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ABSTRACT: Dimethyl hexane-1,6-dicarbamate (HDC), the vital inter-
mediate for nonphosgene production of hexamethylene-diisocyanate
(HDI), was effectively synthesized via carbonylation of 1,6-hexanediamine
(HDA) using methyl carbamate (MC) as a carbonyl source over a silanol-
rich MCM-41 catalyst. The effects of reaction conditions, including the
reaction temperature, molar ratio of raw materials, methanol dosage,
catalyst dosage, and reaction time, on the HDC yield were evaluated.
Under the reaction conditions with a reaction temperature of 190 °C, a
molar ratio of HDA, MC, and methanol of 1:6:50, a catalyst dosage of 10
wt %, and a reaction time of 3 h, the yield of HDC can reach as high as
92.6% with 100% HDA converted. Characterizations based on N2 physical
adsorption/desorption, scanning electron microscopy (SEM), X-ray
diffractometry (XRD), NH3-temperature-programmed desorption
(TPD), Fourier transform infrared spectroscopy (FTIR), and 1H magic-angle spinning (MAS) NMR indicated that the abundance
of silanol groups on the surface of MCM-41 probably resulted in the good performance of MCM-41. After five cycles of MCM-41,
the HDC yield decreased from 92.6 to 67.9%, probably due to the loss of surface silanol groups and the carbon deposition on the
catalyst as well as the particle agglomeration. The study on the substrate scope suggested that MCM-41 shows good-to-excellent
catalytic performance in the synthesis of a variety of aliphatic and alicyclic dicarbamates.

1. INTRODUCTION
Dicarbamates are important fine chemicals and intermediates,
which can be used not only in the synthesis of pesticides,
medicines, and modified resins but also in the production of
isocyanates via the nonphosgene method.1 Nonphosgene
synthesis of isocyanates has been widely investigated due to
the advantage of avoiding the utilization of the extremely toxic
phosgene.2,3 Dimethyl hexane-1,6-dicarbamate (HDC), an
attractive dicarbamate, is mainly used as the intermediate in
the production of hexamethylene-diisocyanate (HDI) by the
decomposition of carbamate.4−6 HDI is an aliphatic isocyanate
with excellent performance and can be extensively applied in
high-end fields, such as automotive and aircraft coatings,
refinish coatings, anticorrosion coatings, and biomimetic
materials.7,8

Traditionally, oxidative carbonylation of amines,9,10 reduc-
tive carbonylation of nitro-compounds,11,12 and alcoholysis of
urea13 are the main methods of HDC synthesis. In the past
years, increasing attention has been gained on the catalytic
synthesis of HDC from 1,6-hexanediamine (HDA) and
carbonyl sources, such as CO, urea, dimethyl carbonate
(DMC), alkyl carbamate (AC), and even CO2.

1414 Compared
with other carbonyl sources, AC with low molecular weight,
especially methyl carbamate (MC), has a higher reactivity. In
addition, AC can be easily derived from the widely available
urea or CO2.

15,16

A variety of homogeneous catalysts, such as FeCl3 and
Y(NO3)3·6H2O, have been reported that can effectively
catalyze the reaction of HDA and MC, giving HDC yields of
85−90%.17,18 However, the homogeneous catalysts face the
challenges of difficulty in separation and recovery. Several
heterogeneous catalysts have been designed and applied to the
carbonylation of HDA with AC. Han et al.19 found that PbO2
showed a good catalytic performance in the synthesis of HDC
from HDA and MC. However, the catalyst was deactivated
after use due to the transformation of PbO2 into Pb2OCO3,
which showed poor catalytic performance. Li et al.20

investigated the performance of a series of heterogeneous
catalysts (e.g., MgO, Fe2O3, Mo2O3, and CeO2) on the
synthesis of HDC from HDA and MC. It was found that CeO2
exhibits high catalytic activity. However, only an 83.1% HDC
yield was obtained under the optimized conditions via a one-
step reaction. Deng et al.21 successfully prepared Ni/Fe3O4 and
found that the HDC yield reached as high as 96% after 5 h of

Received: April 9, 2024
Revised: August 16, 2024
Accepted: September 6, 2024
Published: September 16, 2024

Articlehttp://pubs.acs.org/journal/acsodf

© 2024 The Authors. Published by
American Chemical Society

40485
https://doi.org/10.1021/acsomega.4c03437

ACS Omega 2024, 9, 40485−40495

This article is licensed under CC-BY-NC-ND 4.0

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Junya+Cao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Liyan+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaoxuan+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shuang+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yan+Cao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peng+He"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Liguo+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.4c03437&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03437?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03437?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03437?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03437?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03437?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/9/39?ref=pdf
https://pubs.acs.org/toc/acsodf/9/39?ref=pdf
https://pubs.acs.org/toc/acsodf/9/39?ref=pdf
https://pubs.acs.org/toc/acsodf/9/39?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.4c03437?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


reaction. Although a high HDC yield was obtained, the low
reaction rate caused a long reaction time. The catalytic
performance of the catalyst may be improved with an increased
surface area. Wang et al.22,23 found that Ti-based catalysts
(hierarchical TS-1 and TiO2) may effectively catalyze the
reaction of diamine and ethyl carbamate (EC). The good
behaviors of these two Ti-based catalysts are suggested to be
ascribed to their high surface area and abundant acid sites. Till
now, the development of highly efficient catalysts is still the
focus of research on the generation of HDC from HDA and
MC. Several researchers highlighted the importance of
nucleophilicity of amines during their carbonylation.21,22

