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Abstract In the current study, a core-shell struc-
tured material of MCM-48-type mesoporous silica
nanoparticles (MSNs) and cross-linked poly(N-iso-
propylacrylamide) homopolymer and its copolymer
with methacrylic acid was synthesized. The polymer
was preferentially grafted on the outer surface of
silane linker-functionalized MSNs based on free radi-
cal polymerization. The successful chemical grafting
of the polymer on the silica surface was confirmed by
FTIR, NMR, TG, and elemental analyses. The poly-
mer contents of the hybrid particles vary from 18 to
40 % as determined by thermogravimetric and ele-
mental analyses. The polymer content was tailored by
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varying different reaction parameters including mon-
omer concentration, linker content/type, and reac-
tion time. Well-defined uniform core-shell structured
spherical particles with an average particle size of
367 + 25 nm and shell thickness of 29 + 8 nm were
observed in TEM analysis. According to XRD and
nitrogen physisorption studies, the ordered mesopore
structure of the core MCM-48-type MSNs was main-
tained after an extended polymer grafting process and
surface coverage with a high content of polymer. No
significant pore blockage was observed in porosim-
etry analysis. More than 75% of specific surface area,
68% of total pore volume, and the mean mesopore
diameter were retained after successful grating of
polymer on the outer silica surface. The pore volume
thus can provide enough space to encapsulate high
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contents of cargo molecules for applications. The nar-
row pore width distribution of the main mesopores of
silica determined by PALS analysis corresponds to
the N, sorption analysis and further confirms the uni-
formity of the mesopores.

Keywords MCM-48-type mesoporous silica
nanoparticles - Hybrid material - Core-shell
structure - Polymer - Grafting - Synthesis

Introduction

Mesoporous silica nanoparticles (MSNs) on the basis
of MCM-41, MCM-48, and SBA-15 materials, which
are characterized by high specific surface area, large
pore volume, uniform particle width, tunable surface
chemistries, and good thermal stability, are of great
research interest as “containers” for drug delivery
systems [1]. To tailor their application, these par-
ticles mostly require appropriate surface modifica-
tion. Hence, hybrid materials of MSNs and stimuli-
responsive polymers can provide unique properties
offered by both the inorganic and organic components
(e.g., flexibility, ductility, and chemical functional-
ity). Therefore, to enhance the properties of either of
the components, the polymeric units are commonly
grafted chemically on the surface of MSNs supports
via grafting to, grafting from, or grafting through
approaches [2]. Poly(N-isopropylacrylamide) (PNI-
PAM) is a well-known non-toxic and water-soluble
polymer used in diverse applications, for instance,
in gas adsorption [3], waste water treatment [4], and
drug delivery [5]. Frequently, conventional polymer-
based applications usually suffer from problems such
as poor mechanical stability and relatively low load-
ing capacity [6]. Hence, the synthesis of different
types of silica and stimuli-responsive polymer/copol-
ymer composite materials is studied broadly for their
biomedical applications [7-10].

MCM-48-type MSNs with three-dimensional
interconnected pore network offer more efficient
diffusion pathways and adsorption sites compared
to one-dimensional hexagonal MCM-41 and SBA-
15 structured silica, which are the most widely
explored materials for biomedical applications [11].
Thus, MCM-48 types of modified mesoporous silica
nanoparticles can be used as a good platform for
various applications, but the surface modification
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and detail characterizations are not extensively
studied until now. He et al. prepared a hybrid of
MCM-48-polystyrene nanoparticles through in situ
free radical polymerization and demonstrated a sig-
nificant improvement in the mechanical properties
of the polymer [12]. Kalbasi and Mosaddegh stud-
ied nanohybrid based on poly(4-vinylpyridine) and
MCM-48 silica and effectively employed the mate-
rial as a novel heterogeneous basic catalyst [13].
Recently, Meléndez-Ortiz et al. prepared MCM-48
mesoporous silica filled with polyacrylamide using
an azo-type initiator and evaluated the effect of var-
ious reaction parameters to determine the optimal
grafting conditions [14]. The hybrid nanoparticles
showed high drug loading capacity and sustained
delivery behavior.

Though, there is no prior detailed investiga-
tion focused on the synthesis and physicochemical
characterization of MCM-48-type silica-stimuli-
responsive polymer core-shell structured materi-
als. In this study, we present the chemical grafting
of a cross-linked PNIPAM-based polymer prefer-
entially on the outer surface of MCM-48 structure
MSNs as a core-shell structure, keeping the inner
pore surface of the particle with optimal textural
properties for sufficient loading of guest molecules
inside the porous particles. The synthesized hybrid
particles possess several potential applications in
temperature-triggered systems. Besides, the effects
of various reaction parameters (monomer/co-mono-
mer concentration, silane linker content and its type
in terms of linker chain length, and reaction time)
on the amount of the final polymer grafted on the
surface of silica were studied by TG and CHN ele-
mental analyses. The controlled quantitative graft-
ing technique presented in this work can be applied
for the grafting of PNIPAM and its copolymers on
nanoparticles with relatively intact morphology and
mesopore structures. To the best of our knowledge,
this is the first deep systematic investigation on the
structural and morphological features and textural
parameters of the resultant MCM-48-based hybrid
particles (MS-PNM,q,, Fig. 1) using various ana-
lytical techniques. The designed well-defined inor-
ganic silica-organic polymer (MS-PNM,,) core-
shell structure nanoparticles with optimal textural
properties will be used for the purpose of controlled
drug delivery system in a subsequent study.
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Fig. 1 Synthetic scheme for the preparation of silane-functionalized MCM-48-type MSNs-polymer hybrid nanoparticles

Experimental
Chemicals

N-Isopropylacrylamide (NIPAM, 99 %) and potas-
sium persulfate (KPS, 99%) were purchased from
Acros-organics (Geel, Belgium). Methacrylic acid
(MAA, 99%) was received from Merck (Darmstadt,
Germany). N,N'-Methylenebisacrylamide (MBA, 99%)
was purchased from Sigma Aldrich (Steinheim, Ger-
many). 3-Methacryloxypropyltrimethoxy-silane (MPS,
98%) and vinyltrimethoxy-silane (VTMS, 98%) were
received from Alfa Aesar (Karlsruhe, Germany). All
chemicals and solvents used for the synthesis were of
high purity and used as received without further purifi-
cation. Deionized water was used in all syntheses.

