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Abstract: Continuous flow reactors with immobilized catalysts are in great demand in various
industries, to achieve easy separation, regeneration, and recycling of catalysts from products. Oxi-
dation of alcohols with 4-amino-TEMPO-immobilized monolith catalyst was investigated in batch
and continuous flow systems. The polymer monoliths were prepared by polymerization-induced
phase separation using styrene derivatives, and 4-amino-TEMPO was immobilized on the polymer
monolith with a flow reaction. The prepared 4-amino-TEMPO-immobilized monoliths showed high
permeability, due to their high porosity. In batch oxidation, the reaction rate of 4-amino-TEMPO-
immobilized monolith varied with stirring. In flow oxidation, the eluent permeated without clogging,
and efficient flow oxidation was possible with residence times of 2–8 min. In the recycling test of the
flow oxidation reaction, the catalyst could be used at least six times without catalyst deactivation.

Keywords: porous polymer; immobilized catalyst; continuous flow system

1. Introduction

In recent years, there has been a great interest in continuous flow technology. Practical
and efficient flow reactors have been developed in diverse fields, such as drug discovery,
biofunctional substances, petrochemicals, and nanomaterials [1–4]. Continuous flow reac-
tions are attracting attention as next-generation chemical processes and are being applied
industrially. However, some problems remain with the flow system. It is difficult to apply
the chemical reaction with catalysts, which have been the most actively studied in organic
synthesis. Furthermore, the catalysts elute with the flow of the reaction solution, making
it difficult to apply the catalysts to flow processes. Therefore, appropriate immobilized
catalysts are required for the flow processes [5,6]. Immobilized catalysts are heterogeneous
and have the advantage of easy solid–liquid separation, but they are less reactive than
homogeneous catalysts. Immobilized catalysts used in flow reactions must have a large
surface area, easy mass transfer, and low-pressure drop-in distribution to successfully take
advantage of the characteristics of flow reactions.

There are three main approaches to the immobilized catalysts for continuous flow
reactors: wall-coated, particle-packed, and monolithic catalysts [7]. The wall-coated ap-
proach minimizes mass transfer resistance and ensures a smooth flow of reagents, but the
catalyst loading is lower than the other approaches because the catalyst is supported only
on the inner wall of the flow reactor [8]. The particle-packed approach is more versatile
because the reactors with catalysts are prepared by simply packing the supports [9]. How-
ever, the porosity of the particle-packed column is geometrically limited, resulting in a
high-pressure drop for the continuous flow reactor [10]. In contrast, the monolith with
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three-dimensionally penetrated pores is also utilized as the immobilizing catalyst. The
monolith allows both high porosity and small skeleton size in the column, giving excellent
target diffusion with low pressure drop. Therefore, the monolithic immobilized catalysts
are the best approach for the flow reactors [11–14].

Both inorganic and organic (polymer) monoliths have been studied. As inorganic
monoliths, silica monoliths have been studied intensively [15–17]. Polymer monoliths
have the advantage that the functional groups and backbones can be designed, allow-
ing the materials to be tailored to the application. Svec and Fréchet developed various
polymer monoliths with polymerization-induced phase separation under radical polymer-
ization [18,19]. The Uyama group reported polymer monoliths and applications such as
adsorption matrix and separation, using thermally induced phase separation [20,21].

Our group has been investigating polymeric monoliths as supports for immobilized
catalysts for flow synthesis [11–14]. We have reported on the development of monolith
immobilization catalysts of metal nanoparticles, organometallic complexes, and organocat-
alysts. For monolithic immobilized catalysts with metal nanoparticles and organometallic
complexes, we have reported the development of immobilized catalyst reactors without
catalyst leakage. In the organocatalyst monoliths, we have shown that the excellent mass
transfer of the monoliths results in high reactivity.

Our previous work investigated the continuous flow synthesis of cross-coupling and
aldol condensation. In the chemical industry, more fundamental chemical reactions, such
as oxidation and reduction, are in great demand. In oxidation reactions, several groups
reported the fabrication of immobilized 2, 2, 6, 6-tetramethylpiperidine 1-oxyl (TEMPO)
catalyst, a typical organocatalyst for oxidation reactions with silica particles, magnetic
particles, and fibers [22–24]. In this study, we investigated the preparation of polymer
monoliths immobilized with 4-amino-2, 2, 6, 6-tetramethylpiperidine 1-oxyl (4-amino-
TEMPO), a derivative of TEMPO. The properties of 4-amino-TEMPO-immobilized monolith
were investigated with batch and continuous flow reactions. The polymer monolith of
poly (4-chloromethyl-styrene-co-divinylbenzene) was prepared by polymerization-induced
phase separation. Subsequently, 4-amino-TEMPO was immobilized on the polymer by
a substitution reaction. 4-Amino-TEMPO-immobilized monolith was investigated given
its physical properties and catalytic activity. The porous structure of the monoliths was
measured by scanning electron microscope (SEM), mercury intrusion porosimeter, and
permeability measurements. The catalytic activity was analyzed by oxidation of alcohols in
batch and continuous flow conditions. Under flow conditions, differences in reactivity and
oxidation reactions of various substrates were examined, due to differences in residence
time. The recyclability of the immobilized catalyst was also examined (Figure 1).
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2. Experimental Section
2.1. Materials

Water with a low efficiency of 18.2 MΩ cm (Milli-Q, Millipore Co., Bedford, MA, USA)
was used in all experiments. 4-chloromethyl-styrene (Tokyo Chemical Industry Co., Ltd.,
Tokyo, Japan) and divinylbenzene (DVB, Sigma-Aldrich Co., St. Louis, MO, USA) were
used after removing the stabilizer by passing through the alumina column. Other reagents
were used without purification: 4-amino-TEMPO, N,N-diisopropylethylamine (DIPEA),
tetrabutylammonium bromide (TBAB), tert-butyl alcohol (tBuOH), 2-methoxybenzyl al-
cohol, 4-methoxybenzyl alcohol, 4-nitrobenzyl alcohol, (Tokyo Chemical Industry Co.,
Ltd., Tokyo, Japan), 2,2′-azobis (isobutyronitrile) (AIBN), dichloromethane (CH2Cl2), N,N-
dimethylformamide (DMF), (+/−)-1-phenylethanol, 2-phenylethanol, tetrahydrofuran
(THF), toluene (FUJIFILM Wako Pure Chemical Co., Osaka, Japan), benzyl alcohol, 1-
octanol (Kanto Chemical Co., Tokyo, Japan), and m-chloroperoxybenzoic acid (m-CPBA,
Merck Co., Darmstadt, Germany). A stainless-steel column (0.628 mL, 4 mm i.d., 50 mm
length) was used for monolith synthesis.

2.2. Characterization

The samples for field emission scanning electron microscope (FE-SEM) analysis were
coated with platinum (thickness: approx. 4 nm) using a JEOL JFC-1600 auto fine coater
(JEOL Ltd., Tokyo, Japan). FE-SEM analysis was performed with a Hitachi SU8000 mi-
croscope (Hitachi High-Technologies Corporation, Tokyo, Japan). High-performance liq-
uid chromatography (HPLC) analyses were performed on a JASCO LC-2000Plus system
equipped with a JASCO DG-980-50 degasser, a JASCO PU-980 pump, a Kanto Chemi-
cal Mightysil RP-18 GP 250-4.6 column (Kanto Chemical Co., Tokyo, Japan), a JASCO
UV-2077Plus UV detector, and a JASCO CO-2065Plus column oven (JASCO Co., Tokyo,
Japan). Acetonitrile/water (40:60 or 50:50 v/v) containing trifluoroacetic acid (0.1 vol%)
was employed as a mobile phase in the HPLC measurements. Mercury intrusion porosime-
try (MIP) analysis was performed using a Micromeritics AutoPoreIV9520 (Micromeritics
Instrument Co., Norcross, GA, USA). Elemental analysis was performed using a Yanaco
CHN coder MT-5 (Yanaco technical science Co., Ltd., Tokyo, Japan). ESR measurements
were performed using an EMX Model 8/2.7 ESR instrument (Bruker Co., Billerica, Mas-
sachusetts, USA). FT-IR measurements were performed using FT/IR-620 (JASCO Co.,
Tokyo, Japan). A syringe pump (YSP-101, YMC Co., Ltd., Kyoto, Japan) and a pressure
gauge (KDM-30, Krone Co., Tokyo, Japan) were used for permeability measurements. The
flow behavior analysis was performed using a sample injector (VI-II, FLOM Co., Tokyo,
Japan), a Z-type flow cell (FIA-ZSMA-20-TEF, Ocean Optics Inc., Dunedin, FL, USA), a
halogen lamp (HL-2000, Ocean Optics Inc.), and a UV-visible spectrometer (USB2000+,
Ocean Optics Inc.).

2.3. Preparation of Poly (4-Chloromethyl-Styrene-co-DVB) Monolith (Cl−Monolith)

4-Chloromethyl-styrene (0.444, 0.389, 0.333 and 0.278 mL, 100-X wt%), DVB (0.132,
0.198, 0.264 and 0.330 mL, X = 20, 30, 40 and 50 wt%), toluene (0.303 mL), 1-octanol
(0.765 mL) and AIBN (1 wt% respective to the total monomers) were added to each vial [25].
Each monomer solution was nitrogen purged for 30 min, injected into stainless-steel
columns, and polymerized at 70 ◦C for 12 h. The prepared poly (4-chloromethyl-styrene-co-
DVB) monoliths (Cl−Monolith) were washed with THF.

