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ARTICLE INFO ABSTRACT

Keywords: Heterogeneous catalytic aldol reaction has widely focused on tethering multiple functional groups upon support
Polyacrylonitrile fiber that can act together (for example, acid-base cooperation) to improve reaction rate beyond individual moiety
Wettability alone. Here, a series of amine-functionalized fibers with additional surface wettability modification were pre-

Surface modification
Heterogeneous catalysis
Aldol reaction

pared to promote aldol reaction in water. The result showed that an enhanced catalytic activity was achieved by
introducing hydroxyl group to fiber. Hydrophilic prolinamide-functionalized fiber (PANgF-PLA) exhibited the
best catalytic performance, and its activity proved to be higher than those of hydrophobic-modified fiber and
even the small molecule prolinamide. This enhancement is attributed to that the favorable hydrophilic micro-
environment consisting of hydroxyl group, residual cyano group and prolinamide facilitates the accessibility of
reactants to catalytic sites and increases the rate of mass transfer in water for promoting reaction. This work
provides an effective protocol to maximize performance of fiber-supported catalyst by appropriate wettability

modification.

1. Introduction

Organocatalysis has attracted continuous attention over the past
few decades as it provides an alternative paralleling enzyme and tran-
sition-metal catalysis for the production of valuable fine chemicals
[1-4]. The use of small organic molecule catalysts has gained tre-
mendous growth within the domain of synthetic chemistry because of
their distinct activity and selectivity [5,6]. Nevertheless, such homo-
geneous catalysts are difficult to separate from the reaction system and
reuse for consecutive cycles, which limits their practical applications,
especially in continuous flow process. To achieve greener, more eco-
nomical and sustainable chemical process and solve above problems,
immobilization of a homogeneous catalyst by tethering it onto solid
materials via covalent bond has been prosperously developed. These
heterogeneous catalysts, characterized as chemically homogeneous but
physically heterogeneous feature, are highly desired in organic synth-
esis since the convenience of recycling of catalysts and reducing of
waste [7-9]. Despite much effort to the introduction of diverse func-
tionalities onto support, in some cases, it’s difficult to attain the level of
catalytic efficiency that homogeneous counterparts exhibited, which
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was correlated with the intrinsic interfacial effects, complicated com-
petitive absorption and changed chemical microenvironment around
active sites in heterogeneous catalytic process [10-13]. In this concern,
several strategies based on tailoring catalyst by modulating support
surface microenvironment were implemented [14-17]. Importantly,
recent advances in regulating surface wettability for efficient oil-water
separation gave inspiration for heterogeneous catalytic system [18-20],
in which the controlled hydrophilic/hydrophobic properties of support
surface may finely tune the interactions of substrates with catalytic sites
and then facilitate the subsequent catalytic conversion [21-24]. For
example, Shank et al. reported silica material decorated by both sul-
fonic group and hydrophobic alkyl group displayed much higher ac-
tivity than the one containing only acid sites in esterification reaction
[25]. Xiao et al. reported that hydrophilic TS-1 zeolite with rich hy-
droxyl group showed increased activities in oxidation of hexene and
hexane as compared with conventional TA-1 [26]. Therefore, the con-
struction of heterogeneous catalyst with specific surface wettability is
in definite demand with the aim of maximizing catalytic performance,
in which rational design and controllable synthesis are crucial.
Heterogeneous catalysis of aldol reaction has been intensively
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investigated in chemical industry, and satisfactory results are achieved
using silica-supported acid-base bifunctional catalysts [27-33]. Its re-
action mechanisms are well understood by combining molecular dy-
namic simulation [34], quantum mechanical and molecular mechanical
calculations [35], and kinetic examination [36]. Further detailed stu-
dies show that the modulation of chemical and physical properties
[37-41] significantly affects cooperative catalysis. Apart from typical
silica support, some new solid materials such as polymer [42] and
cellulose nanocrystal [43] were successfully applied to graft organo-
catalysts for aldol reaction through similar cooperative mechanism.
Such acid-base cooperative reaction pathway that imitates enzyme
catalysis is becoming a popular strategy for promoting reaction, how-
ever, accurate control of spatial distribution of acid- and base-sites is
generally required but still remains a challenge. In addition to posi-
tioning two incompatible functionalities at a suitable sequence for mi-
micking enzyme upon support material, we envision that delicate ar-
rangement of two functionalities, in which one could help to modify
surface wettability and provide H-donor for constructing tunable mi-
croenvironment around catalytic sites, would improve catalytic per-
formance in aldol reaction.

Polyacrylonitrile fiber (PANF), for its unique properties, such as
excellent durability, good mechanical and thermal stability, and high
solvent resistance [44], has recently emerged as a promising polymer
support for absorption and catalysis. Cyano group of PANF surface is
generally capable of reacting with specific functional molecules to offer
novel functionalities through aminolysis and hydrolysis. The modified
PANFs have been used as absorbents to remove dyes [45], heavy metal
ions [46,47] and organic pollutants [48] from waste water effectively
and selectively. Moreover, several research groups including us con-
firmed that the functionalized fibers were excellent catalysts in de-
symmetrization of meso-anhydride [49], Knoevenagel reaction [50],
mutilcomponent reactions [51,52], cycloaddition of CO, [53] and ring-
opening reaction [54].