Synthesis of polymer-coated MCM-48 silica hybrid
materials

MCM-48 structured MSNs with average particle size
of 295 nm and their outer surface functionalization

with organosilanes were prepared by adapting the
synthesis procedure described by Yismaw et al. [15,
16]. The preferential outer surface functionalization
of the MCM-48 nanoparticles with the linker orga-
nosilane molecules was addressed by either post-
synthetic route for the synthesized particles contain-
ing the template still inside the pore channels or by
co-condensation route via late addition of the silane
precursors into the synthesis batch containing a
fully grown silica [16]. The MSNs containing active
functional groups were used as a core for the subse-
quent polymer grafting process on the outer surface.
The content of silanes on the MSNs surface follow-
ing selective outer surface functionalization using
MPS was calculated based on the external surface
area of the as-synthesized material. The observed
values were 16 and 29 molecules nm™2 for sam-
ples prepared via post synthesis route using ethanol
(MMIE) and toluene (MMIT) as a solvent, respec-
tively. In contrast, the sample prepared via condensa-
tion route (MM-Coss) contained 40 molecules nm™>
[16]. Herein, for comparison purpose of the surface
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functionalization with long-chain length acryloxy
linker groups of MPS, MSNs functionalized by
VTMS with relatively short-chain length vinyl linker
groups are also considered (Table 1). The experimen-
tal procedure for VIMS silica outer surface function-
alization (MV1T) was similar to the reported MPS
postsynthetic functionalization route [16].

The silica-polymer hybrid particles were synthe-
sized via grafting through/from free radical polym-
erization approaches. Hence, the MSNs previously
functionalized using MPS or VTMS containing
different contents of active vinyl functional groups
(denoted as MS in Fig. 1) were used as a core for
free radical polymerization progression. NIPAM,
MAA, MBA, and KPS were used as monomer, co-
monomer, cross-linker, and initiator, respectively,
for the polymerization reaction. Briefly, a selected
silane-modified MSNs sample (MS) (1 g) was dis-
persed in 50 ml deionized water. Since MPS-func-
tionalized particles are fluffy and show poor wetting
by water, a small amount of absolute ethanol (10 ml)
was added for complete dispersion. A transparent
solution of NIPAM (0.9 g, 7.95 mmol), MAA (30
pl, 0.34 mmol), and MBA (0.014 mg, 0.10 mmol)
was prepared in 50 ml deionized water in a separate
flask (Table S1) and transferred into the above silica
dispersion. The monomer, co-monomer, and cross-
linker amounts were varied individually (Table S1).
The cross-linkers (MBA) with two active sites show
a higher reaction rate compared to the NIPAM mon-
omer [17]. Hence, a very low concentration of this
component was used to overcome its heterogeneous
distribution in the copolymer network. The mixed
solution was directly bubbled with nitrogen flow for
30 min to remove water-solubilized residual oxygen.

The mixture was heated in a three-neck bottom flask
equipped with a condenser to 70 °C in an oil bath
under mechanical stirring at 300 rpm for 1 h in a
nitrogen atmosphere. Then, a solution of KPS pre-
pared in a separate vial (30 mg ml™', 0.11 mmol)
was rapidly added under nitrogen flow. The free rad-
ical polymerization reaction (grafting through) onto
the surface of silica particles functionalized with
polymerizable vinyl groups [18] was left to further
proceed for 6 h at 70 °C under nitrogen protection.
Alternatively, a solution of KPS was added into the
degassed dispersion of silane-functionalized silica
and left for 1 h at 70 °C where the free radicals are
formed on the surfaces of silica particles. Then, the
transparent monomeric solution was degassed and
transferred into the dispersed silica containing the
initiator and the reaction continued for 6 h. For the
graft polymerization process, the monomer can be
initiated on the solid particles (grafting from) via
a redox surface-initiating system at the interface
between the particles and solution. However, there
were no significant differences between the sam-
ples prepared via these two approaches (apart from
minimal variations in the final polymer grafting
amount). Therefore, the grafting through approach
was implemented throughout this work. Finally, the
hybrid nanoparticles were collected by centrifuga-
tion and washed repeatedly with water and ethanol
under shaking to remove unreacted components
as well as non-grafted polymer chains. The syn-
thesized hybrid materials were dried at 50 °C for
48 h under vacuum and are named as MS-PNM,q,
(Fig. 1) which represents MM1E-PNM,,,, MMI1T-
PNM,,, MVIT-PNM,,, or MM-Cos5-PNM,,
throughout the “Results and discussion” section. Xg,

Table 1 Nomenclature and synthetic conditions of silane-functionalized MCM-48 silica samples with the corresponding silane
grafting density considered for further polymer grafting process

Sample Functionalization route Silane type  Solventused  Functional group AC Xga
[wt.%]* [molecules nm™>2]°
MMIE Postsynthetic MPS Ethanol Acryloxy 4.2 16
MMIT Postsynthetic MPS Toluene Acryloxy 7.2 29
MVIT Postsynthetic VTMS Toluene Vinyl 35 52
MM-Coss Co-condensation MPS e Acryloxy 9.3 40

Actual carbon content (AC) of silane-functionalized silica estimated from elemental analysis and grafting density of silanes (Xg,)
calculated on basis of the external surface area (S,,) [16]
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refers to the mol% of the co-monomer MAA applied
during the polymerization process.

Characterization

Fourier transform infrared spectroscopy (FTIR) meas-
urements were performed with a vector 22 ATR-FTIR
spectrometer (Bruker, Billerica, MA) in the attenuated
total reflectance (ATR) mode with a diamond crys-
tal using 100 scans per spectrum and a resolution of 4
cm™! and a spectral range of 4000-400 cm™".

Both #°Si high-power decoupled (HPDEC) and
BC cross-polarization (CP) solid-state magic angle
spinning nuclear magnetic resonance (MAS NMR)
spectra were recorded using a Bruker DRX-400 WB
NMR spectrometer (Bruker Biospin, Karlsruhe, Ger-
many) 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 temperature of 20 °C using
tetramethylsilane (TMS) at O ppm as external refer-
ence. For the HPDEC measurements, 512 scans were
collected with a 7/2 pulse of 6.75 ps on 2°Si and a
recycle 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 con-
dition for polarization transfer from protons to car-
bons. The /2 pulse was 2.5 ps on 'H and the recy-
cle delay was set to 5 s. A SW-TPPM heteronuclear
decoupling was used during the acquisition.