2.4. Preparation of 4-Amino-TEMPO-Immobilized Monolith (Monolith)

4-Amino-TEMPO was immobilized on Cl−Monolith prepared using a stainless-steel
column (5 cm). The column-polymerized DVB 20, 30, 40, and 50 wt% monoliths were
permeated with 4-amino-TEMPO (1 eq. for Cl groups in the monolith), DIPEA (1.2 eq.)
and DMF (12 mL) at 0.75 mL/h flow rate, and 60 ◦C. After the reaction, the columns were
washed with Water and THF, and the column solution was replaced with CH2Cl2/tBuOH
(1:1, v/v).
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2.5. Permeabilities of Continuous-Flow Reactor

Cl−Monolith and Monolith made using stainless-steel columns were connected to a sy-
ringe pump with a gas-tight syringe connected and a pressure gauge. The CH2Cl2/tBuOH
(1:1, v/v) permeabilities of the columns were examined, to obtain permeabilities using
Darcy’s law (kD), as follows:

∆PA
µL

=
1

kD
Q (1)

where ∆P, µ, L, A, and Q are the pressure loss, viscosity, length, base area, and flow rate of
elution, respectively [12].

2.6. Flow Behavior Analysis

Flow behavior was analyzed by pulse tracer to determine porosity and internal struc-
ture [26]. A syringe pump with a gas-tight syringe, a sample injector, a stainless-steel
column packed with Cl-Monolith−1 or Monolith−1, and a Z-type flow cell, were connected.
Benzene (M.W. = 7.8 × 101) and polystyrene (M.W. = 1.21 × 103, 5.51 × 104) (2 mg/mL)
were injected as tracer molecules, via an injector. The absorbance of the tracer molecules
was measured using a halogen lamp and a UV-visible spectrometer. CH2Cl2/tBuOH (1:1,
v/v) was used as the solvent, at a flow rate of 9.42 mL/h (residence time 4 min). When the
tracer is injected into the column, the volume of the tracer eluted (Ve) can be calculated
as follows:

Ve = V0 + KVp (2)

where Vp and V0 are the amounts of solvent inside and around the gel (voids), respectively.
K represents the distribution coefficient of the tracer and ranges from 0 to 1. If high
molecular weight tracers, such as proteins, are completely excluded from the inner phase of
the gel, K is 0. However, low molecular weight ones, such as eluents, can diffuse freely into
the gel, so K is ~1 [27,28]. The porosity (εg) can be estimated using Ve, the geometric volume
of the empty column (Vc), the flow rate (v), and the peak absorbance time (t) as follows.

εg =
Ve

Vc
= 1− (Vc − v× t)

Vc
(3)

Ve was obtained from Equation (2), and porosity was calculated using Equation (3).

2.7. Oxidation Reaction with Immobilized Catalyst

Benzyl alcohol (1.5 mmol, 1 eq.) as substrate, m-CPBA (1.8 mmol, 1.2 eq.) as co-
oxidant, TBAB (0.03 mmol, 0.02 eq.) as co-catalyst, nitrobenzene (0.24 mmol) as in-
ternal standard CH2Cl2/tBuOH (1:1, v/v, 10 mL), 4-amino-TEMPO and finely ground
Monolith−1 (0.075 mmol, 0.05 eq.), were added to the solution for oxidation reaction at
room temperature with stirring (200 rpm), and without stirring. The reaction solution was
diluted 100-fold with MeCN, and the product yield was determined by HPLC (MeCN:
water = 40:60, v/v).

The oxidation of alcohols was also examined by continuous flow reactions [24]. Benzyl
alcohol (0.15 mol/L, 1 eq.), m-CPBA (0.18 mol/L, 1.2 eq.), TBAB (0.003 mol/L, 0.02 eq.),
nitrobenzene (0.024 mol/L), and CH2Cl2/tBuOH (1:1, v/v) were mixed, and then the
mixture was permeated through a Monolith−1 at room temperature using a gas-tight
syringe at residence times of 2, 4, and 8 min (18.84, 9.42, and 4.71 mL/h). The reaction
substrates were changed from benzyl alcohol to 2-phenylethanol, (+/−)-1-phenylethanol,
4-nitrobenzyl alcohol, 2-methoxybenzyl alcohol, or 4-methoxybenzyl alcohol, and the same
experiments were conducted with a residence time of 4 and 8 min. Monolith−1 column
was washed with CH2Cl2/tBuOH (3.5 mL) following the reaction with benzyl alcohol at
a residence time of 4 min, and the benzyl alcohol oxidation reaction was repeated at a
residence time of 4 min. The permeate was collected, diluted 100-fold with MeCN, and run
by HPLC (MeCN: water = 40:60 or 50:50 v/v).
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3. Results and Discussion
3.1. Preparation of Monolith (4-Amino-TEMPO-Immobilized Monolith)

Cl−Monoliths were prepared by radical polymerization using a porogen of 1-octanol,
and the obtained Cl−Monoliths were modified with 4-amino-TEMPO (Figure 2). The
structure was optimized by changing the DVB content ratio to 20, 30, 40, and 50 wt%
(Percentage of total monomers).
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From the SEM images in Figures 3 and S1, it was observed that all the Cl−Monoliths
and Monoliths had a porous structure with interconnected particles and macro-pores be-
tween the particles. The particle size of the monoliths with higher DVB content was smaller,
and the shape of the monoliths was maintained after immobilization with 4-amino-TEMPO
(Tables 1 and S1–S4). The pore diameters after 4-amino-TEMPO immobilization were as fol-
lows: around 0.5–70 µm for Monolith−1, around 1–30 µm for Monolith−2, around 1–20 µm
for Monolith−3, and 0.1–2 µm for Monolith−4, respectively (Figures 3 and 4). A slight
change in pore size was also observed by the 4-amino-TEMPO immobilization reaction
(Figures 4 and S2), and the porosity of each monolith was almost the same (65, 61, 59,
and 64%, respectively). The amount of 4-amino-TEMPO immobilization was in the or-
der of Monolith−1 (Figure S3), Monolith−2, Monolith−3, and Monolith−4 (Table 1),
because smaller DVB content results in a large amount of 4-chloromethyl styrene for
4-amino-TEMPO immobilization. ESR and FT-IR data also suggested that 4-amino-TEMPO
was immobilized in Monolith−1 (Figures S4 and S5). The following experiments were
conducted using Monolith−1 (DVB 20 wt%).

Permeability of the monoliths was in the order of Monolith−1 > Monolith−2 >>
Monolith−3, and −4 based on the pore diameters (Table 1), meaning higher permeabilities
were observed in the monoliths with lower DVB content. There was no significant difference
between before and after the immobilization of 4-amino-TEMPO to monoliths.

The porosity of the monolith in the swollen state was measured by tracers of different
sizes and was changed with the size of the tracers (Figures S6 and S7). When benzene was
used as a tracer, the porosity was around 75% displaying higher porosity than that from
MIP. The swelling of the monoliths by the solvent suggests gel properties and benzene
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diffusion into the monoliths’ interior [13]. The high porosity in the swelling state suggests
that Monolith−1 provides the catalyst with the efficient mass transfer of the substrate.
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Table 1. Properties of Monolith−1, −2, −3, and −4.

Material DVB
[wt %]

Specific Surface
Area [m2 g−1] a

Average Pore
Diameter [µm] a Porosity [%] a 4-Amino-TEMPO

[mmol/g] b
Permeability

[m2] c

Monolith−1 20 0.85 8.8 65 0.53 5.7 × 10−12

Monolith−2 30 0.74 8.4 61 0.36 4.1 × 10−13

Monolith−3 40 18 0.34 59 0.33 7.3 × 10−14

Monolith−4 50 29 0.23 64 0.24 3.5 × 10−14

a The values were calculated by MIP. b 4-amino-TEMPO amount is estimated by nitrogen amount of elemental
analysis. c Permeability is based on Darcy’s law.
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3.2. Batch Oxidation Reaction

Homogeneous and heterogeneous batch oxidation of benzyl alcohol was investigated,
where the homogeneous catalyst used was 4-amino-TEMPO and the heterogeneous catalyst
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used was Monolith−1. Under stirred conditions, the homogeneous (4-amino-TEMPO)
catalyst reached near-equilibrium after 6 min, yielding 59% and TON 12 benzaldehyde,
with a benzaldehyde selectivity of 96%. Whereas the heterogeneous monolithic catalyst
(Monolith−1) reached equilibrium after 10 min, yielding 60% and TON 12 benzaldehyde,
with a benzaldehyde selectivity of 94% (Figure 5a). Without stirring, the reaction almost
reached equilibrium after 6 min with the homogeneous catalyst, yielding 59% and TON 12
benzaldehyde, with a benzaldehyde selectivity of 92% which is similar to the reaction under
a stirred condition. On the other hand, the reaction reached equilibrium after 12 min with
the heterogeneous catalyst (Monolith−1), yielding 64% and TON 13 benzaldehyde, with a
benzaldehyde selectivity of 93% (Figure 5b). A comparison of the TON using Monolith−1
after 6 min, showed 11 for the condition with stirring, and 9.3 for the condition without
stirring. Surprisingly, under a stirred condition, the reaction rate of the heterogeneous
monolithic catalyst approached that of the homogeneous catalyst. Although benzoic acid
was formed as a side reaction within each reaction, the selectivity of benzaldehyde synthesis
was high, ranging from 92 to 96%.
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Figure 5. Batch oxidation of benzyl alcohol (a) with stirring, and (b) without stirring. The yield
and reaction conditions are shown as follows (�: benzaldehyde with homogeneous reaction,
�: benzaldehyde with Monolith−1, •: benzoic acid with homogenous reaction, and •: benzoic
acid with Monolith−1).

