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Reaction

Jiequn Wu, Weiming Hua, Yinghong Yue *, Zi Gao
Department of Chemistry and Shanghai Key Laboratory of Molecular Catalysis and Innovative Materials, Fudan University,
Shanghai 200438, P. R. China.

Abstract: Graphitic carbon nitrides (g-CsN4) with different surface A
areas were prepared by pyrolysis using different precursors including [ /T Knoevenagel condensation[/\f
melamine, dicyandiamide, thiourea and urea, and subsequently NC/\CN 7
characterized by X-ray diffraction (XRD), scanning electron microscopy
(SEM), Fourier transform infrared spectra (FTIR), X-ray photoelectron
spectroscopy (XPS), thermal gravimetric analysis (TGA) and N2
adsorption. Their basicities were measured by temperature-programmed
desorption of CO2 (CO2-TPD) and acid-base titration. The catalytic
properties for the Knoevenagel condensation of benzaldehyde and
malononitrile were investigated in various solvents. In non-polar toluene solution, the benzaldehyde conversions of the g-
CsN4 catalysts were low and changed according to their respective surface areas and basicities. However, in polar ethanol
solution, the benzaldehyde conversions of all catalysts were similar, and much higher than those in toluene. This could not
be explained by the results obtained from either of the two conventional basicity measurements. Further experimental
results proved that g-CsN4 catalysts swelled in polar solutions, and more basic sites were exposed on the surface of the
swollen catalysts, leading to the imminent increase in catalytic activity. This was proved by the catalyst poisoning data,
which showed that the g-C3N4 catalyst lost its activity completely in toluene by adding 40.9 mmol-g~! benzoic acid, while
the same catalyst was still active in ethanol until the added amount exceeded 143.3 m-g~". Additionally, the reaction tests
in various solutions showed that the swelling effect was enhanced according to the polarity of the solvent used. A similar
conclusion could be reached for the Knoevenagel condensation of furfural and malononitrile in various solvents. The
reusability of g-CsN4 catalyst in Knoevenagel condensation was also studied, which showed that g-C3N4 was stable in
liquid-phase reactions, whose activity dropped from 74.2% to 63.8% after three regeneration processes.
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AN R R 5 Y —fifKnoevenagel 4 & [ M I HEA T % o« g-CaNafE 55 M M3 71 H 2R vh RO HEAL IR PEARAR, s /NS
FEHCRR TR AN R TR L VARG, T AEAR AR 77 0% o DU b g-CaNa AL IR PE AR ZE A K, BRI i T F R P i It . Bk 4
SRICIE BB AL KR RARRE o 32— 2D A SRS A CE AR PR 77 g-CaNa e R ALK, 4345 2 1 2% i3 26 22 (KB VE A7,
T PR PR R o AN [V 710 v 8 S 2 6 2R 3 3 g- CaNa PR 5 I 2502 e 82 5 71 RO AR A2 18 o i 1 o o 7 SR Y S 36 3R W -
CaNafE U S N B AT R IR EVE,  Ho T 2R R AR AL S AR M =I5 H174.2% T[4 4363.8%.

KB : g-CaNas BlfEIL: Knoevenagel 4itr: VMK AN
FENET: 0643

1 Introduction

Alkali-catalyzed chemical transformations are important
industrial processes for fine chemical synthesis 2. Traditional
inorganic materials, such as methoxides and hydroxides, are
often used as catalysts in many organic reactions, leading to a
series of problems such as corrosion toward apparatus,
environmental pollutions by metal salt byproducts and difficulty
in separation of reactants and products **. Replacing those
unreusable and pollution-causing liquid base catalysts by
environmentally benign solid ones has become the dominant
trend in the future °°. Thus, the development of more
sustainable, efficient and economical heterogeneous base
catalysts has come to notice. A lot of solid base catalysts have
been studied in the last few decades, such as hydrotalcites 7,
apatites 8, metal oxides °, metal-organic materials '° and alkali

11" However, sometimes the results are not

doped zeolites
satisfying due to the low stability or partial dissolution of the
catalysts.