In continuation of our research on green application of fiber in
sustainable organic synthesis, herein, various amine-functionalized
polyacrylonitrile fibers were prepared to investigate the effect of sur-
face wettability modification on catalytic activity in aldol reaction. The
obtained fiber catalysts were characterized by mechanical strength, FT-
IR, solid state '3C NMR, TGA, XRD, elemental analysis, SEM and water
contact angle. The surface wettability of the functionalized fiber was
tuned by introducing hydroxyl group into fiber support. Due to its high
activity in aldol reaction, prolinamide-functionalized fiber was chosen
as a template catalyst to further investigate the influence of hydro-
philic/hydrophobic surface properties on aqueous catalytic reaction.
Additionally, its catalytic performance was compared with the reported
conventional acid-base bifunctional aminosilica catalysts, and the re-
sults showed that fiber catalyst exhibited superior catalytic activity and
selectivity under mild conditions.

2. Experimental
2.1. Chemicals and materials

Commercially available polyacrylonitrile fiber (PANF, 93% acrylo-
nitrile, 6.5% methyl acrylate, and 0.4-0.5% sodium styrene sulfonate)
with a length of 10 cm and a diameter of 30 + 0.5um was obtained
from Fushun Petrochemical Corporation of China. Ethanolamine, pro-
pane-1,3-diamine, N,N-dimethylpropane-1,3-diamine, ethane-1,2-dia-
mine, L-proline methyl ester hydrochloride, 1,3-diaminopropan-2-ol,
ethylene glycol, p-nitrobenzaldehyde, acetone, ethyl acetate, di-
chloromethane, methanol, xylene, Na,;SO,, petroleum ether were ana-
lytical grade and used without further purification. Deionized water
was commercially obtained.
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2.2. Catalyst characterizations

The Fourier transform infrared spectra (FT-IR) of fibers were col-
lected on AVATAR360 FT-IR spectrometer (Thermo Nicolet). The
sample of fiber was cut to pieces and compressed into KBr pellets before
measurement. Solid-state >C CP-MAS NMR spectra were recorded on
Infinityplus 300 (Varian Company, America). Thermogravimetric ana-
lysis (TGA) was performed on a STA409PC TGA/DSC simultaneous
thermalanalyzer (Netzsch Company, Germany) under nitrogen atmo-
sphere, and the sample of fiber was analyzed in the temperature range
of 35-800 °C with a heating rate of 10 K min™'. The mechanical property
of fiber was measured using electronic single fiber strength tester YG(B)
001A (Wen zhou Da Rong Textile Instrument Corporation, China) with
a clamping length of 10 mm and an elongation rate of 20 mm min™ at
25 °C. Each sample was tested ten times in parallel and the average data
was calculated to afford breaking strength of fiber. D/MAX-2500 X-ray
diffractometer (Rigaku Corporation) was used to determine the crys-
tallinity of fiber. Elemental analysis was carried out using a Vario Micro
Cube instrument (Elementar, Germany). Scanning electron microcopy
(SEM) experiments were carried out with Hitachi S-4800 field emission
scanning electron microscope. Water contact angle (WCA) test was
conducted with a POWEREACH-JC2000DI contact angle system. The
sample of fiber was cut to pieces and dissolved in DMSO under heating
at 100 °C for 20 min. The sticky liquid was spread onto the glass slide
and then dried under vacuum at 80 °C for 3 h to give fiber membrane
before measurement. 'H NMR (400 MHz) and '3C NMR (101 MHz) of
the products were measured with BRUKER-AVANCE III instruments in
CDCl; using TMS (tetramethylsilane) as the internal standard.

2.3. Synthesis of functionalized fibers

PANF is one of the most common synthetic fibers and its surface
contains abundant cyano groups and ester groups which can be con-
verted partially through the formation of amide bonds. As depicted in
Scheme 1, the preparation of functionalized fiber was typically
achieved by introducing functional molecule onto PANF surface. Hy-
droxyl-modified amine fibers (PANgF-PMA, PANgF-PLA and PANgF-
TTA) were synthesized by a simple two-step approach. First, hydroxyl-
functionalized fiber PANgF was prepared by anchoring of ethanolamine
onto fiber via the formation of amide bond. Next, the resultant PANgF
was allowed to react with different alkylamines to give the corre-
sponding hydroxyl-modified amine fibers. In comparison, mono-func-
tionalized amine fibers (PANpyaF, PANpaF and PANyp ,F) and
PANyppF were prepared directly by adding PANF into a mixture of
solvent and alkylamines according to our previous work [50]. Sche-
matic diagram for the synthesis of PANEF-PLA and PANpyAF is shown in
Scheme S1. The modified extent of fiber in this work was measured by
weight gain and acid-base exchange capacity, and the results are
summarized in Table 1.

2.3.1. Synthesis of hydroxyl-modified amine fibers (PANgF-PLA, PANgF-
PMA and PANgF-TTA)

Hydroxyl-modified amine fibers were synthesized through a two-
step approach using PANF as the precursors. As a typical experiment for
the synthesis of PANgF-PLA, first, 2.10 g of dried PANF was added to
50 mL of water solution containing 20 mL of ethanolamine and the
mixture was heated to reflux for 3 h. After being cooled to room tem-
perature, the fiber was collected by filtration, rinsed repeatedly with
deionized water (60-70 °C), and then dried overnight at 60 °C under
vacuum to give fiber PANgF (2.284 g, 1.29 mmol/g).

Next, dried PANgF (0.25 g) was added to the solution of prolinamide
(S)-N-(2-aminoethyl)pyrrolidine-2-carboxamide (4.0g) dissolved in
ethylene glycol/H,0 (4:1, 6 mL) and the mixture was stirred at 130 °C
for 4 h. After being cooled to room temperature, the fiber was collected
by filtration, rinsed repeatedly with deionized water (60-70 °C) and
dried overnight at 60 °C under vacuum to give fiber PANgF-PLA
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Scheme 1. Preparation of functionalized fibers.
Table 1 (6 mL) and N,N-dimmethylpropane-1,3-diamine (14 mL) under reflux

The weight gain of the functionalized fibers and their function loading, basicity
and mechanical properties.