The oxidation of benzyl alcohol to benzaldehyde using Monolith−1 was relatively
fast, especially in the stirred system. In many cases, heterogeneous catalyzed reactions are
disadvantageous in terms of mass transfer. Our heterogeneous monolithic catalyst was
shown to be useful in the reaction because it showed reaction rates approaching that of
a homogeneous catalyst. For this heterogeneous monolithic catalyst, stirring induced a
difference in the reaction rate.

3.3. Flow Oxidation Reaction

The oxidation reaction of benzyl alcohol was examined using Monolith−1 in a con-
tinuous flow reaction. When the reaction was carried out by changing the residence time
to 2, 4, and 8 min, the yields of benzaldehyde were 46, 48, and 52%, respectively, and the
selectivity of benzaldehyde was 93, 94, or 81% (Figure 6a, Figures S8 and S9). These results
indicate that Monolith−1 allows a fast and selective oxidation reaction to proceed within a
short residence time, but with a residence time over 8 min, a by-product of benzoic acid
was increased. The yield of the product increased up to 4-column volume but decreased
above 6-column volume. When Monolith−1 was washed with solvent after the reaction,
benzaldehyde was detected, suggesting a deactivation by the product adsorption.
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Figure 6. (a) Flow oxidation of benzyl alcohol by Monolith−1 at a residence time of 4 min. (b) Recycling
test for flow oxidation of benzyl alcohol by Monolith−1 at a residence time of 4 min, and the yield of
4-column volume is shown.

Monolith−1 was regenerated by washing with solvent after the reaction. After the
Monolith−1 was reacted once, it was washed with solvent and utilized again in the reaction
(Figure 6b). Interestingly, Monolith−1 showed catalytic activity without deactivation after
six uses. Six flow oxidation reactions of benzyl alcohol, including five recycling trials,
achieved a TON of 25 and a total benzaldehyde yield of 0.32 g. In addition, the yield at re-
generation was higher than the original yield. This may be due to the possibility that benzyl
alcohol flowed out in some parts of Monolith−1 during the initial oxidation reaction before
the co-oxidant m-CPBA diffused out, and the reaction did not proceed. It was considered
that the m-CPBA diffused reliably into Monolith−1 with each recycling cycle, and the yield
was higher because the oxidation reaction could be performed with more immobilized
4-amino-TEMPO activated. The catalyst activity of Monolith−1 was reduced after the
flow of 6-column volume, but Monolith−1 was almost quantitatively activated by solvent
washing. Monolith−1 can be used many times, and the total catalyst turnover becomes
higher because of the reactivation property, suggesting a high industrial advantage.

To confirm the applicability of Monolith−1, the various alcohols were studied (Table 2).
The yields of aldehyde or ketone of 2-phenylethanol, (+/−)-1-phenylethanol, 4-nitrobenzyl
alcohol, 2-methoxybenzyl alcohol, and 4-methoxybenzyl alcohol are 18, 22, 35, 59, and
62%, respectively, at a residence time of 4 min. The lower yield of oxidation reaction
reflected the reactivity of substances. In the case of 2-phenylethanol, the benzyl position
of 2-phenylethanol was not oxidized, and phenylacetaldehyde was obtained. The yield
was lower because the alcohol was not benzyl-positioned. The yield increased when the
residence time was increased to 8 min (Figure S10). (+/−)-1-Phenylethanol is a secondary
alcohol and the yield decreased due to steric hindrance. The yield was also improved by
increasing the residence time (Figure S11). The reactivity of benzyl alcohol with substituted
functional groups was different, and benzyl alcohol with methoxy groups gave higher
yields. Although the reactivity of the catalyst for these substrates was different, these
results suggest that the flow reaction of 4-amino-TEMPO-immobilized catalysts can be
applied to various alcohols.
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Table 2. Oxidation of various alcohols to the aldehyde and ketone using Monolith−1 after 4-column
volume flow. The yield of aldehyde and ketone with a residence time of 4 and 8 min.

Substrate Product The Yield of 4 min [%] The Yield of 8 min [%]

Benzyl alcohol

Polymers 2022, 14, x FOR PEER REVIEW 9 of 11 
 

 

alcohol and the yield decreased due to steric hindrance. The yield was also improved by 
increasing the residence time (Figure S11). The reactivity of benzyl alcohol with substi-
tuted functional groups was different, and benzyl alcohol with methoxy groups gave 
higher yields. Although the reactivity of the catalyst for these substrates was different, 
these results suggest that the flow reaction of 4-amino-TEMPO-immobilized catalysts can 
be applied to various alcohols. 

Table 2. Oxidation of various alcohols to the aldehyde and ketone using Monolith−1 after 4-column 
volume flow. The yield of aldehyde and ketone with a residence time of 4 and 8 min. 

Substrate Product The Yield of 4 
min [%] 

The Yield of 8 
min [%] 

Benzyl alcohol 

 

Benzaldehyde 

 
48 52 

2-Phenylethanol 

 

Phenylacetaldehyde 

 
18 48 

(+/−)-1-Phenylethanol 

 

Acetophenone 

 

22 39 

4-Nitrobenzyl alcohol 

 

4-Nitrobenzaldehyde 

 
35 30 

2-Methoxybenzyl alcohol 

 

2-Methoxybenzaldehyde

 

59 59 

4-Methoxybenzyl alcohol 

 

4-Methoxybenzaldehyde 

 
62 72 

4. Conclusions 
4-amino-TEMPO-immobilized monolith was easily prepared by radical polymeriza-

tion, under the phase separation condition of poly (4-chloromethyl styrene-co-DVB) and 
the subsequent substitution reaction. In the batch reaction, the reactivity of the 4-amino-
TEMPO-immobilized monolith catalyst showed high reactivity with stirring. In the con-
tinuous flow reaction, the 4-amino-TEMPO-immobilized monolith exhibited a high reac-
tivity and benzaldehyde selectivity, up to 6-column volume based on the efficient mass 
transfer. The activity of the monolithic catalyst was reduced by the inaccessibility of the 
substrate to the active point of the catalyst, due to product adsorption to the catalyst. 
However, washing by solvent flow resulted in regained activity, and a total of six catalytic 
reactions were achieved, including five recycling tests. The 4-amino-TEMPO-immobilized 
catalyst was applied to the oxidation reaction of several kinds of alcohols. The catalyst-
immobilized porous monolith showed high reactivity in both batch and flow system re-
actions, suggesting that it is suitable as a support for organocatalysts. 

Supplementary Materials: The following supporting information can be downloaded at: 
www.mdpi.com/xxx/s1, Figure S1: SEM images of Cl−Monolith (a) −1, (b) −2, (c) −3, and (d) −4.; 
Figure S2: Pore size distribution of Cl−Monolith−1, −2, −3, and −4 as characterized by MIP.; Figure 
S3: SEM image (left) EDS image analyzing nitrogen (right) of Monolith−1.; Figure S4: The ESR spec-
tra of TEMPO (5 mg, left) and Monolith−1 (8 mg, right). The amount of 4-amino-TEMPO immobi-
lized in Monolith−1, hypothetically calculated from two integrations of ESR spectra ranged from 

Benzaldehyde

Polymers 2022, 14, x FOR PEER REVIEW 9 of 11 
 

 

alcohol and the yield decreased due to steric hindrance. The yield was also improved by 
increasing the residence time (Figure S11). The reactivity of benzyl alcohol with substi-
tuted functional groups was different, and benzyl alcohol with methoxy groups gave 
higher yields. Although the reactivity of the catalyst for these substrates was different, 
these results suggest that the flow reaction of 4-amino-TEMPO-immobilized catalysts can 
be applied to various alcohols. 

Table 2. Oxidation of various alcohols to the aldehyde and ketone using Monolith−1 after 4-column 
volume flow. The yield of aldehyde and ketone with a residence time of 4 and 8 min. 

Substrate Product The Yield of 4 
min [%] 

The Yield of 8 
min [%] 

Benzyl alcohol 

 

Benzaldehyde 

 
48 52 

2-Phenylethanol 

 

Phenylacetaldehyde 

 
18 48 

(+/−)-1-Phenylethanol 

 

Acetophenone 

 

22 39 

4-Nitrobenzyl alcohol 

 

4-Nitrobenzaldehyde 

 
35 30 

2-Methoxybenzyl alcohol 

 

2-Methoxybenzaldehyde

 

59 59 

4-Methoxybenzyl alcohol 

 

4-Methoxybenzaldehyde 

 
62 72 

4. Conclusions 
4-amino-TEMPO-immobilized monolith was easily prepared by radical polymeriza-

tion, under the phase separation condition of poly (4-chloromethyl styrene-co-DVB) and 
the subsequent substitution reaction. In the batch reaction, the reactivity of the 4-amino-
TEMPO-immobilized monolith catalyst showed high reactivity with stirring. In the con-
tinuous flow reaction, the 4-amino-TEMPO-immobilized monolith exhibited a high reac-
tivity and benzaldehyde selectivity, up to 6-column volume based on the efficient mass 
transfer. The activity of the monolithic catalyst was reduced by the inaccessibility of the 
substrate to the active point of the catalyst, due to product adsorption to the catalyst. 
However, washing by solvent flow resulted in regained activity, and a total of six catalytic 
reactions were achieved, including five recycling tests. The 4-amino-TEMPO-immobilized 
catalyst was applied to the oxidation reaction of several kinds of alcohols. The catalyst-
immobilized porous monolith showed high reactivity in both batch and flow system re-
actions, suggesting that it is suitable as a support for organocatalysts. 

