
 

 

1

1 Aminated Poly(Ethylene Glycol) Methacrylate Resins as 1 

Stable Heterogeneous Catalysts for the Aldol Reaction in 2 

Water 3 

Anton De Vyldera, Jeroen Lauwaertb, Jeriffa De Clercqb, Pascal Van Der Voortc,  4 

Christopher W. Jonesd, Joris W. Thybauta,* 
5 

aLaboratory for Chemical Technology (LCT), Department of Materials, Textiles, and Chemical 6 

Engineering, Ghent University, Technologiepark 125, 9052 Ghent, Belgium 7 

bIndustrial Catalysis and Adsorption Technology (INCAT), Department of Materials, Textiles, 8 

and Chemical Engineering, Ghent University, Valentin Vaerwyckweg 1, 9000 Ghent, Belgium 9 

cCenter for Ordered Materials, Organometallics and Catalysis (COMOC), Department of 10 

Chemistry, Ghent University, Krijgslaan 281-S3, 9000 Ghent, Belgium 11 

dGeorgia Institute of Technology, School of Chemical & Biomolecular Engineering, 311 Ferst 12 

Drive, Atlanta, GA 30332-0100, USA 13 

  14 

© 2019 published by Elsevier. This manuscript is made available under the Elsevier user license
https://www.elsevier.com/open-access/userlicense/1.0/

Version of Record: https://www.sciencedirect.com/science/article/pii/S0021951719305809
Manuscript_c4c5ff9567827a8a36ae0ec091a6cc1c

https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0021951719305809


 

 

2

Abstract 15 

Amine functionalized silicas have frequently been investigated as potential aldol reaction 16 

catalysts. However, active site leaching due to hydrolysis cannot be avoided as a limiting factor 17 

for the long-term stability of these catalysts in aqueous aldol reactions. Therefore, novel catalysts 18 

based on an organic resin have been developed starting from a suspension polymerized 19 

poly(ethylene glycol) methacrylate (PEGMA) hydrogel with poly(ethylene glycol) 20 

dimethacrylate (PEGDMA) as cross-linker. Amine functionalization was performed by 21 

chlorination of the terminal hydroxyl groups in the resulting PEGMA resin and subsequent 22 

nucleophilic substitution with an amine precursor, i.e., ethylenediamine (EDA), 23 

N,N’-dimethylethylenediamine (DED), or methylamine (MA). The successful synthesis of the 24 

catalysts was confirmed by 13C-NMR, FT-IR, and elemental CHN analysis. Performance 25 

evaluation in a batch reactor for the aqueous aldol reaction of acetone with 4-nitrobenzaldehyde 26 

resulted in a turnover frequency (TOF) of the PEGMA-EDA catalyst amounting to 27 

6.3 ± 0.4 10-4 s-1, which is of the same order of magnitude as that of the corresponding state-of-28 

the-art amine functionalized silica evaluated using hexane as solvent. The PEGMA-DED catalyst 29 

exhibited a somewhat lower TOF of 3.1 ± 0.2 10-4 s-1, while the PEGMA-MA catalyst did not 30 

exhibit any turnover, indicating that the secondary amine in the backbone of the active site in the 31 

PEGMA-EDA catalyst is inactive. Continuous-flow evaluation of the PEGMA-EDA catalyst in a 32 

packed-bed reactor indicated that, as opposed to a primary amine functionalized silica catalyst, a 33 

stable catalytic activity as a function of time on stream could be achieved for at least 8 hours and, 34 

hence, that no deactivation has occurred in this timeframe.  35 

 36 

Keywords: Aminated PEGMA, Aldol Reaction, Heterogeneous Catalysis, Water, 37 

Continuous-Flow 38 
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2 Introduction 39 

Aldol reactions establish carbon-carbon bonds between two carbonyl-containing species and are 40 

widely used to synthesize more complex organic molecules from simpler ones. They are 41 

typically used in the synthesis of fine chemical [1] and pharmaceutical [2] components. A 42 

potential new application is situated in the bio-based industry for the production of liquid fuels 43 

from lignocellulosic biomass resources [3]. At present, commercially implemented aldol 44 

reactions are typically catalyzed by homogeneous strong bases. Despite their adequate activity, 45 

these catalysts are dangerous to handle, pose an environmental risk, and are deactivated upon 46 

separation from the product stream [1]. Heterogeneous alternative catalysts with primary or 47 

secondary amine sites, particularly those grafted on a mesoporous silica surface, have often been 48 