Entry Fiber Weight  Function Basicity Mechanical properties
gain loading (mmol/

(%)* (mmol/ 2" Breaking  Retention

2P strength breaking

(cN) strength

%)’

1 PANgF 8.76 1.29 0 9.74 95
2 PANgF-PMA 7.46 0.92 1.05 8.60 84
3 PANgF-PLA  22.40 1.16 1.21 8.05 78
4 PANgF-TTA 11.79 1.02 1.08 8.23 80

2 Weight gain= (wo-w1)/w; X 100%, where w; and w, are the weights of
original fiber and modified fiber, respectively.

> Function loading = [(Wp-w1)/AMW]/w, where wy and w, are the weights
of original fiber and modified fiber, AMw is the changed molecular weight
between original fiber and modified fiber.

¢ Basiciy is calculated according to acid-base titration.

4 Based on PANF.

(0.306 g, 1.16 mmol/g).

The synthesis of PANgF-PMA and PANgF-TTA is similar to that of
PANgF-PLA. Typically, PANEF-PMA (0.533 g, 0.92 mmol/g) was pre-
pared from PANgF (0.496 g) with a mixture of water (5mL) and com-
mercial available propane-1,3-diamine (5mL) under reflux for 0.5h.
And PANgF-TTA (0.474g, 1.02mmol/g) was prepared from PANgF
(0.424 g) with a mixture of water (3 mL) and commercial available N,N-
dimethylpropane-1,3-diamine (6 mL) under reflux for 1 h.

2.3.2. Synthesis of mono-functionalized amine fibers (PANpyaF and
PAN774F)

As a typical synthesis of PANpyF, 0.98 g of dried PANF was added
to 20 mL of water solution containing 10 mL of propane-1,3-diamine
and the mixture was heated to reflux for 1 h. After being cooled to room
temperature, the fiber was collected by filtration, rinsed repeatedly
with deionized water (60-70 °C) and dried overnight at 60 °C under
vacuum to give fiber PANpyaF (1.166 g, 2.13 mmol/g). The synthesis of
PANTTAF is similar to PANPMAF. And fiber PANTTAF (1.179 8
1.08 mmol/g) was prepared from PANF (1.05 g) with a mixture of water

for 2.5h.

2.3.3. Synthesis of amine-functionalized fiber PANyppF

As a typical synthesis of PANyppF, 0.301 g of dried PANF was added
to a solution of (25)-N-(3-amino-2-hydroxypropyl)pyrrolidine-2-car-
boxamide (5.5 g) dissolved in ethylene glycol/H,O (4:1, 6 mL) and the
mixture was heated at 130 °C for 10h. After being cooled to room
temperature, the fiber was collected by filtration, rinsed repeatedly
with deionized water (60-70 °C) and dried overnight at 60 °C under
vacuum to give fiber PANyppF (0.367 g, 0.96 mmol/g).

2.4. The measurement of basicity

Dried amine functionalized fiber (0.1 g) was immersed into 10 mL of
0.02 M HCI for 12 h. After that, the fiber was fetched out using tweezers
and rinsed with water. The filtrate was combined with remaining HCl
solution and the concentration of the mixture was titrated by 0.02M
NaOH. The basicity of amine-functionalized fiber was determined by
the amount of acid consumed.

2.5. General procedure for aldol reaction

To a round-bottom flask containing fiber catalyst (10 mol% com-
pared to aldehyde, based on functional loading) added with p-ni-
trobenzaldehyde (0.151g, 1 mmol), acetone (0.581 g, 10 mmol) and
water (8 mL). The reaction mixture was stirred with a magnetic bar for
a period of time at 40 °C. Reaction kinetics was studied by stirring the
eight parallel reaction mixtures at 40 °C for different time (0.5h, 1h,
2h, 3h, 4h, 5h, 6h and 7h, respectively). After that, the fiber was
taken out, rinsed with ethyl acetate (3 X 5mL), and used directly for
next run (recyclability test). The ethyl acetate solution was combined
with water solution and the obtained mixtures were then extracted with
ethyl acetate (3 X 8 mL). The organic layers were dried over Na,SO4.
Pure product was obtained by flash column chromatography on silica
gel (petroleum ether/ethyl acetate) and the yield of product was cal-
culated.
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3. Results and discussion
3.1. The characterization of fiber catalyst

Mechanical properties of different fibers were evaluated by breaking
strength and the results are displayed in Table 1 and Table S1. The
breaking strength of PANF, PAN:F and PANEF-PLA are 10.27 (Table S1,
entry 1) [52], 9.74 and 8.05 cN, respectively (Table 1, entries 1 and 3).
Evidently, the mechanical strength of fiber gradually decreased after
modification with hydroxyl and amine groups onto fiber surface. This
phenomenon can be attributed to the swelling and the changes of
partial crystalline region of fiber material during covalent modification.
Similarly, the break strength of PANgF-PMA and PANgF-TTA declined
to 8.60 and 8.23 cN, that is, 84% and 80% of original PANF strength
were retained, respectively. Mono-functionalized amine fibers can keep
more than 83% of pristine PANF strength, which shows their good
mechanical properties (Table S1, entries 2-4). Importantly, after being
applied in aldol reaction for consecutive seven times, the break strength
of PANEF-PLA-7 was only 0.7 cN loss compared to fresh PANgF-PLA,
namely 92% of strength is still maintained (Table S1, entry 7). This
result reveals that fiber material possesses good strength and can be
used as a promising support in heterogeneous catalysis.

