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Abstract In this study, a suitable route for the selective
functionalization of the outer surface of MCM-48-type
mesoporous silica nanoparticles (MSNs) and its impact
on the physicochemical properties were investigated.
The synthesis of MCM-48 nanoparticles with intact
cubic ordered mesopore structure and functionalized
outer particle surface was managed by postsynthetic
and co-condensation modification routes with 3-
methacryloxypropyltrimethoxy-silane (MPS). The re-
sults of FTIR, 298i and '3C NMR, thermogravimetric,
and elemental analysis confirmed the successful silane
surface grafting by both methods. The nitrogen sorption
analysis showed the selective outer surface
functionalization by the postsynthetic route for the syn-
thesized MCM-48 nanoparticles containing the template
still inside the pore channels and in the case of the co-
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condensation route via late addition of the silane pre-
cursors into the synthesis batch containing a fully grown
silica. The solvent type in the former approach and
silane addition time during the particle growth in the
later route showed a significant impact on the silane
content and site selective binding. The amount of
grafted silane was determined by thermogravimetric
and elemental analysis. It was found to increase using
toluene in the postsynthetic modification route. The
average particle size measured from SEM/TEM analysis
ranges from 290 to 350 nm. The cubic ordered pore
structure of the final silane grafted MSNs was fully
preserved in both functionalization routes as corroborat-
ed from XRD analysis. In conclusion, MCM-48 nano-
particles selectively functionalized on the outer particle
surface are favorable candidates for the subsequent site
selective grafting reactions.

Keywords Outer surface functionalization - MCM-48
mesoporous silica nanoparticles - Organosilane grafting -
Co-condensation - Solvent effect

Introduction

Immobilization of reactive organic functional groups on
oxide supports such as mesoporous silica nanoparticles
(MSNs) has become a preliminary activity for applica-
tions in drug delivery (Morelli et al. 2011; Tarn et al.
2013; Vashist et al. 2014), catalysis (Zamboulis et al.
2010; Léonard et al. 2011), bioimaging (Wang et al.
2013; Biju 2014), bioseparation (Tang et al. 2013),
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optics (Feng and Zhang 2013), and polymer brushes
(Hui et al. 2014). To use MSNs as host materials for
biomedical applications, the surface chemistry plays a
great role besides its particle size, morphology, textural
properties, and pore structures (Chang et al. 2011,
Bouchoucha et al. 2016). Moreover, in functional
MSNSs, the inorganic silica offers excellent textural
properties including large specific surface area, high
pore volume and narrow pore width distribution, and
good mechanical and thermal stability. The integrated
organic part provides ductility, flexibility, and chemical
functionality either for direct use or for subsequent
modification with other organic materials like polymers
(Trewyn et al. 2007; He et al. 2010; Mamaeva et al.
2013).

Organosilanes (R-Si(OR');) containing hydrolysable
(R’; methoxy or ethoxy groups) and reactive organic
functional groups (R; methacryloxy, amino, epoxy,
mercapto, vinyl groups, and so on) in the structure have
been widely used to modify the silica surface (Bauer
et al. 2002; Sun et al. 2005; Chen et al. 2007). Com-
monly, these organic moieties can be introduced to the
silica surface either via a multi-step postsynthetic
functionalization or via one-step direct co-
condensation methods (Luan et al. 2005; Marini et al.
2008). Postsynthetic functionalization can be conducted
using already synthesized MSNss after either removal of
pore generating agent or with its presence inside the
pore channels (Tsai et al. 2009; Morelli et al. 2011).
This can be realized because of the large number of
surface silanol groups that undergo direct condensation
with organosilanes and/or the hydrolysis/self-
condensation of the alkoxy groups of silanes due to
the physisorbed water resulting in subsequent conden-
sation on the silica surface. In the co-condensation
method, the functionalized MSNs can be obtained
through adding the silane precursor bearing the desired
functional group to the batch of synthesis reaction com-
position including the silica precursor, organic template,
and others. The direct co-condensation approach merges
multiple steps of synthesis and functionalization and
helps to efficiently control the site selective distribution
of the organic groups (Kecht et al. 2008; Morelli et al.
2011; Effati and Pourabbas 2012; Khosraviyan et al.
2016).

The location of the organic moieties either can be
restricted inside the mesopores, on the particle outer
surface, or homogenously distributed on both sites dur-
ing the synthesis of mesoporous silica-organic
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composite materials depending on the desired applica-
tions. Kecht et al. (2008) summarized the role of selec-
tive functionalization of the outer surface of silica nano-
particles for many applications: (i) it determines colloi-
dal stability and interaction with the surrounding envi-
ronment, (ii) it does not influence the diffusion of the
guest molecules into the mesopores, and (iii) it allows
attachment of large molecular moieties keeping the in-
ternal textural properties intact. Nevertheless, exclusive
site selective surface functionalization of different types
of MSNss remains as a challenge for researchers over the
years (Kecht et al. 2008; Morelli et al. 2011; Effati and
Pourabbas 2012; Khosraviyan et al. 2016). In some drug
delivery applications using MSNss as reservoir, selective
modification of the external surface with optimal textur-
al properties of the nanoparticles is required to fully
access the inner pore wall of the as-synthesized material
for guest molecule loading (Morelli et al. 2011; Wei
et al. 2012; Jin et al. 2017).