Therefore, catalysts with high surface area may promote the
synthesis of HDC from HDA and MC.
MCM-41 has been applied as a catalyst in many reactions

due to its high surface area, large pore volume, and well-
defined pore structure.24 In addition to these advantages,
MCM-41 contains a large number of silanol groups,25 which
has been reported to exhibit strong adsorption to the −NH2
groups in aromatic amines, thus promoting the activation of
the amines.26 In this study, the catalytic activity of MCM-41 on
the carbonylation of HDA using MC as the carbonyl source
was explored. The modified MCM-41 samples were prepared
to investigate the effect of silanol groups on the performance of
MCM-41. Combined with various characterization techniques,
including N2 physical adsorption/desorption, scanning elec-
tron microscopy (SEM), X-ray diffractometry (XRD), NH3-
temperature-programmed desorption (TPD), and 1H magic-
angle spinning (MAS) NMR, the structure−performance
relationship of MCM-41 samples was analyzed. The influence
of the operational conditions for the carbonylation of HDA
catalyzed by MCM-41 was studied. The catalysts used were
characterized using various techniques, and the deactivation
reasons were analyzed. Finally, the effect of MCM-41 on
synthesis of a variety of aliphatic and alicyclic dicarbamates was
investigated.

2. EXPERIMENTS
2.1. Materials. HDA (99.5%), MC (99%), toluene,

trimethyl-chlorosilane (TMCS), and triphenyl-chlorosilane
(TPCS) were all purchased from Shanghai Aladdin Bio-
chemical Technology Co., Ltd. Anhydrous methanol (medic-
inal grade 99.5%), biphenyl (99.5%), and 4,4′-methylene-
dianiline (MDA, gas chromatography >99.0%) were all
purchased from Sinopsin Chemical Reagents Co. Ltd.
Pentanediamine (PDA, 99.5%), m-benzoylamine (XDA,
99.0%), 1,3-cyclohexanedimethanamine (H6XDA, mixture of
isomers, 95.0%), p-phenylenediamine (PPDA, 99.5%), 2,6-
toluene diamine (2,6-TDA, 99.5%), 4,4′-methylenebis-
(cyclohexylamine) (H12MDA, mixture of isomers, 98.0%),
and isophorone-diamine (IPDA, 99.0%) were all purchased
from Shanghai Macklin Biochemical Co. Ltd. MCM-41, Al-
MCM-41, HY, ZSM-5, and β-25 were purchased from Nanjing
XFNANO Materials Tech Co. Ltd. SiO2 and Al2O3 were
purchased from Shanghai Aladdin Biochemical Technology
Co., Ltd. All chemicals in the experiments were of analytical
grade and used without further purification unless otherwise
specified.

2.2. Preparation of Catalysts. 2.2.1. Treatment of MCM-
41 Calcined at Different Temperatures. To differentiate the
untreated MCM-41 from calcined MCM-41 and chlorosilane-
modified MCM-41, MCM-41-U was used to denote the
untreated MCM-41. The calcined MCM-41 sample was

obtained by heating 1.3 g of MCM-41-U to 200 or 300 °C
in a muffle furnace with a heating rate of 5 °C/min and
calcined at the desired temperature for 2 h. The calcined
MCM-41 samples that were obtained at 200 or 300 °C were
labeled as MCM-41-200 and MCM-41-300, respectively.
2.2.2. Preparation of MCM-41 Modified by Chlorosi-

lane.27,28 1.3 g of MCM-41-U was pretreated in a vacuum
dryer at 110 °C for 12 h. The pretreated MCM-41 sample was
added into a suitable amount of the mixture of toluene and
TMCS and then stirred at 80 °C for 12 h under a nitrogen
atmosphere. The filter cake obtained after filtration was washed
several times with acetone and ethanol. Finally, the TMCS-
modified MCM-41 sample, which was labeled as MCM-41-M,
was obtained by drying in a vacuum dryer at 110 °C for 12 h.
Similarly, the TPCS-modified MCM-41, which was labeled
MCM-41-P, was obtained by the same method by replacing
TMCS with TPCS.