The FT-IR spectra of different fibers are shown in Figs. 1 and SI1.
Adsorption peaks at 2942, 2868, 2245 and 1738 cm™ in the original
PANF can be assigned to the stretching vibrations of -CH,, C=N and
C = O, respectively [52]. After modification, the intensity of peaks at
2245 and 1738 cm™! in the spectra of PANgF, PANgF-PMA, PANgF-PLA
and PANgF-TTA slightly decreased compared with original PANF,
which is attributed to the consumption of ester moiety and cyano group
during aminolysis process (Fig. 1a—c and f). Additional two new peaks
appearing at approximately 1660 and 1545cm™ correspond to the
amide I (C = O stretching vibration in CONH) and amide II (N-H
bending vibration in CONH). As expected, the C=N stretching vibra-
tion further attenuated after introduction of alkylamines to PANgF but
still existed, which indicates only partial cyano groups were reacted to
form amide moieties and the inner ones hardly participated in the
modification. Visibly, the appearance of broad band at around 3670-
3130 cm™ is due to O-H stretching vibrations in the spectra of PANgF,
PANgF-PMA, PANF-PLA and PANgF-TTA (Fig. 1a—c and f). Because of
overlapping with O-H stretching, the N-H stretching bands of primary
amine and prolinamide (pyrrolidine) are not quite distinguishable
(Fig. 1b, c). Notably, after PANgF-PLA was applied in aldol reaction for
successive cycles, the spectrum of PANEF-PLA-7 was nearly the same as
PANgF-PLA-1 and both of them showed a new peak centered at around

f) .

T (%)
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. Bl
11545 cm
'
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Fig. 1. The FT-IR spectra of (a) PANgF, (b) PANRF-PMA, (c) PANgF-PLA, (d)
PANRF-PLA-1, () PANF-PLA-7 and (f) PANEF-TTA.
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Fig. 2. The solid-state *C CP-MAS NMR spectra of the fibers.

856 cm™ which can be assigned to C-H in-plane bending vibrations of
benzene ring arising from the minor product adsorbed on fiber surface
(Fig. 1d, e). Furthermore, the fiber was characterized by **C CP-MAS
NMR. After attaching ethanolamine onto PANF, a new peak appearing
at 60.8 ppm can be assigned to methylene carbon adjacent to hydroxyl
group of ethanolamine molecule, and the peak at 176.8 ppm is ascribed
to amide carbon (Fig. 2a) [52]. Compared to fresh PANF, the '3C CP-
MAS NMR spectrum of PANp; oF exhibits a new signal at 61.5 ppm re-
lated to the NCH of pyrrolidine (Fig. S2c). After the introduction of
various alkylamines to PANgF, the carbon signal in the wide range of
16.9-50.8 ppm is the superposition of methylene carbon of fiber back-
bone and alkyl linker (Fig. 2b—d).

The thermostability of the fibers was investigated by TGA and the
results are displayed in Figs. 3 and S4. After grafting ethanolamine onto
PANF, the initial decomposition temperature of resultant fiber PANgF
slightly declined to 300 °C, evidencing its high thermal stability [52].
The main weight losses of PANgF-PMA, PANgF-PLA and PANgF-TTA are
observed from 300 to 430 °C. As the temperature rose beyond 600 °C,
these weight losses tend to be stable and their decompositions are ac-
complished. In addition, PANyppF, PANpyaF, PANpAF and PANppAF
exhibit similar decomposition patterns in the range of 35-800 °C and
their major weight losses start from 300 °C (Fig. S4). According to the
TGA, the amine loadings of the hydroxyl-modified amine fibers were
calculated and the results are shown in the Supporting Information

100
80
;'\; 60
S | T PANF-PLA
£ 404 ——PANF-PMA
—— PANF-TTA
204 —PANGF
0 T

I L T 1 I T 1 I
0 100 200 300 400 500 600 700 800
Temperature (°C)

Fig. 3. The TGA curves of the fibers.
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Fig. 4. The XRD patterns of the fibers.

(Table S2, 0.61 mmol g'1 for PANgF-PLA; 0.84 mmol g'1 for PANgF-
PMA; 0.77 mmol g'1 for PANgF-TTA). It can be seen that the amount of
amine group determined from TGA are lower than the function loadings
based on weight gain, which is due to that the actual weight loss of
amine segment is not accurately acquired from the TGA curve. Al-
though the thermal stabilities of all modified fibers are lower than that
of original PANF, it is sufficient for their application in catalytic pro-
cess.

The XRD patterns of PANF, PANF, PANF-PMA, PANF-PLA and
PANgF-TTA are shown in Figs. S5a and 4 . Original PANF shows two
diffraction peaks at 29.2° and 17.0° which are related to the hexagonal
lattice planes of (1 1 0) and (1 0 0), respectively [52,55]. The intensity
of these two peaks maintain well after direct modification by ethano-
lamine (Fig. 4a) and alkylamines (Fig. S5b—e), indicating such surface
modification does not significantly distorted the original crystal lattice
and the polar interaction between molecular chains. Compared with
mono-functionalized amine fibers, the characteristic peaks of PANgF-
PMA, PANgF-PLA and PANF-TTA are almost not shifted or broadened

200 pm 200 pm

2pm
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Table 2

The elemental analysis data of the fibers.
Entry Fiber C (%) H (%) N (%)
1 PANgF 60.72 6.56 20.73
2 PANgF-PLA 57.20 6.85 19.88
3 PANgF-PLA-1 58.06 6.35 18.02
4 PANgF-PLA-7 58.10 6.74 18.58
5 PANgF-PMA 53.69 7.65 18.33
6 PANgF-TTA 56.44 7.77 18.47

but slightly weakened in intensity because of the decrease in crystal-
linity arising from the further grafting reaction (Fig. 5b—d), which
agrees well with the mechanical strength test results. Moreover, ac-
cording to earlier research [56], these amorphous regions resulting
from the reduction in crystallinity could make fiber material quite soft
and elastic.

