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Pore surface engineering of mesoporous materials is fundamental for the development of highly
selective sorbents, solid catalysts or drug delivery systems. In the present study, tailored
mesoporous amine-functionalized polymer—silica composites are synthesized using a two-step
mesopore surface-confined polymerization technique. For this, a functional polymer,
polychloromethylstyrene (PCMYS), is first introduced as a uniform coating on the mesopore
surface of mesoscopically ordered silica, e.g. SBA-15 or KIT-6 materials. In the second step,
selected amines, as model functions, are attached to the polymer surface by nucleophilic
substitution, generating a variety of nanoporous amino-polymer-silica composites. In particular,
it is shown that this approach allows for a tuning of surface concentration of the organic groups
either by varying polymer loading or by copolymerization of the CMS monomers with
non-reactive monomers (styrene). Moreover, this method is suitable for facile introduction of
diverse types of amine groups, e.g. secondary amines, diamines, linear or branched polyamines.
The pristine mesoporous silica hosts and the different functional mesoporous polymer—silica
composites are characterized in detail by nitrogen physisorption, powder X-ray diffraction,
elemental analysis, thermogravimetry—differential thermal analysis coupled with mass
spectrometry (TG-DTA/MS), attenuated total reflection-IR spectroscopy (ATR-IR) and scanning
electron microscopy. In addition, the obtained functionalized mesoporous composites are proven
active as base catalysts in the Knoevenagel condensation. From these investigations, it appeared
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that the preparation method should be highly flexible and appropriate to enable modulation
of location and distribution of various functional groups within mesopores.

Introduction

In general, ordered mesoporous silica materials'~ exhibit high
specific surface area, high pore volume, and readily tuneable
pore size in the nanometer range (2-15 nm). Nevertheless,
efficient modification of the pore surface of mesoporous silica
is often the crucial step towards the design of functional
materials*® and consequently, functionalization methods,
e.g. post-synthetic grafting, co-condensation methods, encap-
sulation, efc., are attracting tremendous interest.”'* As one
new strategy to incorporate organic functionalities within such
mesoporous hosts, the pore surface-confined polymerization
approach that was recently reported by Choi ef al.'® is gaining
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1 Electronic supplementary information (ESI) available: Experimental
section and optimisation conditions for the amination. Physico-
chemical characteristics derived from N, sorption for the EDA-PCMS
composites prepared with different polymer locations. Catalytic recycling
tests. N, sorption isotherms of EDA-PCMS(30)-KIT-6 and EDA-
PCMS:PS composites. TGA of PCMS(30)-SBA-15 composite before
and after treatment with EDA. ATR-FTIR spectra of the KIT-6-
derived materials and copolymer composites. Time-course of Knoevenagel
condensation catalyzed by amino-functionalized composites with
different amine-to-reagents ratios. See DOI: 10.1039/b9nj00478e

increasing attention.'®?? In contrast to previous methods
based on growing polymers inside the pores of mesoporous
silica, which often led to severe pore blocking,?* 3! this alter-
native approach enabled the retention of the high porosity of
the robust inorganic mesostructured materials, e.g. SBA-15 or
KIT-6 silicas,>** while simultaneously associating the vast
functionalization possibilities of organic polymer chemistry.
In this system, a mixture of monomer, cross-linker, and radical
initiator is first introduced inside the pores of a suitable
mesoporous host (e.g. SBA-15-type silica) using the incipient-
wetness technique. Subsequently, radical polymerization is
thermally initiated to generate a fully integrated mesoporous
polymer-silica composite, the polymer being present as a
thin uniform layer on the internal pore surface. The thus-
prepared nanocomposites usually exhibit high surface areas
(ca. 350-600 m> g~') and functionalized mesopore surfaces
which remain fully accessible. Although functionalities may be
introduced into mesoporous silica by other means, such as
grafting or co-condensation methods, the above technique of
polymer coating can offer some valuable advantages. In
particular, the physical and chemical properties of the func-
tional mesopore surface coating can easily be tailored by
changing the nature of the polymer (hydrophobic, hydrophilic,
based on chemically or physically active monomers, efc.), by
varying the thickness of the coating, or by changing the degree
of polymer cross-linking (thus modulating swelling ability and
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surface site accessibility). Moreover, copolymerization is
possible to selectively combine different monomers, and
subsequent post-grafting of functional groups can also be
performed, avoiding here the use of any costly silane reagents.
Concerning the development of this new family of porous
nanocomposites, further investigations are nevertheless still
needed regarding the different possibilities of mesopore
surface (post)functionalization, their chemical reactivity and
catalytic behavior. In particular, the selective pore surface
introduction of base functionalities remains to be explored
as such functional nanoporous polymer-silica systems could
be of great interest for liquid phase heterogeneous catalysis
and drug delivery applications. Here, amine groups, especially,
are attractive for applications in base catalysis,®>** CO,
capture, ™ scavenging of heavy metal cations**™*® or as
binding sites for bioactive molecules and controlled drug
release.** 2

In this contribution, we now study in detail the synthesis of
amine-functionalized mesoporous polymer-silica composites
generated through post-synthesis attachment of amine groups
on the pore surface of polymer coated mesoporous silica.
The functional nanocomposites are characterized by N,
physisorption, low-angle powder XRD, thermogravimetry
coupled with mass spectrometry, ATR-IR, elemental analysis,
scanning electron microscopy and titration. The results
demonstrate controlled inclusion of various amine groups on
the mesopore surface of the materials with tailored quantity
and density of amine sites. It is shown that the functionalization
approach allows for a fine-tuning of surface concentration of
amine groups by: (1) changing the type of amine, (2) varying
the loading in polymer, and (3) performing copolymerization
of CMS monomers with non-reactive monomers. Base
catalysis properties of these new materials were also evaluated
by testing their performance in the Knoevenagel condensation
serving as a model generic reaction. The properties of the
functionalized mesoporous materials are compared in terms of
loadings and positioning of the functional groups.