investigated for the model aldol reaction of acetone with 4-nitrobenzaldehyde [4-9]. Secondary 49 

amines are generally preferred as active sites when the reaction is performed in an organic 50 

solvent, because on primary amines, stable imines of both 4-nitrobenzaldehyde and acetone can 51 

form in substantial amounts, leading to active site inhibition, and tertiary amines cannot form the 52 

crucial enamine intermediate [4, 7]. With secondary amines, care should also be taken that the 53 

substituent does not cause a too large steric hindrance [4, 10]. Hence, the methylaminopropyl 54 

functional group is currently reported as resulting in the highest activity [4]. With water as 55 

solvent, imine formation on primary amines was found to be less of an issue [11, 12]. In turn, the 56 

formation of an inhibiting stable iminium ion on secondary amines has been hypothesized to 57 

occur to a significant extent in an aqueous environment, resulting in primary amines actually 58 

outperforming secondary amines [11]. Water is also attractive as solvent, because it is cheap, 59 

readily available and not toxic [13]. However, the current state-of-the-art amine functionalized 60 

silica catalysts are not stable in water, due to the hydrolysis of Si-O-Si bonds [14, 15], which 61 

results in structural degradation of the mesoporous silica material and active site leaching [16]. 62 
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There is, hence, a need for more hydrothermally stable heterogeneous amine catalysts for 63 

application in aqueous aldol reactions. 64 

Organic support materials do not contain any Si-O-Si bonds and will thus not be subjected to the 65 

same hydrolysis reactions as silica-based materials. Polystyrene is an example of a polymer for 66 

which a plethora of different supported L-proline catalysts have already been developed and 67 

evaluated in the aqueous aldol reaction [17-24]. Polystyrene is chosen as polymer support for 68 

these catalysts, because a hydrophobic environment could be created around L-proline, which is 69 

otherwise inactive in water [19, 25]. However, no clear information has been reported about the 70 

stability of these catalysts, as it is often not reported at all or only reported at complete reagent 71 

conversion in repeat batch experiments, which does not provide information about the kinetics of 72 

deactivation [26-28]. Other types of amine functionalized organic catalysts, e.g., with 73 

intermolecular promoting groups, have also been developed. Hoyt et al. [29] synthesized 74 

cooperative acid-base polystyrene polymers with primary amines that were promoted by 75 

neighboring hydroxyl or carboxylic acid groups. However, the hydrophobic polymer material 76 

could not sufficiently swell in the reaction environment, which resulted in a poor accessibility of 77 

the catalytic sites. More recently, Ellebracht et al. [30, 31] used cellulose nanocrystals as organic 78 

support to create either monofunctional primary amine catalysts, or amine catalysts that are 79 

intermolecularly promoted by cooperative acid groups. However, relatively slow aldol reactions 80 

were achieved in water/acetone reaction mixtures for the unpromoted catalyst [30]. The 81 

promoted catalysts, which were evaluated in an acetonitrile/acetone solvent mixture, exhibited a 82 

much higher activity but a poor recyclability [31], likely due to a strong binding of 4-83 

nitrobenzaldehyde in the form of imines on the active site. Recent work has also shown that the 84 

primary amines, present in the biopolymer chitosan, are stable in the aqueous aldol reaction but 85 
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lack an adequate activity [32]. The currently available heterogeneous aminated polymer based 86 

catalysts are, hence, either unstable or exhibit a poor activity as compared to the silica-based 87 

materials. 88 

In this work, a stable heterogeneous amine functionalized hydrophilic organic resin is developed. 89 

A tailored extent of cross-linking ensures that the polymer does not dissolve in the reaction 90 

mixture, while preserving the possibility to swell and as such guarantee the active sites 91 

accessibility [33]. However, to adequately swell in the reaction mixture, which is in this case a 92 

mixture of water as solvent and acetone as excess reagent, it is vital that the polymer is 93 

hydrophilic. Hence, the catalysts are based on polyethylene glycol (PEG), which is described as 94 

a “chameleon type” polymer, because it has both hydrophobic and hydrophilic properties [34]. 95 

As a crosslinked resin, it will swell in water, acetone, ethanol as well as toluene, methylene 96 

chloride, and many organic solvents [34]. This versatile swelling behavior allows to efficiently 97 

synthesize the catalyst in a dry organic solvent, while allowing the use of its catalytic properties 98 

in the aqueous aldol reaction. Combined with its stability under the typical reaction conditions 99 

used in the aldol reaction [35], and easy functionalization [36], PEG derived catalysts appear 100 

very attractive. 101 

PEG polymers with an average Mn between 360 and 520 and one or two methacrylate endgroups 102 

are commercially available, and are respectively denoted as poly(ethylene glycol) methacrylate 103 