The chemical compositions of different fibers were investigated by
elemental analysis and the results are presented in Table 2 and Table
S3. It can be seen that PANgF (Table 2, entry 1), PANpyaF, PANpyAF,
PANp1aF and PANyppF (Table S3, entries 2-5) have lower carbon con-
tent and higher hydrogen content in comparison with original PANF
[52], which is due to the corresponding ethanolamine and alkylamine
molecules have less carbon and more hydrogen contents than those of
PANF. Whereas, the decrease of nitrogen content of these fibers was
caused by the fact that cyano groups partially reacted with alkylamine
[50]. Similarly, further decline in carbon and nitrogen contents and
increase in hydrogen content were observed for PANgF-PLA, PANgF-
PMA and PANgF-TTA. These results demonstrate the successful surface
modification of PANgF by alkylamine. It is worth noting that there were
some changes in the composition of PANEF-PLA-7 compared to fresh
PANgF-PLA after being used in aldol reaction for consecutive seven runs
(Table 2, entries 2 vs 4), and its color turned from the original bright
yellow to red-brown and retained this color even additional stirring in
ethyl acetate. This change in chemical composition upon recycling may
be due to the minor product attached to fiber surface, which is con-
sistent with the aforementioned FT-IR analysis.

In addition, the surface morphology of the fibers was observed by
SEM and the respective images are shown in Figs. 5 and S6. The original

200 pm

200 pm

i ey 1

|

Fig. 5. The SEM images of (a) PANgF, (b) PANgF-PLA, (c) PANgF-PLA-1 and (d) PANgF-PLA-7.
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PANF 62.9.° PANp; ,F 75.2°

PANGF 30.20 PANF-PLA 58.4°
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PANp\F 68.1° PAN F 67.7°

PANF-PMA 55.8° PANF-TTA 53.5°

Fig. 6. The water contact angle images of the fibers.

PANF has a smooth, uniform and neat surface (Fig. S6a) [52]. After
functionalization, the resultant fiber surfaces are dense with few beads
and their integrity remains intact (Figs. 5a, b and S6b—f). When PANgF-
PLA was used in aldol reaction, the surfaces of the recycled PANEF-PLA-
1 and PANgF-PLA-7 became increasingly wrinkled and rough compared
to parent PANgF-PLA but did not show any collapse or degradation
(Fig. 5c—d). This observation is in agreement with the mechanical
strength test results, revealing fiber catalyst can be reused multiple
times with good structure stability.

The wettability (hydrophilicity/hydrophobicity) of different fibers
was quantitated by water contact angle test and the results are shown in
Fig. 6. The contact angle of water droplets on original PANF is 62.9°,
while it notably rises to 75.2° upon direct introduction of prolinamide,
indicating that the decoration of alkylamine makes fiber more hydro-
phobic relative to pristine PANF. Likewise, the contact angles of
PANpyaF and PANppAF slightly rise to 68.1° and 67.7°, respectively.
After modification with hydroxyl group, the water contact angles of
PANgF-PMA, PANgF-PLA and PANgF-TTA were observed to drop to
55.8°, 58.4° and 53.5°, respectively, indicating that hydroxyl moiety can
effectively tune surface wettability of fiber and improves its hydro-
philicity compared with corresponding mono-functionalized amine
fiber. Additionally, when fiber were placed in a water-ethyl acetate
biphasic mixture, hydrophilic prolinamide fiber (PANgF-PLA) can move
from organic phase (upper) to aqueous phase (bottom) and be well
spread in water (Fig. S7), which further supports the good hydro-
philicity of such fiber. This result combined with water contact angle
experiment clearly suggests the successful surface wettability mod-
ification upon amine-functionalized fiber.

3.2. Catalytic Performance

The catalytic performances of different amine-functionalized fibers
were examined in aldol reaction of p-nitrobenzaldehyde with acetone
and the related results are displayed in Table 3. As expected, blank
control and original support material PANF had low yields of addition
product as the reaction proceeded in water at 40 °C for 6 h (Table 3,
entries 1-2). Meanwhile, hydroxyl-functionalized fiber PANgF, the
precursor used to graft amine moiety, also showed inferior activity
(Table 3, entry 3). Above results exclude the catalytic ability of fiber
support itself, and indicate the base centers are required to ensure the
completion of reaction. When the reaction was conducted in the pre-
sence of mono-functionalized amine fiber PANpyAF, 37.5% yield of
addition product was gained without the formation of enone product
(Table 3, entry 4). The fiber PANtrF provided a low yield of 30.5%
(Table 3, entry 6). With prolinamide fiber PANp; AF as catalyst, the yield
of addition product could reach up to 79.3% under the same conditions
(Table 3, entry 5). Moreover, when hydroxyl group was introduced to
the mono-functionalized amine fibers, the resultant hydrophilic fibers
PANgF-PMA, PANgF-PLA and PANgF-TTA gave the desired addition

Table 3
The optimization of reaction conditions.”