2.3. Characterization of Catalysts. The Brunauer−
Emmett−Teller (BET) surface area, pore volume, and average
pore diameters of the catalysts were obtained on a specific
surface area and pore structure analyzer (Tristar II 3020,
Micromeritics). The morphology of the catalyst was observed
by a thermal field emission gun scanning electron microscope
(SEM) (Gemini 300, Zeiss). The chemical composition and
crystal structure of the catalysts were characterized by small-
angle X-ray diffraction (SAXRD) on an X-ray diffractometer
(Empyrean, Malvern PANalytical) using Kα irradiation over a
2θ range of 0.5−10°. The working voltage and applied current
were 40 kV and 40 mA, respectively. The temperature-
programmed desorption of NH3 (NH3-TPD) of the catalyst
was conducted on a temperature-programmed chemisorption
analyzer (AutoChem II 2920, Micromeritics) with a thermal
conductivity detector (TCD) to obtain the acidity properties
of the catalyst, which was expressed by the number of NH3
molecules per gram of catalyst. The structural information on
various silanol groups of catalysts was determined by solid-
state nuclear magnetic resonance hydrogen spectrum (1H MAS
NMR), which was performed on an Agilent 600 MHz
Premium COMPACT NMR Magnet.

2.4. Synthesis of Dimethyl Hexane-1,6-dicarbamate.
All experiments were performed in a 100 mL stainless steel
high-pressure reactor with magnetic stirring, which was heated
by an electrical heating sleeve. The typical experimental
procedures are listed as follows: 0.054 mol of methyl
carbamate, 0.54 mol of methanol, 0.1 g of catalyst, and 0.009
mol of HDA were successively added into the reactor. The air
in the reactor was replaced with high-purity nitrogen. The
reactor was heated to 190 °C for 3 h with a rotating speed of
700 r/min. When the reaction was finished, the heating sleeve
was turned off, and the reactor was cooled down to room
temperature. Methanol was added to the reactor to dissolve the
products, and then, the catalyst and the indissoluble solid
residues were separated by centrifugation.
To understand the reaction pathway, the intermediate was

collected and analyzed by FTIR. The main and byproducts
were qualitatively analyzed by gas chromatography-mass
spectrometry (GC-MS, Shimadzu).
The interaction between substrates and catalysts was

investigated by in situ FTIR (Thermo Scientific Nicolet
iS50) that was equipped with an MCT detector and an art
photonics FPC-6 M Fiber Probe Coupler. The scanning was
performed from 4000 to 400 cm−1 with a resolution of 4 cm−1.
The in situ FTIR spectra were collected under the conditions
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of a reaction temperature of 190 °C, a molar ratio of HDA,
MC, and methanol of 1:6:60, and a catalyst dosage of 10 wt %
every 30 s for 1 h.
HDA and HDC were quantitatively analyzed by a gas

chromatograph (GC-2014, Shimadzu) equipped with an RTX-
5 (30 m × 0.25 mm × 0.25 μm) column and a flame ionization
detector (FID) using N2 as the carrier gas. The injection
temperature and detector temperature were 240 and 250 °C,
respectively. The temperature program for GC analysis was
first held at 80 °C for 1.5 min and then heated to 200 °C at a
rate of 20 °C/min and held for 10 min. The catalytic
performance was evaluated by the conversion of HDA and
yields of HDC, according to eqs 1 and 2. The detailed
descriptions for the calculations are provided in the Supporting
Information

n n
n

conversion (HDA) (%)
(HDA) (HDA)

(HDA)
100%0

0
= ×

(1)

n
n

yield (HDC) (%)
(HDC)
(HDC)

100%
0

= ×
(2)

where n0(HDA) is the molar amount of initial HDA, n(HDA)
represents the molar amount of unconverted HDA after
reaction, n0(HDC) is the molar amount of the theoretically
generated HDC that all HDA converted, and n(HDC) represents
the molar amount of generated HDC after the reaction.
The leaching effect of the catalyst was investigated by a two-

step experiment. The procedures were as follows: MCM-41-U
was first soaked in methanol and heated at 190 °C for 1 h.
Then, the MCM-41-U catalyst was removed, and HDA was
added to the reactor to react for 0.5 h. A blank experiment was
performed under the same operational conditions without a
catalyst.

3. RESULTS AND DISCUSSION
3.1. Reaction Pathway. The carbonylation of aliphatic

amine using alkyl carbamate as a carbonyl source via two steps
with polyurea (PU) as an intermediate has been proposed.22 A
large amount of a white solid substance, which is insoluble in
water and alcohol, was observed during the process. However,
the solid was found to have disappeared at the end of the
reaction. The white solid was collected, and its structure was
detected by FTIR. The FTIR spectrum (Figure S1) indicates
that the white solid that formed during the process was PU,29

and the structure of PU is shown in Figure S2. The final
reaction liquid was analyzed by gas chromatography-mass
spectrometry (GC-MS), and the results are presented in Figure
S3. The GC result shows that three peaks, located at the
residence times of 8.68, 9.09, and 12.78 min, were observed.
The MS results indicate that these three substances are
methylated products, 1-(6-amino)-hexamethylene monocarba-
mate (HMC), and HDC, respectively. The reaction pathway
was also investigated by in situ FTIR characterization. The
trends of characteristic peaks of PU, HDA, and HDC over time
under the condition without a catalyst are presented in Figure
S4a. The results show that HDA was converted to PU at the
beginning of the reaction, which was suggested by a weakening
characteristic peak at 783 cm−1 that belonged to the bending
vibration of the N−H bond of HDA. The characteristic peak of
PU, which is located at 1608 cm−1 and belongs to the
telescoping vibrations of the C�O bonds, became increasingly