(PEGMA) or poly(ethylene glycol) dimethacrylate (PEGDMA). A combination of these 104 

monomers will then be polymerized via the methacrylate functions into resins via a free-radical 105 

suspension polymerization [37]. The endgroups of these polymers are hydroxyl groups, as 106 

displayed in Figure 1.  107 
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 108 

Figure 1: Resins based on a poly(ethylene glycol) methacrylate (average Mn = 360, 6 PEG units) and 109 

cross-linked with a poly(ethylene glycol) dimethacrylate (average Mn = 750, 9 PEG units) 110 

 111 

3 Procedures 112 

 113 

3.1 Synthesis and characterization of PEGMA catalysts 114 

 115 

The first step in the catalyst preparation is the synthesis of a cross-linked poly(ethylene glycol) 116 

methacrylate resin as displayed in Figure 1. This synthesis occurs via a suspension 117 

polymerization, displayed in Scheme 1, step 1, as described by Tuncel et al. [37] A stabilizer, 118 

PVP (Sigma-Aldrich, K30, MW 40000) is dissolved in 40 mL deionized water for the 119 

preparation of the continuous phase. The disperse phase was prepared by mixing 5.5 mL 120 

cyclohexanol (Sigma-Aldrich, ReagentPlus, 99%) with 2.0 mL octanol (Acros, 99%), 4.0 mL 121 

poly(ethylene glycol) methacrylate (Sigma-Aldrich, average Mn 360) and 0.6 mL poly(ethylene 122 

glycol) dimethacrylate (Sigma-Aldrich, average Mn 750). The initiator BPO (0.12 g, Luperox® 123 

A98, reagent grade, ≥98%) was then dissolved in this homogeneous solution. The disperse phase 124 

was added to the continuous phase in a 50 mL glass flask and stirred at 450 rpm for 4 hours at 85 125 

°C and for 1 hour at 90 °C. After completion, swellable resin beads were obtained which were 126 

washed twice with acetone (VWR, 99.5%) and dried overnight on a high vacuum line at 50 °C.  127 
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In the next step, the dried hydrogel beads were covered completely with 40 mL dry toluene 128 

(Sigma-Aldrich, anhydrous, 99,8%), 0.3 mL of thionyl chloride (Sigma-Aldrich, >99%, 129 

ReagentPlus) was added and 0.33 mL pyridine (JT Baker, ACS Reagent, 100%). The targeted 130 

chlorine loading was 0.81 mmol g-1, corresponding to a 30% replacement of the hydroxyl 131 

groups. This mixture was stirred for 4 hours at 75 °C before being filtered off, washed twice in 132 

ethanol (Koptec, 200 proof), and dried overnight on a high vacuum line at 50 °C. To produce a 133 

100% chlorine substituted material (100-PEGMA-Cl), which, in section 3.1 is used to ensure a 134 

higher resolution in the characterization steps, 1.0 mL of thionyl chloride and 1.1 mL of pyridine 135 

was used. 136 

Finally, in the last step in Scheme 1, amine and diamines as displayed in Figure 2 are introduced 137 

on the material by SN2 nucleophilic substitution of the chlorine group. For this, either 5 mL 138 

ethylenediamine (Sigma-Aldrich, 99%, ReagentPlus) or 3 mL N,N’-dimethylethylenediamine 139 

(Alfa Aesar, 95%) or 15 mL methylamine (2.0 M in THF, Sigma Aldrich) is added to the resin 140 

beads dissolved in dry toluene. An equivalent molar amount of di-isopropylethylamine (DIPEA, 141 

Sigma-Aldrich, >99%, ReagentPlus) is added as HCl scavenger. Grafting of the diamines is 142 

performed at reflux temperature (110 °C) for 24 hours, grafting of methylamine is performed at 143 

40 °C for 48 hours. Afterwards, the obtained catalysts are washed twice in 200 mL ethanol and 144 

dried at 50 °C on a high vacuum. To obtain a highly functionalized PEGMA-EDA material, 145 

which will not be catalytically evaluated but is used in section 3.1 to obtain a material with a 146 

high resolution for characterization, 25 mL of ethylenediamine (Sigma-Aldrich, 99%, 147 