Entry Catalyst Time (h) Yield of 2 (%)" Yield of 3 (%)"
1 - 6 28.0 + 1.1 0

2 PANF (100 mg) 6 219 * 1.7 0

3 PANgF 6 20.0 + 1.3 0

4 PANpyaF 5 375 £ 1.2 0

5 PANpAF 5 79.3 * 0.8 0

6 PANAF 5 305 + 1.1 0

7 PANgF-PMA 5 45.8 = 0.6 4.3 = 0.6
8 PANgF-PLA 5 90.8 + 0.9 1.6 £ 0.2
9 PANgF-TTA 5 36.5 * 1.3 0

10 PLA 5 67.2 = 0.9 0

11 PANyF-PLA 5 60.8 £ 1.2 trace

12 PANgF/PANpAF 5 78.5 = 1.0 trace

13 PANEF/PANpyiAF 5 345 = 1.6 0

14 PANgF/PANAF 5 29.7 * 0.6 0

15 PANgppF 5 83.6 £ 0.5 0

@ Reaction conditions: p-nitrobenzaldehyde (1 mmol), acetone (10 mmol),
40 °C, H,O (8 mL).

b Isolated yield, the error bar is calculated based on three parallel experi-
ments..

product in 45.8%, 90.8% and 36.5% yields, respectively (Table 3, en-
tries 7-9). Compared to other amine structure functionalized fibers,
prolinamide fiber provided a better catalytic activity which is in
agreement with the observations of Marin [40] and Asefa [57]. They
intensively investigated the impact of different type of organoamine
immobilized upon silica on cooperatively catalytic aldol reaction. Such
dramatic difference in activity is probably related with the formation of
active intermediate from amine sties with acetone (Scheme S2).
PANpyaF (primary amine) may form stable inhibiting imine species
that would block catalytic sites during the reaction process (Scheme S2a
and Fig. S8), and the generation of crucial enamine intermediate was
not available for PANtrAF (tertiary amine) without any hydrogen atom
bonded to nitrogen atom [57,58]. The crude products obtained from
above fiber-mediated catalytic systems were analyzed using 'H NMR
spectroscopy (Figs. S19-34 in the Supporting Information) and the re-
sults showed that a little of olefin product could be produced in the case
of PANgF-PMA or PANgF-PLA. And almost no enone product was de-
tected with other type of fiber-supported catalysts, which demonstrates
their high selectivities for aqueous aldol reaction.

It is worth noting that hydrophilic amine-functionalized fibers
showed enhanced catalytic activities as compared to their mono-func-
tionalized counterparts under the identical conditions. For instance,
despite it had similar pyrrolidine catalytic sites, hydrophilic prolina-
mide fiber PANgF-PLA was more active than the corresponding mono-
functionalized fiber PANp;4F and the yield of addition product visibly
increased to 90.8% (Table 3, entry 5 vs entry 8). Kinetic profiles showed
that PANgF-PLA exhibited high initial rate relative to PANpiAF as
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Fig. 7. Kinetic profiles for aldol reaction over fiber catalyst PANgF-PLA, PANgF-
PMA, PANLF-TTA, PANp; oF and PANyppF.

reaction proceeded rapidly in the first two hours, after which slow yet
gradual increase of the yield was observed over the remaining time
(Fig. 7). The initial reaction rate of PANgF-PLA reached up to 0.113 mol
L' h! while the initial reaction rate of PANp; oF was lower at 0.076 mol
L' h’. These results clearly indicate that the decoration of hydroxyl
group upon fiber support has important impact on catalytic perfor-
mance. For PANgF-PLA, its good wettability endows fiber material with
good spreading in water that helps to increase the accessibility of cat-
alytic sites on fiber. The presence of hydroxyl group together with re-
sidual cyano group both adjacent to catalytic sites create a favorable
hydrophilic microenvironment in the surface layer of fiber that allows
the organic substrates (acetone) to go easily in. A high concentration of
active sites along with reactants located in the confined micro-
environment make their interactions more sufficient. Meanwhile, the
hydrogen bond formed between available hydroxyl group of fiber sur-
face and carbonyl moiety of reactant helps the facile generation of
enamine from the reaction of acetone with pyrrolidine moiety of pro-
linamide, thus turning PANgF-PLA into a highly efficient catalyst for
aldol reaction. The iminium species formed from hydrophobic aromatic
aldehyde with prolinamide is believed to be inhibited owing to the lack
of strongly acid sites on fiber surface (Scheme S2b and Fig. S10). Since
PANgF-PLA exhibits efficient catalytic performance in aldol reaction, its
homogeneous counterpart (prolinamide) was prepared and used in the
reaction. It was found that small molecule organocatalyst PLA offered a
moderate yield of addition product (67.2%) (Table 3, entry 10). The
increased activity with the employment of PANgF-PLA suggests the
advantage of functionalized fiber as heterogeneous catalyst for this
transformation.

To further understand the fiber surface property in aqueous cata-
lytic aldol reaction, the incorporation of hydrophobic group in vicinity
of catalytic sites would be an alternate way to tune surface micro-
environment from the opposite. Following this idea, the long alkyl
chain n-hexyl group was grafted onto fiber surface (PANyF-PLA) and its
water contact angle was notably improved to 86.4° (Fig. S11). When we
placed the fiber in a water-ethyl acetate biphasic mixture, PANyF-PLA
can stay in organic phase (upper) and be well spread in ethyl acetate
(Fig. S12). These observations confirm the successful hydrophobic
modification upon fiber material. The catalytic experiment showed that
reaction yield dramatically dropped from 79.3% to 60.8%, which imply
enhancing surface hydrophobicity is detrimental to the reaction
(Table 3, entry 11). This might be due to that the formed hydrophobic
microenvironment surrounding the catalytic sites would repel water-
soluble acetone from prolinamide moiety, which decreases the effective
contact of acetone with catalytic sites, thereby turning PANyF-PLA into
a lowly active catalyst. On the other hand, higher hydrophobicity
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makes the hydrophobic reaction products difficult to leave from the
surface layer of fiber which leads to the encapsulation of catalytic sites
and prevents the accessibility of reactants to catalytic sites. From above
results and analysis, we can conclude that the catalytic efficiency of
functionalized fibers mainly relies on two aspects: one is the existence
of amine group and the other is the surface property of fiber. The amine
moiety provides catalytic sites and the appearance of wettability group
together with residual cyano group would construct a favorable mi-
croenvironment that facilitates the accessibility of reactants to catalytic
sites, thus enhancing the rate of mass transfer in water.