To the best of our knowledge, no previous investiga-
tions have been published on the synthesis of selective
outer surface functionalized MCM-48-type mesoporous
silica nanoparticles particularly using a one-pot synthe-
sis method. In this study, we present the successful
synthesis of MCM-48 silica nanoparticles functional-
ized on the outer surface with intact ordered pore struc-
ture and morphological properties in site selective man-
ner via the systematic application of postsynthetic
grafting and co-condensation approaches. In both mod-
ification routes, the undesirable functionalization of the
inner pore surface could be inhibited by choosing suit-
able reaction conditions and their efficiency for the
selective outer particle surface functionalization was
compared. In the present contribution, the influence of
surface modification routes and the type of solvent on
the site selective functionalization, content of acrylate
functional groups, ordered pore structure, and textural
properties of MCM-48-type silica nanoparticle were
comprehensively investigated. 3-methacryloxypropyl-
trimethoxy-silane (MPS), having a favorable functional
group important for further chemical grafting of other
moieties (polymers), was chosen for both modification
routes. The functional groups on the outer surface of the
particle define the later site selective (outer surface)
chemical grafting processes of polymers without affect-
ing the textural properties of the core silica. Therefore,
the experimental details of selective functionalization of
the outer surface of silica particles are crucial prelimi-
nary steps for the subsequent polymer grafting process
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and intended future application of this composite mate-
rial. This work involves the synthesis, selective
functionalization of the outer surface, and detailed char-
acterization of MCM-48 structured MSNS.

Experimental
Chemicals

Tetraethyl orthosilicate (TEOS, 99%) and 3-
methacryloxypropyltrimethoxy-silane (MPS, 98%)
were purchased from ABCR (Karlsruhe, Germany).
Absolute ethanol (EtOH, 100%), toluene (100%) and
ammonia hydroxide solution (NH;OH, 25 wt%) were
received from VWR Chemicals (Darmstadt, Germany).
Triethanolamine (TEA, 99%) was delivered by Acros
organics (Geel, Belgium), cetyltrimethylammonium
bromide (CTAB, 99%) by Sigma-Aldrich (Steinheim,
Germany), and ammonium nitrate (NH4NOs, 99%) by
VWR Chemicals (Leuven, Belgium). All chemicals
were used as received without any further purification.
Deionized water was used for all experiments.

Synthesis of functionalized MCM-48 nanoparticles

The two different functionalization routes based on
postsynthetic grafting and co-condensation processes
were investigated and compared in this study. To ad-
dress selective functionalization of the outer surface in
the multi-step postsynthetic process, cubic mesophase
structure (MCM-48) MSNs with particle diameter
around 295 nm were synthesized according to our pre-
viously published procedure (Yismaw et al. 2019) with
a molar ratio of 1 TEOS:0.15 CTAB:32 NH50OH:598
H,0:79 C,HsOH:11 TEA in the synthesis mixture. The
synthesized MSNs containing CTAB as a template in-
side the pore channels were separated by centrifugation,
washed, and dried overnight at 120 °C. The dried ma-
terial was redispersed into 100 mL absolute ethanol or
anhydrous toluene and subjected for modification via
adding MPS (4.23 mmol g ') on the fresh MCM-48
sample (expecting silane grafting density of about
2 molecules nm 2 calculated based on total specific
surface area of 1229 m” g ). The reaction was carried
out without any catalyst or water at room temperature
under stirring for 17 h (Kecht et al. 2008; Florea et al.
2013). The silane-modified MSNs were collected by
centrifugation and washed repeatedly with ethanol.

However, under anhydrous conditions, the alkoxy
groups of the silane (—O—CH3;) will not only react with
the hydroxyl groups on the silica surface via a direct
condensation mechanism but unfortunately will also
undergo separate hydrolysis/condensation steps with
traces of water efficiently physisorbed on the hydrophil-
ic silica surface. In the current study, to accomplish the
binding of the silanes preferentially on the outer silica
surface with intact desired MCM-48 properties, the
modification was performed before surfactant removal
at room temperature (Fig. 1a).

Alternatively, the reactants were mixed in the co-
condensation route following the general synthesis com-
position and procedure for MSNs as described before.
Moreover, the organosilane precursor was directly in-
corporated into the batch of MSNs reaction composition
following colloidal silica formation at specific time pe-
riods of ageing (Fig. 1b). The time of silane precursor
addition was varied from 5 to 10, 20, and 35 min of
ageing after the silica precursor TEOS addition into
aqueous basic media (pH 11). Keeping the other reac-
tion conditions constant, the silane was added at once to
the mixture:

1). During the growth of the particles after 5 (MM-
Cos), 10 (MM-Coy), and 20 (MM-Co,() minutes
of ageing. The reaction was continued for further
35 min under stirring in all cases.