obvious within 25 min of the reaction and then slightly
decreased. Therefore, it is believed that the carbonylation of
HDA using MC as a carbonyl source catalyzed over MCM-41
proceeds by first generating PU intermediates through the
reaction of HDA with MC and then further undergoing
alcoholysis to generate HDC. Similar results have been
observed in the reported results.22 The possible main and
side reactions are listed in Scheme 1

3.2. Catalyst Screening. The catalytic performance of HY,
Al-MCM-41, ZSM-5, β25 (four silica-aluminum molecular
sieves), MCM-41-U (one silica molecular sieve), SiO2, and
Al2O3 was evaluated in this work, and the results are presented
in Figure 1.

As can be seen in Figure 1, HDA conversions for the
reaction with and without a catalyst were both 100%,
indicating that HDA was easy to be converted. Although
HDA can be completely converted even under noncatalytic
conditions, the yield of HDC was only 21.6% due to the severe
side reactions. When the catalyst was utilized, the yield of
HDC was significantly improved, ranging from 57.5 to 90.1%.
Among the screened catalysts, MCM-41-U, a pure silica
mesoporous molecular sieve, showed the best performance.
MCM-41-U has a large surface area and pore size, which may
provide more active sites,30 leading to a high HDC yield. In
addition, it is hypothesized that the highest catalytic activity of
MCM-41-U may also be related to its abundant silanol groups
on the surface, which has been reported and studied
extensively.31,32 To further confirm the roles of the silanol

Scheme 1. Possible Main and Side Reactions of HDA
Carbonylation Using MC as a Carbonyl Source

Figure 1. Effects of different catalysts on the carbonylation of HDA.
Conditions: nmethanol/nMC/nHDA = 60:6:1, catalyst dosage = 10 wt % of
HDA, temperature = 190 °C, time = 3 h.
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groups of MCM-41-U on the catalytic performance, MCM-41-
U was modified by calcination and chlorosilane pretreatment
to reduce its silanol groups. Four modified MCM-41 catalysts,
namely, MCM-41-200, MCM-41-300, MCM-41-M, and
MCM-41-P, were prepared and characterized.

3.3. Effect of Silanol Groups on the Catalytic
Performance of MCM-41. 3.3.1. Characterization of
MCM-41 Samples. The five MCM-41 samples were
characterized by XRD, as shown in Figure 2.

The peaks at 2θ of 2.24, 3.85, and 4.45° were attributed to
the (100), (110), and (200) planes of MCM-41, respectively,
indicating that MCM-4l has an ordered mesoporous structure
with hexagonal cells.33 The intensity of diffraction peaks at
(100), (110), and (200) planes of MCM-41-200, MCM-41-
300, and MCM-41-M was similar to those of MCM-41-U,
suggesting that the highly ordered structure of MCM-41 was
maintained after calcination and TMCS modification. The
diffraction peaks of MCM-41-P at the (100), (110), and (200)
planes were significantly weakened, which may be attributed to
a poorly ordered structure and a destroyed pore structure after
TPCS modification.
The N2 adsorption/desorption isotherms of MCM-41-U

and modified MCM-41 catalysts are presented in Figure 3. The
information about specific surface areas, pore volumes, and
average pore sizes of the catalysts is listed in Table 1. As
indicated by Figure 3, the nitrogen adsorption/desorption
isotherms of several samples all belonged to type IV with a
narrow pore size distribution (shown in Figure S5), which was
consistent with the characteristics of MCM-41.34,35 It is found
that the pore properties of MCM-41 did not change
significantly after calcination at 200 or 300 °C. The calcination
at high temperatures resulted in slightly increased specific
surface areas of MCM-41-200 and MCM-41-300. The
modification of chlorosilane showed a pronounced effect on
the pore structure of MCM-41. The pore volumes and pore
sizes of MCM-41-M and MCM-41-P decreased significantly
after chlorosilane modification, which may be ascribed to the
successful penetration of TMCS and TPCS into the pores to
form a Si−O−Si(CH3)3 or Si−O−Si(Ph)3, respectively.32,36
The morphologies of the five MCM-41 samples were

observed by SEM, and the SEM images are shown in Figure 4.