Graphitic carbon nitride (g-C3N4) is a kind of polymeric
material comprised of s-triazine or s-heptazine units, which is
the most stable allotrope of carbon nitrides under ambient
conditions. g-Cs3N4 is noteworthy since its excellent surface
properties make it applicable in many fields. It can absorb the
visible light around 460 nm, which has aroused a great concern
as a promising photocatalyst '>1¢, Meanwhile its 2.7 eV energy
gap makes it a sort of good semiconductor, being used in the field
of electrocatalysis 718 and energy storage '>2°. g-C3N4 can also
work as a multifunctional catalyst in traditional organic reaction
because it has strong nucleophilic abilities, basic surface
functionalities and H-bonding motifs due to its unique chemical
composition and z-conjugated electronic structure 21->2, However,
much attention of g-C3Na study has been paid to photocatalytic
reactions. Detail study on its role as an organocatalyst is still
lacking besides its application in Knoevenagel condensations
and transesterification reactions 223,

In the present work, g-C3Na with different surface areas were
synthesized by pyrolysis using various precursors including
melamine, dicyandiamide, thiourea and urea. The textural and
basic properties were characterized by XRD, SEM, FTIR, XPS,
TGA, N2 adsorption, CO2-TPD and acid-base titration. The
catalytic activities for the liquid-phase Knoevenagel
condensation over these catalysts were investigated in various

solvents. The swelling effect on the catalytic behavior of the

catalysts was investigated and discussed.

2 Experimental
2.1 Materials

Benzaldehyde (> 99.0%), malononitrile (99%), toluene
(99.5%), ethanol (= 99.5%), dimethyl formamide (> 99.9%),
cyclohexane (= 99%), furfural (99%), melamine (99%),
dicyandiamide (99%), thiourea (99%), and urea (99%) were
purchased from Aladdin. All chemical reagents were used as
received without further purification.
2.2 Catalyst preparation

Graphitic carbon nitrides were synthesized by bulk
condensation pyrolysis of nitrogen-rich precursors. Typically, 10
g melamine, dicyandiamide, thiourea or urea was placed into a
covered ceramic crucible and heated at a rate of 2 °C-min™! up
to 550 °C, and then maintained at this temperature for 2 h. The
resulting product was cooled to room temperature and ground
g-C3Ns
dicyandiamide, thiourea and urea were denoted as MA, DA, TU

into power. The obtained wusing melamine,
and UR, respectively.
2.3 Catalyst characterization

XRD patterns were recorded on a D2 PHASER X-ray
diffractometer (Bruker, Germany) using nickel-filtered Cu-Ko (4 =
0.15418 nm) at 40 kV and 30 mA in the range of 10°-80°.
Infrared spectra (FTIR) of the samples were recorded on a
Nicolet iS10 spectrometer (ThermoFisher, USA). SEM
measurements were conducted on a Zeiss Ultra-55 electron
microscope (Germany) with acceleration voltage of 20.0 kV.
XPS measurements were carried out on a Perkin-Elmer PHI
5000C spectrometer (Perkin-Elmer, USA) with Mg K, radiation
(hv = 1253.6 eV) as the excitation source. All binding energy
values were referenced to the Cis peak at 284.6 eV. The BET
surface area and pore volume of the catalysts were analyzed by
N2 adsorption at =196 °C using a Micromeritics ASAP 2000
instrument (Micromeritics, USA). TGA was conducted on a
thermal analyzer SETSYS-1750 (SETARAM, France) under air
atmosphere with a heating rate of 10 °C-min!. The
measurements were performed in the temperature range of 20—
900 °C. The elemental analysis was performed using a Vario EL
Elemental Analyzer CHNS-628 (Analysemsysteme GmbH,
Germany).
2.4 Basicity measurement
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The surface basicity of g-C3Ns was evaluated by CO2-TPD on
a Micromeritics AutoChem II instrument (Micromeritics, USA).
150 mg sample (40-60 mesh) was pretreated in He flow at
500 °C for 1 h to remove any adsorbed impurities, then cooled
down to 80 °C. The flow was switched to 5% CO2/He (30
mL-min™!) and kept for 2 h, followed by purging with He (30
mL-min!) for 1.5 h. The temperature was then raised from 80 °C
to 550 °C at a ramping rate of 10 °C-min"!. The CO: desorbed
was detected by an on-line gas chromatograph (GC) equipped
with a thermal conductivity detector (TCD).