2). To a completely grown material (after 35 min of
ageing) (MM-Cos;s) and stirred mildly (500 rpm)
for additional 20 min.

All reactions were carried out at room temperature.
The trialkoxysilanes are rapidly hydrolyzing into anion-
ic species, whereas the non-polar micelles chains inside
the channels prevent their diffusion into the pores. The
hydrolysis of the silane methoxy (-O—CHj3) groups into
silanol species in the batch of reaction mixture under
basic aqueous conditions causes its further condensation
with silanols of neighboring organosilane molecules
and/or the silica surface hydroxyl groups (Florea et al.
2013; Bauer et al. 2017). This can assist selective
functionalization of the outer surface during the silica
framework formation of the growing particle via hydro-
lysis and subsequent condensation (Fig. 1b). Moreover,
in the present study, it was proposed that the co-
condensation approach, via the late addition of the silane
precursor to the reaction mixture containing fully grown
silica particles, selectively modifies the outer surface
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Fig. 1 Reaction scheme demonstrating (a) the postsynthetic and (b) co-condensation routes for the proposed site selective silica surface
modification. (¢) Modes of silane binding to the silica surface determined by >°Si NMR

instead of homogenous distribution as well inside the
pores and pore entrance.

Afterwards, the functionalized material was separat-
ed, washed repeatedly, and dried at 80 °C under vacu-
um. Finally, the template was removed from the meso-
porous channels by solvent extraction process in both
methods (Yismaw et al. 2019). The acrylate functional-
ized materials (designated as MSNs-MPS or MM) were
dried under vacuum condition at 80 °C for 24 h. A
reaction scheme for selective silane grafting on the outer
surface of MCM-48-type MSNs following both modifi-
cation methods is shown in Fig. 1.

Characterization

A vector 22 ATR-FTIR spectrometer (attenuated total
reflectance Fourier transform infrared spectroscopy)
(Bruker, Billerica, MA) was used to observe the varia-
tion in surface chemistry of silica before and after the
functionalization. Both 2°Si high-power decoupled
(HPDEC) and *C Cross-polarization (CP) solid-state
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magic angle spinning nuclear magnetic resonance
(MAS NMR) spectra were recorded using a Bruker
DRX-400 WB NMR spectrometer (Bruker Biospin,
Karlsruhe, Germany) equipped with a 4-mm MAS BB
X/'H probe operating at a Larmor frequency of
79.49 MHz for *°Si, 100.62 MHz for '°C, and
400.15 MHz for 'H, respectively. The spectra were
acquired at a spinning speed of 12 kHz and a tempera-
ture of 20 °C using tetramethylsilane (TMS) at 0 ppm as
external reference. For the HPDEC measurements, 512
scans were collected with a 7/2 pulse of 6.75 ps on °Si
and arecycle delay of 60 s. A SW-TPPM heteronuclear
decoupling was used during the acquisition. For the CP
measurements, 1024 scans were accumulated. During
the contact time of 2 ms, a linearly ramped pulse was
applied to fulfill the Hartmann-Hahn condition for po-
larization transfer from protons to carbons. The 7/2
pulse was 2.5 ps on 'H, and the recycle delay was set
to 5 s. A SWTPPM heteronuclear decoupling was used
during the acquisition. The thermal weight losses of
samples were measured by thermogravimetric analysis
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(TGA) from ambient temperature to 800 °C at a heating
rate of 10 °C min”' in a stream of air using a STA 409
thermobalance (Netzsch, Selb, Germany). The weight
percent of carbon and hydrogen was determined from
CHN elemental analysis (Vario EL III, Elementar
Analysensysteme, Langenselbold, Germany). The si-
lane grafting density (molecules nm2) was estimated
based on the TG and elemental analysis data
(Bartholome et al. 2005; Pardal et al. 2009).

Nitrogen (N,) physisorption measurements were per-
formed using a Quantachrome Autosorb iQ
(Quantachrome, Boynton Beach, FL). Prior to the sorp-
tion measurements, all samples were treated under vac-
uum at 80 °C for 20 h. The specific surface areas (Sger)
were calculated using the Brunauer-Emmett-Teller
(BET) method in the range of p/po=0.05-0.35, and
the total pore volume was obtained at the maximum
relative pressure p/po=0.98. The external surface area
(Sex) of the as-synthesized MSN sample was measured
before surfactant extraction, keeping the pores filled by
the template, and calculated using the BET or v-t
(DeBoer) method. The non-local density functional the-
ory (NLDFT) method was applied to estimate the pore
diameters using the adsorption branch model consider-
ing N, sorption at —196 °C in silica with cylindrical
pore geometry. The effect of surface modification pro-
cess on the cubic ordered mesopore structure was deter-
mined by low angle powder X-ray diffraction (XRD) on
a D8 Advance diffractometer (Bruker AXS, Karlsruhe,
Germany) (Cu Ko radiation A =1.54 A, LynxEye one-
dimensional silicon strip detector) in the range 26 = 0.4—
10.0° with a step size of 0.01° and a counting time of
1 sstep . A Leo Gemini 1530 scanning electron mi-
croscope (SEM) (Zeiss, Oberkochen, Germany) and
JEM2100Plus transmission electron microscopy
(TEM) (JEOL, Tokyo, Japan) analyses were used to
record the pictures.