Experimental section
Materials

Preparation of the mesoporous polymer-silica nanocomposites.
First, the syntheses of the mesoporous silica hosts (e.g. SBA-15
and KIT-6) were performed at low acidic concentrations
(0.3-0.5 M HCI) following reported procedures,*>3>* as
detailed in ESI.{ Various loadings in weight% of cross-linked
polychloromethylstyrene, PCMS, could then be introduced
inside the pores of the above silicas following the
original procedure reported by Choi et al.'® In our case,
chloromethylstyrene, CMS (Aldrich, 90%), divinylbenzene,
DVB (Aldrich, 80%), and benzoyl peroxide, BPO (Aldrich,
97%, recrystallized in acetone), were used as reactive
monomer, cross-linker, and radical initiator, respectively.
Typically with 30 wt% of polymer, 0.228 mL (1.6 mmol)
CMS, 0.058 mL (0.4 mmol) DVB and 17.7 mg (0.07 mmol)
of BPO were dissolved in 1.96 mL CH,Cl,. This solution was
then introduced in 1 g of SBA-15 silica (dried overnight at
150 °C under vacuum) using the incipient-wetness technique.

The impregnated material was then dried for 4 h at 40 °C to
remove CH,Cl, and then subjected to three vacuum-—
freeze—thaw cycles using acetone—dry ice mixture as a coolant.
The material was left under vacuum at 35 °C for 6 h
to facilitate diffusion of the organics within the pores.
Subsequently, polymerization was performed under reduced
pressure triggered by thermal treatment at 60 °C for 6 h,
followed by 100 °C for 1 h and 120 °C for 1 h. The resulting
composites were washed with CHCl; and EtOH, filtered, and
dried at 80 °C for 24 h. Alternatively, a series of PCMS—
SBA-15 composites with lower concentration of reactive sites
(i.e. diluted sites) have also been prepared. For this,
different molar quantities of CMS were replaced by styrene
(Alfa Aesar, 99%). In a typical copolymer material synthesis,
0.131 mL (0.93 mmol) CMS was mixed with 0.107 mL
(0.93 mmol) styrene, 0.066 mL (0.46 mmol) DVB, 20.3 mg
(0.08 mmol) BPO and 1.96 mL CH,Cl,. The rest of the
procedure followed the steps described previously. For
comparison purpose, PCMS-SBA-15 composites with the
polymer being incorporated randomly inside the mesopores
were also prepared.'”” For the synthesis, the preparation
procedure was the same as before, except that CH,Cl, was
replaced by toluene for the impregnation step. The samples are
denoted PCMS(x), where x represents the initial polymer
loading in wt% introduced in the composite. The copolymerized
materials are denoted PCMS(«; x), where a represents the
CMS/styrene molar ratio (0 < a@ < 1). The materials prepared
with randomly incorporated polymer are denoted PCMS-R.

Preparation of the amino-PCMS composites. All amines
were used as received without further purification. For the
procedure with ethylenediamine (EDA),>>*® 200 mg of dried
PCMS-SBA-15 powder were dispersed in 20 mL of aceto-
nitrile, and 0.075 g (1.25 mmol) of EDA (99%, Alfa-Aesar)
was added to this suspension, which corresponds to an EDA/
CMS molar ratio of 5 (see Table S1 (ESIf) for optimization
conditions). The mixture was stirred at 60 °C for 24 h. The
material was then filtered, washed with EtOH and acetone and
dried in vacuum at 80 °C for 24 h. The resulting materials
are denoted EDA-PCMS(x). Using a similar procedure,
tris(2-aminoethyl)amine, TAEA (96% Aldrich), triethylene-
tetramine, TETA (60% Aldrich), diethylenetriamine, DETA
(99% Aldrich), and butylamine, BA (99.5% Aldrich), have
also been fixed to the polymer surface. Finally, a physical
mixture of SBA-15 and EDA-PCMS, denoted EDA-PCMS-M,
was also prepared. Here, bulk PCMS with 20% cross-linking
was synthesized®” and treated with EDA under the same
conditions as previously mentioned. The bulk EDA-PCMS
was then mixed with pure silica SBA-15, in the same
polymer-silica proportion as the coated composites.

Characterization methods

Nitrogen sorption isotherms were measured at —196 °C on a
Quantachrome Autosorb 1-C instrument. The silica materials
were outgassed under vacuum at 200 °C for 16 h prior to
measurement, while the composite samples were outgassed at
80 °C for 16 h. Specific surface area, Sggr, was determined
using the BET equation in the range 0.05 > P/P, > 0.20,
and total pore volume was obtained at P/Py = 0.95. The pore
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size distributions were determined by using non-local density
functional (NLDFT) methods considering sorption of
nitrogen at —196 °C in cylindrical silica pores.*®* Both the
kernel of equilibrium NLDFT isotherms (desorption branch)
and the kernel of (metastable) NLDFT adsorption isotherms
(adsorption branch) were applied for pore width determina-
tion.®° Silica micropore volumes were obtained from NLDFT
cumulative pore volumes estimated for pores smaller than 2 nm.
TG-DTA/MS measurements were performed using a Netzsch
STA 449C thermogravimetric analyser coupled with a Netzsch
Aelos QMS 403C mass spectrometer. Analyses were carried
out under air flow at a heating rate of 10 °C min~'. Low-angle
XRD measurements were performed on a Bruker AXS
Discover D8 system equipped with a Hi-Star 2D-detector
and a Turbo source using CuK, radiation operated at
4.5 kW. Elemental analysis was performed on a Carlos Erba
1106 Elemental Analyser. FTIR-ATR spectra were recorded
using a Nicolet Magna FTIR spectrometer with a narrow
band MCT detector and a diamond ATR Golden-Gate
accessory (Specac Ltd., London). The spectra were obtained
from 128 scans with a 4 cm™! resolution. Scanning electron
microscopy images were obtained with a JEOL model 840-A
microscope operated at 15 kV.