As can be seen in Figure 4a, the particles of MCM-41-U were
irregular and dispersed, which was consistent with the reported
results.37 Figure 4b,c shows that the high-temperature
calcination has an insignificant influence on the morphology
of MCM-41, but the particle sizes of MCM-41-200 and MCM-
41-300 were slightly larger than that of MCM-41-U. The
particle sizes of MCM-41 also were increased after chlorosilane
modification, as presented in Figure 4d,e. In addition, slight
particle agglomeration was observed for MCM-41-P.
It has been reported that catalysts with a high number of

acid sites favor the formation of N-substituted carbamates
using alkyl carbamates as the carbonyl source.22 The number
of acid sites of the five MCM-41 catalysts was determined by
NH3-TPD. As shown in Figure 5, an intense peak at a low-
temperature range from 50 to 150 °C was observed for all
samples in the spectra, indicating the presence of weak acid
sites, which may be oriented from the silanol groups on the
surface of the catalyst.38 MCM-41-U had the highest acid site
concentration (3.74 mmol of NH3/g of catalyst), followed by
MCM-41-200 (2.78 mmol of NH3/g of catalyst) and MCM-
41-300 (2.19 mmol of NH3/g of catalyst). The decrease in acid
site concentration after high-temperature calcination may be
related to the removal of silanol groups on the surface of
MCM-41.39 After chlorosilane modification, the acid site
concentration of MCM-41 decreased significantly, particularly
with regard to MCM-41-P, whose concentration was only 0.19
mmol of NH3/g of catalyst. The acid site concentration of
MCM-41-M was 1.05 mmol of NH3/g of catalyst. The
extremely low acid site concentration may be attributed to the
fact that the chlorosilane successfully entered the pore of
MCM-41 and then interacted with Si−OH, thereby changing
its surface acid properties.

Figure 2. XRD patterns of five MCM-41 samples.

Figure 3. N2 physical adsorption/desorption isotherms of five MCM-
41 samples.

Table 1. Textural Properties of MCM-41 Samples

entry catalysts
SBET
(m2/g)

pore volume
(m3/g)

pore size
(nm)

1 MCM-41-U 1021.55 0.87 2.90
2 MCM-41-200 1091.52 0.93 2.89
3 MCM-41-300 1052.30 0.88 2.87
4 MCM-41-M 1044.97 0.76 2.65
5 MCM-41-P 1048.01 0.77 2.95
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1H MAS NMR spectra can provide structural information of
various silanol groups and be widely used to investigate the
changes of silanol groups on the surface of solid acids.40,41 Five
MCM-41 catalysts were characterized by 1H MAS NMR, and
the results are shown in Figure 6. The MCM-41-U had a broad
peak at 1H chemical shift of 4.44 ppm, which may be attributed
to the silanol group-forming hydrogen bonds with water.40,42,43

After the catalyst was calcined at 200 °C, the area of the main
peak decreased and the peak location moved to 2.79 ppm. It is
suggested that this peak belongs to the poly hydrogen-bonded
vicinal Si−OH groups.40 When the calcination temperature
was increased to 300 °C, the main 1H chemical shift peak of
MCM-41-300 further moved to 1.87 ppm, which may be
ascribed to the isolated silanol group.43 The shift of the 1H
chemical shift peak after calcination may be attributed to
dihydroxylation.44 It has been reported that hydrogen-bonded
silanol groups can be substantially removed and/or trans-

formed into isolated silanol groups by heat treatment.39 The
peaks at 1H chemical shifts of 1.01 and 2.66 ppm were
observed for MCM-41-M. The peak at 1.01 ppm may be
assigned to the isolated silanol group noninteracting with
neighbors or bound water molecules at a silica surface.45 For
MCM-41-P, the strong peak signal was observed at 0 ppm,
indicating that the amount of silanol group significantly
decreases, probably due to the formation of Si−O−Si(Ph)3.
This evidence indicated that the hydrogen-bonded and isolated
silicone silanol group of MCM-41-U was shielded after being
modified by TMCS and TPCS.
3.3.2. Catalytic Performance of MCM-41 Samples. The

catalyst activities of MCM-41-U and modified MCM-41
samples were evaluated, and the results are summarized in
Figure 7. It is found that when MCM-41-200 was used, the
yield of HDC was 73.4%, and the yield of HDC obtained by
using MCM-41-300 as a catalyst decreased to 55.7%. These
findings suggested that high-temperature calcination would

Figure 4. SEM image of (a) MCM-41-U, (b) MCM-41-200, (c) MCM-41-300, (d) MCM-41-M, and (e) MCM-41-P.