Results and discussion

Physicochemical properties of functionalized MCM-48
nanoparticles

FTIR and NMR spectroscopy analyses
The effect of solvent properties on the content of acry-

late groups, textural properties, and site of silane binding
on the silica surface in the multi-step postsynthetic route

was evaluated using absolute ethanol and dry toluene
(designated as E and T, respectively, in the text, table
and graphs) solvents under the same silica to MPS ratio
and identical reaction conditions. FTIR spectra (Fig. 2)
showed the surface chemistry of the non-functionalized
sample (MSNs) and after treating with MPS using eth-
anol (MMIE) or toluene (MM1T) solvents. The high
intense FTIR peaks for all samples appeared at 1100 and
804 cm ' are associated with the asymmetric and sym-
metric stretching vibrations of —Si—~O-Si— in the silica
framework, respectively, and the peak at 970 cm s
attributed to —Si—OH bending vibrations characteristic
for silica (Doadrio et al. 2006; Pinto et al. 2006). A peak
at 1638 cm ' was observed after MPS modification due
to asymmetric vibrations of vinyl (C=C) groups com-
monly overlapping with asymmetric vibrations of the
moisture on MSNs surface. The intense new peak at
around 1723 cm ! was attributed to the carbonyl (C=0)
stretching vibration of the acrylate groups grafted on the
MSNs surface (Doadrio et al. 2006). This characteristic
carbonyl group peak reveals the successful chemical
grafting of the silane molecules. FTIR peaks of all
samples showed a broad band from 3700 to
3200 cm™' pointing to the stretching OH vibrations of
physisorbed water molecules on the silica surface. A
peak from 2826 to 3000 cm ' is generated by the
aliphatic C—H stretching vibration of the grafted propyl
acrylate molecules for the MPS treated samples and
certain organic residues for the untreated sample (Al-
Oweini and El-Rassy 2009; Subagyono et al. 2014;
Perissinotto et al. 2015).

Moreover, the C=0 group peak intensity at around
1723 cm™" is higher for a sample modified using toluene
(MMI1T) compared with ethanol (MM 1E) (Fig. 2). This
designates the grafting of large number of acrylate
groups on the MSNs surface using toluene, which is
also supported by TG and elemental analysis results
(Table 1). These observations can be interpreted with
differences in the solvent properties. Overall, during the
modification process, the solvent is used to disperse and
transport the silane precursor molecules as well as to
solvate the silanol groups on silica surface. The latter
modifies the surface acid-base properties and the
polarity. Zimmermann et al. (2002) reported that the
interaction of high hydrogen-bonding acceptor solvents
like ethanol with the silica surface reduces the number
of active surface silanol sites that results in a decrease of
the catalytic activity of the silica surface for electrophilic
reactions. In addition, the ethanol may compete with the
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Fig. 2 FTIR spectra of the non-functionalized (MSNs) and MPS
surface functionalized samples via postsynthetic route using etha-
nol (MMIE) or toluene (MMI1T)

organosilane molecules for the trace amount of
physisorbed water and the surface hydroxyl groups,
favoring the formation of small size silane clusters that
further bind on silica. Overall, these solvent properties
reduce the final grafting amount for a sample prepared
using ethanol as a solvent. The result observed in our
work is in line with a study of Zhao et al. (2011). The
effects described above are weaker for the non-polar
solvent toluene, in which the physically adsorbed mois-
ture on the silica surface is immiscible. Hence, silane
hydrolysis and self-condensation between the neighbor-
ing organosilanes lead to large silane oligomer

formation prior to surface grafting (Bauer et al. 2000,
2017). This results in higher acrylate grafting density. In
general, the solvent type has a pronounced effect on the
organosilane content grafted on the surface.

The chemical grafting of organosilane molecules on
the silica surface was further qualitatively evidenced by
13C and *’Si solid-state NMR measurements for select-
ed samples (Fig. 3). The '>C CP-MAS NMR spectrum
of MMIT features several resonances confirming the
presence of different functional groups with respect to
the non-functionalized sample (MSNs) (Fig. 3a). After
silane treatment, the signal at 171.8 ppm (h, -C=0) is
attributed to the carbonyl group; the signals at
138.7 ppm (g, -C=CH,) and 128.1 ppm (f, CH,=C-)
are ascribed to the vinyl groups. The signals at 68.0 ppm
(e,~O—CH,-), 24.0 ppm (b, -CH,—), 18.6 ppm (¢, CH;5—
C-), and 9.7 ppm (a, —CH,—Si—) are attributed to the
alkane carbons of the silane molecule grafted on the
surface (Villenas et al. 2015). The signal at 61.7 ppm
indicates the presence of remaining methoxy groups (d,
—0-CHj;) and points to incomplete hydrolysis/
condensation reactions of MPS under the reaction con-
ditions applied. Likewise, the FTIR and '>*C NMR spec-
tra for a sample prepared via the co-condensation meth-
od (MM-COss) are in agreement with MMI1T (data not
shown).

