the catalyst loading was adjusted to 10 mol% 

(Table 3). Using the FTIR analysis method presented above, the real catalyst loadings were 

determined, and the values are presented in Table 3. 
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Table 3. Microgel catalysts synthesized by a semibatch polymerization approach. The modified 

catalyst (10 mol%) was added after initiation of the polymerization. FTIR analysis was used to 

determine the real catalyst loading. 

Sample  

name 

Addition 

delay  

Determined  

n(L-proline) 

MG-7 Batch 6.6 ± 0.3 mol% 

MG-8 0.5 min 6.3 ± 0.7 mol% 

MG-9 1.0 min 6.0 ± 0.9 mol% 

MG-10 1.5 min 6.3 ± 0.6 mol% 

MG-11 2.0 min 6.3 ± 0.7 mol% 

MG-12 2.5 min 5.0 ± 0.9 mol% 

MG-13 3.0 min 5.3 ± 0.5 mol% 

MG-14 3.5 min 5.4 ± 0.6 mol% 

MG-15 4.0 min 4.2 ± 0.6 mol% 

 

The values from FTIR analysis demonstrate that the incorporation of the L-proline catalyst is not 

quantitative. In addition, delayed addition causes decreased catalyst loading since recombination 

and disproportionation during the radical polymerization deactivates the growing chain end and 

thus inhibits complete incorporation of the catalyst species. Interestingly, if the reactive L-

proline catalyst is added after two minutes, the loading of the catalyst in the microgel starts to 

decrease. Therefore, for catalytic testing, the sample with an addition time of two minutes (MG-

11) was used as the microgel catalyst with L-proline groups positioned mainly in the outer shell. 



 21 

This will ensure the most reliable comparison with the system in which the catalytic sites are 

located in the core (MG-7). 

 

In addition to chemical characterization, the size and morphology of the microgel catalysts were 

evaluated by bright-field scanning transmission electron microscopy (BF-STEM) (Figure 4). 

 

 

Figure 4. STEM images of PNIPAM microgel catalysts: (a) PNIPAM-microgel (MG-1); (b) 

MG-2; (c) MG-3; (d) MG-5; and (e) MG-7. 

 

The images show microgel catalyst MG-2 (b) and pure PNIPAM microgel (MG-1) (a) for 

comparison. The displayed microgels have diameters in the range of 600-650 nm when dry. The 

incorporation of up to this amount of catalyst does not affect the shape of the microgels. The 

(a) (b)

(b)

(c) (d) (e)
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illustrated microgel catalysts are generally spherical and are highly monodisperse. The image at 

higher magnification reveals that these microgels have a dense core with a fuzzy outer shell. In 

addition, single polymer branches are visible extending from the microgel core. However, 

increasing the proline content leads to the formation of anisotropic microgels. The image of MG-

3 (c) displays mainly spherical microgels with irregular outer edges. Furthermore, smaller 

microgel particles are visible, indicating decreased monodispersity in the sample. When the 

proline content is increased, these two effects become more distinct. We assume that the 

hydrophilic nature of the organocatalyst influences microgel formation during precipitation 

polymerization. However, it is expected that the anisotropy of the microgel does not change the 

properties of the L-proline catalyst itself. 

All synthesized microgel catalysts form colloidally stable dispersions in water. Their particle size 

was determined using DLS (dynamic light scattering) experiments by measuring the 

hydrodynamic radius, Rh, of the microgel catalysts as a function of the actual L-proline content 

determined by FTIR analysis (see Figure 5). For each microgel catalyst, the value for Rh is given 

for the swollen state at 20 °C and the collapsed state at 50 °C. The corresponding PDI values 

ranged from 1.1-1.2, displaying a high degree of monodispersity. The DLS data for the microgel 

catalysts produced in semibatch procedure (MG-8 to MG-15) can be found in the Supporting 

Information Figure S3. 
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Figure 5. Dynamic light scattering (DLS) experiments show the hydrodynamic radius, Rh, of 

synthesized microgel catalysts as a function of the content of L-proline in water at 20 °C and 

50 °C. 