The thermal stability of the hybrid materials with
respect to the as-synthesized and silane-functional-
ized silica was analyzed via thermogravimetric analy-
sis (TGA) using a STA 409 thermobalance (Netzsch,
Selb, Germany). The thermal weight losses of sam-
ples were measured from room temperature to 800 °C
at a heating rate of 10 °C min~! in a stream of atmos-
pheric air. The grafting yield of the polymer fragment
in the range of 200-800 °C was calculated by exclud-
ing the wt.% loss of the silane linkers according to the
following equation [19]:

awt% — bwt% .

Grafti ield =
rafting yie p—r

100 (1)

where a,q, by, and ryq are the weight loss of the
hybrid particles, silane-functionalized particles, and

residue weight of particles, respectively. The chemi-
cal compositions of the synthesized materials (wt.%
of carbon, nitrogen, and hydrogen) were examined
from CHN elemental analysis (Vario EL III, Elemen-
tar Analysensysteme, Langenselbold, Germany). The
grafted amount of polymer (wt.%) was also estimated
based on elemental analysis data using the following
equation [20]:

PNIPAM wt.% = (Nﬂ) % 100 2)

where N and N° are the wt.% of nitrogen content in
the grafted and as-synthesized copolymer (dried gel)
determined by elemental analysis, respectively.

Nitrogen (N,) physisorption measurements were
performed using a Quantachrome Autosorb iQ
(Quantachrome, Boynton Beach, USA). Prior to the
sorption measurements, all samples were treated
under vacuum at 50 °C for 20 h. The specific surface
areas (Sggp) were calculated using the Brunauer-
Emmett-Teller (BET) method in the range of p/p, =
0.05-0.35 and the total pore volume was obtained
at the maximum relative pressure p/p, = 0.98. The
nonlocal density functional theory (NLDFT) method
was applied to estimate the pore diameters using the
adsorption branch model considering N, sorption at
—196 °C in silica with cylindrical pore geometry.

For comparison to the nitrogen physisorption
technique, positron annihilation lifetime spectros-
copy (PALS) analysis was done. Before conducting
PALS measurements, the samples were annealed in
the PALS measurement chamber at 80 °C for 12 h at
~ 3 x 107> mbar to remove adsorbed moisture from
the surface. About 0.4 ml of as-synthesized, silane-
modified, and polymer-grafted silica was placed in
the space around a 2*Na positron source (activity of
~ 5 p Ci) in a suitable sample holder. A 4-tube digital
(10-bit DC252 digitizer) positron lifetime spectrom-
eter containing four identical conical EJ232 plastic
scintillation detectors of @1 = 19 mm, @2 = 40 mm,
and £ = 28 mm and custom-made dual high-volt-
age and coincidence units have been used for PALS
measurements around the sample-source arrange-
ment. The maximum time interval between signals
from the detectors was set to 1.1 ps (1 ps as coinci-
dence value and 0.1 ps as delay due to cables and data
transfer) with a channel width of 50 ps. The obtained
count rate was ~ 220 cps (because of the low-activ-
ity source) and the time resolution was ~ 175 ps full
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width at half maximum (FWHM). The measure-
ment was carried out at 25°C with 3 x 107 counts.
The evaluation of the results was carried out using
the program MELT (Maximum Entropy for Lifetime
Analysis) [21]. It considers the lifetime spectrum as
a pseudo-continuous lifetime distribution (it uses a
dense lifetime grid) and calculates the intensity for
each lifetime depending on the entropy weight. The
resulting lifetime distribution is comparable to a pore
width distribution without the need to carry out a
previous nitrogen physisorption measurement. The
pore width was calculated based on the extended Tao-
Eldrup (ETE) model to describe the pick-off decay
[22]. The pore size determination was carried out by
using the Excited Energy Levels and Various Shapes
(EELViS) code [23] and cylindrical pore shape with
A =0.18 nm.

Small-angle powder x-ray diffraction (XRD) pat-
terns were recorded using a D8 Advance diffrac-
tometer (Bruker AXS, Karlsruhe, Germany) (Cu-K,
radiation 4 = 1.54 A, LynxEye one-dimensional sili-
con strip detector) in the range 26 = 0.4—10.0° with a
step size of 0.01° and a counting time of 1 s/step. The
effect of the polymer grafting process on the ordered
mesopore structure of the synthesized hybrid materi-
als was studied in comparison to the as-synthesized
and silane-functionalized silica. The morphology
of the particles was examined using a Leo Gemini
1530 scanning electron microscope (SEM) (Zeiss,
Oberkochen, Germany) and JEM2100Plus trans-
mission electron microscope (TEM) (JEOL, Tokyo,
Japan). The particle size distribution from the TEM
measurement was calculated by using Imagel] soft-
ware. Energy-dispersive X-ray spectroscopy (EDS)
(Bruker NanoLab200, USA) was performed to dem-
onstrate the elemental distributions in the hybrid
material.

Results and discussion
Structural characterization of the hybrid materials

FTIR spectroscopy was performed to study the sur-
face chemistry of the synthesized composite particles
in contrast to the as-synthesized and silane-function-
alized samples (Fig. 2). The surface chemistry of
MSNs and MPS-functionalized MSNs was investi-
gated in detail in our previous work [16]. Likewise,
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the functionalization of the outer surface of MSNs
with VIMS was performed following the postsyn-
thetic modification route implemented in our previ-
ous work. The FTIR spectra of MVI1T showed a sig-
nal at 1410 cm™ for the vinyl (CH=CH,) in-plane
deformation vibrations (Fig. 2b). The broad bands at
around 3440 cm™! can be assigned to the stretching
vibration of surface silanol groups or surface bound
moisture (SiO-H...H,0). Moreover, the stretching of
the vinyl groups at 1638 cm™! is overlapping with the
O-H assymetric stretching bands of hydrogen-bonded
water molecules indicating the successful chemical
binding of VITMS on the surface of silica. In addition,
the bands at around 3440 cm™' decreased following
VTMS functionalization [24].

Therefore, the MPS-modified samples (MMI1E/
MMIT) are becoming more hydrophilic due to oxy-
gen rich and polar nature of the acrylate functional
groups compared to the VTMS-modified sample
(MV1T) containing non-polar vinyl groups.