The %°Si HPDEC-MAS NMR spectra (Fig. 3b) in the
range — 90 to — 111 ppm of the non-modified MCM-48
silica (MSNs) and silane-treated (MMI1T and MM-
Coss) samples bear much structural resemblance. This

Table 1 Characteristics of MCM-48 silica before and after surface modification

Sample SBET (Sex) Vineso Ameso Am Xraa AC Xea Xq
m? g ")? (em® g )? (nm)* (Wt%)° (molecules nm 2)° (Wt%)°  (molecules nm 2)° (nm)?

MSNs 1229 (18) 0.85 34 3 - 5.1 - 295
MMIE 1093 0.74 34 11 16° 4.2 16° 316
MMIT 981 0.60 3.1 17 31° 7.2 29° 322
MM-Coszs 1013 0.60 32 20 39° 9.3 40° 337
MM-Co,y 994 0.50 3.0 - - 114 0.9 328
MM-Co;o 978 0.40 3.0 - - 13.2 1.1 312
MM-Cos 752 0.33 22 - - 14.6 1.7 318

*BET surface area (Sggt), external surface area (S.y), mesopore size (dieso), and volume (Vi) based on nitrogen physisorption

measurements

b Weight loss in the range 200-800 °C (Am) and grafting density (Xtga) estimated from TGA

¢ Actual carbon content (AC) and grafting density (Xg») estimated from elemental analysis

4 Particle size (X,) estimated from SEM analysis

© Grafting density (X) calculated on basis of the external surface area (Sey)
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Fig. 3 '°C CP-MAS (a) and *°Si HPDEC-MAS (b) solid-state NMR spectra of the non-functionalized (MSNs) and MPS surface
functionalized samples via postsynthetic (MM 1T) and co-condensation (MM-Coj3s) routes

demonstrates that the arrangement of the characteristic
structural units of amorphous silica is not distorted due
to the bound silane functional groups and long modifi-
cation process. For MSNs sample, two typical reso-
nance signals of silica are well resolved at —
109.8 ppm and — 101.5 ppm which can be assigned to
siloxane (Si(SiO)s; Q) and free silanols (SIOH(SiO);;
Q?), respectively. A small signal is observed at —
92.0 ppm for geminal silanols (Si(OH),(SiO),; Q%
(not shown in Fig. 3b). These signals are in agreement
with the well-known and frequently reported chemical
shift ranges of amorphous mesoporous silica (Zhao et al.
2001; Trébosc et al. 2005). The spectra show that the
major part of the Si atoms exist as tetrahedral coordinat-
ed (Q*) structure in addition to silicon atoms existing as
the silanol groups (Q). The bulk consists of Q* species,
whereas the surface contains OH groups mainly as Q°
species. However, the samples treated with MPS
(MMIT and MM-COss) display additional signals in
the range from —50 to —70 ppm. The chemical shift
corresponds the so-called mono-dental, bi-dental, or tri-
dental structures: SiR(OR’),(OSi) (=45 to —50 ppm;
T, SiR(OR’)(0Si), (=55 to — 60 ppm; T?), and
SiR(0Si); (- 60 to —70 ppm; T?), respectively, where
R designates the organic functional groups of MPS
((CH2)3C02(CH3)C=CH2) and R"is H or CH3 (Bauer
et al. 2000; Wei et al. 2012; Zuiiiga et al. 2017). These
new signals reveal that the silica surface is chemically
modified without altering the original ordered mesopore
structure in both functionalization methods. The 2°Si
NMR results (Fig. 3b) revealed that the grafted
alkoxysilanes are forming high proportions of T2 and
T3 structures on the silica surface, which is in agreement

with previous reports (Bauer et al. 2000; Rong et al.
2004; Wang et al. 2006). In our study, T° structures
dominate on MM-Coss sample prepared at basic condi-
tion in the presence of water and can only be explained
by chemical grafting of pre-condensed MPS molecules
(Bauer et al. 2003). The hydrolysis and self-
condensation reactions of silanes are relatively sup-
pressed in the postsynthetic modification route, under
low water content (only physisorbed on the silica sur-
face) and devoid of a catalyst. As a result, higher amount
of T? species is formed compared with T* for MMI1T
sample (Fig. 3b). For reasons of simplicity and referring
to the incomplete hydrolysis/condensation reactions, the
bi-dental anchoring of MPS was considered to be rep-
resentative for the reaction mechanism (Fig. 1) and for
calculation purposes of silane grafting amount based on
the TG and elemental analysis data (Table 1).