Supplementary Materials: The following supporting information can be downloaded at: 
www.mdpi.com/xxx/s1, Figure S1: SEM images of Cl−Monolith (a) −1, (b) −2, (c) −3, and (d) −4.; 
Figure S2: Pore size distribution of Cl−Monolith−1, −2, −3, and −4 as characterized by MIP.; Figure 
S3: SEM image (left) EDS image analyzing nitrogen (right) of Monolith−1.; Figure S4: The ESR spec-
tra of TEMPO (5 mg, left) and Monolith−1 (8 mg, right). The amount of 4-amino-TEMPO immobi-
lized in Monolith−1, hypothetically calculated from two integrations of ESR spectra ranged from 

48 52

2-Phenylethanol

Polymers 2022, 14, x FOR PEER REVIEW 9 of 11 
 

 

alcohol and the yield decreased due to steric hindrance. The yield was also improved by 
increasing the residence time (Figure S11). The reactivity of benzyl alcohol with substi-
tuted functional groups was different, and benzyl alcohol with methoxy groups gave 
higher yields. Although the reactivity of the catalyst for these substrates was different, 
these results suggest that the flow reaction of 4-amino-TEMPO-immobilized catalysts can 
be applied to various alcohols. 

Table 2. Oxidation of various alcohols to the aldehyde and ketone using Monolith−1 after 4-column 
volume flow. The yield of aldehyde and ketone with a residence time of 4 and 8 min. 

Substrate Product The Yield of 4 
min [%] 

The Yield of 8 
min [%] 

Benzyl alcohol 

 

Benzaldehyde 

 
48 52 

2-Phenylethanol 

 

Phenylacetaldehyde 

 
18 48 

(+/−)-1-Phenylethanol 

 

Acetophenone 

 

22 39 

4-Nitrobenzyl alcohol 

 

4-Nitrobenzaldehyde 

 
35 30 

2-Methoxybenzyl alcohol 

 

2-Methoxybenzaldehyde

 

59 59 

4-Methoxybenzyl alcohol 

 

4-Methoxybenzaldehyde 

 
62 72 

4. Conclusions 
4-amino-TEMPO-immobilized monolith was easily prepared by radical polymeriza-

tion, under the phase separation condition of poly (4-chloromethyl styrene-co-DVB) and 
the subsequent substitution reaction. In the batch reaction, the reactivity of the 4-amino-
TEMPO-immobilized monolith catalyst showed high reactivity with stirring. In the con-
tinuous flow reaction, the 4-amino-TEMPO-immobilized monolith exhibited a high reac-
tivity and benzaldehyde selectivity, up to 6-column volume based on the efficient mass 
transfer. The activity of the monolithic catalyst was reduced by the inaccessibility of the 
substrate to the active point of the catalyst, due to product adsorption to the catalyst. 
However, washing by solvent flow resulted in regained activity, and a total of six catalytic 
reactions were achieved, including five recycling tests. The 4-amino-TEMPO-immobilized 
catalyst was applied to the oxidation reaction of several kinds of alcohols. The catalyst-
immobilized porous monolith showed high reactivity in both batch and flow system re-
actions, suggesting that it is suitable as a support for organocatalysts. 

Supplementary Materials: The following supporting information can be downloaded at: 
www.mdpi.com/xxx/s1, Figure S1: SEM images of Cl−Monolith (a) −1, (b) −2, (c) −3, and (d) −4.; 
Figure S2: Pore size distribution of Cl−Monolith−1, −2, −3, and −4 as characterized by MIP.; Figure 
S3: SEM image (left) EDS image analyzing nitrogen (right) of Monolith−1.; Figure S4: The ESR spec-
tra of TEMPO (5 mg, left) and Monolith−1 (8 mg, right). The amount of 4-amino-TEMPO immobi-
lized in Monolith−1, hypothetically calculated from two integrations of ESR spectra ranged from 

Phenylacetaldehyde

Polymers 2022, 14, x FOR PEER REVIEW 9 of 11 
 

 

alcohol and the yield decreased due to steric hindrance. The yield was also improved by 
increasing the residence time (Figure S11). The reactivity of benzyl alcohol with substi-
tuted functional groups was different, and benzyl alcohol with methoxy groups gave 
higher yields. Although the reactivity of the catalyst for these substrates was different, 
these results suggest that the flow reaction of 4-amino-TEMPO-immobilized catalysts can 
be applied to various alcohols. 

Table 2. Oxidation of various alcohols to the aldehyde and ketone using Monolith−1 after 4-column 
volume flow. The yield of aldehyde and ketone with a residence time of 4 and 8 min. 

Substrate Product The Yield of 4 
min [%] 

The Yield of 8 
min [%] 

Benzyl alcohol 

 

Benzaldehyde 

 
48 52 

2-Phenylethanol 

 

Phenylacetaldehyde 

 
18 48 

(+/−)-1-Phenylethanol 

 

Acetophenone 

 

22 39 

4-Nitrobenzyl alcohol 

 

4-Nitrobenzaldehyde 

 
35 30 

2-Methoxybenzyl alcohol 

 

2-Methoxybenzaldehyde

 

59 59 

4-Methoxybenzyl alcohol 

 

4-Methoxybenzaldehyde 

 
62 72 

4. Conclusions 
4-amino-TEMPO-immobilized monolith was easily prepared by radical polymeriza-

tion, under the phase separation condition of poly (4-chloromethyl styrene-co-DVB) and 
the subsequent substitution reaction. In the batch reaction, the reactivity of the 4-amino-
TEMPO-immobilized monolith catalyst showed high reactivity with stirring. In the con-
tinuous flow reaction, the 4-amino-TEMPO-immobilized monolith exhibited a high reac-
tivity and benzaldehyde selectivity, up to 6-column volume based on the efficient mass 
transfer. The activity of the monolithic catalyst was reduced by the inaccessibility of the 
substrate to the active point of the catalyst, due to product adsorption to the catalyst. 
However, washing by solvent flow resulted in regained activity, and a total of six catalytic 
reactions were achieved, including five recycling tests. The 4-amino-TEMPO-immobilized 
catalyst was applied to the oxidation reaction of several kinds of alcohols. The catalyst-
immobilized porous monolith showed high reactivity in both batch and flow system re-
actions, suggesting that it is suitable as a support for organocatalysts. 

Supplementary Materials: The following supporting information can be downloaded at: 
www.mdpi.com/xxx/s1, Figure S1: SEM images of Cl−Monolith (a) −1, (b) −2, (c) −3, and (d) −4.; 
Figure S2: Pore size distribution of Cl−Monolith−1, −2, −3, and −4 as characterized by MIP.; Figure 
S3: SEM image (left) EDS image analyzing nitrogen (right) of Monolith−1.; Figure S4: The ESR spec-
tra of TEMPO (5 mg, left) and Monolith−1 (8 mg, right). The amount of 4-amino-TEMPO immobi-
lized in Monolith−1, hypothetically calculated from two integrations of ESR spectra ranged from 

18 48

(+/−)-1-Phenylethanol

Polymers 2022, 14, x FOR PEER REVIEW 9 of 11 
 

 

alcohol and the yield decreased due to steric hindrance. The yield was also improved by 
increasing the residence time (Figure S11). The reactivity of benzyl alcohol with substi-
tuted functional groups was different, and benzyl alcohol with methoxy groups gave 
higher yields. Although the reactivity of the catalyst for these substrates was different, 
these results suggest that the flow reaction of 4-amino-TEMPO-immobilized catalysts can 
be applied to various alcohols. 

Table 2. Oxidation of various alcohols to the aldehyde and ketone using Monolith−1 after 4-column 
volume flow. The yield of aldehyde and ketone with a residence time of 4 and 8 min. 

Substrate Product The Yield of 4 
min [%] 

The Yield of 8 
min [%] 

Benzyl alcohol 

 

Benzaldehyde 

 
48 52 

2-Phenylethanol 

 

Phenylacetaldehyde 

 
18 48 

(+/−)-1-Phenylethanol 

 

Acetophenone 

 

22 39 

4-Nitrobenzyl alcohol 

 

4-Nitrobenzaldehyde 

 
35 30 

2-Methoxybenzyl alcohol 

 

2-Methoxybenzaldehyde

 

59 59 

4-Methoxybenzyl alcohol 

 

4-Methoxybenzaldehyde 

 
62 72 

4. Conclusions 
4-amino-TEMPO-immobilized monolith was easily prepared by radical polymeriza-

tion, under the phase separation condition of poly (4-chloromethyl styrene-co-DVB) and 
the subsequent substitution reaction. In the batch reaction, the reactivity of the 4-amino-
TEMPO-immobilized monolith catalyst showed high reactivity with stirring. In the con-
tinuous flow reaction, the 4-amino-TEMPO-immobilized monolith exhibited a high reac-
tivity and benzaldehyde selectivity, up to 6-column volume based on the efficient mass 
transfer. The activity of the monolithic catalyst was reduced by the inaccessibility of the 
substrate to the active point of the catalyst, due to product adsorption to the catalyst. 
However, washing by solvent flow resulted in regained activity, and a total of six catalytic 
reactions were achieved, including five recycling tests. The 4-amino-TEMPO-immobilized 
catalyst was applied to the oxidation reaction of several kinds of alcohols. The catalyst-
immobilized porous monolith showed high reactivity in both batch and flow system re-
actions, suggesting that it is suitable as a support for organocatalysts. 