Base catalysis tests

In a typical Knoevenagel condensation test, 5 mmol of
both benzaldehyde (Aldrich, 99%) and ethyl cyanoacetate
(Aldrich, 98%) were mixed in 35 mL toluene and heated at
80 °C. 50 mg of catalyst dried overnight at 80 °C were then
introduced into the reaction vessel, which corresponds to a
nitrogen/reagent ratio ranging between 0.6-2.1%, depending
on the nitrogen content of the catalyst. Note that stirring rates
were varied between 300 and 1000 rpm and no differences in
the conversion were observed. After reaction, the catalyst was
recovered by hot filtration, washed with toluene and ethanol,
and dried at 80 °C under vacuum for 24 h. All catalysis tests
were analyzed by gas chromatography (GC) performed on a
HP 5890 equipped with a HP 5989A mass spectrometer.
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Conversions and selectivity were determined by GC-MS, and
hexadecane was used as an internal standard.

Results and discussion

Choice of the mesoporous silica hosts

High quality SBA-15 and KIT-6 were used in this study
because of their large pore sizes (>6 nm) suitable for the
insertion of a polymer coating in the mesopores without
causing severe pore blocking. In addition, the presence of
complementary intrawall porosity in these materials®' is
beneficial for the positioning of the polymer coating. The
syntheses of the pristine mesoporous silica matrices
were performed under low acidic concentrations®>33-3462
(0.3-0.5 M HCI) to ensure excellent reproducibility, high
yields of mesostructured material and high phase purity for
the silica host matrix. Furthermore, the low acid concentration
regimes generally allow for an efficient fine-tuning of the
intrawall porosity,”® which is the determining factor in
the preparation of the mesoporous polymer-silica composite
materials.'>%* The nitrogen physisorption isotherms measured
at —196 °C for the SBA-15 and KIT-6 hosts are presented in
Fig. 1. As can be seen, the materials exhibit type IV isotherms
with a sharp H1 hysteresis loop at high relative pressures,
characteristic of mesostructured solids with large uniform
cylindrical mesopores. % The periodic mesoscale organization
of SBA-15 and KIT-6 was further confirmed by low-angle
XRD diffraction (see Fig. 2 for SBA-15) and TEM investiga-
tions (not shown). The physicochemical parameters derived
from nitrogen physisorption and XRD analyses are grouped
in Table 1. The NLDFT pore size is evaluated at 8.1 nm for
SBA-15 prepared with aging at 100 °C for 48 hours and the
total pore volume of this sample is 1.20 cm® g~'. The KIT-6
silica host material prepared at 100 °C for 48 hours exhibits a
slightly higher pore volume, with wider mesopores of 8.8 nm
(NLDFT equilibrium model). The pore volume associated
with micropores (pore below 2 nm) is about 0.07 cm® g
for the SBA-15 sample and 0.04 cm® g ! for the KIT-6 sample.
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Fig. 1 (Left) N, adsorption—desorption isotherms measured at —196 °C for SBA-15 (offset: 200 cm® g~') (a) and PCMS(30)-SBA-15 (b);
(right) N, adsorption—desorption isotherms of KIT-6 (offset: 200 cm® g™') (a) and PCMS(30)-KIT-6 (b).
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Fig. 2 Low angle powder X-ray diffraction patterns of (a) SBA-15,
(b) PCMS(30)-SBA-15 and (c) EDA-PCMS(30)-SBA-15.

Synthesis of the polymer coating on the mesopore surface

PCMS was chosen as the functional polymer because it
enables preparation of a variety of different functional
materials from the same starting composite by the simple
nucleophilic substitution of the chlorine group. The principle
of the polymer insertion as a thin coating confined to the
mesopore surface is illustrated in Scheme 1. A dried silica host
is first impregnated with a pre-prepared mixture of the
monomer, a suitable cross-linker and the radical initiator,
BPO in this case, dissolved in a small quantity of a volatile

solvent (dichloromethane). The incipient-wetness technique,
which is followed by solvent removal and subsequent
vacuum—freeze—thaw cycles, is adequate to create uniform
coatings of various polymers on the mesopores surface of
SBA-15. This sequence is followed by thermal polymerization
of the monomers, triggered while these are being adsorbed on
the pore surface. As a result, the organic polymeric thin
coating remains located selectively on the mesopore surface,
avoiding pore blocking. The physicochemical parameters of
the resulting mesoporous PCMS-SBA-15 materials derived
from N, sorption, powder XRD and thermogravimetric
analysis are listed in Table 1. Unit cell parameters determined
from XRD (Fig. 2) are presented in Table 1 and in all cases, no
change in the unit cell dimension was observed after polymer
insertion. This is expected since only distribution of matter in
the unit cell will change and not the interplanar distances.
SEM investigations (Fig. 3) revealed no bulk polymer
formation after polymer incorporation. The materials are
similar in terms of particle size and shape and show identical
surface features. In general, the yields in polymerization
(initiated with BPO) as estimated by thermogravimetric analysis
are high, ranging from 88 to 95%. The sorption isotherms of
the mesoporous nanocomposites prepared with 30 wt% of
initial loading of monomers introduced into SBA-15 and
KIT-6 are shown in Fig. 1. In addition, the nitrogen sorption
isotherms obtained for three PCMS-SBA-15 samples
prepared with polymer loadings of 10, 30 and 40 wt% are
compared in Fig. 4. Obviously, specific adsorption capacities
are substantially reduced due to the addition of the polymer
which contributes to the total mass but not to the volume.
However, type IV isotherms with H1 hysteresis loop indicate
that the cylindrical geometry is generally maintained after
PCMS insertion, pointing to uniform polymer coating
inside the mesoporous channels. A systematic reduction in
mean pore diameter, pore volume and specific surface area is