Upon polymerization on the surface of MPS- or
VTMS-functionalized MSNs, the silica framework
of the hybrid particles remained unchanged. In turn,
the characteristic bands of the silica network at 1100
cm~! and 840 cm™! (Si—O-Si asymmetric and sym-
metric stretching vibrations of the dense silica net-
work, respectively), and 970 cm™! (Si—-OH bend-
ing vibrations) [24, 25] are preserved after polymer
coating (Fig. 2). Furthermore, as shown in Fig. 2a,
the hybrid particles synthesized using only NIPAM
homo-monomer (MMI1E-PNM,,) displayed a high
intense peak at 1638 cm™! (amide carbonyl (C=0)
stretching) which is evolved over the C=C stretch-
ing peak of silane-functionalized MSNs. The bands
at 1539 cm™ (secondary amide (-N-H) bending) and
1462 cm™! (bending of C—H for the methyl (-CHj)
groups) vibrations belong to the characteristic peaks
of the PNIPAM polymer. The twin bands at 1390 and
1370 cm™! are attributed to the C—H bending vibra-
tion of the isopropyl groups (~CH(CHj;),). The sec-
ondary amide (-N-H) and hydroxyl groups (-O-H)
stretching bands are observed in the range of 3700
to 3200 cm™! [24, 26]. A broad peak from 2826 to
3000 cm™! is generated by the aliphatic C— H stretch-
ing vibration of the grafted polymer in addition to the
propyl acrylate molecules of the organosilane-treated
samples. The appearance of these intense character-
istic absorbance bands of PNIPAM for all samples
(Fig. 2) is indication for the chemical grafting of the
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Fig. 2 ATR-FTIR spectra
of hybrid materials of MSNs 1100
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polymer on the surface of silica. Thus, FTIR spec-
troscopy provided clear evidences for the step-by-step
surface modification and the successful preparation of
the hybrid nanoparticles.

Moreover, a sample prepared via adding MAA as
a co-monomer (MMI1E-PNM,,) showed an appar-
ent increase of the absorption band at around 1723
cm™!. The band corresponds to the carbonyl stretch-
ing of the carboxylic acid groups (-COOH) from the
co-monomer chains that merely overlapped with the
carbonyl stretching vibration of the acryloxy groups

Wavenumber / cm'1

(CH,=CH-COO-) of MPS [27]. The increase of this
characteristic band in contrast to MM1E-PNM,, and
its appearance in MV1T-PNM,,, (Fig. 2b) confirmed
the successful copolymerization of NIPAM and
MAA, and grafting on the surface of silica. Besides,
the surface characteristics of the hybrid materials
synthesized via polymerization on the surface of sil-
ica functionalized with VTMS and MPS are merely
identical, regardless of the content of reactive vinyl
groups (Fig. 2). Therefore, the chain length of the
linker molecule has no pronounced influence on the
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characteristic peak intensities that can be correlated
to the content of polymer grafted on the silica surface.

A study by Yismaw et al. [16] concerning the
silane functionalization of samples prepared under
diverse conditions showed clear differences in the
concentration of silanes grafted on the surface of
silica. As it was calculated based on the external
surface area of the as-synthesized MSNs, MM-Coss
sample partakes higher silane content (40 molecules
nm~>) in contrast to MMIT (29 molecules nm™2)
and MMIE (16 molecules nm~2). To investigate the
effect of silane content on the final amount of grafted
polymer, polymerization was performed on all sam-
ples, keeping other conditions identical. For example,
the characteristic FTIR peak intensities for MM1E-
PNM,,/MMIE-PNM,, in Fig. 2a and MMIT-
PNMy,/MMIT-PNM,, (Figure S1) samples are
inversely correlated with the silane content. When the
concentration of silane species was higher (MMIT),
the amount of polymer grafted on the silica surface
was low as verified in this work. This negative influ-
ence can be attributable to the steric hindrance of the
nearly bound silane molecules that limit the polymer
grafting content. Additionally, in the case of high
silane concentrations, the complete outer surface is
coated with a thick layer of precondensed silane spe-
cies. This can prevent the formation of the second
layer of polymer species. The results obtained from
FTIR spectra are supported by TG and CHN elemen-
tal analysis.

2Si and '3C solid-state NMR measurements were
performed for a selected hybrid sample (MMIT-
PNM,,) to further confirm the chemical grafting of
the copolymer on the surface of silica as well as to
assess the structure of MSNs after the polymeriza-
tion process. As shown in Fig. 3a, the 3C CP-MAS
NMR spectrum of MMIT-PNM,, contained char-
acteristic signals for all carbon atoms present in the
copolymer structure corresponding to the non-grafted
cross-linked copolymer (PNM,y,). The typical peaks
appeared at 23.4 ppm (-CHj, ¢), 36.0 ppm (-CH,—,
d), 44.2 ppm and 48.1 ppm (-CH-, e and ¢', respec-
tively), 61.1 ppm (-O-CH;, f), 68.9 ppm (-CH,-O-,
g), 177.9 ppm (-C=0, h), and 183.3 ppm (-COOH,
i) further confirm the successful grafting of the
copolymer on the surface of silica [28]. Moreover,
the characteristic peaks of the reactive vinyl func-
tional groups of MMIT at 128.1 ppm (CH,=C-)
and 138.7 ppm (—-C=CH,) [16] nearly disappear as
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a result of its reaction with the NIPAM and MAA
monomers. In addition, the decrease of these charac-
teristic peaks further confirms the absence of resid-
ual monomers and cross-linkers in the synthesized
hybrid materials, hence its complete conversion into
a polymer network. The carbonyl peak at 177.9 ppm
for MM1T-PNM,,, appears broadened due to the car-
boxylic groups (-COOH) peak at 183.3 ppm, further
suggesting the copolymerization of MAA units into
the PNIPAM polymer chain during the polymeriza-
tion process. Furthermore, the '°C NMR spectra sig-
nals assigned to the carboxylic acid units of the co-
monomer/MAA derivatives are nearly overlapped
with the NIPAM segments. The as-synthesized
PNIPAM homopolymer (PNM,,) and PNIPAM-co-
MAA copolymer (PNM,,) were used as references
(Fig. 3a).

The *Si HPDEC-MAS NMR spectra of MM1T-
PNM,,, (Fig. 3b) exhibit two well-resolved peaks at
—101.8 ppm and —110.5 ppm usually assigned to Q"
signals of free silanols (SiOH(Si0),; Q3) and siloxane
(Si(Si0)4; Q% structures of silicon, respectively, alike
to the as-synthesized (MSNs) and silane-functional-
ized (MMI1T) silica [29, 30]. Additionally, the down-
field signals for the organosiloxane species assigned
to T (SiR(OR')(OSi),; —55 to —60 ppm) and T>
(SiR(0OSi);; —60 to —70 ppm) are observed after the
polymer grafting process. The relative concentrations
of Q" and T" silicon sites in all samples are quantified
by deconvoluting the *Si HPDEC-MAS NMR spec-
tra into individual Lorentzian/Gaussian peaks assum-
ing the peak area is proportional to the concentration
of the corresponding silicon sites [31]. The spectra
signals and the corresponding relative peak areas
for MSNs, MM1T, and MM1T-PNM,,,, samples are
listed in Table 2.