 

Initially, the Rh values do not show a strong dependency on the L-proline content in the microgel 

catalysts. However, starting from the sample with 3.75 mol% L-proline, the hydrodynamic radius 

slightly decreases, reaching its minimum value for the sample with 6.6 mol% L-proline. This 

observation is consistent for both, the swollen state (Rh varies from 373 ± 6 nm to 196 ± 7 nm) 

and the collapsed state (Rh decreases from 156 ± 1 nm to 104 ± 3 nm). 
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Testing of the catalytic activity of microgel catalysts 

The catalytic activity of microgel catalysts was tested in the aldol reaction of 4-

nitrobenzaldehyde and cyclohexanone (see Figure 6). This reaction is well known from the 

literature and was used here as a model for catalytic testing.[16, 17] Initially, to afford a 

straightforward comparison with the literature, the catalyst loading was adjusted to 10 mol% 

relative to the aldehyde, and the reaction was conducted for 48 h at 25 °C.[13, 57, 58]  

 

  

 

 

Figure 6. Reaction scheme of the model aldol reaction for testing the catalytic activity and 

selectivity of the microgel catalysts (a); photographs of the homogeneous reaction mixture in 

methanol (I) and a heterogeneous reaction mixture in water (II) (b). 

 

As described in several reports from other groups, the conjugation of L-proline to PNIPAM 

chains improves the catalytic performance of this organocatalyst in water for the aldol reaction 

shown in Figure 6a.[17, 20, 57] For this reason, water was selected as the solvent for the initial 

tests. These reaction mixtures, including the microgel catalyst, water and the reagents, are 

heterogeneous since water is a poor solvent for 4-nitrobenzaldehyde and cyclohexanone. For 

comparison, the activity of the microgel catalysts was also tested in methanol, which gives a 

homogenous mixture (see Figure 6b). 
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The conversions of the test reactions were determined from the reaction mixture after catalyst 

removal using 1H-NMR spectroscopy. The details of the procedure can be found in the 

experimental section. The conversions achieved with the microgel catalysts with varying 

amounts of catalytic sites can be found in Table 4. Notably, we do not report the final 

conversions, but intermediate conversions achieved after 48 h. 

 

Table 4. Conversion (after 48 h) of the model reaction catalyzed by the microgel catalysts 

conducted in H2O and methanol at 25°C. Within this set of experiments, the number of catalytic 

sites in the microgel was varied. Reference values for unbound L-proline under equivalent 

reaction conditions are given as well. 

Entry 

Microgel 

catalyst 

H2O 

Conversion, ee 

Methanol 

Conversion, ee 

1 L-proline <5%, ND 98 ± 5%, 86% 

2 MG-2 35 ± 4%, 80% 97± 4%, 66% 

3 MG-3 44 ± 5%, 92% 98 ± 3%, 84% 

4 MG-4 50 ± 2%, 96% 98 ± 4%, 88% 

5 MG-5 64 ± 2%, 94% 98 ± 5%, 84% 

6 MG-6 70± 5%, 92% 98± 2%, 86% 

7 MG-7 88 ± 1%, 82% 98 ± 1%, 90% 

 

For the aqueous system, higher catalytic activities can be observed for microgel catalysts 

containing higher amounts of L-proline sites. Starting with 35 % conversion, which was 

achieved with MG-2, the conversion increased to 88 % with MG-7. Hence, it should be noted 
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that the yield of the aldol reaction in the heterogeneous mixture with water as the solvent is 

strongly dependent on the total number of active sites in the microgel catalysts. However, we 

assume the reaction does not stop at this point; it is likely that the testing time is not sufficient to 

illustrate the complete reaction process because of the low reaction rate due to a strong 

distribution of the catalytic sites. This factor will be discussed in a later stage of this work. 

In comparison, the homogenous one-phase catalytic reaction in methanol seems to occur much 

faster, and the final conversion (approximately 98%) is independent of the total number of 

catalytic sites within the microgel catalyst. Additionally, for this solvent, the overall conversion 

was very high, approximately 98 % for all the microgel catalysts tested. 

It is interesting to note that in both solvents (water and methanol), the microgel catalysts are 

swollen, as revealed by DLS measurements. In the case of MG-7, Rh is 438 nm ± 5 nm for H2O 

and 407 nm ± 21 nm for methanol. This indicates that under these circumstances, we should not 

expect differences in catalyst performance originating from diffusion limitations. The reference 

measurements performed with free L-proline under equivalent reaction conditions were 

consistent with the literature: the aldol reaction did not proceed in water (conversion after 48 h 

was below 5 %).[11, 12, 23, 59] However, the homogenous system (methanol) reached a 

conversion of 98 %. This result suggests that the swelling of the microgel network does not have 

a significant impact on the aldol reaction itself, as it is comparably swollen in both solvents. For 

further investigations, MG-7 was chosen because of its good catalytic performance and the 

reasonable time frame for conducting the reactions in water. 

 

To investigate the influence of the distribution of L-proline in the microgel on the activity of the 

microgel catalyst, we studied the kinetics of the aldol reactions in water and methanol. The 
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determined apparent reaction constants (see the Supporting Information for details) are 

summarized in Figure 7. From the chosen designation, a high value for kapp correlates with rapid 

completion of the reaction and vice versa. Free L-proline and linear PNIPAM chains with 

attached L-proline side groups served as references for comparison with the microgel catalysts. 