Supplementary Materials: The following supporting information can be downloaded at: 
www.mdpi.com/xxx/s1, Figure S1: SEM images of Cl−Monolith (a) −1, (b) −2, (c) −3, and (d) −4.; 
Figure S2: Pore size distribution of Cl−Monolith−1, −2, −3, and −4 as characterized by MIP.; Figure 
S3: SEM image (left) EDS image analyzing nitrogen (right) of Monolith−1.; Figure S4: The ESR spec-
tra of TEMPO (5 mg, left) and Monolith−1 (8 mg, right). The amount of 4-amino-TEMPO immobi-
lized in Monolith−1, hypothetically calculated from two integrations of ESR spectra ranged from 

Acetophenone

Polymers 2022, 14, x FOR PEER REVIEW 9 of 11 
 

 

alcohol and the yield decreased due to steric hindrance. The yield was also improved by 
increasing the residence time (Figure S11). The reactivity of benzyl alcohol with substi-
tuted functional groups was different, and benzyl alcohol with methoxy groups gave 
higher yields. Although the reactivity of the catalyst for these substrates was different, 
these results suggest that the flow reaction of 4-amino-TEMPO-immobilized catalysts can 
be applied to various alcohols. 

Table 2. Oxidation of various alcohols to the aldehyde and ketone using Monolith−1 after 4-column 
volume flow. The yield of aldehyde and ketone with a residence time of 4 and 8 min. 

Substrate Product The Yield of 4 
min [%] 

The Yield of 8 
min [%] 

Benzyl alcohol 

 

Benzaldehyde 

 
48 52 

2-Phenylethanol 

 

Phenylacetaldehyde 

 
18 48 

(+/−)-1-Phenylethanol 

 

Acetophenone 

 

22 39 

4-Nitrobenzyl alcohol 

 

4-Nitrobenzaldehyde 

 
35 30 

2-Methoxybenzyl alcohol 

 

2-Methoxybenzaldehyde

 

59 59 

4-Methoxybenzyl alcohol 

 

4-Methoxybenzaldehyde 

 
62 72 

4. Conclusions 
4-amino-TEMPO-immobilized monolith was easily prepared by radical polymeriza-

tion, under the phase separation condition of poly (4-chloromethyl styrene-co-DVB) and 
the subsequent substitution reaction. In the batch reaction, the reactivity of the 4-amino-
TEMPO-immobilized monolith catalyst showed high reactivity with stirring. In the con-
tinuous flow reaction, the 4-amino-TEMPO-immobilized monolith exhibited a high reac-
tivity and benzaldehyde selectivity, up to 6-column volume based on the efficient mass 
transfer. The activity of the monolithic catalyst was reduced by the inaccessibility of the 
substrate to the active point of the catalyst, due to product adsorption to the catalyst. 
However, washing by solvent flow resulted in regained activity, and a total of six catalytic 
reactions were achieved, including five recycling tests. The 4-amino-TEMPO-immobilized 
catalyst was applied to the oxidation reaction of several kinds of alcohols. The catalyst-
immobilized porous monolith showed high reactivity in both batch and flow system re-
actions, suggesting that it is suitable as a support for organocatalysts. 

Supplementary Materials: The following supporting information can be downloaded at: 
www.mdpi.com/xxx/s1, Figure S1: SEM images of Cl−Monolith (a) −1, (b) −2, (c) −3, and (d) −4.; 
Figure S2: Pore size distribution of Cl−Monolith−1, −2, −3, and −4 as characterized by MIP.; Figure 
S3: SEM image (left) EDS image analyzing nitrogen (right) of Monolith−1.; Figure S4: The ESR spec-
tra of TEMPO (5 mg, left) and Monolith−1 (8 mg, right). The amount of 4-amino-TEMPO immobi-
lized in Monolith−1, hypothetically calculated from two integrations of ESR spectra ranged from 

22 39

4-Nitrobenzyl alcohol

Polymers 2022, 14, x FOR PEER REVIEW 9 of 11 
 

 

alcohol and the yield decreased due to steric hindrance. The yield was also improved by 
increasing the residence time (Figure S11). The reactivity of benzyl alcohol with substi-
tuted functional groups was different, and benzyl alcohol with methoxy groups gave 
higher yields. Although the reactivity of the catalyst for these substrates was different, 
these results suggest that the flow reaction of 4-amino-TEMPO-immobilized catalysts can 
be applied to various alcohols. 

Table 2. Oxidation of various alcohols to the aldehyde and ketone using Monolith−1 after 4-column 
volume flow. The yield of aldehyde and ketone with a residence time of 4 and 8 min. 

Substrate Product The Yield of 4 
min [%] 

The Yield of 8 
min [%] 

Benzyl alcohol 

 

Benzaldehyde 

 
48 52 

2-Phenylethanol 

 

Phenylacetaldehyde 

 
18 48 

(+/−)-1-Phenylethanol 

 

Acetophenone 

 

22 39 

4-Nitrobenzyl alcohol 

 

4-Nitrobenzaldehyde 

 
35 30 

2-Methoxybenzyl alcohol 

 

2-Methoxybenzaldehyde

 

59 59 

4-Methoxybenzyl alcohol 

 

4-Methoxybenzaldehyde 

 
62 72 

4. Conclusions 
4-amino-TEMPO-immobilized monolith was easily prepared by radical polymeriza-

tion, under the phase separation condition of poly (4-chloromethyl styrene-co-DVB) and 
the subsequent substitution reaction. In the batch reaction, the reactivity of the 4-amino-
TEMPO-immobilized monolith catalyst showed high reactivity with stirring. In the con-
tinuous flow reaction, the 4-amino-TEMPO-immobilized monolith exhibited a high reac-
tivity and benzaldehyde selectivity, up to 6-column volume based on the efficient mass 
transfer. The activity of the monolithic catalyst was reduced by the inaccessibility of the 
substrate to the active point of the catalyst, due to product adsorption to the catalyst. 
However, washing by solvent flow resulted in regained activity, and a total of six catalytic 
reactions were achieved, including five recycling tests. The 4-amino-TEMPO-immobilized 
catalyst was applied to the oxidation reaction of several kinds of alcohols. The catalyst-
immobilized porous monolith showed high reactivity in both batch and flow system re-
actions, suggesting that it is suitable as a support for organocatalysts. 

Supplementary Materials: The following supporting information can be downloaded at: 
www.mdpi.com/xxx/s1, Figure S1: SEM images of Cl−Monolith (a) −1, (b) −2, (c) −3, and (d) −4.; 
Figure S2: Pore size distribution of Cl−Monolith−1, −2, −3, and −4 as characterized by MIP.; Figure 
S3: SEM image (left) EDS image analyzing nitrogen (right) of Monolith−1.; Figure S4: The ESR spec-
tra of TEMPO (5 mg, left) and Monolith−1 (8 mg, right). The amount of 4-amino-TEMPO immobi-
lized in Monolith−1, hypothetically calculated from two integrations of ESR spectra ranged from 

4-Nitrobenzaldehyde

Polymers 2022, 14, x FOR PEER REVIEW 9 of 11 
 

 

alcohol and the yield decreased due to steric hindrance. The yield was also improved by 
increasing the residence time (Figure S11). The reactivity of benzyl alcohol with substi-
tuted functional groups was different, and benzyl alcohol with methoxy groups gave 
higher yields. Although the reactivity of the catalyst for these substrates was different, 
these results suggest that the flow reaction of 4-amino-TEMPO-immobilized catalysts can 
be applied to various alcohols. 

Table 2. Oxidation of various alcohols to the aldehyde and ketone using Monolith−1 after 4-column 
volume flow. The yield of aldehyde and ketone with a residence time of 4 and 8 min. 

Substrate Product The Yield of 4 
min [%] 

The Yield of 8 
min [%] 

Benzyl alcohol 

 

Benzaldehyde 

 
48 52 

2-Phenylethanol 

 

Phenylacetaldehyde 

 
18 48 

(+/−)-1-Phenylethanol 

 

Acetophenone 

 

22 39 

4-Nitrobenzyl alcohol 

 

4-Nitrobenzaldehyde 

 
35 30 

2-Methoxybenzyl alcohol 

 

2-Methoxybenzaldehyde

 

59 59 

4-Methoxybenzyl alcohol 

 

4-Methoxybenzaldehyde 

 
62 72 

4. Conclusions 
4-amino-TEMPO-immobilized monolith was easily prepared by radical polymeriza-

tion, under the phase separation condition of poly (4-chloromethyl styrene-co-DVB) and 
the subsequent substitution reaction. In the batch reaction, the reactivity of the 4-amino-
TEMPO-immobilized monolith catalyst showed high reactivity with stirring. In the con-
tinuous flow reaction, the 4-amino-TEMPO-immobilized monolith exhibited a high reac-
tivity and benzaldehyde selectivity, up to 6-column volume based on the efficient mass 
transfer. The activity of the monolithic catalyst was reduced by the inaccessibility of the 
substrate to the active point of the catalyst, due to product adsorption to the catalyst. 
However, washing by solvent flow resulted in regained activity, and a total of six catalytic 
reactions were achieved, including five recycling tests. The 4-amino-TEMPO-immobilized 
catalyst was applied to the oxidation reaction of several kinds of alcohols. The catalyst-
immobilized porous monolith showed high reactivity in both batch and flow system re-
actions, suggesting that it is suitable as a support for organocatalysts. 