TG and elemental analyses

The silane grafting was quantitatively determined by TG
and elemental analyses (Table 1). As shown in Fig. 4,
the total weight loss of non-treated sample (MSNs) and
silane-modified sample via the postsynthetic method in
ethanol (MMI1E) and toluene (MMIT) and for MM-
Co;5 sample was found 3, 11, 17, and 20%, respective-
ly, in the range 200 to 800 °C. The percent weight loss in
the ranges up to 200 °C, 200 to 400 °C, and 400 to
800 °C can be assigned to the vaporization of the phys-
ically adsorbed water and solvent, the thermo-oxidative
degradation of the alkyl groups for a functionalized
silica, and the condensation of surface hydroxyl groups
from the unmodified or partially modified silica
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Fig.4 TGA curve for non-functionalized (MSNs) and MPS func-

tionalized silica samples via postsynthetic (MM1E and MMIT)
and co-condensation (MM-Coss) routes

surfaces, respectively (Ianchis et al. 2015). The recorded
3 wt% loss up to 800 °C for the MSN attributes to the
removal of residue of organic components used for
synthesis and the dehydration of the silica surface
silanol groups, revealing its high thermal stability. The
weight percent loss increased to 11%, 17%, and 20% for
a sample modified using ethanol and, toluene and for
MM-Coss sample, respectively. This suggests the
grafting and successive decomposition of more organic
functional groups from MM-Coss and MMIT samples
than MMI1E. The calculated actual weight percent loss
of the bounded organic part on the silica surface in this
study was found at 9, 14, and 17% for MMI1E, MMIT,
and MM-Cos; that infers the chemical grafting of acry-
late groups on the silica surface.

The contents of acrylate groups on the final function-
alized material were quantified based on the weight loss
in the temperature range 200 to 800 °C from the TGA
decomposition profile of the different materials prepared
(Fig. 4). Alternative to the TGA, the silane amount was
calculated based on the carbon content (wt% carbon)
determined from elemental analysis. The external sur-
face area of the as-synthesized MSNs sample (contain-
ing surfactant) was obtained from the BET method
which is found equivalent to the values calculated from
the v-¢ plot method (18 m? g ). The grafting density
calculated from both techniques is shown in Table 1.
The carbon content for the MSNs sample (5.1%) arises
due to the residues of organic precursors used for syn-
thesis and has been subtracted from the carbon contents

@ Springer

of the modified MSNs as presented in Table 1. The
calculated surface coverage values for selected samples
are in agreement in both analysis techniques. For mod-
ified samples prepared by the postsynthetic method, a
very high grafting density was found for MM1T sample
(31 and 29 molecules nm %) as well as MMI1E
(16 molecules nm ?) from TGA and elemental analysis
(Table 1). Ide et al. (2013) described that the contents of
hydroxyl group in a fully hydroxylated silica surface
were 4.2-5.7 OH groups nm 2. The hydroxyl group
density for the non-treated MSNs sample in the present
work calculated from the TGA curve (Fig. 4) was found
to be 3.4 OH groups nm . Compared with hydroxyl
group density, the final silane grafting density can be
attributable to the grafting of self-precondensed silane
oligomers on the external silica surface. In general, the
results from FTIR, TG, and elemental analyses
displayed toluene as the preferential solvent to achieve
a high grafting density in the postsynthetic
functionalization approach.

As demonstrated from CHN elemental analysis
data of samples prepared via the co-condensation
route, the time of silane addition during the silica
framework formation influences the final silane con-
tent. Because of the relative homogenous grafting
evidenced from N, sorption analysis, the silane con-
tent for MM-Cos, MM-Co,, and MM-Co,, samples
was determined based on the total BET surface area.
The calculated amount of silane was reduced se-
quentially as the time of silane addition is elongated
from 5 (MM-Cos) to 20 (MM-Co,y) minutes of
ageing (Table 1). A maximum grafting amount of
1.7 molecules nm ? was obtained for MM-Cos sam-
ple, which is close to the expected value
(2 molecules nm ?). The value was reduced to
0.9 molecules nm 2 for MM-Co,, sample. The low
degree of surface coverage is attributed to the
functionalization of part of the mesopore channels
during the early stage of growth from initially
formed oligosilicates in addition to the outer surface.
However, this homogenous distribution is not highly
pronounced for the sample prepared via incorporat-
ing the silane precursor to a fully grown material
(MM-Coss) where the silanes condense preferential-
ly on the last layer of the particle surface. A sequen-
tial decrease in porosimetry values from the N,
sorption analysis (Table 1) corresponding to the
shortening of silane incorporation time from 35 to
5 min supports this explanation. Therefore, the
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silane content of MM-Co35 sample in Table 1 was
calculated based on the external surface area and
found to be 39 and 40 molecules nm 2 from TGA
and elemental analysis. This high grafting density is
found due to the rapid hydrolysis and self-
condensation of silanes in a highly basic aqueous
conditions and bonding of large oligomers of silanes
mainly as T structure on the outer silica surface
(Fig. 3b). Furthermore, the final loading of silane
functional groups on the outer particle surface could
be better controlled by adjusting the amount of
silane precursor used in the modification solution
in both modification methods.