 

Figure 7. Apparent reaction rate constants, kapp, for the different catalyst systems in methanol 

(homogeneous solution) (a) and in water (heterogeneous mixture) (b). 

 

Starting with the analysis of the homogenous system with methanol as the solvent, there are 

several striking observations to be made. A comparison of unbound L-proline and the linear 

PNIPAM-L-proline system shows that binding the L-proline derivative to a polymer-backbone 

increases the reaction rate, as the values of kapp differ by the factor of three. This is surprising 

because the binding of the catalyst to the polymer decreases its mobility, which is generaly 

associated with poorer catalytic performance. 

The next striking observation appears by comparing kapp of the linear polymer with kapp of the 

microgel with the catalytic groups located in the outer shell region. These values are close to 

each other, suggesting that adding the crosslinker BIS and reducing the degrees of freedom in the 

system does not strongly affect the catalysis. Only positioning the catalytic groups in the core of 
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the microgel slightly decreases the reaction rate. Since microgels, synthesized by precipitation 

polymerization, exhibit more crosslinks in the core than in shell, we assume that this effect can 

be explained by the limited diffusion inside the microgels.[29] Evidently, this decreases kapp by 

approximately 20%. 

On the other hand, using H2O as a solvent for this catalytic system leads to the formation of a 

heterogeneous system because the reagents are not soluble in water. Measurements taken after 

48 h show that the generation of an amphiphilic environment around the catalyst by binding it to 

a polymer network improves the catalytic performance. In fact, all values of kapp for supported L-

proline derivatives differ within approximately two orders of magnitude from that of the L-

proline reference. However, binding L-proline to the surface of the microgels does not 

dramatically affect the catalyst performance, as the two values for kapp are very similar. Only the 

incorporation of the catalyst into the core of the microgel improves the catalytic performance. 

Here, kapp is again increased by a factor of 1.5. From this observation, it can be assumed that the 

amphiphilic structure of the microgel network enables the aldol reaction in this two-phase 

catalysis system by creating hydrophobic compartments close to the bound L-proline, thus 

enriching the local substrate concentration. The computer simulations (see below) reliably 

confirm this assumption. Indeed, as the center of the microgel catalyst is more hydrophobic, this 

effect becomes more relevant for microgel catalysts with L-proline in the core, resulting in a 

faster reaction and therefore a higher kapp. Thus, from the trend in kapp as a function of catalyst 

localization, we can conclude that the hydrophobicity of the microgel network outweighs 

diffusion as a limiting factor, leading to the improved performance. This is in clear contrast to 

the observations made for the homogenous system with methanol as the solvent. 
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Computer simulations of microgels in a heterogeneous environment 

The role of microgels in two- or multicomponent liquids can vary. Microgels can serve as 

emulsion stabilizers[60-65] via adsorption at the liquid-liquid interface to reduce interfacial 

tension between incompatible liquids (an alternative to Pickering emulsions). The degree of 

immersion of the microgels into the different liquids (and the size of the emulsion droplets) 

depends on the quality of the liquids used as solvents: the microgels are preferentially immersed 

in good solvent. Recently, it was shown that homopolymer microgels can combine two 

immiscible liquids upon adsorption at their interface if both are good solvents.[44] However, if 

one of the liquids is a poor solvent for the microgel, the mixing effect is drastically diminished. 

[44, 46] To make this effect reliable, amphiphilic microgels having both hydrophilic and 

hydrophobic monomer units randomly distributed through the microgel network are 

necessary.[45] Thus, we can expect that the PNIPAM microgels form emulsions in the 

heterogeneous mixture with H2O (Figure 6b) and catalyze the reaction after the partial 

penetration of the reactants into the microgel. However, we cannot anticipate a strong 

contribution of this effect because the microgel is less soluble in the reactants (aPO = 29) than it is 

in water (aWP = 25.6). 

Another essential role of the microgels can be detected if they are not adsorbed at the interface. 