The amount of surface base sites was also measured by
neutralization titration method. 20 mg of each sample was added
to 10 mL aqueous hydrochloric acid solution (0.05 mol-L™"). The
mixture was stirred for 30 min with magnetic stirring under N2
atmosphere. The sample was then removed from the mixture by
filtration, and the left solution was immediately titrated with a
standard solution of 0.05 mol-L™' sodium hydroxide using
phenolphthalein as an indicator.

2.5 Catalytic activity tests

Knoevenagel condensation of benzaldehyde  with
malononitrile was performed in a 25 mL round-bottom flask
equipped with a reflux condenser under magnetic stirring.
Typically, 50 mg catalyst was added into the mixture of 1 mmol
benzaldehyde and 2 mmol malononitrile with 10 mL solvent.
The reaction was carried out at 70 °C for 2 h unless specified.
The products of reactions were analyzed with a GC9560 gas
chromatograph equipped with a SE-30 capillary column (30 m x
0.25 mm x 0.3 um). Knoevenagel condensation of furfural and
malononitrile is carried out using the same reaction conditions
except that the reaction time is 1 h.

Catalyst poisoning test was done by adding a certain amount
of benzoic acid to the mixture of catalyst and solvent (toluene or
ethanol) prior to the addition of reactants. The above mixture
was stirred under room temperature for 10 min. After that,
benzaldehyde and malononitrile were added and the catalytic
test was done as described above.

3 Results and discussion
3.1 Structural characterization

Fig. 1 exhibited XRD patterns of g-C3N4 prepared using
melamine, dicyandiamide, thiourea and urea as precursors.
Peaks at 26 of 13.2° and 27.7° are observed for all the samples.
The high intensity diffraction peak at 27.7° corresponds to the
typical feature (002) interlayer stacking reflection of conjugated
aromatic systems. The interlayer distance of aromatic units is
0.33 nm, very close to that of the crystalline g-C3N4 (d = 0.34
nm) 2%, The weak peak at 13.2° corresponds to (100) and was
interpreted as the in-plane structural repeating motif, probably
because of the hole-to-hole distance of the consecutive tri-s-
triazine pores ?7. All the XRD patterns of the prepared g-C3Ng
samples are similar to that of typical crystalline g-C3Na,
suggesting that the structures of g-C3N4 samples are similar
regardless of the precursors used. However, the XRD pattern of

UR (synthesized from urea) shows a lower and wider peak,
indicating its smaller particle size. The generation of O2 and CO2
gases in the urea polymerization process was thought to inhibit
the condensation graphitic stacking of the C3Ns network,
resulting in a lower polymerization degree, a smaller particle
size and an enlarged surface area '°.

FT-IR is quite useful in characterizing surface functional
groups of materials and the FT-IR spectra of our g-C3N4 samples
are shown in Fig. 2. All of the characteristic vibration modes of
typical g-C3Ns are clearly seen in the spectra. The strong
absorption band located at 12501700 cm™ belongs to the
typical skeletal stretching vibrations and bending vibrations of
the s-triazine or tri-s-trizaine while the sharp peak located at 808
cm™! is ascribed to the breathing modes of the triazine units 5.
The broad band in the range of 3100-3300 cm™! is ascribed to
the stretching vibration modes of residual N—H components or
the O—H bands, accompanied with uncondensed amino groups
and absorbed H>O molecules, respectively '°. The weak
adsorption observed at 2350 ¢cm™' is due to CO2 molecules
adsorbed on g-C3Nj surface 2.