Table 1 Physicochemical parameters derived from N, sorption measurements and combustion elemental analysis for aminated polymer-silica

composites

N content”/

mmol g~

BET/ Pore volume®/ BJH,q" DFTges" DFT, 4" Organic

Materials m’g!' cemPg! ap/nm  pore size/nm  pore size/nm  pore size/nm  content’ (%) Theo.  Expt.
SBA-15 856 1.20 11.3 8.2 8.1 7.6 — — —
PCMS(10)-SBA-15 683 0.95 11.3 7.8 7.9 7.5 7 — —
EDA-PCMS(10) 553 0.86 11.3 7.3 7.3 7.3 12 0.9 1.0
PCMS(30)-SBA-15 533 0.74 11.3 7.3 7.0 7.0 23 — —
EDA-PCMS(30) 351 0.61 11.3 6.8 6.3 7.0 25.2 2.3 2.1
PCMS(40)-SBA-15 404 0.55 —=£ 7.3 6.1 7.0 28 — —
EDA-PCMS(40) 365 0.51 —= 6.9 5.5 6.8 32 3.0 2.6
PCMS(50)-SBA-15 410 0.54 —£ 7.3 5.7 7.0 31 — —
EDA-PCMS(50) 268 0.38 —=£ 6.8 5.5 6.8 35.5 3.4 2.6
KIT-6 913 1.32 22.5 8.6 8.8 8.1 — — —
PCMS(30)-KIT-6 523 0.83 22.5 8.5 8.1 7.6 20 — —
EDA-PCMS(30)-KIT-6 456 0.72 22.5 7.3 7.6 7.0 24 2.1 1.7
PCMS(0.5; 30)-SBA-15 507 0.73 11.3 7.2 6.3 7.0 22 — —
EDA-PCMS(0.5; 30) 446 0.66 11.3 6.8 5.9 6.8 23.5 1.2 1.3
PCMS(0.1; 30)-SBA-15 567 0.88 11.3 7.6 7.3 7.3 21 — —
EDA-PCMS(0.1; 30) 494 0.76 11.3 7.3 7.3 7.3 23 0.2 0.6

“ Determined at P/Py, = 0.95. ® Determined by the BJH algorithm using the adsorption branch. ¢ Determined by NLDFT method taking into
account the desorption branch (NLDFT equilibrium model). ¢ Determined by NLDFT method taking into account the adsorption branch
(NLDFT metastable adsorption branch model). ¢ Determined by TG.” From combustion elemental analysis. ¢ Not measured.
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Representation of the incorporation of PCMS and subsequent covalent attachment of amines inside large pore mesoporous silica

Fig. 3 Representative SEM images of PCMS(30)-SBA-15 (a) and (b), and EDA-PCMS(30)-SBA-15 (c) and (d).

observed for the composites (Table 1). The presence of 23 wt%
of PCMS (30 wt% relative to the mass of SBA-15) leads to a
pore size reduction of about 1.0 nm according to both
NLDFT and BJH methods, corresponding to twice the thick-
ness of the polymer coating, i.e. 0.5 nm in this case. Pore size
reduction correlates well with the weight loading of PCMS in
the composite, as also viewed in Fig. 5. In the composite with
10 wt% loading, the pore size is reduced by only 0.2 nm, which
is slightly less than one third of what is observed for the
30 wt% composite. Note that the NLDFT kernel chosen for
the pore size analysis considers interaction potentials involving
pure silica surface and nitrogen at —196 °C, which should be
viewed as an approximation in the case of the silica—polymer
composites. Nevertheless, the influence of the adsorption
potential on pore condensation® in the pore size regime

considered above 5 nm is less critical, which is supported by
a good agreement between the experimental isotherm and the
NLDFT curve in the relative pressure range corresponding to
the hysteresis loop (fit not shown). Up to 30 wt%, the resulting
polymer—SBA-15 nanocomposite remains highly porous with
easily accessible mesopores. A further increase in polymer
loading from 30 to 40 wt% inside SBA-15 leads to a loss of
the H1 character of the hysteresis loop (Fig. 4) suggesting pore
blocking, i.e. constrictions due to the non-uniform PCMS
coating. The effect is becoming increasingly pronounced for
a 50 wt% loading (not shown). In general, similar trends are
observed when introducing PCMS inside the pores of KIT-6,
i.e. a reduction in pore size, pore volume and surface area.
However, according to data presented in Table 1 and Fig. 5, a
pore diameter reduction of only 0.7 nm (NLDFT equilibrium
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Fig.4 N, adsorption—desorption isotherms measured at —196 °C for
(a) PCMS(10)-SBA-15; (b) EDA-PCMS(10)-SBA-15; (c) PCMS(30)-
SBA-15; (d) EDA-PCMS(30)-SBA-15; () PCMS(40)-SBA-15 and
(f) EDA-PCMS(40)-SBA-15. Isotherms are offset by 900, 700, 500,
350 and 150 cm® g~ respectively.

model) is caused by the introduction of 30 wt% PCMS in the
KIT-6 silica matrix despite similar polymer content in the
material. This suggests that the polymer location/distribution
could be slightly different when comparing the two host
materials. Differences between SBA-15 and KIT-6 in terms
of total pore volume and/or volume of the intrawall pores
(micropores—mesopores) might explain these variations.