This is the case when the microgel fraction is far above the saturation threshold of the interface 

or when the water fraction is dominant. In such situations, the microgels disperse in water. The 

observed enhanced catalytic activity of the microgels in water with the catalyst embedded in the 

core of the microgel can be explained by the inhomogeneous distribution of the hydrophobic 

components (4-nitrobenzaldehyde and cyclohexanone referred to as “oil”) with an increase in the 

oil content in the microgel interior. In this context, Figure 8 demonstrates the results of 
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computer simulations of a single microgel particle placed in a water-oil mixture with different 

compositions (5 and 10% of oil in the mixture). The simulations show that water is a good 

solvent for the microgel, while the oil is considered as a sufficiently poor solvent. In other words, 

the microgel swells in water, resulting in a sufficiently small polymer volume fraction within the 

microgel (~0.15, Figure 8a). However, a small fraction of oil in the solution (5% in Figure 8b) 

leads to drastic changes. The interior of the microgel is saturated by the oil, expelling the water 

molecules, and stretching the subchains. In contrast, an increase in the polymer concentration is 

observed at the periphery of the microgel (peak in Figure 8b). These two effects are driven by 

the incompatibility of the oil and water. In the absence of the microgel, oil and water molecules 

form a large number of unfavorable contacts, which increases the energy of the system. The 

presence of the microgel diminishes these contacts. The absorption of oil molecules by the 

microgel and the disruption of unfavorable interactions at the oil-water interface via increasing 

the polymer concentration at the periphery, decreases the interaction energy. Further increasing 

the oil concentration in the mixture (10% of oil in Figure 8c) leads to enhanced microgel 

swelling (more oil molecules come into the microgel), whereas the polymer concentration does 

not change significantly: trace in the interior and an increased concentration (ca. 0.33) at the 

periphery. The swelling proceeds via a decrease in the thickness of the peripheral polymer layer 

(the peak in Figure 8c becomes narrower in comparison with that in Figure 8b). 

 

The observed structure of the microgel (swollen core and shrunken periphery) in the 

heterogeneous mixture can explain the enhanced catalytic activity of the microgels with catalyst 

sites embedded in the core. Both the higher concentration of oil in the core and the accessibility 

of the catalytic sites are responsible for the high reaction rate. In contrast, the catalytic groups 
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embedded in the shell of the microgel are surrounded by polymer, water and oil (the 

concentrations of all components are comparable at the periphery, Figure 8b). Therefore, the 

reaction rate will be smaller in this case. 

 

          

Figure 8. Polymer and liquid volume fractions as functions of the distance, r, from the 

microgel’s center of mass, snapshots of the microgels (side view and cross-section through the 
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center of mass) under different conditions. Microgel in one-component solvent (water) (a) and  

5% (b) and 10% (c) oil in water-oil mixtures. The dashed line depicts the polymer volume 

fraction in the one-component system (water). Gray and yellow beads in the snapshots 

correspond to the microgel and oil, respectively (water molecules are not shown). 

 

Hence, the microgel catalysts presented in this work exhibit a unique combination of properties. 

Binding the L-proline catalyst to the outer shell of the microgels improves its catalytic 

performance significantly in homogenous mixtures with methanol as the solvent. In contrast, 

embedding L-proline sites in the microgel centers substantially enhances the performance in 

heterogeneous mixtures with H2O as the solvent. In both cases, the microgel catalysts provide 

more favorable reaction conditions relative to unbound L-proline as the reference. 

Another advantage of the microgel catalyst is the simple separation from the reaction mixture, 

which facilitates recycling and reuse in subsequent reactions. 

To highlight the efficiency of the microgel catalyst, it was recovered after the first reaction cycle 

via heating above 40 °C. For reactions in organic solvents, excess water was added before 

heating to induce temperature-responsivity. After washing, it was reused for three further 

reaction cycles in both presented solvents. This recycling procedure was enabled by the 

temperature-responsivity of the microgel catalysts as described above. To demonstrate that 

recycling does not deteriorate the catalytic performance of the microgel catalysts, the values of 

conversion and enantiomeric excess were determined after 48 h of reaction time at 25 °C. All 

values for the four subsequent reaction cycles are summarized in Table 5. 
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Table 5. Conversion and enantiomeric excess values for the model reaction catalyzed by MG-7. 

Microgel catalysts were used in four consecutive reaction cycles for 48 h at 25 °C. 

Entry 

Methanol 

Conversion, ee 

H2O 

Conversion, ee 

1 98%, 93% 88%, 90% 

2 94%, 93% 90%, 90% 

3 96%, 92% 89%, 90% 

4 93%, 91% 88%, 89% 

 

The high values for conversion and enantiomeric excess reveal that the microgel catalysts 

remained active and selective over four cycles of reactions in H2O and methanol as the reaction 

media. These results confirmed that there is no loss of activity due to leaching of the catalysts. 