Figure 5. NH3-TPD spectra of five MCM-41 samples.
Figure 6. 1H MAS NMR spectra of five MCM-41 samples.
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reduce the catalytic performance of MCM-41. The decrease in
the catalytic activity of MCM-41 after calcination may be
attributed to the reduction in the number of silanol groups on
MCM-41-200 and MCM-41-300, which was indicated by the
results of characterization. Similar evidence was observed for
the chlorosilane-modified MCM-41 samples. When MCM-41-
M and MCM-41-P were used as the catalysts, the yields of
HDC were 63.9 and 11.5%, respectively. According to the
characterization results of MCM-41-P and MCM-41-M, the
surface silanol groups of MCM-41-M and MCM-41-P may be
hidden after modification with chlorosilane, resulting in a
change in active species and sites on the catalysts. The poor
catalytic performance of MCM-41-P may also be related to the
destroyed pore structure of MCM-41-P and the reduced
adsorption capacity, which was suggested by the results of N2
adsorption−desorption. As shown in Figure 3, the slopes of the
isotherm of MCM-41-M and MCM-41-P decreased signifi-
cantly in the multilayer adsorption stage (P/P0 in the range of
0.3−0.4), suggesting that the chlorosilane modification may
affect the multilayer adsorption in the mesopores.46 The
performance of the catalyst indicated that the modification of
MCM-41 by calcination and chlorosilane caused a decrease in
the catalytic activity of MCM-41, implying that the abundant
surface silanol groups on MCM-41 may be the vital promoting
factor for HDC formation by carbonylation of HDA using MC
as the carbonyl source.
To further understand the catalytic performance of MCM-

41-U on carbonylation of HDA, in situ FTIR characterization
was performed to observe the trends of the characteristic peaks
of HDA, PU, and HDC under the conditions with the presence

of the catalyst. As described in Section 3.1, the formation of
HDC from HDA and MC occurs via two steps with PU as the
intermediate. First, HDA attacks the carbonyl carbon in MC to
produce the intermediate PU, which happens quickly and
easily. It is generally accepted that weak nucleophilic groups
can be replaced by stronger ones. Therefore, the −OCH3 of
MC may be easily replaced by the −NH2 of HDA, which is a
stronger nucleophilic group than −OCH3, in the process of the
interaction of HDA and MC, resulting in the formation of PU.
In situ FTIR characterization suggests that the presence of
MCM-41-U could promote the alcoholysis of PU to HDC with
methanol involving (Figure S4). This may be attributed to the
presence of the silanol group on the surface of MCM-41-U.
The silanol group may contribute to HDC synthesis in two
ways: on the one hand, the silanol group may be able to
interact with methanol to convert methanol into the methoxyl
group;47 then, the oxygen in the methoxyl group may attack
the carbonyl carbon in PU. On the other hand, the silanol
groups may promote the activation of the −NH2 group of MC
or the −NH− group of PU,26 thus accelerating the formation
of HDC. Based on the characterizations and our previous
work,48 a possible reaction pathway and mechanism were
proposed, as shown in Figure 8.

3.4. Effect of Reaction Conditions on HDC Yield. The
effects of the reaction conditions, including the reaction
temperature, molar ratio of raw materials (molar ratio of HDA
and MC, as well as methanol dosage), catalyst dosage, and
reaction time, were investigated. When the influence of one
parameter was evaluated, the other parameters remained
constant. The results are summarized in Figure 9. Since
HDA can be converted even under noncatalytic conditions,
only the effects of reaction conditions on the HDC yield are
described here.
The effect of reaction temperature on the yield of HDC was

investigated in the range of 180−195 °C, as shown in Figure
9a. The temperature has a significant impact on the yield of
HDC. When the temperature increased from 180 to 190 °C,
the yield of HDC increased from 37.2 to 90.1%. The increase
in the HDC yield may be attributed to the accelerated reaction
rate caused by a higher temperature. In addition, the formation
of HDC belongs to the endothermic reaction, and thereby the
formation of HDC will be promoted when the temperature is
increased. However, when the reaction temperature further
increased to 200 °C, the yield of HDC decreased from 90.1 to
26.8%. It probably results from the fact that a high temperature
also leads to severe side reactions. In summary, the optimal
reaction temperature is 190 °C.
In view of the influence of the molar ratio of raw materials

on the yield of HDC synthesis, the influences of the molar
ratio of HDA and MC, as well as the methanol dosage (molar
ratio of methanol and HDA), on the yield of HDC were
investigated. As can be seen in Figure 9b, the yield of HDC

Figure 7. Effect of five MCM-41 samples on carbonylation of HDA.
Conditions: nmethanol/nMC/nHDA = 60:6:1, catalyst dosage = 10 wt %
(based on HDA), temperature�190 °C, time�3 h.

Figure 8. Possible reaction mechanism for the catalytic carbonylation of HDA with MC on MCM-41.
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increased from 62.3 to 90.1% when the molar ratio of HDA to
MC increased from 1:3 to 1:6. High concentrations of MC will
accelerate the reaction, thus promoting the reaction to proceed
in the positive direction. However, when the molar ratio of
HDA to MC was 1:7, the yield of HDC dropped to 60.9%. The
possible reason was that the increase in the MC amount also
promoted the methylation of HDA, resulting in an increase in
byproducts, thereby leading to a decrease of the HDC yield. As
shown in Figure 9c, the HDC yield increased from 51.4 to
91.8% as the methanol dosage increased from 30 to 40. The
increase in the methanol dosage reduced the substrate
concentration, thus inhibiting the side reaction. When the
methanol dosage ratio was further increased from 40 to 60, the
HDC yields were maintained at around 90%, and the highest
HDA yield, which was 92.6%, was obtained at a methanol
dosage of 50. When the methanol dosage ratio was adjusted to
70, the yield of HDC decreased rapidly. Utilization of a large
amount of methanol will lower the concentration of the
catalyst, reducing the contact chance between the catalyst and
intermediate and thereby resulting in a low conversion rate of
intermediate to HDC. In conclusion, the optimal molar ratio of
HDA and MC and methanol dosage are 1:6:50, respectively.
The influence of the catalyst dosage on the yield of HDC