ReagentPlus) was used. 148 

CHN analysis of PEGMA catalysts was performed by Atlantic MicroLabs. The active site 149 

loading is determined as the concentration of amine groups for the methylamine functionalized 150 



 

 

8

catalyst (PEGMA-MA), and half of the concentration of amine groups for the diamines 151 

(PEGMA-EDA and PEGMA-DED). Non-spinning Direct Polarization (DP) 13C Nuclear 152 

Magnetic Resonance (NMR) spectra were recorded at 60 °C with a Bruker AVIII-300. Fourier 153 

Transform-Infrared (FT-IR) transmission spectroscopy was performed with a Nicolet iS10 154 

Spectrometer. SEM images of the resin beads were collected with a Hitachi SU 8010 scanning 155 

electron microscope. 156 

 157 

Scheme 1: Synthesis procedure of PEGMA catalysts, in this example functionalized with a primary 158 

ethylenediamine (PEGMA-EDA). Other amines or diamines can also be used in the same procedure. 159 

NH2 NH2

H2N

NH

HN

a b c
 160 

Figure 2: Amines used for functionalization of 30-PEGMA-Cl, a) methylamine (MA), b) 161 

ethylenediamine (EDA), c) N,N’-dimethylethylenediamine (DED) 162 

 163 
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2.2 Synthesis and characterization of the aminated mesoporous silica catalyst 164 

 165 

To compare the stability of the developed PEGMA resin catalyst to the state-of-the-art 166 

aminated mesoporous silica, a primary amine functionalized mesoporous silica catalyst (Silica-167 

APS) was synthesized according to the well-known literature procedures [4, 7, 16, 38]. Silicagel 168 

60 (grade 7734, Sigma-Aldrich, pellet diameter between 250 µm and 500 µm) was first heated to 169 

700 °C (heating rate of 2 °C min-1) and kept at this temperature for 6 hours. Afterwards, the 170 

silica support is cooled to 120 °C and 5g is diluted in 30 mL toluene (extra dry, Acros). Next, the 171 

silane (3-aminopropyl)triethoxysilane (98%, APTES, ABCR) is added with a targeted amine 172 

loading of 0.3 mmol g-1. The volume of silane required is calculated by assuming the number of 173 

free silanols equals 1.1 OH nm-2 after calcination at 700 °C [39]. Subsequently, the mixture is 174 

refluxed at 110 °C for 24 hours under an argon atmosphere. Filtration is then performed to 175 

recover the solid sample, followed by washing with chloroform (>99.8%, Roth, <50 ppm H2O) 176 

and drying in vacuum for 24 hours at room temperature. 177 

The concentration of amine groups, corresponding to the concentration of active sites, was 178 

determined via elemental (CHN) analysis. These measurements were performed on a Thermo 179 

Flash 2000 elemental analyzer using V2O5 as catalyst, in order to ensure the total oxidation of the 180 

sample. The mass percentage of nitrogen in the sample is obtained by referring the obtained peak 181 

area to a calibration curve of methionine (USP, 99%) that was obtained prior to the 182 

measurements.  183 

 184 

2.3 Performance Evaluation 185 

 186 

The catalyst performance is evaluated for the aldol reaction of acetone (99.6%, Acros) with 187 

4-nitrobenzaldehyde (99%, Acros), resulting in 4-hydroxy-4-(4-nitrophenyl)butan-2-one as aldol 188 
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product and 4-(4-nitrophenyl)-3-buten-2-one as enone product, see Scheme 2. This reaction was 189 

selected because it is the typical benchmark aldol reaction [6, 38, 40] of which the effects of 190 

solvent [11], water [16], type of active site [7] and cooperative effects [4] are well-known.  191 

 192 

Scheme 2: Aldol reaction of acetone and 4-nitrobenzaldehyde towards the aldol product 4-hydroxy-4-(4-193 

nitrophenyl)butan-2-one, and dehydration to the enone product 4-(4-nitrophenyl)-3-buten-2-one. 194 