Interestingly, when PANp;oF was combined with hydroxyl-functio-
nalized fiber PANEF in the reaction, the yield of addition product was
found to be reduced to 78.5% (Table 3, entry 12), which was lower than
that of PANgF-PLA. Similar results were obtained when PANpysF and
PANt1AF was physically mixed with PANgF, respectively (Table 3, en-
tries 13-14). These results reveal that hydroxyl group and amine moiety
should be located on the same fiber chain, and the generated hydroxyl-
amine pairs in this case could form a hydrophilic microenvironment
around the catalytic sites while the construction of effective micro-
environment in the case of two individual fibers failed owing to the
existing physical distance between hydroxyl and amine groups. The
former bringing hydroxyl group in close proximity to amine group is
beneficial for the nucleophilic attack of amine sites to adjacent carbonyl
of acetone in identically constrained local microenvironment. Besides,
PANyppF has the same pyrrolidine catalytic sites as PANgF-PLA, but
with hydroxyl group at the neighboring prolinamide moiety. The re-
sulting intramolecular hydroxyl-prolinamide fiber PANyppF afforded a
slightly lower yield than that of the intermolecular hydroxyl-prolina-
mide fiber PANgF-PLA in aldol reaction (Table 3, entry 15). Kinetic
profile showed that PANyppF gave a high initial reaction rate in the first
0.5 h, similar to that of PANgF-PLA, and a yield of 83.6% was obtained
after 5h. Comparison of the kinetic profiles of PANp;oF and PANyppF
suggest that the introduction of intramolecular hydroxyl group onto
fiber could also improve the rate of mass transport in water and a
higher catalytic activity is gained accordingly.

Based on the good activity of prolinamide-functionalized fibers in
aldol reaction, the effect of solvent on the catalytic efficiency was then
studied. For PANgF-PLA (Fig. 8a and Table S4), among the solvents
tested, no case showed superiority to water and a moderate yield of
product was obtained in low polar solvent (n-hexane), whereas the
reaction underwent in high polar solvent (methanol) was far less re-
active (Table S4, entries 1-6). This trend is consistent with the catalytic
results of PANp; oF under the same conditions (Fig. 8b), To reveal how
the solvent with different polarities affected the aldol reaction cata-
lyzed by fiber catalyst, the absorption experiments of PAN;F-PLA for
acetone in diverse solvents were performed. As shown in Fig. S13, the
UV absorption intensity of acetone obviously weakened when water
was used as solvent, suggesting that the reactants are easier to accu-
mulate onto the fiber surface in water. Replacing water with methanol,
a smaller change in the UV absorption intensity of acetone was ob-
served, which indicates the low absorption capacity of fiber in the
solvent. In addition, when the amounts of reactants were doubled
(2 mmol) with the unchanged catalyst dosage and volume of solvent
(8 mL of methanol or CgHy4), the yields of addition product were not
obviously increased even prolong the reaction time (Table S5). This
result suggests that the concentration of reactants in organic solvent
does not significantly affect the catalytic activity. According to above
experimental results and aforementioned analysis, the low activity of
fiber in organic solvent is possibly due to the poor absorption capacity
of fiber for reactants and the limited mass transfer in the biphasic
system. We also tested the amount of solvent (water) and found that
8 mL was the optimal amount. Reducing the amount of solvent gave rise
to a decreased yield (Table S4, entry 9) which was mainly due to that
the large and flurry structure of fiber requires sufficient solvent to
immerse the catalyst with the aim of the adequate contact between
catalyst sites and reactants. Applying smaller amount of acetone
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resulted in 57.7% yield of product (Table S4, entry 8), and the utili-
zation of acetone solely as solvent also gave poor yield which implied
the important role of water in the reaction (Table S4, entry 7). Gen-
erally, the use of water as solvent for some organic reactions cause
much lower activity which is possibly associated with the limited affi-
nity between reactants and catalyst in aqueous phase. For PANgF-PLA,
the good hydrophilicity of fiber could finely tune the spreading of
supported-catalyst in water and render it more compatible with sub-
strates and solvent. The reactants (acetone) can easily go into the hy-
drophilic microenvironment of fiber consisting of hydroxyl group as
well as residual cyano group and allow their accessibilities to catalytic
sites. Hence, the problems related with the transport of reactants to
catalytic sites can be circumvented and the rate of mass transport is
enhanced accordingly in aqueous catalytic reaction. Moreover, water is
demanded in catalytic cycle to hydrolyze desorption of product from
fiber surface, that is, shift the reaction equilibrium toward the com-
pletion.

Furthermore, reaction temperature and catalyst dosage were
screened for the aldol reaction. As expected, increasing the temperature
enabled the significant improvement of yield within less time whereas
the decreased product selectivity was observed, since enone product
formed by the dehydration of addition product was typically preferred
at higher temperature [43,59]. When the reaction was conducted at
50°C for 5h with PANgF-PLA, a quantitative conversion of aldehyde
with a selectivity of 95% for addition product was achieved (Fig. 8c).
This distinct product selectivity may be attributed to the fact that the
hydroxyl-prolinamide pairs are weakly alkaline and much weakly
acidic, which is less active to promote the dehydration. Therefore, high
selectivity for addition product can be gained by selecting proper re-
action time (5 h), and the tendency toward dehydration is less possible
under this relatively shorter time [57]. On the other hand, the hydroxyl
group of fiber surface could stabilize addition product by the formation
of hydrogen bond. Similarly, only a 12% yield of enone product was

generated after 1.5h when temperature improved to 70 °C (Fig. 8c),
which demonstrates that fiber catalyst is not only efficient but also
highly selective for aldol reaction. Along with reducing catalyst loading
from 5mol% to 2mol%, moderate to low yields of addition product
were produced (Table S4, entries 11-12).