was investigated, as presented in Figure 9d. The yield of HDC
rapidly increased from 21.6 to 82.6% when the catalyst dosage
increased from 1 to 5 wt % (based on HDA) and then slowly
increased to a maximum of 90.1% when the catalyst dosage
further increased to 10 wt %. It may be attributed to the fact
that an increase in the catalyst dosage resulted in an increase in
catalytic sites, promoting the formation of HDC. However,
only 86.2% of HDC yield was obtained when the catalyst
dosage was 15 wt % (based on HDA). Excessive catalyst may

cause partial dissociation of the carbamate bond of HDC,
resulting in a decrease in the HDC yield. Therefore, the
optimal catalyst dosage is 10 wt % (based on HDA).
Finally, the effect of the reaction time on the yield of HDC

was investigated, and the results are shown in Figure 9e. The
yield of HDC was 82.9% after 2 h, indicating that the catalyst
has a high catalytic efficiency. With the extension of reaction
time to 3 h, the HDC yield was as high as 93.3%. It may be
explained by the reason that the intermediate polyurea was
continuously converted into HDC as the reaction time was
prolonged. However, the yield of HDC began to decline with
the further extension of reaction time, which may be related to
the thermal decomposition of HDC. In conclusion, the optimal
reaction time is 3 h.

3.5. Catalyst Stability. The stability of the catalyst was
evaluated through recycling five times, and the results are
shown in Figure 10.
After every use, the catalyst was separated by centrifugation

and directly used in the next run. Under the conditions with a
reaction temperature of 190 °C, a molar ratio of HDA, MC,
and methanol of 1:6:50, a catalyst dosage of 10 wt %, and a
reaction time of 3 h, the yield of HDC decreased from 92.6 to
67.7% after four cycles and then the HDC yield was
maintained at 67.9% in the fifth cycle. When the reaction
time of the fifth cycle was extended from 3 to 5 h, the yield of
HDC increased to 77.7%. The decrease in the activity of the
catalyst after recycling may be due to the reduction of catalytic
sites, resulting in the reduction of catalytic efficiency. The
results of the catalyst leaching experiments (Figure S6) suggest
that the catalyst leaching showed negligible effect on the HDC
yield, implying that the leaching effect of MCM-41 was minor.

Figure 9. Effects of reaction condition on the yield of HDC. Conditions: (a) nmethanol/nMCmethanol/nHDA = 60:6:1, catalyst concentration = 10 wt %
of HDA, time = 3 h; (b) nmethanoll/nHDA = 60:1, catalyst concentration = 10 wt % of HDA, temperature = 190 °C, time = 3 h; (c) nMC/nHDA = 6:1,
catalyst concentration = 10 wt % of HDA, temperature = 190 °C, time = 3 h; (d) nmethanol/nMC/nHDA = 60:6:1, temperature = 190 °C, time = 3 h;
and (e) nmethanol/nMC/nHDA = 60:6:1, catalyst concentration = 10 wt % of HDA, temperature = 190 °C.
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In order to explore the reason for catalyst deactivation, the
catalyst that recycled after five cycles, which was named MCM-
41-R, was subjected to characterization. The results of N2
physical absorption/desorption of the fresh MCM-41 and
MCM-41-R (Figure S7 and Table S1) showed that although
the pore size of MCM-41-R was similar to the fresh catalyst,

the surface area and pore volume of MCM-41-R were
significantly lower than that of MCM-41. These findings
suggested that the catalyst has been agglomerated and that the
pore structure of the particles may have been destroyed after
use. Consistent with characterization results of N2 physical
absorption/desorption, the agglomeration of MCM-41-R
particles was observed by SEM images (Figure S8). The
agglomeration may result from the interaction between the
catalyst and reactant at high temperatures over a long period.
The XRD pattern (Figure S9) showed that the intensities of
(110) and (200) crystal plane diffraction peaks of MCM-41-R
were significantly reduced, indicating that the highly ordered
structure of MCM-41 deteriorated. The FTIR spectra (Figure
S10) showed that the number of silanol groups on the catalyst
surface was reduced after use, which was proved by the
reduced intensities of the peaks at 3450 cm−1 (hydrogen-
bonded silanol group) and 1630 cm−1 (O−H bending
vibration). In the meantime, the absorption peaks at 2976
cm−1 (stretching vibration of the C−H bond) and 2366 cm−1

(stretching vibration of the Si−H bond) appeared. Similar
findings can also be observed in the results of 1H MAS NMR,
as shown in Figure S11. The spectra showed that the main
peak chemical shift of MCM-41 moved to 2.28 ppm, indicating
a reduced number of hydrogen-bonded silanol groups on the
catalyst surface. The observation above implied that MC may
interact with MCM-41 under high-temperature and high-
pressure conditions, thus shielding a portion of the surface
silanol groups on MCM-41 and leading to a decreased catalyst
activity. The thermogravimetric (TG) curve of MCM-41

Figure 10. Reusability of MCM-41-U in carbonylation of HDA.
Conditions: nmethanol/nMC/nHDA = 50:6:1, catalyst content = 10 wt %
of HDA, temperature = 190 °C, time = 3 h.