The elemental analysis was carried out to determine the
composition of the prepared g-C3Na. The results summarized in
Table 1 show that all samples contain a minor portion of
hydrogen element besides carbon and nitrogen, which is related
to the presence of amino (primary and secondary) groups in the
peripheral parts of g-C3N4 layers 3. No big difference about the
hydrogen contents was found among all the samples. The carbon
to nitrogen ratios of the samples are almost the same of 0.63,
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Fig. 1 XRD patterns of (a) MA, (b) DA, (¢) TU, and (d) UR.
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Fig.2 FT-IR spectra of (a) MA, (b) DA, (¢) TU, and (d) UR.
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Table 1 Elemental analysis and composition (w, mass fraction) of

carbon nitrides (g-C.N,H:).

Sample wel/% wn/% wn/% x y z C/N ratio
MA 344 63.6 2.0 5.7 9.1 4.0 0.63
DA 344 63.4 22 5.7 9.1 4.4 0.63
TU 34.0 62.9 22 5.7 9.0 4.4 0.63
UR 34.1 62.5 22 5.7 8.9 4.4 0.64

lower than the ratio of 0.75 for the ideal C3N4. This finding
suggests that all the products are nitrogen-rich materials in which
the most likely form of nitrogen is the amino group caused by
the incomplete condensation of the heptazine units. The SEM
images of the prepared g-C3Na samples are illustrated in Fig. 3.
The precursor also has a marked impact on the morphology of
the ultimate g-C3N4. Unlike MA, DA and TU which are made up
of irregular layered structures, UR is mostly composed of
smaller particles and sheets, and its interior pore structure can be
observed clearly.

The N adsorption-desorption isotherms of the samples were
recorded and shown in Fig. 4. All samples display the Type IV
isotherm, indicating their similar stacked-layer structure. The
hysteresis loop at high relative pressure is more evident and
larger for UR, indicating the existence of a larger amount of
mesopores and macropores within the structure. Table 2
summarizes the textural properties of the prepared g-CsN4
samples. It can be seen that the surface area is quite different by
using different precursors. UR has the highest surface area,
which is in accord with the XRD and SEM results.

The surface composition and chemical state of the elements
in the synthesized samples were determined by XPS. The surface
of the four samples contain C, N and O elements and their
spectra are almost the same, indicating that the surface
compositions and chemical states of MA, DA, TU and UR
remain the same regardless of their precursor (shown in Fig. S1,
Supporting Information). The Cis spectra can be deconvoluted
into two peaks with binding energy of 284.6 eV (C1) and 287.5
eV (C2), as shown in Fig. S1. The former peak corresponds
to —C= of aromatic ring while the latter belongs to N=C—N
of triazine ring 3'. The N1y spectra are composed of three peaks
centered at 397.9 eV (N1), 398.8 eV (N2) and 400.3 eV (N3).

Pl

Fig. 3 SEM images of (a) MA, (b) DA, (¢) TU, and (d) UR.
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Fig. 4 The N: adsorption-desorption isotherms of the samples.

Table 2 Textural and basic properties of carbon nitrides.

Textural properties Amount of base sites

Sample  Surface areas/ Pore volume/ CO,-TPD/ Titration/
mrgh)  (emtgh (mmol'g™)  (mmol-g’)
MA 7.9 0.087 0.08 0.75
DA 5.2 0.060 0.09 0.81
TU 23.7 0.175 0.21 131
UR 103 0.601 0.24 1.36

The NI peak assigning to nitrogen sp’>-bonded to carbon
(C—N=C) indicates the existence of triazine rings, while the
N2 and N3 peaks are related to the existence of the C—N—H
and N—(C)3 bonding, respectively 2. The Ois spectra are
probably due to the adsorption of H2O or CO2 molecules on the
surface 33, which consists with the FT-IR measurements.