Moreover, the quantification of the peaks reveals
different values with the domination of Q* and Q*
sites for all samples (Table 2). It was noticed that a
slight decrease in the percent peak area of Q® or Q?
which was accompanied by merely identical Q* per-
cent peak area values after sequential silica surface
modification process. This indicates a decrease in
the amount of surface free silanol groups (Si—-OH)
as a result of its condensation and incorporation of
the organic moieties. However, excess amount of Q°
structure is still acquired even after the polymeriza-
tion process, because the corresponding species are
mainly located in the inner pore channels of silica.
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Fig. 3 (a) 1°C solid-
state NMR spectra of
as-synthesized polymer
(PNM,,,/PNM,,) and
silica-copolymer hybrid

material (MMI1E-PNM,,).

(b) #Si solid-state NMR
spectra of as-synthesized
(MSNs), silane-modified
(MMIT), and polymer-
grafted (MM1T-PNM,,,)
silica samples
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Table 2 Quantification of T" and Q" silicon sites based on the
peak area analysis of 2°Si HPDEC-MAS NMR spectra

Sample % T %) Q%) Q% Q"%
MSNs e 1.8 43.2 55.0
MMIT 4.6 4.9 1.6 35.7 53.2
MMIT-PNM,, 5.4 6.3 1.1 32.3 53.9

The investigated structural observations are consist-
ent with previous reports of MAS NMR spectra for
poly(p-phenylenevinylene) polymer-grafted MSNs
[30]. A consistent appearance of Q* signal is an indi-
cation of a stable connectivity within the silica frame-
work which is in agreement with the results of XRD
discussed below (Fig. 6). Also, the concentration of
T? and T° structural signals of silicon sites (approx-
imately 10%) of silane-functionalized particles
remained unaltered by the polymerization process.
This result provides further evidence that the polymer
grafting reaction indeed took place during the hybrid
material synthesis. The correlation of the 2°Si and *C
NMR spectroscopy results reveals the coexistence of
silica framework and a polymer network within the
hybrid materials.

Effect of reaction parameters on the final polymer
content

The dependence of the net polymer content on
the surface of silica with respect to various reac-
tion parameters (monomer/co-monomer amount,
silane linker content and its type, and reaction time)
was studied by TG and CHN elemental analyses.
Fig. 4a shows the percent weight loss (wt.%) from
bare MSNs and MSNs with different silane contents
(MMI1E, MMIT, and MM-Co;s) as well as its sub-
sequent copolymer-grafted (MMI1E-PNM,,,, MM1T-
PNM,,, and MM-Co;5-PNM,,) hybrid materials.
The content of MPS coupling agents on the outer
surfaces of silica was modulated by varying the sol-
vent type and surface modification routes [16]. Fur-
thermore, in this work, the degree of polymerization
from low to high silane linker contents on the surface
of silica was investigated. For all samples, the percent
weight loss below 200 °C is associated with the evap-
oration of physically adsorbed components including
the mass of trace organic matter and moisture.

@ Springer

A higher weight loss was recorded for polymer-
grafted samples (MMIE-PNM,,: 41%, MMIT-
PM,q: 36%, and MM-Co;35-PNM,q: 42%) in com-
parison to silane-modified (MMIE: 11%, MMIT:
17%, and MM-Coss: 20%) and bare MSNs (3%) in
the temperature range from 200 to 800 °C as expected
(Fig. 4a). This is attributed to the decomposition of
the grafted copolymer into ammonia and CO, besides
the silane linker organic fractions and dehydration of
the surface silanol groups from the silica surface [32].
The grafting yield of the polymer organic fragment
in the range of 200-800 °C was calculated according
to Eq. 1 by excluding the wt.% loss of silane linker
as summarized in Table 3. This is because each sam-
ple contains a different amount of silanes, which can
affect the accurate quantification of the grafted poly-
mer. Hence, the grafting yields of the polymer from
low (MMIE-PNM,y), moderate (MMI1T-PNM,,),
and high (MM-Co;5-PNM,,) concentrations of silane
linker groups were calculated to be 36.6, 25.0, and
30.1 wt.%, respectively. Comparably, the composite
nanoparticles prepared using VITMS as a silane linker
(MVIT-PNM,,,) showed a grafting yield of 33.3%
as depicted in Fig. 4b, c. These results suggest that
a higher amount of polymer was grafted relatively
on silica containing low content of linker molecules,
besides the shortest chain length of the linker.

As summarized in Table 3, the polymer grafting
yield calculated based on the content of nitrogen from
elemental analysis according to Eq. 2 was consistent
with the TGA results. The grafted amount of polymer
was not directly proportional to the linker concentra-
tion on the silica surface. For example, for MM-Coss-
PNM,,, sample characterized by relatively high silane
content, a low polymer grafting yield (30.1%) was
observed in comparison to the polymer grafted from
MMIE-PNM,, sample with low silane linker con-
tent. Similarly, Nagase et al. reported that the vari-
able content of surface-grafted initiator has no sig-
nificant influence on the amount of polymer grafted
on the surface [33]. In addition, as shown in Table 3,
the chain length of surface-grafted linkers (acryloxy
groups of MPS or vinyl groups of VIMS) showed
nearly a similar effect on the final polymer content.
The values determined from EA are in agreement
with TGA results.