Finally, a series of aldehydes were selected to investigate the efficiency of the proline-modified 

microgels as catalysts for their reactions with cyclohexanone. These reactions were performed in 

methanol at 25 °C using MG-2 (2.9 mol% L-proline) as the catalyst. The yields of the 

corresponding products after 48 hours are presented in Scheme 1 and compared to the literature 

values for unbound L-proline. 
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Scheme 1. Reaction scope of the model reaction for different aldehyde substrates catalyzed by 

microgel catalyst MG-7.[66-68] 

For each tested aldehyde, the microgel catalysts show better or comparable catalytic activity 

relative to other systems reported in the literature. Apparently, halogen-substituted and 

nonsubstituted aldehydes show higher conversions than alkyl- and aryl-substituted aldehydes. 

These experimental results show that microgels modified with L-proline can be used as efficient 

colloidal catalysts for different aldol reactions. 
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Conclusions 

In summary, a series of microgel catalysts based on PNIPAM with covalently bound L-proline as 

an organocatalyst were successfully synthesized in a simple one-step precipitation 

polymerization approach. The amount of catalyst was adjusted between 5 and 10 mol%. FTIR 

spectroscopy in combination with a calibration method revealed effective incorporation of up to 

6.6 mol% of the catalyst. Additionally, the morphology and size of the microgel catalysts were 

studied using STEM and DLS, respectively. It was shown that the monodisperse microgel 

catalysts have diameters of 600-650 nm when dry and hydrodynamic radii in aqueous solution  

between 196-373 nm when swollen and between 104-156 nm when collapsed. The amount of 

catalyst incorporated affects the shape rather than the size of the microgel catalysts as an 

increasing anisotropy in shape was observed. 

Furthermore, calorimetric measurements revealed that the L-proline sites are localized in the 

core of the microgel catalysts formed via the batch precipitation polymerization approach. With 

this knowledge, microgel catalysts with 10 mol% L-proline catalysts were synthesized in a 

semibatch approach. The time-delayed addition of modified L-proline monomers gave rise to 

core-shell type microgel catalysts in which the catalytic active groups are located in the outer 

shell of the microgels. To ensure the maximal incorporation of L-proline into the microgel 

catalysts, the addition time was adjusted to 2.0 min after initiation of the precipitation 

polymerization. 

The catalytic performance of the microgel catalysts was evaluated in the model aldol reaction of 

4-nitrobenzaldehyde with cyclohexanone in a homogeneous reaction mixture with methanol and 

a heterogeneous reaction mixture with H2O, both at 25 °C with a reaction time of 48 hours. We 

determined the apparent reaction rate constants, kapp values, of the reactions to compare the 
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catalytic performances of the different systems. It was shown that for the homogeneous mixture 

with methanol as the solvent, the microgel catalysts show higher values of kapp than the molecular 

catalyst itself, and the microgel catalysts with the L-proline sites mainly located in the microgel 

shell are more effective than those with L-proline in the core. Here, kapp is approximately as high 

as the reference values for the linear L-proline-NIPAM polymer. It was assumed that the 

diffusion of reagents into the porous network is the limiting factor. In the case of the 

heterogeneous system with water as the solvent, the microgel catalysts play an even more 

essential role in the catalytic system. Based on the literature and reference measurements, L-

proline in its molecular form is not able to catalyze the investigated aldol reaction in H2O. It was 

shown that the microgel catalysts enable the aldol reaction by creating a hydrophobic 

environment close to the bound L-proline and thus enriching the local substrate concentration. 

This effect becomes more relevant for the microgel catalysts with L-proline in the core, resulting 

in faster reactions and therefore higher values of kapp. This hydrophobic effect created by the 

microgel network is more important than diffusion as a restraining effect in the heterogeneous 

mixture with water as the solvent. 

In the last part of this work, it was shown that the microgel catalysts can be recycled with stable 

conversion and selectivity values for at least four reaction cycles of the tested aldol reaction in 

both tested solvents. In fact, high conversions of 92-96% in methanol and 88-90% in H2O in 

combination with enantiomeric excess values of 91-93% (methanol) and 89-90% (H2O) showed 

that the microgel catalysts remain active and selective without deterioration of the performance 

due to leaching of the catalyst.  
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Thus, it was shown that microgels are unique catalyst carriers due to their soft and porous 

structure and compartmentalized interior. As microgels are colloidally stable and swell in 

different solvents (here H2O and methanol), in comparison to catalytic systems in literature, they 

deliver a broad applicability for catalytic reactions.  In the future, we will use the presented 

microgel catalysts and kinetic models to study mechanistic processes within polymeric networks. 

In detail, we intend to elucidate the mechanism of catalytic reactions in solvent mixtures and, 

particularly, the influence of the microgel network structures on catalyst activity. Additionally, 

we will advance the research into tandem and cascade reactions enabled by microgels presented 

in this work. 
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