Amination of the PCMS-SBA-15 nanocomposites

Reaction of the PCMS-SBA-15 composites with a diluted
acetonitrile solution of an amine, e.g. ethylenediamine, is
suitable to introduce amine functional groups onto the meso-
pore surface of the materials (Scheme 1). This method is
derived from classical techniques applied for the amination
of bulk polymers.*®>” A control of the amount of functional
groups (nitrogen groups) introduced in the material is in
principle possible by adjusting the amount of reactive polymer
in the composite. The N, sorption isotherms of three different
PCMS-SBA-15 samples (10, 30 and 40 wt%) after reaction
with ethylenediamine are shown in Fig. 4. The physico-
chemical characteristics of the obtained aminated materials
are found in Table 1. In each case, the reaction with EDA
leads to a systematic reduction in pore size, pore volume and
surface area, suggesting that EDA has successfully been
inserted inside the pores of the mesoporous PCMS-silica
composites. EDA-PCMS(30) contains 2.1 mmol of nitrogen
per gram of composite, which is close to the calculated
theoretical value of 2.3 mmol g~' and compares to data
obtained using different approaches.>**® The treatment with
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Fig. 5 NLDFT pore size distributions for: (a) and (b) SBA-15 silica (@),
PCMS(10)-SBA-15 (A), EDA-PCMS(10)-SBA-15 (A), PCMS(30)-
SBA-15 (¢) and EDA-PCMS(30)-SBA-15 (¢); (c) and (d) KIT-6 silica
(@), PCMS(30)-KIT-6 (A) and EDA-PCMS(30)-KIT-6 (A). Data
are all obtained applying the kernel of NLDFT metastable adsorption
isotherms (adsorption branch), except for (d) obtained by applying the
kernel of NLDFT equilibrium isotherms (desorption branch).

EDA in acetonitrile seems not to affect greatly the situation of
the occluded polymer, which remains stable under these
conditions. However, the nitrogen sorption hysteresis loop
becomes noticeably wider after the amination step (Fig. 4).
Consequently, the mean NLDFT pore size obtained from
the desorption branch (NLDFT equilibrium model) is
substantially lower than that extracted from the adsorption
branch (NLDFT metastable adsorption branch model)
(Table 1). This observed change in hysteresis behavior tends
to confirm that the reaction occurred inside the mesopores of
the PCMS-SBA-15 composites. One may suggest that the
addition of the EDA chains anchored at the surface of the
polymer could induce changes in the pore surface with more
corrugations at the pore entrances leading to a deviation
from the ideal cylindrical geometry. Concerning KIT-6, the
treatment of PCMS(30)-KIT-6 with EDA leads to a reduction
in pore size of about 0.5 nm. However, no delayed desorption
is occurring in this case with the hysteresis loop remaining
narrow. This observation is significant because it suggests
that the more open and totally interconnected pore network
structure of the KIT-6 matrix could prevent any effects of
pore corrugation, otherwise inducing delayed desorption
(Fig. S1, ESIY).

Varying the PCMS initial loading from 10% to 40%
leads to a variation in amine content from 1.0 mmol g~' to
2.6 mmol g~' (Table 1). A further increase in PCMS to 50%
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does not allow generating a higher amine content, most likely
because of a lower site accessibility in thicker polymer layers.
Also, high loadings induce a more pronounced pore blocking
effect and may be detrimental for applications requiring easy
access to the functional groups. It is furthermore observed that
a three-fold reduction in polymer loading results in a two-fold
reduction in the total nitrogen content. One may here suggest
that a 10% polymer loading might not be sufficient to cover
completely the inside of the mesopore channels, thus leaving a
substantial amount of free silanol accessible on the pore
surface for direct anchoring of excess EDA moieties. This
hypothesis would be in line with conclusions made recently
by Rosenholm ef a/.*® in the case of poly(methacrylic acid)—
SBA-15 composites.

The TG-DTA/MS data obtained for the composites at
different stages of the functionalization process provide
evidence of effective nucleophilic substitution of chlorine for
the amine. The TG data obtained for PCMS (30 wt%) in
SBA-15 show a substantial weight loss of 23%, indicative of
the presence of the organic polymer (Fig. 6 and Fig. S2 (ESI¥)
for the respective DTA curves). The DTA signal for the
same composite prior to amination indicates two exothermic
degradation processes starting at 250 °C, with maxima
occurring at 350 °C and 600 °C. These processes are char-
acteristic of cross-linked polystyrene, and may be associated
with the formation of primary char, further followed by
degradation at higher temperatures.®®*®’ Treatment of
PCMS(30) with EDA leads to only 2% increase in the organic
content (from 23% to 25.2%). Also, a weak additional DTA
effect centered at 250 °C is visible. The most intense peak
related to chlorine in the MS spectra, m/z = 36 (corresponding

Intensity

Mass Loss (%)

75 1 pLTI

) T 1 1 ) 1 1
100 200 300 400 500 600 700
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Fig. 6 TGA weight loss profiles and associated MS traces for the
PCMS(30)-SBA-15 composite before and after amination (solid line:
PCMS(30)-SBA-15, dotted line: EDA-PCMS(30)-SBA-15).
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Fig. 7 ATR-FTIR spectra of (A) SBA-15, (B) PCMS(30)-SBA-15,
(C) EDA-PCMS(30)-SBA-15 and (D) TAEA-PCMS(30)-SBA-15.