Based on the above results, MM1E sample with
optimal silane concentration was used to further opti-
mize the other variables influencing the final polymer
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Fig. 4 TGA curves for (a) MSNs with different MPS contents
(MMI1E, MMIT, and MM-Coss) and its subsequent polymer-
grafted hybrid particles (MMI1E-PNM,,,, MM1T-PNM,,, and

content. The variations in the initial feed ratio of
NIPAM and MAA and reaction time and the corre-
sponding polymer content determined from elemen-
tal analysis are presented in Table S1. The content
of carbon and nitrogen in the hybrid particles raises
with an increase in the initial feed ratio of NIPAM
under the same reaction conditions (Table S1). This
is because the high monomer concentration increases
its availability for the polymerization process. As a

MM-Co;5-PNM,y,), (b) VIMS-functionalized (MV1T) MSNs
and its hybrid particles (MV1T-PNM,,), (¢) polymer grafting
yield (%) with respect to the net silane content (wt.%) and type

result, larger growing polymer chains are formed and
the PNIPAM content on the silica surface increased.
Generally, a high content of the grafted copolymer
led to good outer surface coverage and helps to con-
trol the pore opening and closing mechanism for the
desired application. Therefore, precise control of the
location of the polymer aids to overcome partial or
complete blockage of the pores. Thus, 7.95 mmol
of NIPAM was considered as an optimal amount for
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Table 3 Content of copolymer grafted onto the MCM-48 silica surface containing different amounts/types of organosilanes

Sample Am [Wt.%)* Xp [%]? X [%]° Xp [Wt.%]°
C H N

MMIE-PNM,, 41 36.6 25.0 4.2 4.0 36

MMIT-PNM,,, 36 25.0 20.3 4.0 2.5 23

MM-Co,5-PNM,,, 42 30.1 28.0 5.0 3.4 30

MVIT-PNM,y, 37 33.3 24.2 4.6 4.0 36

PNM,, e e 58.6 9.8 | ———

“Weight loss from 200 to 800 °C (Am) and polymer grafting yield (X;) estimated from TGA. Elemental composition (Xgc) of dry
pristine polymer (PNM) and composite materials, and grafted amount of polymer (Xp) estimated from elemental analysis

the synthesis of the hybrid materials. However, vary-
ing the concentration of the co-monomer (MAA)
resulted in nearly the same elemental compositions
(Table S1). Thus, it has no pronounced effect on the
final polymer content since the concentration con-
sidered is very low. In order to control the degree of
polymerization on the surface of silica, the polym-
erization was conducted for different time periods
(3 h, 6 h, 12 h, and 24 h), keeping all other variables
constant. As shown in Table S1, elemental analysis
revealed nearly the same amount of grafted polymer
when the polymerization time is elongated from 3 to
24 h. Thus, in this work, a reaction period of 6 h was
applied as an optimum time for complete monomer
conversion during polymerization process since fur-
ther extending of reaction time had no effect.

A selected hybrid material sample (MMIE-
PNM,,,) with an optimum polymer amount was con-
sidered for further SEM/TEM, XRD, N, sorption,
and PALS analysis studies.

Morphology, particle size, and core-shell structure

SEM and TEM micrographs (Fig. 5) showed the
morphology of MMIE-PNM,, in comparison to
MSNs. After polymer grafting, the spherical par-
ticle morphology was basically preserved. The
surface appeared homogenous despite slight inter-
particle aggregation that limited its dispersion in a
dry state. The average particle size measured from
the SEM image using ImageJ software for MM1E-
PNM,q, is 349 nm + 26 (Fig. 5b). As expected, this
is slightly larger than the as-synthesized MSNs (~
295 nm) (Fig. 5a). Well-defined uniform core-shell
structured nanospheres with an average particle size
of 367 nm =+ 25 and shell thickness around 29 nm +
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8 are also clearly visible in the TEM image (Fig. 5d)
for MMI1E-PNM,,,. Hence, the average particle size
measured from TEM micrograph for MSNs ~ 306
nm was increased to ~ 367 nm after polymer graft-
ing. The spheres show a noticeable contrast between
the darker core silica and bright/gray uniform edges
of a thin polymer shell [34]. The analysis of particle
size distribution by TEM clearly revealed spheres
with relatively narrow distribution (Fig. Se).

The final well-dried hybrid particles were aggre-
gated unlike the finely dispersed powders of the
as-synthesized and silane surface-modified silica.
In this work, the aggregation of the material was
found to be dependent on the amount of cross-linker
(MBA) used during the synthesis. Taking this into
consideration, different amounts of cross-linker
(0.1 mmol, 0.2 mmol, 0.3 mmol, and 0.4 mmol)
were used for the above reaction mixture. For lower
cross-linker concentration (0.1 mmol), loosely
aggregated particles formed. Increasing the cross-
linker concentration from 0.1 to 0.4 mmol pro-
duced strongly physically aggregated final products.
Hence, low amount of cross-linker (0.1 mmol) was
used throughout this work. Furthermore, both the
SEM and TEM images (Fig. 5b, d) clearly showed
that the composite particles prepared using low
cross-linker amount were loosely aggregated pos-
sibly by (1) chemically cross-linked network of the
polymer chains produced by the bi-functional cross-
linkers or (2) physically cross-linked network due to
entanglements of the polymer chains on the adjacent
silica surface [34]. In addition, the physical net-
works can be formed by molecule-molecule interac-
tions like hydrogen bonds and van der Waals inter-
actions. Overall, the SEM/TEM images (Fig. 5a—d)
confirmed that the nanoparticles maintained their
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original morphology upon polymer grafting and the
long treatment procedure.

EDS elemental analysis was performed for a
selected core-shell structure material sample (MM 1E-
PNM,,,) and demonstrates the elemental distribution
in the hybrid structure. EDS results (Fig. 5f) revealed
the presence of carbon and nitrogen in the silica-
polymer hybrid material with silicon and oxygen as
the major elements. The high content of carbon and
presence of nitrogen in the hybrid material are indica-
tions of the presence of the polymer coating. Overall,
this result further confirmed the grafting of the poly-
mer on the silica surface. EDS elemental mapping of
carbon and silicon (Fig. 5g) of a single sphere shows
the enrichment of the carbon signal at the outer shell
of the particle. Thus, the existing core-shell structure
can be shown in addition to the TEM imaging.

Impact of polymer grafting on the ordered pore
structure and textural properties of MCM-48-type
silica

Small-angle XRD patterns of MM1E-PNM,,, showed
narrow sharp peaks at 26 values of roughly 2.7° and
3.1° and two small diffraction peaks at around 4.8°
and 5.1° (Fig. 6). These peaks correspond to (211),
(220), (420), and (332) lattice planes, respectively.
The characteristic patterns are consistent with the one
of the typical highly ordered 3D cubic MCM-48 sil-
ica structures reported in literature [12, 14] and result
from the periodicity of the pore structure, which
possesses a cubic symmetry (space group Ia-3d).
This proves that the long-range ordered mesoporous
structure is well preserved after polymer graft-
ing despite the lower intensity and slight peak shift
to higher 26 value in contrast to MSNs and MMIE
samples (Fig. 6). The decrease in peak intensities can
be due to the limited long-range order of mesopores
of silica following polymer grafting [14]. The peak
shift to higher angles results from the pore covering/
filling effect by the polymer units, which causes a
decrease in pore size. This further leads to a decrease
in the long-range ordered arrangement of the smaller
mesopores. Nevertheless, as shown in Fig. 6, the dif-
fraction peaks of MCM-48 silica are well preserved
even after the long polymer grafting process, which
indicates the ordered mesopore structure of silica
core was maintained after covering of the outer sur-
face with copolymer. From the well-resolved (211)

and (220) peaks, the following unit cell parameters
were calculated for the three samples shown in Fig. 6:
MSNs a = 83 A, MMIE a = 85 A, and MMIE-
PNM,,, a = 81 A.