Table 2. Effect of MCM-41 on the N-Substituted Dicarbamate Synthesis

aReaction conditions: molar ratio of nmethanol/nMC/nHDA = 50:6:1, catalyst content = 10 wt % (based on diamine), reaction temperature = 190 °C,
reaction time = 3 h. *is the separation yield based on diamine.
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(Figure S12) showed that MCM-41 was stable at temperatures
below 900 °C. However, MCM-41-R experienced three stages
of weight loss during heating to 900 °C. The three weight
losses from low temperature to high temperature may be
attributed to the removal of adsorbed methanol, the
volatilization of the adsorbed product HDC, and the
combustion of carbon deposits, respectively. In conclusion,
the deactivation of the catalyst may be attributed to two
factors. First, the change in the pore structure of the catalyst
and the formation of a small amount of carbon deposits
affected the adsorption and activation of the reactant
molecules. Second, the reduction in the number of silanol
groups in the catalyst led to a decrease in the catalytic activity.

3.6. Substrate Scope. Methylene diphenyl diisocyanate
(MDI), toluene diamine (TDI), and phenylene diisocyanate
(PPDI) are important aromatic isocyanates and are usually
applied in the production of PU coatings. Typical aliphatic
isocyanates, such as pentamethylene diisocyanate (PDI),
isophorone diisocyanate (IPDI), hydrogenated phenyl di-
methylene diisocyanate (H6XDI), hydrogenated diphenyl-
methane diisocyanate (H12MDI), and xylylene diisocyanate
(XDI), are widely used in automobiles, coatings, medical
instruments, and other industries. Therefore, the correspond-
ing carbamates were synthesized over MCM-41 to investigate
the limitation and scope of the catalyst. The results of the
corresponding dicarbamate synthesis catalyzed by MCM-41
are summarized in Table 2.
As shown in Table 2, the conversions of all amines were

100%, while the yields of aliphatic and alicyclic carbamates
generally were much higher than those of aromatic carbamates.
For example, the yields of pentamethylene dicarbamate (PDC,
entry 1), hydrogenated phenyl dimethylene dicarbamates
(H6XDC, entry 2), hydrogenated diphenylmethane dicarba-
mates (H12MDC, entry 3), m-xylylene dicarbamate (XDC,
entry 4), and isophorone dicarbamate (IPDC, entry 8) were
91.7, 87.2, 90.9, 58.0, and 80.7%, respectively. However, the
yields of 4,4′-methylene diphenyl dicarbamate (MDC, entry 5)
and 1,4-phenylene dicarbamate (PPDC, entry 6) were 41.3
and 44.3%, which were lower than the aliphatic/alicyclic
carbamates. It is speculated that the interaction between the
amino group, the electron-donating group, and the benzene
ring in the aromatic amines through p−π conjugation reduces
the electron cloud density of the amino group, thereby
lowering the reaction activity of the amino group. An exception
was observed when toluene diamine (TDA, entry 7), an
aromatic amine, was used as the substrate, and the yield of the
corresponding dicarbamate reached 88.1%. The possible
reason is that the connection of another electron-donating
group −CH3 to the benzene ring may increase the reactivity of
the amino group in TDA. These findings demonstrated that
MCM-41 exhibited good performance in synthesizing N-
substituted dicarbamates, especially aliphatic/alicyclic carba-
mates.

4. CONCLUSIONS
In this work, MCM-41 was found to be an effective catalyst for
the synthesis of HDC via the carbonylation reaction of HDA,
MC, and methanol. The good performance of MCM-41
probably results from the abundance of silanol groups on the
surface of MCM-41. The calcined MCM-41 and chlorosilane-
modified MCM-41 were prepared to explore the effect of
silanol groups on the catalytic activity. Characterizations based
on FTIR and 1H MAS NMR suggested that the number of

silanol groups on MCM-41 was reduced after calcination and
chlorosilane modification, resulting in a decrease in catalytic
activity. After five cycles of the MCM-41 catalyst, the HDC
yield decreases from 92.6 to 67.9%. The characterization of the
used catalyst revealed that the catalyst particles undergo
agglomeration and carbon deposition, affecting the adsorption
and activation of the reactant molecules on the catalyst. In
addition, the reduction in the number of surface silanol groups
on the catalyst also leads to a decrease in the catalytic activity.
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