to the HCI1™" species), almost disappeared after treatment with
EDA, as shown in Fig. 6. Furthermore, a noticeable increase
of the m/z = 30 trace, assigned to C;Hg " from EDA moieties,
is being consistent with the replacement of the majority of
chlorine atoms by EDA chains in the materials. Hence, a large
fraction of the chlorine groups seems to be available for
substitution with the EDA molecules. Considering the high
degree of cross-linking applied during polymer synthesis
(20%), one could attribute this high accessibility of the
reactive sites to the thin homogeneous polymer surface
coating, affording polymeric functionalities with high surface
area (300-600 cm® g~!). The exothermic effect present after
EDA introduction seems to be associated to the release of
water, since the only species detected in MS below 250 °C is
H,O (m/z = 18). It is however not possible at this stage to
exclude a contribution from the decomposition of amines
(e.g. NH;", NH4"' species). The introduction of EDA
moieties in the composites is further confirmed by IR spectro-
scopy. The ATR-IR spectra of pristine SBA-15 and the
different composites are presented in Fig. 7. The graph a
shows the typical peaks observed for silica in the region
shown: a strong absorbance band at 3748 cm ™' assigned to
free Si-OH stretching, a wide band between 3700 and 2950 cm ™!
and a sharper one at 1628 cm™! attributed to the presence of
adsorbed water on silanols. The presence of PCMS introduces
new absorbance bands, with the more important ones at 2980
and 2930 cm™' caused by CH symmetric and asymmetric
stretching. A noticeable decrease in intensity of the SiOH
band (3748 cm™!) is observed upon PCMS incorporation.
The introduction of amines is judged by the presence of
N-H stretching bands at 3350 and 3250 cm™' and bending
at 1507 cm™". Another band associated with the CH, stretching
is also visible at 2850 cm ™!, and the existing CH stretching
bands gain in intensity. In addition to a decreased fraction of
silica in the material, the reduction in intensity of the Si-OH
band indicates that some functional groups could interact with
free surface Si-OH groups, in particular, amines may be
directly linked to the silica surface via H-bonding interactions.
In addition, the aromatic ring of CMS moieties may also be
weakly interacting with silanol groups.®*%® The ATR-FTIR
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Fig. 8 (A) N, sorption isotherms of amino-functionalized polymer-silica composites using different amines (a) TAEA; (b) TETA; (c) DETA; (d)
EDA; (e) BA. Offsets are 800, 600, 400 and 200 cm® g™, respectively. (B) TG analysis of PCMS-SBA-15 composites treated with BA (solid),

DETA (short dash), TETA (long dash) and TAEA (dotted).

Physicochemical parameters for polymer—silica composites with different grafted amines

N content’/mmol g~

BET/ Pore DFT DFT Organic
Grafted amine m?g '  volume’jem® g='  pore size’/nm  pore size’/nm  content?/wt%  Theo. Expt. Substitution (%)
TAEA 302 0.50 5.5 6.6 33.2 44 4.1 93
TETA 401 0.58 5.7 6.8 27.7 44 2.9 66
DETA 421 0.60 5.7 6.8 25.9 3.5 2.0 57
EDA 351 0.61 6.3 7.0 25.2 2.3 2.1 91
BA 386 0.54 5.5 6.8 24.2 1.2 0.7 58

“ Determined at P/P, = 0.95. % Determined by NLDFT method taking into account the desorption branch (NLDFT equilibrium model).
¢ Determined by NLDFT method taking into account the adsorption branch (NLDFT metastable adsorption branch model). ¢ Obtained by TG.

¢ Determined by combustion elemental analysis.

spectra recorded for the KIT-6 series show similar features
(see Fig. S3A, ESIY).

In the following, emphasis is put on materials obtained
using SBA-15 as the host, samples prepared with KIT-6 silica
being in general quite comparable. The technique employed to
attach EDA moieties on PCMS-SBA-15 composites was
extended to introduce varieties of amines. For instance,
tris(2-aminoethyl)amine, TAEA, triethylenetetramine, TETA,
diethylenetriamine, DETA and butylamine, BA, moieties have
also been incorporated into the mesoporous silica—polymer
composites. Nitrogen physisorption isotherms and physico-
chemical parameters of these different amino-functionalized
mesoporous materials are shown in Fig. 8A and Table 2. The
materials resulting from the reaction with DETA and TETA
exhibit a type IV isotherm with H1 hysteresis loop, character-
istic of capillary condensation in cylindrical mesopores.
However, in the case of TAEA and BA, a wider H2 type
hysteresis loop is observed, signifying pronounced pore
blockage upon insertion of bulkier amine groups. Here, the
shape of the mesopores might thus be considered as being
closer to ink-bottle-like pores. Similar to EDA, reaction of
PCMS-SBA-15 with the different amines leads generally to
systematic reduction in pore volume, pore size and surface
area, reflecting efficient functionalization inside the mesopores.

The total organic content and nitrogen content determined by
TG analyses and CHN combustion analyses, respectively, are
compiled in Fig. 8B and in Table 2. Using different amines,
the total nitrogen content could be varied from 0.7 to up to
4.1 mmol g~', the highest value being for the TAEA-based
composite (4.1 mmol g~' and 33.2 wt% of polymer), which
corresponds to a 93% chlorine substitution fraction. Note
that the EDA-PCMS composite also showed similarly high
chlorine substitution yield (91%). These values contrast with
those calculated for the three other composites, for which the
organic and nitrogen contents are significantly lower (Fig. 8B
and Table 2). In the case of BA, the lower substitution may be
explained in terms of lower reactivity of the alkylmonoamine
compared to the diamine (EDA). In the cases of DETA and
TETA, the length of the molecule might induce steric
hindrance limiting the substitution. A similar behavior would,
however, be expected for TAEA, but high substitution yield is
obtained, possibly owing to the presence of three primary
amine groups in this molecule. The ATR-IR spectrum of
TAEA-PCMS on Fig. 7 shows pronounced reduction in
intensity of the free SiOH band (3748 cm™ ') as compared to
PCMS-SBA-15, which is also pointing to interactions
between TAEA and silanols which had remained accessible.
An additional interesting feature is the presence of a strong
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absorbance band at 1653 cm ™!, most likely associated with the

presence of adsorbed CO,.*****%° This band is stronger for the
TAEA composite, confirming that CO, sorption correlates
with the nitrogen content.