The thermographic (TG) analysis was conducted under air
atmosphere. As shown in Fig. 5, a slight loss of weight resulting
from the desorption of H2O or CO: is observed at the
temperature of 20-200 °C 34, All the g-C3N4 samples are quite
stable until the temperature reaches 550 °C, and no residues of
the samples are left above 650 °C. UR is slightly less stable than
the other three g-C3Na, probably due to its lower polymerization
degree.

3.2 Basicity of the catalysts

The surface basicities of the g-C3N4 samples were measured
by CO2-TPD, and the results are given in Table 2. There is only
one broad peak on the TPD profiles of the four samples (Fig. S2),

L —MA

100 =

—T1U

80 ==
X g0t
% L
g 40,
201
0_

0 200 400 600 800 1000
Temperature /I'C

Fig. 5 TG thermograms of the samples.
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and the peak temperatures are all in the range of 124-136 °C,
showing that the base sites are of weak strength. The number of
base sites on g-C3Ns samples depends greatly on the precursor
used, which decreases in the order of UR > TU > DA = MA,
following exactly the same sequence of their surface area. This
indicates that the larger the surface area, the more exposed base
sites.

The amount of surface base sites was also evaluated by
titration in aqueous solution. The results obtained are shown in
Table 2. The amount of base sites also changes in proportion to
the surface area. However, it is interesting that the data obtained
from titration are much larger than those from CO>-TPD,
showing that more base sites are accessible in solution than in
gas phase. It should be possible, similar result was reported that
only 6% Bronsted acid sites of MCM-22 were detected by 3'P
MAS NMR study when using large base probe adsorption °.
3.3 Catalytic activity

Knoevenagel condensation reaction between benzaldehyde
with malononitrile was selected as the base-catalyzed probe
reaction to evaluate the catalytic activity of g-C3Na synthesized
from different precursors. The reaction was carried out both in
toluene and ethanol, and the results are summarized in Table 3.
All the g-C3N4 catalysts are moderately active in toluene, but
their activities differ a lot. The conversion of benzaldehyde
decreases in the order of UR > TU > DA =~ MA, in accord with
the decrease of surface area and surface base sites. While in
ethanol, the situation becomes totally different. The catalysts are
much more active, and no obvious difference in activity can be
observed among the four g-C3Nj4 catalysts. After reacting for 0.5
and 2 h, the conversions of benzaldehyde for all the catalysts
reach above 61% and 92%, respectively.

It was reported that the reaction rate of Knoevenagel
condensation was affected by the polarity of the solvent, since
the reaction involved charged species . A higher yield of the
condensed product from benzaldehyde and ethyl cyanoacetate
was obtained in more polar solvents such as EtOH and DMF than
in nonpolar solvent such as toluene, probably due to their
different electrostatic field in the reaction media 3°. However, the
reported difference caused by solvent effect over heterogeneous
catalysts such as functionalized polyacrylonitrile fiber 37 or
amines embedded MOFs 3 was not so evident as ours.
Meanwhile, the solvent effect mentioned cannot explain the
similar activity of our catalysts with different surface area and
basicity in ethanol solution. The above results show that

Table 3 Activity of carbon nitrides for Knoevenagel condensation.

Conversion (%)

Catalysts
in ethanol * in toluene
MA 95.4 (61.5) 9.7
DA 94.3 (64.6) 9.0
TU 92.2 (66.9) 15.2
UR 96.8 (74.2) 23.7

* The values inside the brackets are obtained at 0.5 h.

something more important than single solvent effect must be
involved under our present reaction conditions.