 195 

2.3.1 Batch reactor 196 

 197 

The catalyst performance was initially evaluated in a batch-type reactor (Parr 4560 mini, 300 198 

mL), of which the procedure has been reported in previous work [4, 16]. The reactor was loaded 199 

with an amount of catalyst equivalent with 0.06 mmol active amine sites, 55 g water as solvent 200 

and 0.25 g methyl 4-nitrobenzoate (> 99%, Sigma-Aldrich) as internal standard. This mixture 201 

was then heated to 55 °C, under constant stirring. Acetone (45 g) was separately heated to 55 °C 202 

and was used to dissolve 0.45 g 4-nitrobenzaldehyde prior to injection in the reactor. The 203 

reaction mixture was mechanically stirred at 400 rpm. The time of injection was taken as the 204 

start of the reaction (t = 0). The reaction was monitored for 240 minutes by taking a sample (0.3 205 

mL) of the reaction mixture every 15 minutes during the first hour and, subsequently, every 30 206 

minutes for the remaining 3 hours. For each experiment, the total decrease of reaction volume 207 

due to sampling was less than 5% whereby the effect of sampling on the kinetic data is 208 

considered to be negligible. The turnover frequency (TOF) in the batch reactor was determined 209 

from the slope of the initial linear part of the conversion of 4-nitrobenzaldehyde as a function of 210 
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reaction time, the concentration of active amine sites and the initial concentration of 211 

4-nitrobenzaldehyde [28]. 212 

 213 

2.3.2 Continuous-flow reactor 214 

 215 

The stability of the PEGMA-EDA and aminated mesoporous silica catalyst was evaluated in a 216 

plug-flow reactor [28], of which the operating procedure has been reported in previous work 217 

[16], with a site time of 544 molsite s mol4NB
-1. Before loading into the reactor, the PEGMA resin 218 

catalyst was swollen in deionized water for 30 minutes. The feed mixture was composed of 0.45 219 

wt% 4-nitrobenzaldehyde, 44.6 wt% acetone, 54.5 wt% water and 0.25 wt% methyl-4-220 

nitrobenzoate as internal standard. 221 

 222 

2.3.3 Sample analysis 223 

 224 

The reaction samples were analyzed using a reversed-phase high-performance liquid 225 

chromatograph (RP-HPLC), from Agilent (1100 series) on a XDB-C18 column [16]. The HPLC 226 

was operated at 30 °C using a gradient method with water (0.1% trifluoroacetic acid, Acros) and 227 

30 v% to 62 v% acetonitrile (HPLC grade, Acros) as solvents. This method separates all the 228 

components in a period of 14 min. The components were identified using a UV-detector with a 229 

variable wavelength that has been programmed for an optimal absorption for each component. 230 

Quantification of the different components in the reaction mixture was performed by relating the 231 

peak surface areas of the components to the amount and peak area of the internal standard added 232 

to the reactor. 233 
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4 Results and Discussion 234 

 235 

4.1  Catalyst characterization and validation of synthesis procedure 236 

 237 

SEM images of the PEGMA resin beads are displayed in Figure 1S in the Supplementary 238 

Information and indicate that spherical beads in the order of 100 µm are indeed formed in the 239 

suspension polymerization. As indicated in Figure 3(a), the DP 13C-NMR of the pristine resin 240 

exhibits all the characteristic peaks of polymerized PEGMA, even though the peaks at 43.4 ppm 241 

and 47.4 ppm appear to be overlapping and are not individually distinguishable. The first 242 

functionalization step is the reaction with thionylchloride, which, as can be observed in Figure 3 243 

(b), reduces the intensity of the peak at 61.3 ppm, corresponding to a carbon attached to a 244 

hydroxyl group, and increases the peak around 43.6 ppm, corresponding to a carbon attached to 245 

Cl. There is some overlap with the peak related to the polymerized methacrylate carbon atom at 246 

47.4 ppm, but a clear shift in the maximum and intensity was found after chlorination. No other 247 

peaks have shifted, or appeared. For comparative purposes, the 13C-NMR spectrum of a 100% 248 

chlorinated PEGMA material is given in the Supplementary Information Figure 2S. It is evident 249 

from this figure that the peak of a carbon attached to a hydroxyl group, at 61.3 ppm, has entirely 250 

disappeared in favor of a larger peak at 43.6 ppm corresponding to C-Cl. While such a highly 251 

functionalized material is not used for catalytic purposes, it indicates that the resin can 252 

sufficiently swell in dry toluene to allow access to all the hydroxyl sites. 253 

The FT-IR spectrum in Figure 4 supports the conclusions drawn above. The characteristic peaks 254 

associated with the C-H, C=O and C-O vibrations in the polymerized PEGMA molecule are the 255 

most intense and respectively appear at 2900 cm-1, 1720 cm-1 and 1100 cm-1 in Figure 4(a). The 256 

spectrum of the partially chlorinated 30-PEGMA-CL in Figure 4(b) shows that the peak 257 
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associated with hydroxyl groups in PEGMA, around 3500 cm-1, reduces upon reaction with 258 

thionyl chloride in favor of a C-Cl peak at 660 cm-1. The spectrum of a 100% chlorinated 259 