Surface polarity could have an important impact on the
activity of a catalyst or a sorbent.”” Consequently, in an
attempt to tailor the hydrophilic-hydrophobic environment
of the amine groups, the CMS monomer was copolymerized
with a non-reactive monomer, i.e. styrene. By controlling
the amount of chloromethylstyrene and styrene initially
introduced by impregnation, i.e. different CMS/S ratios, it
should in principle be possible to tune amount, density and
surface coverage of functional groups at the pore surface.
The physicochemical characteristics of the different
PCMS/PS-SBA-15 composites synthesized (CMS/S = 1 : 1
and 1 : 10) are summarized in Table 1. Before amination, the
different copolymer composites exhibit rather similar pore size
(~7.0-7.3 nm, NLDFT metastable adsorption branch model),
pore volume (~0.75-0.8 cm® g7!) and surface area
(~500 m? g~"). The copolymer-based materials obtained after
insertion of EDA exhibit specific surface area over 400 m> g~
and similar pore size around 6.8-7.3 nm (NLDFT metastable
adsorption). Nitrogen physisorption isotherms are shown in
Fig. S4.1 Noticeable is the fact that the hysteresis widths of the
isotherms are quite different for materials prepared with 10%
and 50% CMS, with the lower CMS content leading to a
narrower hysteresis loop. This difference might originate from
the fact that much less amine chains are present in the
PCMS(0.1; 30) copolymer composite. As expected, the
aminated copolymer—-SBA-15 composites exhibit different
nitrogen content, being 2.1, 1.3 and 0.6 mmol g' for
EDA-PCMS(1; 30)-SBA-15, EDA-PCMS(0.5; 30)-SBA-15
and EDA-PCMS(0.1; 30)-SBA-15, respectively. The amine
content is related to the PCMS fraction but no clear linear
relationship was evidenced, possibly due to the anchoring of
excess EDA species directly on accessible silanol groups. The
ATR-IR spectra show an increasing contribution of peaks
related to the presence of EDA moieties with higher nitrogen
content in the copolymers (Fig. S3B, ESIf). However, no

800 1 a
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distinct peak broadening effect, which would be related to
heterogeneity in the amine sites’! is visible in these spectra.
To further confirm the location of the amine-functionalized
polymer coating, the EDA-PCMS(30)-SBA-15 composite was
compared with materials prepared with two different polymer
locations, i.e. a randomly incorporated polymer and a physical
mixture of EDA-PCMS and SBA-15. All the three materials
exhibit similar polymer content as judged from comparable
weight loss profiles. The polymer location is evidenced by N,
sorption, as shown in Fig. 9. Compared to the coated
composite material, the random composite exhibits a H2 type
hysteresis, which is characteristic of ink-bottle pores and
indicative of the presence of constrictions and pronounced
pore blocking effects. The hysteresis of the random composite
suggests the phenomenon of cavitation, i.e. spontaneous
desorption of nitrogen from the mesopores, consequence of
the presence of small pore necks.”? This clearly indicates that
the polymer is present inside the pores not as a coating, but as
a random heterogeneous filling. These random and coated
materials both exhibit substantially reduced surface area and
pore volume, supporting that the polymer was indeed placed
inside the pores of the parent silica host. In contrast, higher
surface area and pore volume are obtained for the composite
based on a physical mixture, which implies that the porous
network is still fairly available. Here, the hysteresis loop does
not differ much from that of the parent SBA-15, indicating
that no polymer is present in the pores. Furthermore, one can
see from Table S2 (ESIt) that very similar NLDFT pore size
values are obtained for the physical mixture and the pristine
SBA-15, being 7.8 and 8.1 nm for the physical mixture
(from adsorption and desorption branches, respectively).
Additionally, the different isotherms were recalculated taking
into account the mass of silica only (Table S2, ESI{). The
thus-obtained sorption values for the physical mixture are very
close to those of the pure silica SBA-15, confirming that the
polymer is in this case located outside of the porous network.
In contrast, recalculated BET surface area and pore volume
for the two other composites are still about 300 m?> g~!
and 0.30 cm® g~ lower than those obtained from the initial

Mass Loss (%)

50 200 350 500 650
Temperature (°C)

Fig. 9 (A) N, sorption isotherms of EDA-PCMS composites with different polymer locations: (a) physical mixture, (b) coated
EDA-PCMS(30)-SBA-15, and (c) random (EDA-PCMS(30)-R-SBA-15). Offsets are 300 and 150 cm® g™, respectively. (B) TGA curves for
EDA-PCMS composites with different polymer locations: coated (solid); random (dotted) and physical mixture (dashed).
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Fig. 10 Time-course of the Knoevenagel condensation of benzaldehyde with ethyl cyanoacetate catalyzed by: (A) & EDA-PCMS(30)-SBA-15;
B EDA-PCMS(30)-R-SBA-15; and (B) & EDA-PCMS(30)-SBA-15; A EDA-PCMS(0.5; 30)-SBA-15; O EDA-PCMS(0.1; 30). The reaction
was carried out with equimolar mixture (5 mmol) of benzaldehyde and ethyl cyanoacetate in 35 mL toluene at 80 °C.