SEM and TEM analyses

The SEM images (Fig. 5a—d) of selected MPS function-
alized samples via postsynthetic (b: MMI1T) and co-
condensation (c: MM-Cos and d: MM-Coss) methods
indicated no significant change in morphology and
dispersity compared with the non-treated sample (a:
MSNs). Introducing the MPS during the early (MM-

Cos) or late stages (MM-Cos;s) of particle growth neither
affected the morphology nor the particle dispersity and
size. However, the silane functionalization changed the
surface properties of silica to be more hydrophobic. As a
result, the dried particles are not easily dispersable in
water, however well dispersed in a water/ethanol mix-
ture. The average particle size of silane-functionalized
samples determined from SEM micrographs using
ImageJ software showed no significant variations (290
to 350 nm) compared with the non-treated sample
(Table 1), designating that the introduction of the silanes
via both routes had no paramount influence to the final
morphological properties of the particles.

Well-defined spherical particles with an average
particle size in the range of 290 to 345 nm are also
observed from TEM analysis (Fig. 6a—d). A long-
range pore ordering in the particles has been clearly
observed for MMIT (b) and MM-Coss (d) samples
being analogous to the reference sample MSNs (a)
as revealed from the TEM images. This result con-
firms that the periodicity of the pore structure is
intact after the surface modification following both

b gy

Fig. 5 SEM images of non-functionalized sample (MSNs: a) and silane functionalized samples via postsynthetic (MM1T: b) and co-

condensation (MM-Cos: ¢ and MM-Coss: d) routes

@ Springer
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Fig. 6 TEM images of non-
functionalized (MSNs: a) and si-
lane functionalized samples via
postsynthetic (MMI1T: b) and co-
condensation (MM-Cos: ¢ and
MM-Coss: d) pathways. The cor-
responding magnified images
(right) with scale bar 50 nm for
each figure show the pore
structure

modification pathways. Overall, TEM analysis re-
sults are in agreement with SEM and XRD analysis
techniques.

XRD and N, sorption analyses

The surface functionalization process has no destructive
effect on the cubic mesopore structure of the particles
prepared via both modification routes. The XRD pat-
terns of MMIT with high surface coverage of acrylate
species show well-resolved reflexes in the 26 range of
2-6° corresponding to the lattice planes (211), (220),

@ Springer

(420), and (332) (Fig. 7). The diffraction pattern, reflex
intensity, and position are comparable to a typical highly
ordered 3D MCM-48 cubic mesopore structure with the
space group la3d of the non-functionalized sample
(MSNs) (Solovyov et al. 2005; Yismaw et al. 2019).
Therefore, the ordered cubic mesostructure was
remained intact after a long postsynthetic process. Sim-
ilarly, a comparable result was found for a sample
prepared by incorporating the silane precursor to a fully
grown particle (MM-Coss) via the co-condensation ap-
proach. However, co-condensation during silica frame-
work formation of the growing particles reveals slight
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Intensity / a. u.

201°

Fig. 7 XRD diffraction pattern of surface functionalized samples
prepared by postsynthetic (MMI1T) and co-condensation methods
(MM-Cos, MM-Co;y, MM-Co,0, MM-Co35) compared with a
non-modified sample (MSNs)

deviation depending on the time of silane addition. For
MM-Co,q and MM-Co;( samples, the patterns at low-
angle demonstrate two main reflexes related to (211)
and (220) lattice planes, respectively, with a slight de-
crease in reflex intensity and reflex shift to higher 26
value (Fig. 7), reflecting a slightly decreased length of
the pore periodicity due to an earlier addition of the
silane precursor. It is found that both functionalized
MSNs samples composed of intact MCM-48-type cubic
array of mesoporous channels. On the other hand, a
successive decrease of the peak intensities for shorter
ageing times before MPS addition reveals a distortion of
the formation of the mesoporous framework. A single

a _MSNs
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broad and low intense reflex related to (211) lattice
planes is observed for MM-Cos sample (a sample pre-
pared by adding the silane precursor during this early
stage of silica framework formation). This suggests that
the co-condensation of TEOS/silane during the very
early stage of silica framework formation almost
destructs the long-range cubic ordered mesopore
structure.

The nitrogen sorption analysis of all samples
(Figs. 8a and 9a) exhibits type IV isotherms being
characteristic of high-quality mesoporous silica with
the corresponding narrow pore width distribution deter-
mined from the NLDFT method (Yao et al. 2014). The
porosimetry features of MM1E sample are less affected
compared with MM1T sample showing a comparative
reduction of the textural properties such as Sgpr and
Vineso (Table 1). As it was hypothesized, the template
inside the pores and the reaction at room temperature
limits the diffusion of the silane precursor into the pore
channels and assists the preferential grafting of the silica
oligomers formed on the outer surface of the nanoparti-
cles. The silane oligomer grafting at the pore mouth
could sterically hinder the complete access to the MSN's
mesopore channels and block the pore entrance of sor-
bents (Bauer et al. 2004; Kecht et al. 2008; Zhao et al.
2011). Obviously, a more intense decrease in the Sggr
and V.50 could be correlated with high grafting density
using toluene as a solvent. This confirms the results of
FTIR, TG, and elemental analyses. Thus, the solvent
type has a significant effect on the final textural proper-
ties, content, and location of silane groups on MCM-48-
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Fig. 8 N, sorption isotherms (a) and corresponding NLDFT pore width distributions (b) of non-functionalized (MSNs) and silane grafted