PEGMA material, as displayed in the Supplementary Information Figure 3S, indicates a 260 

complete loss of the hydroxyl groups in PEGMA, around 3500 cm-1 and an increase in the C-Cl 261 

peak at 660 cm-1. No other peaks have appeared or changed shape. There is, hence, no obvious 262 

indication that any other than the desired reaction occurred. 263 

 264 

Figure 3: DP 13C-NMR spectra at 60 °C of PEGMA hydrogel (a) and the 30% chlorine functionalized 265 

hydrogel (30-PEGMA-Cl) (b) 266 
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 267 

Figure 4: FT-IR spectra of the PEGMA resin (a) and the 30% chlorine functionalized 30-PEGMA-Cl (b) 268 

 269 

Next, the partially chlorine functionalized 30-PEGMA-Cl materials were subject to nucleophilic 270 

substitution with a symmetrical diamine to produce the desired catalysts. Reaction with 271 

ethylenediamine (EDA) resulted in the PEGMA-EDA catalyst, reaction with 272 

N,N'-dimethylethylenediamine (DED) resulted in the PEGMA-DED catalyst. The achieved 273 

loading is reported in Table 1. While the active site loadings are lower than the targeted loading, 274 

the obtained catalysts do allow to assess and compare the activity and stability of the amine sites 275 

in the aldol reaction. Figure 5 and Figure 6 respectively show the DP 13C-NMR results of the 276 

PEGMA-EDA and PEGMA-DED catalysts including the peak assignment to the functionalized 277 

groups. While there appear peaks in the expected region in the 13C-NMR profile, different 278 

individual assignment is difficult due to their low intensity. This is due to the relatively low 279 

diamine loading (~0.3 mmol g-1) of the catalysts. The same issue causes the FT-IR spectra of the 280 

PEGMA-EDA and PEGMA-DED catalysts to be indistinguishable from the unfunctionalized 281 

PEGMA material, as displayed in the Supplementary Information Figure 4S. However, 13C-282 

NMR and FT-IR characterization results of a high-loaded PEGMA-EDA, with a 2.1 mmol g-1 283 

diamine loading corresponding to 88% of the available hydroxyl groups being replaced with 284 
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EDA, are displayed in Figure 5S and Figure 6S. The peaks associated with the primary diamine 285 

of this high-loaded material are clearly visible in the spectra. Even though this high-loaded 286 

material is not evaluated for its catalytic activity because the amine groups would severely 287 

sterically hinder each other, it indicates that the desired functionalization indeed occurs under the 288 

employed experimental conditions and that there is no indication of undesired side-reactions 289 

taking place.  290 

 291 

Figure 5: DP 13C-NMR spectra of the PEGMA-EDA catalyst at 60 °C 292 
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 293 

Figure 6: DP 13C-NMR spectra of the PEGMA-DED catalyst at 60 °C 294 

 295 

In order to investigate the possible catalytic activity of the secondary amine in the EDA chain of 296 

the PEGMA-EDA catalyst, functionalization with methylamine (MA) is also performed to 297 

produce PEGMA-MA. In the DP 13C-NMR and FT-IR spectra corresponding to this material, no 298 

clear peaks relating to the methylamine group can be distinguished due to the low mass 299 

percentage of methylamine and the low intensity of secondary amine vibrations in FT-IR. 300 

However, its loading as determined from the nitrogen elemental analysis is reported in Table 1 301 

and proves that amine functionalization has occurred.  302 

To compare the stability of the developed catalysts against the state-of-the-art amine 303 

functionalized silica catalysts, a primary amine functionalized silica catalyst (Silica-APS) is 304 

synthesized according to literature procedures [4] and its active site loading is also reported in 305 

Table 1. 306 
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Table 1: Active site loading for the PEGMA catalysts and the state-of-the-art aminated mesoporous silica 307 

catalyst, determined with elemental CHN analysis. In case of diamines, the elemental nitrogen loading is 308 

divided by two. 309 

Catalyst Active site loading 

± 5% (mmol g-1) 