Supplementary Materials: The following supporting information can be downloaded at: 
www.mdpi.com/xxx/s1, Figure S1: SEM images of Cl−Monolith (a) −1, (b) −2, (c) −3, and (d) −4.; 
Figure S2: Pore size distribution of Cl−Monolith−1, −2, −3, and −4 as characterized by MIP.; Figure 
S3: SEM image (left) EDS image analyzing nitrogen (right) of Monolith−1.; Figure S4: The ESR spec-
tra of TEMPO (5 mg, left) and Monolith−1 (8 mg, right). The amount of 4-amino-TEMPO immobi-
lized in Monolith−1, hypothetically calculated from two integrations of ESR spectra ranged from 

35 30

2-Methoxybenzyl alcohol

Polymers 2022, 14, x FOR PEER REVIEW 9 of 11 
 

 

alcohol and the yield decreased due to steric hindrance. The yield was also improved by 
increasing the residence time (Figure S11). The reactivity of benzyl alcohol with substi-
tuted functional groups was different, and benzyl alcohol with methoxy groups gave 
higher yields. Although the reactivity of the catalyst for these substrates was different, 
these results suggest that the flow reaction of 4-amino-TEMPO-immobilized catalysts can 
be applied to various alcohols. 

Table 2. Oxidation of various alcohols to the aldehyde and ketone using Monolith−1 after 4-column 
volume flow. The yield of aldehyde and ketone with a residence time of 4 and 8 min. 

Substrate Product The Yield of 4 
min [%] 

The Yield of 8 
min [%] 

Benzyl alcohol 

 

Benzaldehyde 

 
48 52 

2-Phenylethanol 

 

Phenylacetaldehyde 

 
18 48 

(+/−)-1-Phenylethanol 

 

Acetophenone 

 

22 39 

4-Nitrobenzyl alcohol 

 

4-Nitrobenzaldehyde 

 
35 30 

2-Methoxybenzyl alcohol 

 

2-Methoxybenzaldehyde

 

59 59 

4-Methoxybenzyl alcohol 

 

4-Methoxybenzaldehyde 

 
62 72 

4. Conclusions 
4-amino-TEMPO-immobilized monolith was easily prepared by radical polymeriza-

tion, under the phase separation condition of poly (4-chloromethyl styrene-co-DVB) and 
the subsequent substitution reaction. In the batch reaction, the reactivity of the 4-amino-
TEMPO-immobilized monolith catalyst showed high reactivity with stirring. In the con-
tinuous flow reaction, the 4-amino-TEMPO-immobilized monolith exhibited a high reac-
tivity and benzaldehyde selectivity, up to 6-column volume based on the efficient mass 
transfer. The activity of the monolithic catalyst was reduced by the inaccessibility of the 
substrate to the active point of the catalyst, due to product adsorption to the catalyst. 
However, washing by solvent flow resulted in regained activity, and a total of six catalytic 
reactions were achieved, including five recycling tests. The 4-amino-TEMPO-immobilized 
catalyst was applied to the oxidation reaction of several kinds of alcohols. The catalyst-
immobilized porous monolith showed high reactivity in both batch and flow system re-
actions, suggesting that it is suitable as a support for organocatalysts. 

Supplementary Materials: The following supporting information can be downloaded at: 
www.mdpi.com/xxx/s1, Figure S1: SEM images of Cl−Monolith (a) −1, (b) −2, (c) −3, and (d) −4.; 
Figure S2: Pore size distribution of Cl−Monolith−1, −2, −3, and −4 as characterized by MIP.; Figure 
S3: SEM image (left) EDS image analyzing nitrogen (right) of Monolith−1.; Figure S4: The ESR spec-
tra of TEMPO (5 mg, left) and Monolith−1 (8 mg, right). The amount of 4-amino-TEMPO immobi-
lized in Monolith−1, hypothetically calculated from two integrations of ESR spectra ranged from 

2-Methoxybenzaldehyde

Polymers 2022, 14, x FOR PEER REVIEW 9 of 11 
 

 

alcohol and the yield decreased due to steric hindrance. The yield was also improved by 
increasing the residence time (Figure S11). The reactivity of benzyl alcohol with substi-
tuted functional groups was different, and benzyl alcohol with methoxy groups gave 
higher yields. Although the reactivity of the catalyst for these substrates was different, 
these results suggest that the flow reaction of 4-amino-TEMPO-immobilized catalysts can 
be applied to various alcohols. 

Table 2. Oxidation of various alcohols to the aldehyde and ketone using Monolith−1 after 4-column 
volume flow. The yield of aldehyde and ketone with a residence time of 4 and 8 min. 

Substrate Product The Yield of 4 
min [%] 

The Yield of 8 
min [%] 

Benzyl alcohol 

 

Benzaldehyde 

 
48 52 

2-Phenylethanol 

 

Phenylacetaldehyde 

 
18 48 

(+/−)-1-Phenylethanol 

 

Acetophenone 

 

22 39 

4-Nitrobenzyl alcohol 

 

4-Nitrobenzaldehyde 

 
35 30 

2-Methoxybenzyl alcohol 

 

2-Methoxybenzaldehyde

 

59 59 

4-Methoxybenzyl alcohol 

 

4-Methoxybenzaldehyde 

 
62 72 

4. Conclusions 
4-amino-TEMPO-immobilized monolith was easily prepared by radical polymeriza-

tion, under the phase separation condition of poly (4-chloromethyl styrene-co-DVB) and 
the subsequent substitution reaction. In the batch reaction, the reactivity of the 4-amino-
TEMPO-immobilized monolith catalyst showed high reactivity with stirring. In the con-
tinuous flow reaction, the 4-amino-TEMPO-immobilized monolith exhibited a high reac-
tivity and benzaldehyde selectivity, up to 6-column volume based on the efficient mass 
transfer. The activity of the monolithic catalyst was reduced by the inaccessibility of the 
substrate to the active point of the catalyst, due to product adsorption to the catalyst. 
However, washing by solvent flow resulted in regained activity, and a total of six catalytic 
reactions were achieved, including five recycling tests. The 4-amino-TEMPO-immobilized 
catalyst was applied to the oxidation reaction of several kinds of alcohols. The catalyst-
immobilized porous monolith showed high reactivity in both batch and flow system re-
actions, suggesting that it is suitable as a support for organocatalysts. 

Supplementary Materials: The following supporting information can be downloaded at: 
www.mdpi.com/xxx/s1, Figure S1: SEM images of Cl−Monolith (a) −1, (b) −2, (c) −3, and (d) −4.; 
Figure S2: Pore size distribution of Cl−Monolith−1, −2, −3, and −4 as characterized by MIP.; Figure 
S3: SEM image (left) EDS image analyzing nitrogen (right) of Monolith−1.; Figure S4: The ESR spec-
tra of TEMPO (5 mg, left) and Monolith−1 (8 mg, right). The amount of 4-amino-TEMPO immobi-
lized in Monolith−1, hypothetically calculated from two integrations of ESR spectra ranged from 

59 59

4-Methoxybenzyl alcohol

Polymers 2022, 14, x FOR PEER REVIEW 9 of 11 
 

 

alcohol and the yield decreased due to steric hindrance. The yield was also improved by 
increasing the residence time (Figure S11). The reactivity of benzyl alcohol with substi-
tuted functional groups was different, and benzyl alcohol with methoxy groups gave 
higher yields. Although the reactivity of the catalyst for these substrates was different, 
these results suggest that the flow reaction of 4-amino-TEMPO-immobilized catalysts can 
be applied to various alcohols. 

Table 2. Oxidation of various alcohols to the aldehyde and ketone using Monolith−1 after 4-column 
volume flow. The yield of aldehyde and ketone with a residence time of 4 and 8 min. 

Substrate Product The Yield of 4 
min [%] 

The Yield of 8 
min [%] 

Benzyl alcohol 

 

Benzaldehyde 

 
48 52 

2-Phenylethanol 

 

Phenylacetaldehyde 

 
18 48 

(+/−)-1-Phenylethanol 

 

Acetophenone 

 

22 39 

4-Nitrobenzyl alcohol 

 

4-Nitrobenzaldehyde 

 
35 30 

2-Methoxybenzyl alcohol 

 

2-Methoxybenzaldehyde

 

59 59 

4-Methoxybenzyl alcohol 

 

4-Methoxybenzaldehyde 

 
62 72 

4. Conclusions 
4-amino-TEMPO-immobilized monolith was easily prepared by radical polymeriza-

tion, under the phase separation condition of poly (4-chloromethyl styrene-co-DVB) and 
the subsequent substitution reaction. In the batch reaction, the reactivity of the 4-amino-
TEMPO-immobilized monolith catalyst showed high reactivity with stirring. In the con-
tinuous flow reaction, the 4-amino-TEMPO-immobilized monolith exhibited a high reac-
tivity and benzaldehyde selectivity, up to 6-column volume based on the efficient mass 
transfer. The activity of the monolithic catalyst was reduced by the inaccessibility of the 
substrate to the active point of the catalyst, due to product adsorption to the catalyst. 
However, washing by solvent flow resulted in regained activity, and a total of six catalytic 
reactions were achieved, including five recycling tests. The 4-amino-TEMPO-immobilized 
catalyst was applied to the oxidation reaction of several kinds of alcohols. The catalyst-
immobilized porous monolith showed high reactivity in both batch and flow system re-
actions, suggesting that it is suitable as a support for organocatalysts. 