The nitrogen physisorption isotherms of the hybrid
materials (MMI1E-PNM,, and MVI1T-PNM,,) dis-
played a typical type IV isotherm (Fig. 7a, ¢), compa-
rable to MSNs and silane-functionalized (MMIE and
MVIT) samples [35]. Well-preserved isotherms fur-
ther confirm that the structure of ordered mesoporous
silica particles stays intact after a long polymer graft-
ing process. The corresponding textural properties of
all samples are summarized in Table 4. The average
pore width (NLDFT method, adsorption branch) of
MSNs sample was reduced from 3.4 to 3.1 nm suc-
ceeding polymer grafting (MM1E-PNM,,). The BET
specific surface area (p/p, = 0.05-0.3) and the total
pore volume at maximum relative pressure (p/p, =
0.9) decreased from 1093 to 835 m?> g~! and from
0.74 to 0.5 cm® g~!, respectively, in comparison to
MMIE. No significant pore blockage was observed
from porosimetry analysis, i.e., more than 75 % of
specific surface area, 68 % total pore volume, and the
mean pore diameter were retained after successful
grafting of the polymer. The slight reduction of spe-
cific surface area, pore volume, and mesopore diam-
eter could be associated with the grafting of polymer
chains into the pore entrance which leads to a slight
pore blockage. This minor decrease in porosity val-
ues confirmed the successful grafting of the polymer
mainly on the outer surface of silica particles previ-
ously functionalized by silanes. A similar trend was
also observed for MV1T-PNM,,, sample (Table 4 and
Fig. 7c, d). In this work, the porosity values deter-
mined for MCM-48 structure silica-polymer hybrid
materials, where the polymerization processes took
place preferentially on the outer surface of silica,
are higher compared to previous reports for differ-
ent types of MSNs [14]. To verify the contribution
of the grafted polymer on the textural properties, a
pristine copolymer of PNIPAM-co-MAA (PNM,q)
was measured and did not show any adsorption prop-
erties (Fig. 7a, b). The pristine polymer revealed an
isotherm where the adsorbed volume of nitrogen
is found to be perfectly linear over the whole p/p,
range. Thus, the observed specific BET surface area
(4 m%g), total pore volume (0.001 cm*/g), and aver-
age pore width (0.7 nm) of the polymer are negligi-
ble in the composite material. Overall, the porosity
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«Fig.5 SEM and TEM images of as-synthesized (a and b:
MSNs) and the corresponding copolymer-grafted nanopar-
ticles (b and d: MMI1E-PNM,,,), respectively. (e) and (f) are
the particle size distribution based on the TEM measurement
and EDS spectra of the hybrid material, respectively. STEM
elemental mapping of carbon and silicon (MMIE-PNM,,,) is
shown in (g)

parameters of the hybrid materials (Table 4) are opti-
mal values for the desired application.

PALS is a widely used and powerful technique of
porosimetry [36, 37] and it provides complementary
information to standard porosimetric tools [38, 39].
So, in the current study, PALS analysis was done to
detect all the pores present for a given sample and to
further investigate the effect of a subsequent surface
modification on the mesopore properties. The as-
synthesized MSNs exhibit a peak centered at around
2.5 nm in the pore width distribution (PWD) that can
be attributed to the primary mesopores (Fig. 8). Fur-
thermore, two additional peaks in PWD at around 0.9
nm (narrow) and 7.5 nm (broad) correspond to the
0-Ps annihilation in the free volumes of the pore walls
(bulk silica or polymer) and the ortho-positronium
(0-Ps) escaped into interparticle spaces, respectively,
since the produced o-Ps atoms are able to diffuse
through the interconnected pores of the material [40].
As expected, the probability of their diffusion through
highly interconnected network of MCM-48 pores out-
side a particle with size of about 300-350 nm (Fig. 5)
is greater than the rate of annihilation in the primary
mesopores [41]. As a result, the volume of primary
pores is underestimated, while the volume of inter-
particle spaces is overestimated. However, this effect

Fig. 6 XRD pattern of
MMIE-PNM,,, in compari-
son to MM1E and MSNs
samples

Intensity / a. u.

allows to estimate the accessibility of the primary
pores from the outside, which is discussed further.
The same number of peaks with aforementioned ori-
gins was observed for the organosilane-modified sam-
ple (MMIE). The peak related to primary mesopores
(~ 2.5 nm) has been increased in intensity in contrast
to MSNs. This indicates a decreased accessibility of
primary pores to outer particles’ surface causing less
o-Ps leaving primary pores to interparticle spaces.
Such a decreased accessibility of primary pores to
interparticle spaces is presented in Table 5, which
shows the integrated area under the peak or integrated
intensity of the primary pore groups (I,-primary
pores) and interparticle spaces (I,-interparticle
spaces). In turn, the silica-polymer hybrid particles
(MMI1E-PNM,,,) revealed an additional peak at ~
0.7 nm. This is expected to be the free volume in the
cross-linked polymer shell as concluded from TEM
images in Fig. 5d.