The basicity measurement results listed in Table 2 show that
more base sites can be detected in aqueous solution than that in
gas-phase, indicating that the amount of accessible base sites are
quite different under different conditions. The above results
indicate that different amounts of accessible base sites may
account for the different activity in toluene and in ethanol. To
prove this hypothesis, the amount of active sites of UR during
reaction in toluene and in ethanol was estimated by the catalyst
poisoning method. As we can see from Fig. 6, the conversion in
toluene dropped dramatically with the adding of benzoic acid.
When the adding amount was increased to 40.9 mmol-g™!, the
catalyst totally lost its activity. The conversion in ethanol also
decreased with the amount of benzoic acid adsorption. However,
the dropping rate was much slower as compared with that in
toluene. The poisoned catalyst was still active until the adding
amount reached over 143.3 mmol-g!. The different results for
the two solvents indicated that different amounts of accessible
base sites participated in the liquid-phase reaction using the same
catalyst.

For sulfonated carbon catalysts, swelling in liquid solutions
was found to be essential for better catalytic performance *. All
the above experimental results inspired us that g-C3Ns catalysts
with layered structure might swell as well in polar solvents.
Therefore, XRD experiment of the UR sample after treated with
ethanol was carried out. As demonstrated in Fig. 7a, an
additional peak at 21.7° appeared, showing that the intercalation
of polar solvent molecules between the layers in the structure
occurred in the swollen sample and part of the interlayer distance
was increased. The peak disappeared after the UR sample was
dried by heating (Fig. 7b). The swelling caused a significant
increase in the amount of accessible basic sites on the catalyst,
so that the above results of uncommonly high surface acidity and
catalytic activity for UR in polar ethanol solution were obtained,
which can not be explained by the results obtained from the
conventional basicity measurements.

To further confirm the swelling effect of solvents, several
other commonly used solvents in organic reactions such as DMF
and cyclohexane were employed besides ethanol and toluene for

80+
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20+
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Fig. 6 Relevance of amount of benzoic acid and the

conversion of benzaldehyde.
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Fig. 7 XRD patterns of (a) UR with ethanol, and (b) UR without

ethanol.

short-term reaction tests. As shown in Table 4, the benzaldehyde
conversion decreases in the order of DMF > ethanol > toluene >
cyclohexane, which is exactly the same as the order of the drop
of their polarity. Knoevenagel condensation of furfural and
malononitrile was also carried out over UR in these solvents.
Similar sequence can be obtained (see Table 4), which indicates
that the swelling effect of different solvents depends
considerably on its polarity.

The reusability of UR catalyst in Knoevenagel condensation
of benzaldehyde and malononitrile was also studied in ethanol.
After reaction, the catalyst was filtered out from the solution,
dried by heating and then reused. The results were illustrated in
Fig. 8. The activity of the catalyst decreases very slowly in
succession, whose conversion drops from 74.2% to 63.8% after
three regeneration process, showing that g-C3Ny is quite stable
in liquid-phase reactions.

Table 4 Effect of solvents on Knoevenagel condensation.

Conversion/%

Solvent Polarity Boiling point/’C  ——m—
benzaldehyde  furfur
dimethyl formamide 6.4 153 77.5¢ 68.5
ethanol 43 79 742 62.7
toluene 24 111 23.7 14.7
cyclohexane 0.1 81 6.7 5.4

* The values are obtained at 0.5 h.
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Fig. 8 Activities of reused UR catalysts in ethanol.

4 Conclusions

Graphitic carbon nitrides are solid base catalysts of weak
strength. They are active for the liquid-phase Knoevenagel
condensation of benzaldehyde and malononitrile. Basicity
measurements and catalytic activity tests in this work show that
the effect of the solvents used in the liquid-phase reaction is
critical. Polar solvent gives much higher conversion than non-
polar solvent, because catalyst swelling in polar solvent
increases the amount of exposed base sites on the surface of g-
C3Ns catalysts significantly. The results of a comparison
between the swelling effects of different solvents show that they
are mainly affected by the polarity of the solvents. The higher
the polarity of the solvent is, the better the swelling effect
behaves.
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