PEGMA-EDA 0.43 

PEGMA-DED 0.28 

PEGMA-MA 0.24 

Silica-APS 0.26 

 310 

 311 

4.2 Performance evaluation 312 

 313 

Experiments with methylamine functionalized PEGMA-MA yielded no measurable 314 

4-nitrobenzaldehyde conversion, as reported in Table 2. This indicates that the secondary amine, 315 

which is formed at the anchoring point to the PEGMA backbone material in the PEGMA-EDA 316 

catalyst, is not catalytically active. This is possibly related to the severe steric hindrance that is 317 

encountered by the amine site from the neighboring PEG chains. Nucleophilic substitution with 318 

N,N’-dimethylenediamine generated a tertiary amine which is known not to be active due to its 319 

inability to form an enamine intermediate [4]. Hence, the only catalytically active sites on the 320 

PEGMA-EDA and PEGMA-DED catalysts are, respectively, the terminal primary amine and the 321 

terminal secondary amine. 322 

Both the PEGMA-EDA and PEGMA-DED catalysts are evaluated for the aldol reaction in a 323 

batch reactor and their activity curves are displayed in Figure 7S in the Supplementary 324 

Information. The TOF exhibited by the secondary amine functionalized PEGMA-DED amounts 325 

to 3.1 ± 0.2 10-4 s-1, while that by the PEGMA-EDA amounts to 6.3 ± 0.4 10-4 s-1. This 326 
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observation indicates that, in contrast to when an organic solvent such as hexane is used [4, 7], 327 

primary amine sites are more active with water as solvent than the secondary amine sites [11]. 328 

This has been reported previously by Kandel et al. [11] and is attributed to the presence of water 329 

shifting the equilibrium away from the inhibiting imine on primary amines while also promoting 330 

the formation of inhibiting iminium ions on secondary amines. While comparison with literature 331 

reported turnover frequencies should be performed carefully, due to different reaction conditions, 332 

the obtained TOF for the PEGMA-EDA catalyst is 4 times higher than the state-of-the-art 333 

primary amine functionalized mesoporous silica catalyst that was evaluated in water [12], and is 334 

comparable to the TOF of this primary amine functionalized silica catalyst evaluated in hexane 335 

[4]. This difference in activity for both catalysts using water is most likely related to a difference 336 

in adsorption behavior in the catalyst pores resulting in a different local polarity environment 337 

[12, 41]. 338 

Table 2: Turnover frequency for the PEGMA catalysts in the Parr® batch reactor for the aldol reaction of 339 

acetone with 4-nitrobenzaldehyde. (T = 55 °C, macetone = 45 g, m4NB = 0.45 g, mwater = 55 g, 0.06 mmol 340 

amine sites) 341 

Catalyst  TOF (s-1) 

PEGMA-EDA  6.3 ± 0.4 10-4 

PEGMA-DED  3.1 ± 0.2 10-4 

PEGMA-MA  0.0 

 342 

 343 

4.3  Comparison of PEGMA-EDA stability to the state-of-the-art aminated silica 344 

 345 

Reusability of the PEGMA catalysts was not evaluated in the Parr® batch reactor because the 346 

small resin beads were difficult to completely recover after a first run. To avoid errors while 347 

filtering and recycling a catalyst in consecutive batch tests, the stability of the PEGMA-EDA 348 
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catalyst has been evaluated in a packed-bed plug-flow reactor [28] and is compared at the same 349 

reaction conditions, to the stability of the current state-of-the-art primary amine functionalized 350 

mesoporous silica catalyst. The catalytic activity, expressed as 4-nitrobenzaldehyde conversion, 351 

versus time on stream is displayed in Figure 7 for both catalysts.  352 

 353 

Figure 7: Conversion as a function of time on stream for the PEGMA-EDA catalyst (●) and the Silica-354 

APS catalyst (■) in the aldol reaction of acetone with 4-nitrobenzaldehyde. (T = 55 °C, P = 180 kPa, site 355 

time = 544 molsite.s.mol-1, 0.45 wt% 4-nitrobenzaldehyde, 44.6 wt% acetone, 54.5 wt% water, 0.25 wt% 356 

IS.) Line is a guide for the eye. 357 

 358 

The PEGMA-EDA catalyst exhibited a constant conversion as a function of time on stream for at 359 

least 8 hours. On the other hand, at these reaction conditions, the state-of-the-art primary amine 360 

functionalized mesoporous silica exhibited an initial activity that is almost 4 times lower than 361 

that of the PEGMA-EDA catalyst, as could be expected from the TOF results in the batch 362 

reactor. Additionally, it can be observed the amine functionalized mesoporous silica loses most 363 

of its activity in the first 3 hours on stream, which is likely caused by leaching of the active sites 364 