The peak at ~ 1.1 nm, which was previously attrib-
uted to the silica pore walls, showed a pronounced
increase in volume after polymer grafting (MMIE-
PNM,,,). It is typical that there are two or even more
peaks in the range of small free volume sizes (< 2
nm) in polymers and polymer hybrids [42]. It is also
known that the probability of the o-Ps formation is
usually greater in polymers than in silica. Thus, this
increase in the 1.1-nm peak can be attributed to an
additional pore group present in the polymer with a
small contribution from the silica pore walls. This
can be also correlated with the change in the pack-
ing nature of particles (less compact) as a result of
interparticle aggregations after polymer grafting

—— MSNs
— MM1E

—— MM1E-PNM 4o,

(211)

(220)

420)  (332)
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[43], compared to the finely dispersed MSNs and
MMIE samples. Alternatively, this peak may be
larger due to the coverage of silica by the polymer
that prevents o-Ps escape from the pore wall to the
pore interior. Worth mentioning, conventional PALS
that utilizes energetic **Na source cannot distinguish
between porosity in shell and core. Thus, in addi-
tion to the shell polymeric layer, a fraction of poly-
mer may be grafted to the inner channels and this can
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Fig. 7 Nitrogen physisorption isotherms for the as-synthesized
silica (MSNs), pristine polymer (PNM,;), MPS (MMIE),
and VITMS (MVIT) functionalized and subsequent polymer-
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be examined by inspecting the primary pore signal.
The high intense peak that originates from the pri-
mary mesopores showed a slight peak shift to smaller
pore width (2.5 to 2.2 nm), which demonstrates the
occupation of certain part of pore channels of silica
by the polymer chains even though it is preferentially
grafted on the outer surface of silica. The partial
grafting on the inner pore surface is further confirmed
by the enhanced intensity of the mesopore signal.
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and ¢). In b and d, the corresponding pore width distribution
curves are shown
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Table 4 Textural properties of the as-synthesized (MSNs or
polymer), silane-functionalized, and polymer-grafted MSN's

Sample SBET ‘meso dieso
[m* g~ 'J* [em’ g7'* [nm]*
MSNs 1229 0.85 3.4
MMIE 1093 0.74 3.4
MMI1E-PNM,y, 835 0.50 3.1
MVIT 1147 0.72 3.2
MVI1T-PNM,,, 722 0.40 3.1
PNM,, 4 0.001 0.7

*BET surface area (Sggp), mesopore width (dy,.,,), and volume

(Vimeso) based on nitrogen physisorption measurements

Moreover, the increase in the integrated area (which
correlated with volume) of this peak (I,-primary
pores in Table 5) can indicate a partial blockage of
the pore entrances and a reduction in their availabil-
ity. This observation is in line with the nitrogen sorp-
tion analysis results.

Contrary to primary mesopores, the broad
peak related to the interparticle component cen-
tered at around 7.5 nm for MSNs is getting sequen-
tially narrower and damped following subsequent

modifications (MMI1E, ~ 6.7 nm and MM1E-PNM,y,,
~ 4.2 nm) (Table S2 and Table 5). This could be
caused by the occupation of the interparticle spaces
following subsequent surface modification/particle
aggregation. Hence, o-Ps measure smaller interparti-
cle spaces because of humps of the organic compo-
nent (organosilane/polymer) grafted on the outer sur-
face of silica. The damped o-Ps intensity is a result of
the occupancy of grafted polymer into the inner chan-
nel and their openings (fewer o-Ps atoms can reach
the interparticle spaces migrating from the inner
porosity).

Overall, based on the results of PALS analy-
sis, it can be concluded that the polymer occupies

Table 5 Integrated peak areas of primary pores (I -primary
pores) and interparticle spaces (I -interparticle spaces) from
MELT for MSNs and MM1E and MM1E-PNNM,,,

Sample 1 -primary pore 1 -interparticle
[a.u.] space [a.u.]

MSNs 0.02 1.02

MMIE 0.06 0.63

MMIE-PNM,y, 0.16 0.21

L MMIE-PNMy,

/\. | EllMM1E

Fig. 8 Pore width distribu-
tions of MSNs, MM1E, and 4
MMIE-PNNM,, samples 08
determined from PALS ]
measurements by MELT 1
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considerable interparticle space. Consequently, the
surface area, pore volume, and average pore width
were decreased after polymer grafting process as
depicted from the nitrogen sorption analysis. The
average pore width of the main mesopores, as deter-
mined from PALS analysis, is lower (26 %) for all
samples in contrast to the nitrogen sorption analy-
sis results calculated based on the NLDFT model
(Table 4). This can be attributable to the escape
of 0-Ps from the main mesopores to the interparti-
cle spaces, which acts as an additional channel of
0-Ps decay and causes underestimation of the o-Ps
lifetime in the main mesopores. Nevertheless, both
analysis techniques showed a trend of slight aver-
age pore width reduction of the main mesopores
following polymer grafting on the outer surface
of silica. The narrow peak of the main mesopores
from the PALS analysis corresponds to the N, sorp-
tion analysis and further confirmed the uniformity
of mesopores for all samples. The peak intensity
of main mesopores in the PALS measurement is
strongly influenced by the o-Ps migration from pore
to pore or out of the particles and the connectivity
level between primary pores and the particle sur-
face. Hence, deducing the pore volume from PALS
results and correlating with the peak intensity is
neither absolute nor straightforward [40].

Generally, ordered mesoporous silica-PNIPAM-
co-MAA copolymer hybrid materials are successfully
designed as a core-shell structure.

Conclusions

MCM-48-type MSNs and PNIPAM-co-MAA copol-
ymer core-shell structured hybrid particles were
successfully synthesized by free radical copolymeri-
zation. Their physicochemical properties were dem-
onstrated in this study. It was shown that quantitative
grafting of the polymer can be tuned in the range
18 to 40 % via adjusting the initial concentration of
monomers and other reaction parameters. Accord-
ing to XRD and nitrogen physisorption studies, a
high content of polymer was preferentially grafted on
the outer surface of silica. Hence, the morphology,
ordered mesopore structure, and porosity parameters
of core silica were nearly retained after a subse-
quent surface modification process. The narrow pore
width distribution of the main mesopores in silica
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nanoparticles from the PALS analysis corresponds
to the N, sorption analysis and further confirmed
the uniformity of mesopores. In addition to detect-
ing the grafted polymer, PALS also has shown that
the accessibility of inner channels to the outer sur-
faces is influenced by grafting and inner pore coat-
ing and pore blockage is expected. This important
finding should be considered during real operation
of the core (silica)-shell (polymer) system as it may
affect its performance. Moreover, PALS results sug-
gest that the decrease of the size of the interparticle
spaces after polymer grafting confirms that the graft-
ing occurs on the outer particle surfaces.

TEM images clearly showed smooth surface
core-shell structure hybrid particles with an average
particle size of 367 + 25 nm and the polymer shell
thickness of 29 + 8 nm. The stimuli-responsive
phase transition behavior of the composite materials
and their potential application for controlled drug
delivery will be demonstrated in a subsequent study.
Additionally, the high accessibility of the inner pore
channels of silica core with high specific surface
area and pore volume while the polymer was prefer-
entially grafted on the outer surface can improve the
loading capacity of cargo molecules for the planned
application study.
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