silica samples using ethanol (MM1E) and toluene (MM1T)
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Fig. 9 (a) N, sorption isotherms and (b) NLDFT pore width
distributions of surface functionalized samples prepared by the
co-condensation method. (¢) Quantitative data of porosimetry

based nanoparticles. Based on the N, sorption analysis
data, selective functionalization of the outer surface can
be realized for MCM-48-type materials under the given
optimal conditions as indicated by identical d\,e,. This
designates that the template inside the mesopores chan-
nels limits the diffusion of silane molecules into the 3D
interconnected pore structure of MCM-48 silica.

For samples prepared by co-condensation processes,
the BET surface area (Sggt), total pore volume (V,qs),
and NLDFT average pore width (d;,) were reduced
sequentially with regard to the addition time of silane
(Fig. 9). The sample prepared at the early stage addition
of silane (MM-Cos) revealed a drastic decrease of Sggt
(752 m* g ', 33%), Va4, (033 cm® g7, 61%) and d,
(2.2 nm, 35%) values compared with the non-treated

@ Springer

features: BET surface area (Sgpt), total pore volume (V,4), and
NLDFT average pore diameter (d,) decrease after surface
modification

silica sample (MSNs) (Fig. 9c). A homogenous distri-
bution of the organosilane molecules partly occupying
the mesopore channels during the silica framework for-
mation results in a significant change in the textural
properties. Moreover, an increase in loading of the
incorporated organic groups can lead to a reduction in
the pore diameter, pore volume, and specific surface
area (Hoffmann et al. 2006). In the case of late addition
of the silane species, the trialkoxysilanes hydrolyze
rapidly under high basic conditions to give anionic
species and later result in a high content of T structures.
The diffusion of the species into the pore channels is
prevented by the template. These effects assist the se-
lective functionalization of the outer surface during the
particle growth (Kecht et al. 2008) via late silane
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addition like MM-Co,, sample resulting in a decrease of
12% of Sggr and d,,, and 41% of V4. A highly selective
functionalization of the outer particle surface with opti-
mal textural properties and intact ordered MCM-48 pore
structure MSNs was realized via late addition (after
35 min of ageing) of the silane precursor to a fully
grown material (MM-Coss). Barely, 10% of Sggrt,
29% of Vaqs, and 6% of dj, decrease were recorded for
MM-COs35 sample (Fig. 9¢). Overall, the time of silane
addition to the reaction mixture alters the site selective
binding process. The XRD and N, sorption results
showed that an early MPS addition (MM-Cos) leads to
less organized pore networks. The porosimetry features
and pore ordering are better preserved for samples pre-
pared with late MPS additions (MM-Co;, MM-Coy,,
and MM-Cogss). In general, both MM1E, MMI1T, and
MM-Coss samples selectively functionalized on the
outer particle surface are characterized by optimal tex-
tural properties for any desire applications.

Conclusion

In the current study, MCM-48 silica nanoparticles func-
tionalized on the outer surface with intact ordered
mesopore structure and excellent textural and morpho-
logical properties are successfully synthesized in site
selective manner for the first time. Our new optimized
procedure, particularly the co-condensation modifica-
tion route, represents a simple approach to synthesize
structurally defined and site selective functionalized
MCM-48 mesoporous silica materials in a one-step
process. FTIR, 298 and '3C solid-state NMR, TG, and
elemental analysis measurements provide evidences for
the successful chemical binding of silanes on silica
surface. Highly site selective or more homogeneously
distributed organic groups on the entirce MCM-48-type
silica surface were efficiently introduced by the co-
condensation route at optimal reaction conditions. Late
addition of the silane precursor to the batch of reaction
mixture containing fully grown silica has no negative
effect on the porosimetry data of the original material
compared with the silane addition during the early stage
of particle growth. A better control of outer surface
functionalization was comprehended for already synthe-
sized MCM-48 silica nanoparticles containing the tem-
plate inside the pore channels at ambient temperature by
the postsynthetic route. Moreover, a precise control of
the loading of the outer surface with functional groups

via reduction of the added amount of silanes for the
postsynthetic modification or during later stages of the
co-condensation process is the topic of our ongoing
study.

The cubic ordered mesopore structure, textural prop-
erties, and morphology of the functionalized MCM-48
silica remain unaffected by the postsynthetic and co-
condensation routes as evidenced from XRD, N, sorp-
tion, and electron microscope analyses. Both methods
work efficiently to control the site selective silane
grafting process on the outer surface of the silica nano-
particles preserving the necessary internal features for
later applications as drug delivery systems after polymer
grafting on the outer surface. Therefore, the synthesized
nanoparticles with selectively functionalized outer sur-
face in combination with optimal physicochemical
properties are favorable candidates for subsequent site
selective polymer grafting reactions.
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