0

5

10

15

20

25

30

0 1 2 3 4 5 6 7 8

4
-n

it
ro

b
e
n

z
a

ld
e

h
y
d

e
 

c
o

n
v
e

rs
io

n
 (

%
)

Time on stream (h)



 

 

20

[14, 16]. This is attributed to the large amounts of water present in the reactor. Clearly, these 365 

reaction conditions are far from optimal for the activity and stability of the Silica-APS catalysts 366 

in the aldol reaction. However, water was previously found to be required for these catalysts to 367 

prevent site-blocking species being formed on the amine sites [16]. Yet, deactivation by 368 

hydrolysis and subsequent leaching of active sites remained an inherent problem with amine 369 

functionalized mesoporous silica catalysts. This was shown in our previous experimental work, 370 

where a lower water contents in an organic solvent such as DMSO [16] also resulted in 371 

deactivation with time on stream, albeit to a lesser extent, i.e., losing about a third of its activity 372 

in the first 10 hours on-stream. On the contrary, in this work the PEGMA-EDA catalyst appears 373 

to exhibit a much better resistance against deactivation during the aldol reaction even when 374 

exposed to high water concentrations. This clearly demonstrates the potential of amine 375 

functionalized resin catalysts. Moreover, in contrast to the more widely used polystyrene resin 376 

catalysts [29], the catalyst developed in this work sufficiently swells in high-polarity solvents 377 

such as water to allow access to the active sites, resulting in a TOF that can rival with the current 378 

state-of-the-art materials [4, 12, 31]. Hence, the developed catalyst based on PEGMA resins 379 

opens up bright perspectives for future application in reactions using water as solvent. 380 

5 Conclusions 381 

For the first time, a highly active heterogeneous amine catalyst is developed that exhibits a stable 382 

activity in the continuous-flow aldol reaction of acetone with 4-nitrobenzaldehyde. The catalyst 383 

support material was synthesized via a free radical suspension polymerization of a (poly 384 

ethyleneglycol) methacrylate (PEGMA) monomer and poly(ethylene glycol) dimethacrylate 385 

(PEGDMA) as cross-linker. Chlorine functionalization of a part of the hydroxyl groups was 386 

performed with thionyl chloride. Subsequent amine functionalization was then performed by 387 
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nucleophilic substitution of different diamines and amines on the partly chlorinated material. The 388 

successful chlorination and amine functionalization was confirmed by 13C-NMR and FT-IR 389 

measurements, which yielded no indications of undesired side-reactions taking place during the 390 

catalyst synthesis. Elemental CHN analysis was performed to quantify the active sites. 391 

Functionalization was performed with ethylenediamine (EDA), N,N’-dimethylethylenediamine 392 

(DED) and methylamine (MA) respectively resulting in a primary amine catalyst and two 393 

secondary amine catalysts. Evaluation of their kinetic performance was done in a batch reactor 394 

for the aldol reaction of acetone with 4-nitrobenzaldehyde using 50 vol% water as solvent and 50 395 

vol% acetone as excess reagent. The PEGMA-MA catalyst did not exhibit any turnover, 396 

indicating that the secondary amine in the backbone of the active site on the PEGMA-EDA 397 

catalyst is most likely not contributing to the observed activity. A TOF of 6.3 ± 0.4 10-4 s-1 was 398 

reported for the PEGMA-EDA catalyst, which is in the same range as the currently best 399 

performing promoted heterogeneous amine catalysts that were evaluated in hexane, and 3.1 ± 0.2 400 

10-4 s-1 for the PEGMA-DED catalyst.  401 

The most active PEGMA catalyst, i.e. the PEGMA-EDA catalyst, was also evaluated in a 402 

packed-bed continuous-flow reactor under the same reaction conditions as the batch reactor and 403 

exhibited a stable conversion with time on stream for at least 8 hours, indicating stable catalyst 404 

behavior. This is in stark contrast with the current state-of-the-art primary amine functionalized 405 

mesoporous silica catalysts which exhibited a lower activity and deactivated completely after 406 

only 3 hours on stream under the same reaction conditions. The developed PEGMA-based 407 

catalysts, hence, open up new perspectives for the application in continuous-flow aldol reactions 408 

using water as solvent. 409 
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