It is worth mentioning that fiber PANgF-PLA is also more efficient
than previously reported acid-base bifunctional catalysts by Davis
group [28,29] and Jones group [37,38,60] in aldol reaction. PANgF-
PLA offered higher yield and selectivity in only 5h than which silica-
supported bifunctional catalysts (amine/sulfonic acid and amine/ car-
boxylic acid pairs) afforded over 20h [28,29], and even could be
comparable to those observed with bifunctional catalysts of silica-sup-
ported amine/silanols [10,33,61], polystyrene-supported amine/diols
[42] and cellulose nanocrystal-supported amine/carboxylic acid pairs
[43]. More recently, Vylder et al. [62] reported amine-functionalized
resin as stable heterogeneous catalyst for aldol reaction in water. The
developed catalyst can swell sufficiently in aqueous medium which
allowed the easy accessibility of the catalytic sites. However, only 20%
conversion of aldehyde was observed under the optimized conditions. It
can be understood that the reaction pathway of the functionalized fiber
developed in this work is quite different from the acid-base bifunctional
silica material decorated with isolated-organoamine and surface sila-
nols. The more strongly-acidic silanols on silica play a direct role in the
reaction mechanism that could activate acetone and enable the alde-
hyde to be more susceptible nucleophilic attack by enamine inter-
mediate [57], whereas the hydroxyl group on fiber surface tunes the
transport of reactant to catalytic sites for improving mass transfer in
aqueous reaction.

3.3. Recycling and hot filtration test

One of the attractive advantages of fiber supported heterogeneous
catalyst is their reusability and stability from the practical application
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aspect. Therefore, the recycling ability of PANEF-PLA was examined
using p-nitrobenzaldehyde and acetone as reactants under optimized
conditions. After the completion of reaction, fiber catalyst was sepa-
rated from the reaction mixture by filtration and rinsed with ethyl
acetate before their use for next cycle. As shown in Fig. 8d, PANgF-PLA
can be reused at least seven times with the product yield still above
83%. Meanwhile, almost similar high selectivities were retained in
seven consecutive cycles (Fig. 8d). The FT-IR spectra, mechanical
strength test and elemental analysis of the recovered fibers (Fig. 1d, e;
Table S1, entries 6-7; Table 2, entries 3-4) confirmed the preservation of
fiber structure, and SEM images (Fig. 5c, d) of the fibers showed no
obvious change in the morphology. All these results suggest that fiber
catalyst possesses good durability and superior recycle capacity. Fur-
thermore, in order to find out whether fiber PANEF-PLA act as a het-
erogeneous catalyst, a hot filtration test was carried out for the model
reaction under optimized conditions (Table S6). After the half time of
reaction, fiber catalyst was removed using tweezers and the remained
reaction mixture was stirred for another 3 h. No evident increase in the
yield of addition product was observed after 3 h, indicating no cataly-
tically active debris leached from fiber surface into the solution. The
result clearly demonstrates the heterogeneous nature and structure
stability of fiber catalyst.

3.4. Proposed reaction mechanism

In light of literatures and our experimental results, a possible en-
amine-mediated reaction mechanism for prolinamide-functionalized
fiber catalyzed aldol reaction was proposed, as shown in Scheme 2. At
first, water-soluble acetone was enriched in the hydrophilic micro-
environment of fiber surface consisting of hydroxyl group, residual
cyano group and prolinamide moiety. Then basic pyrrolidine sites in
PANgF-PLA attacked acetone to afford carbinolamine, which was sub-
sequently dehydrated to give fiber-tethered enamine intermediate (II)
exclusively [63]. Surface hydroxyl group of fiber and amide N-H of
prolinamide distributed in close proximity could both form hydrogen
bonds with aldehyde substrates [64]. Active enamine intermediate (II)
then reacted with carbonyl group of aldehyde at a proper distance to
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produce the supported zwitterionic species (IV), accompanied by the
formation of a new carbon-carbon bond. Finally, this species (IV) was
hydrolyzed to corresponding carbinlamine, which was then decom-
posed to aldol product (V) and fiber catalyst for next catalytic cycle.

4. Conclusion

In summary, we successfully demonstrated a simple and effective
strategy to achieve enhanced performance of heterogeneous catalytic
aldol reaction over amine-functionalized polyacrylonitrile fiber with
controllable surface wettability. The surface property of the fiber was
tuned by introduction of auxiliary hydroxyl group and the resulting
hydrophilic prolinamide-functionalized fiber PANEF-PLA exhibited ex-
cellent activity, selectivity and stability in aqueous aldol reaction,
which outperforms the reported acid-base bifunctional catalysts.
Furthermore, PANgF-PLA was superior to hydrophobic-modified fiber,
mono-functionalized fiber and physically mixed fibers and even better
than its small molecule counterpart, suggesting the advantages of pre-
sent surface wettability modification. Tunable surface wettability could
match both reactants to facilitate the mass transfer of reactants and
their interactions with active sites. Notably, fiber catalyst can be well
spread in water, simply separated from the reaction mixture, and reused
at least seven times with high yield and selectivity. This investigation
illustrates a simple approach to promote aldol reaction via enhance-
ment effect of auxiliary group and shows a gallery of advanced usage of
fiber-supported organocatalyst.
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