SBA-15 material, confirming that the polymer is present inside
the pores of SBA-15.

A series of comparative catalytic tests were conducted with
different EDA-functionalized composites prepared with
30 wt% of polymer. The composites were evaluated for the
Knoevenagel condensation of benzaldehyde with ethyl
cyanoacetate, which is a typical test reaction.”” Conversions
of benzaldehyde (5 mmol) to ethyl a-cyanocinnamate are
plotted as a function of time for 50 mg of catalyst prepared
by the above different approaches (Fig. 10). For EDA-
PCMS(30)-SBA-15, complete conversion is achieved within
4 h, and no other products than ethyl a-cyanocinnamate
are observed, which compare well with some of the most
active amino-functionalized silica catalysts reported.*®* The
productivity, which we define as the amount of ethyl
a-cyanocinnamate formed per mass of catalyst as a function
of time, is 38 mol mg,, ' h™' for this catalyst. In addition, the
productivity relative to the amine content (obtained from
elemental analysis) is 0.018 mol mmol,,, " h™'. The randomly
incorporated polymer—SBA-15 material, EDA-PCMS(30)-R,
obviously exhibits lower conversion over time and twice as low
a productivity compared to the well-coated EDA-PCMS(30)—
SBA-15 equivalent, i.e. 17 mol mgcaf' h~!. Problems of
accessibility caused by pore blocking or less exposed active
sites may be the cause for the lower activity of the random
composite. In other words, uniformity of the polymer coating
is a prerequisite for higher catalytic activity. As expected, a
decrease of the amine content by performing copolymerization
results in a decrease in the catalytic activity for a similar mass.
However, the correlation is not linear: after a 2 h period,
EDA-PCMS(0.5; 30) and (0.1; 30) show conversions of
68% and 32%, respectively, as compared to 82% for
EDA-PCMS(30) (Fig. 10B). In terms of productivity per
mass, the value of 38 mol mgcaf1 h~! for EDA-PCMS(30)
is only diminished to 34 mol mge ' h™" for EDA-PCMS(0.5; 30),
despite an amine content corresponding to ca. 60% of the
initial value. Here, a possibly lower density of amine groups on
the pore surface in these diluted PCMS-PS composites and/or
less polar polymer environments’®’* might be beneficial for

higher activity per catalytic site (productivity). A further
reduction in the CMS fraction, which causes the nitrogen
content to decrease from 1.3 to 0.6 mmol g ! (a 54% reduction),
leads to a drop in productivity down to 16 mol mge, ' h™'.
Such effects are even more pronounced when catalytic activity
relative to amine content is considered. EDA-PCMS(0.5; 30)
and (0.1; 30) exhibit the same molar productivity, i.e.
0.026 mol mmol,,, ! h™!, which is superior to that calculated
for EDA-PCMS(30), e.g. 0.018 mol mmol,,,, ' h™'. Note that
the decrease of amine-to-reagent ratio (from 2% to 0.5%) by
lowering the mass of the catalyst (for EDA-PCMS(30)-SBA-15)
resulted in a decrease in conversion proportional to the mass
used, as expected (Fig. S5, ESIt). Recycling of the catalysts
has also been tested, the results being shown in Table S3.1 The
decreasing productivity upon repeated use indicates that all
the catalysts investigated in this study deactivate markedly,
with about a two-fold decrease observed at each re-utilization.
However, elemental analysis revealed that no leaching is
observed during reaction and the reaction does not proceed
further if the catalyst is removed by hot filtration. Such a
deactivation process has also been observed previously for
aminated MCM-41 materials and discussed by Macquarrie
et al**"° From these studies, one could suggest that irreversible
formation of amide on the surface when reacting with ethyl
cyanoacetate or, alternatively, the formation of —NH;"
“O,CR salts, caused by possible reaction with CO, from
air,”* may be some sources of deactivation. Wang et al®
suggested the possibility of regeneration by a simple basic
treatment with tetramethylammonium hydroxide in methanol
solution. However, we experienced limited success in using this
approach for the EDA-PCMS composites.

Conclusions

Pore surface-confined polymerization followed by post-
functionalization is a versatile technique for introducing
various functional amines into large pore mesoporous silica
and to tune, to some extent, their chemical environment. With
this method, ordered mesoporous composites with nitrogen
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content ranging from 0.6 to 4.1 mmol g~! were synthesized by

using different amines and varying the initial polymer loading.
The results support covalent attachment of the amine species
into the polymer layers present inside the pores. Furthermore,
copolymerization of CMS with styrene allowed additional
tailoring of the amine content and, most likely, the amine
surface density. In addition, differences between composites
synthesized from SBA-15 and KIT-6 hosts were revealed, with
the remarkable absence of pore blocking effect in the case of
KIT-6. The materials are shown to be active as catalysts in the
Knoevenagel condensation reaction confirming their potential
in liquid phase heterogeneous catalysis. However, a comparison
with other existing amino-functionalized mesoporous materials
regarding activity and selectivity in different catalytic systems
is still required to determine whether the above nanoporous
composites have real perspectives of application in catalysis.
In relation to this, further investigations are ongoing in
order to compare different amino-polymer composites
(prepared with various hosts, with different amines, or with
modulated surface environments) with some reference
materials synthesized by grafting or co-condensation methods;
and the results of these studies will be reported shortly.
Nevertheless, because the mesopore polymer coating method
only requires simple and low-cost organic molecules for the
surface modification, we believe that it may easily be adapted
further to a vast variety of organic species opening therefore
access to almost unlimited functionalization possibilities.
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