Supplementary Materials: The following supporting information can be downloaded at: 
www.mdpi.com/xxx/s1, Figure S1: SEM images of Cl−Monolith (a) −1, (b) −2, (c) −3, and (d) −4.; 
Figure S2: Pore size distribution of Cl−Monolith−1, −2, −3, and −4 as characterized by MIP.; Figure 
S3: SEM image (left) EDS image analyzing nitrogen (right) of Monolith−1.; Figure S4: The ESR spec-
tra of TEMPO (5 mg, left) and Monolith−1 (8 mg, right). The amount of 4-amino-TEMPO immobi-
lized in Monolith−1, hypothetically calculated from two integrations of ESR spectra ranged from 

4-Methoxybenzaldehyde

Polymers 2022, 14, x FOR PEER REVIEW 9 of 11 
 

 

alcohol and the yield decreased due to steric hindrance. The yield was also improved by 
increasing the residence time (Figure S11). The reactivity of benzyl alcohol with substi-
tuted functional groups was different, and benzyl alcohol with methoxy groups gave 
higher yields. Although the reactivity of the catalyst for these substrates was different, 
these results suggest that the flow reaction of 4-amino-TEMPO-immobilized catalysts can 
be applied to various alcohols. 

Table 2. Oxidation of various alcohols to the aldehyde and ketone using Monolith−1 after 4-column 
volume flow. The yield of aldehyde and ketone with a residence time of 4 and 8 min. 

Substrate Product The Yield of 4 
min [%] 

The Yield of 8 
min [%] 

Benzyl alcohol 

 

Benzaldehyde 

 
48 52 

2-Phenylethanol 

 

Phenylacetaldehyde 

 
18 48 

(+/−)-1-Phenylethanol 

 

Acetophenone 

 

22 39 

4-Nitrobenzyl alcohol 

 

4-Nitrobenzaldehyde 

 
35 30 

2-Methoxybenzyl alcohol 

 

2-Methoxybenzaldehyde

 

59 59 

4-Methoxybenzyl alcohol 

 

4-Methoxybenzaldehyde 

 
62 72 

4. Conclusions 
4-amino-TEMPO-immobilized monolith was easily prepared by radical polymeriza-

tion, under the phase separation condition of poly (4-chloromethyl styrene-co-DVB) and 
the subsequent substitution reaction. In the batch reaction, the reactivity of the 4-amino-
TEMPO-immobilized monolith catalyst showed high reactivity with stirring. In the con-
tinuous flow reaction, the 4-amino-TEMPO-immobilized monolith exhibited a high reac-
tivity and benzaldehyde selectivity, up to 6-column volume based on the efficient mass 
transfer. The activity of the monolithic catalyst was reduced by the inaccessibility of the 
substrate to the active point of the catalyst, due to product adsorption to the catalyst. 
However, washing by solvent flow resulted in regained activity, and a total of six catalytic 
reactions were achieved, including five recycling tests. The 4-amino-TEMPO-immobilized 
catalyst was applied to the oxidation reaction of several kinds of alcohols. The catalyst-
immobilized porous monolith showed high reactivity in both batch and flow system re-
actions, suggesting that it is suitable as a support for organocatalysts. 

Supplementary Materials: The following supporting information can be downloaded at: 
www.mdpi.com/xxx/s1, Figure S1: SEM images of Cl−Monolith (a) −1, (b) −2, (c) −3, and (d) −4.; 
Figure S2: Pore size distribution of Cl−Monolith−1, −2, −3, and −4 as characterized by MIP.; Figure 
S3: SEM image (left) EDS image analyzing nitrogen (right) of Monolith−1.; Figure S4: The ESR spec-
tra of TEMPO (5 mg, left) and Monolith−1 (8 mg, right). The amount of 4-amino-TEMPO immobi-
lized in Monolith−1, hypothetically calculated from two integrations of ESR spectra ranged from 

62 72

4. Conclusions

4-amino-TEMPO-immobilized monolith was easily prepared by radical polymer-
ization, under the phase separation condition of poly (4-chloromethyl styrene-co-DVB)
and the subsequent substitution reaction. In the batch reaction, the reactivity of the 4-
amino-TEMPO-immobilized monolith catalyst showed high reactivity with stirring. In
the continuous flow reaction, the 4-amino-TEMPO-immobilized monolith exhibited a high
reactivity and benzaldehyde selectivity, up to 6-column volume based on the efficient
mass transfer. The activity of the monolithic catalyst was reduced by the inaccessibility
of the substrate to the active point of the catalyst, due to product adsorption to the cat-
alyst. However, washing by solvent flow resulted in regained activity, and a total of six
catalytic reactions were achieved, including five recycling tests. The 4-amino-TEMPO-
immobilized catalyst was applied to the oxidation reaction of several kinds of alcohols.
The catalyst-immobilized porous monolith showed high reactivity in both batch and flow
system reactions, suggesting that it is suitable as a support for organocatalysts.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym14235123/s1, Figure S1: SEM images of Cl−Monolith
(a) −1, (b) −2, (c) −3, and (d) −4; Figure S2: Pore size distribution of Cl−Monolith−1, −2, −3,
and −4 as characterized by MIP; Figure S3: SEM image (left) EDS image analyzing nitrogen (right)
of Monolith−1; Figure S4: The ESR spectra of TEMPO (5 mg, left) and Monolith−1 (8 mg, right).
The amount of 4-amino-TEMPO immobilized in Monolith−1, hypothetically calculated from two
integrations of ESR spectra ranged from 0.43−0.69 mmol/g. (Calibration curves were prepared from
ESR spectra of different amounts of TEMPO). This value contains uncertainty due to the influence of
radical interactions; Figure S5: The FT-IR results of Cl−Monolith−1 (top) and Monolith−1 (bottom);
Figure S6: Porosity measurements in wetting states with benzene tracer in CH2Cl2/tBuOH (1:1,
v/v); Figure S7: Porosity measurements in wetting states with benzene and polystyrene tracer in
CH2Cl2/tBuOH (1:1, v/v): (a) Monolith−1 and (b) Cl−Monolith−1; Figure S8: Results of flow
oxidation of benzyl alcohol by Monolith−1 at a residence time of 2 min; Figure S9: Results of flow
oxidation of benzyl alcohol by Monolith−1 at a residence time of 8 min; Figure S10: Results of flow
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oxidation of 2-phenylethanol by Monolith−1 at residence times of 2, 4, and 8 min; Figure S11: Results
of flow oxidation of (+/−)-1-phenylethanol by Monolith−1 at residence times of 2, 4, and 8 min;
Table S1: Properties of Cl−Monolith−1, −2, −3, and −4 as characterized by MIP; Table S2: The
transmission coefficient of Cl−Monolith−1, −2, −3, and −4; Table S3: Properties of Monolith−1,
−2, −3, and −4 as characterized by MIP; Table S4: N content and 4-amino-TEMPO immobilization
calculated from elemental analysis of Monoliths and transmission coefficient.

Author Contributions: Conceptualization: Y.M., H.M. and M.N.; methodology: H.M., S.N., K.S. and
H.S.; investigation: T.I., H.M. and K.S.; writing-original draft preparation: T.I.; writing-review and
editing: Y.M.; supervision: M.N., Y.H., H.M. and Y.M.; funding acquisition: Y.M.; supervision: M.N.,
Y.H. and Y.M. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the JSPS KAKENHI (Grant number: JP19H02766, JP22H05372,
JP22H04553 and JP22K19068).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ley, S.V.; Chen, Y.; Robinson, A.; Otter, B.; Godineau, E.; Battilocchio, C. A Comment on Continuous Flow Technologies within

the Agrochemical Industry. Org. Process Res. Dev. 2021, 25, 713–720. [CrossRef]
2. Seto, M.; Masada, S.; Usutani, H.; Cork, D.G.; Fukuda, K.; Kawamoto, T. Application of Continuous Flow-Flash Chemistry to

Scale-up Synthesis of 5-Cyano-2-formylbenzoic Acid. Org. Process Res. Dev. 2019, 23, 1420–1428. [CrossRef]
3. Yoo, W.-J.; Ishitani, H.; Saito, Y.; Laroche, B.; Kobayashi, S. Reworking Organic Synthesis for the Modern Age: Synthetic Strategies

Based on Continuous-Flow Addition and Condensation Reactions with Heterogeneous Catalysts. J. Org. Chem. 2020, 85,
5132–5145. [CrossRef] [PubMed]

4. Makgwane, R.R.; Ray, S.S. Synthesis of Nanomaterials by Continuous-Flow Microfluidics: A Review. J. Nanosci. Nanotech. 2014,
14, 1338–1363. [CrossRef]

5. Kirschning, A.; Solodenko, W.; Mennecke, K. Combining Enabling Techniques in Organic Synthesis: Continuous Flow Processes
with Heterogenized Catalysts. Chemistry 2006, 12, 5972–5990. [CrossRef]

6. Kobayashi, S. Immobilized Catalysts in Combinatorial Chemistry. Curr. Opin. Chem. Biol. 2000, 4, 338–345. [CrossRef]
7. Munirathinam, R.; Huskens, J.; Verboom, W. Supported Catalysis in Continuous-Flow Microreactors. Adv. Synth. Catal. 2015, 357,

1093–1123. [CrossRef]
8. Rebrov, E.V.; Berenguer-Murcia, A.; Skelton, H.E.; Johnson, B.F.; Wheatley, A.E.; Schouten, J.C. Capillary Microreactors Wall-

Coated with Mesoporous Titania Thin Film Catalyst Supports. Lab Chip 2009, 9, 503–506. [CrossRef]
9. Losey, M.W.; Schmidt, M.A.; Jensen, K.F. Microfabricated Multiphase Packed-Bed Reactors: Characterization of Mass Transfer

and Reactions. Ind. Eng. Chem. Res. 2001, 40, 2555–2562. [CrossRef]
10. Siouffi, A.M. About the C Term in the van Deemter’s Equation of Plate Height in Monoliths. J. Chromatogr. A 2006, 1126, 86–94.

[CrossRef]
11. Matsumoto, H.; Hoshino, Y.; Iwai, T.; Sawamura, M.; Miura, Y. Polystyrene-Cross-Linking Triphenylphosphine on a Porous

Monolith: Enhanced Catalytic Activity for Aryl Chloride Cross-Coupling in Biphasic Flow. Ind. Eng. Chem. Res. 2020, 59,
15179–15187. [CrossRef]

12. Matsumoto, H.; Seto, H.; Akiyoshi, T.; Shibuya, M.; Hoshino, Y.; Miura, Y. Macroporous Gel with a Permeable Reaction Platform
for Catalytic Flow Synthesis. ACS Omega 2017, 2, 8796–8802. [CrossRef] [PubMed]

13. Matsumoto, H.; Hoshino, Y.; Iwai, T.; Sawamura, M.; Miura, Y. Polystyrene-Supported PPh3 in Monolithic Porous Material: Effect
of Cross-Linking Degree on Coordination Mode and Catalytic Activity in Pd-Catalyzed C−C Cross-Coupling of Aryl Chlorides.
ChemCatChem 2020, 12, 4034–4037. [CrossRef]

14. Nonaka, S.; Matsumoto, H.; Nagao, M.; Hoshino, Y.; Miura, Y. Investigation of the Effect of Microflow Reactor Diameter on
Condensation Reactions in L-proline-Immobilized Polymer Monoliths. React. Chem. Eng. 2022, 7, 55–60. [CrossRef]

15. Yang, H.; Shi, Q.; Tian, B.; Xie, S.; Zhang, F.; Yan, Y.; Zhao, D. A Fast Way for Preparing Crack-Free Mesostructured Silica Monolith.
Chem. Mater. 2003, 15, 536–541. [CrossRef]

16. Hormann, K.; Müllner, T.; Bruns, S.; Höltzel, A.; Tallarek, U. Morphology and Separation Efficiency of a New Generation of
Analytical Silica Monoliths. J. Chromatogr. A 2012, 1222, 46–58. [CrossRef]

17. Krause, J.O.; Lubbad, S.; Nuyken, O.; Buchmeiser, M.R. Monolith- and Silica-Supported Carboxylate-Based Grubbs–Herrmann-
Type Metathesis Catalysts. Adv. Synth. Catal. 2003, 345, 996–1004. [CrossRef]

18. Rohr, T.; Hilder, E.F.; Donovan, J.J.; Svec, F.; Frechet, J.M. Photografting and the Control of Surface Chemistry in Three-Dimensional
Porous Polymer Monoliths. Macromolecules 2003, 36, 1677–1684. [CrossRef]

http://doi.org/10.1021/acs.oprd.0c00534
http://doi.org/10.1021/acs.oprd.9b00180
http://doi.org/10.1021/acs.joc.9b03416
http://www.ncbi.nlm.nih.gov/pubmed/32069417
http://doi.org/10.1166/jnn.2014.9129
http://doi.org/10.1002/chem.200600236
http://doi.org/10.1016/S1367-5931(00)00097-1
http://doi.org/10.1002/adsc.201401081
http://doi.org/10.1039/B815716B
http://doi.org/10.1021/ie000523f
http://doi.org/10.1016/j.chroma.2006.05.036
http://doi.org/10.1021/acs.iecr.0c02404
http://doi.org/10.1021/acsomega.7b00909
http://www.ncbi.nlm.nih.gov/pubmed/31457409
http://doi.org/10.1002/cctc.202000651
http://doi.org/10.1039/D1RE00386K
http://doi.org/10.1021/cm020135z
http://doi.org/10.1016/j.chroma.2011.12.008
http://doi.org/10.1002/adsc.200303037
http://doi.org/10.1021/ma021351w


Polymers 2022, 14, 5123 11 of 11

19. Stachowiak, T.B.; Rohr, T.; Hilder, E.F.; Peterson, D.S.; Yi, M.; Svec, F.; Fréchet, J.M. Fabrication of Porous Polymer Monoliths
Covalently Attached to the Walls of Channels in Plastic Microdevices. Electrophoresis 2003, 24, 3689–3693. [CrossRef]

20. Okada, K.; Nandi, M.; Maruyama, J.; Oka, T.; Tsujimoto, T.; Kondoh, K.; Uyama, H. Fabrication of Mesoporous Polymer Monolith:
A Template-Free Approach. Chem. Commun. 2011, 47, 7422–7424. [CrossRef]

21. Xin, Y.; Fujimoto, T.; Uyama, H. Facile Fabrication of Polycarbonate Monolith by Non-Solvent Induced Phase Separation Method.
Polymer 2012, 53, 2847–2853. [CrossRef]

22. Schulze, J.S.; Migenda, J.; Becker, M.; Schuler, S.M.; Wende, R.C.; Schreiner, P.R.; Smarsly, B.M. Synthesis and Testing of Functional
Mesoporous Silica Nanoparticles for Removal of Cr(VI) Ions From Water. J. Mat. Chem. A 2020, 8, 4107–4117. [CrossRef]

23. Mogharabi-Manzari, M.; Kiani, M.; Aryanejad, S.; Imanparast, S.; Amini, M.; Faramarzi, M.A. A Magnetic Heterogeneous
Biocatalyst Composed of Immobilized Laccase and 2,2,6,6-Tetramethylpiperidine-1-oxyl (TEMPO) for Green One-Pot Cascade
Synthesis of 2-Substituted Benzimidazole and Benzoxazole Derivatives under Mild Reaction Conditions. Adv. Synth. Catal. 2018,
360, 3563–3571. [CrossRef]

24. Okuno, Y.; Kitagawa, Y.; Kamiya, S.; Hasegawa, A.; Kawashima, T.; Otani, K.; Aoki, S.; Kanno, J.; Isomura, S. Triphasic
Continuous-Flow Oxidation System for Alcohols Utilizing Graft-Polymer-Supported TEMPO. Asian J. Org. Chem. 2018, 7,
1071–1074. [CrossRef]

25. Meyer, U.; Svec, F.; Fréchet, J.M.; Hawker, C.J.; Irgum, K. Use of Stable Free Radicals for the Sequential Preparation and Surface
Grafting of Functionalized Macroporous Monoliths. Macromolecules 2000, 33, 7769–7775. [CrossRef]

26. Urban, J.; Eeltink, S.; Jandera, P.; Schoenmakers, P.J. Characterization of polymer-based monolithic capillary columns by inverse
size-exclusion chromatography and mercury-intrusion porosimetry. J. Chromatogr. A 2008, 1182, 161–168. [CrossRef] [PubMed]

27. Gelotte, B. Studies on Gel Filtration: Sorption Properties of the Bed Material Sephadex. J. Chromatogr. A 1960, 3, 330–342.
[CrossRef]

28. Knox, J.H.; Scott, H.P. Theoretical Models for Size-Exclusion Chromatography and Calculation of Pore Size Distribution from
Size-Exclusion Chromatography Data. J. Chromatogr. A 1984, 316, 311–332. [CrossRef]

http://doi.org/10.1002/elps.200305536
http://doi.org/10.1039/c1cc12402a
http://doi.org/10.1016/j.polymer.2012.04.029
http://doi.org/10.1039/C9TA12416K
http://doi.org/10.1002/adsc.201800459
http://doi.org/10.1002/ajoc.201800125
http://doi.org/10.1021/ma000797e
http://doi.org/10.1016/j.chroma.2008.01.006
http://www.ncbi.nlm.nih.gov/pubmed/18206896
http://doi.org/10.1016/S0021-9673(01)97007-4
http://doi.org/10.1016/S0021-9673(00)96162-4

	Introduction 
	Experimental Section 
	Materials 
	Characterization 
	Preparation of Poly (4-Chloromethyl-Styrene-co-DVB) Monolith (Cl-Monolith) 
	Preparation of 4-Amino-TEMPO-Immobilized Monolith (Monolith) 
	Permeabilities of Continuous-Flow Reactor 
	Flow Behavior Analysis 
	Oxidation Reaction with Immobilized Catalyst 

	Results and Discussion 
	Preparation of Monolith (4-Amino-TEMPO-Immobilized Monolith) 
	Batch Oxidation Reaction 
	Flow Oxidation Reaction 

	Conclusions 
	References

