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Abstract

Hybrid nanomaterials were synthesized via grafting poly(N-isopropylacrylamide) (PNIPAM) over silica nanoparticles in a
one-pot reaction using the internal and external surface of the nanoparticles as a microreactor system. Silica nanoparticle
properties were tuned through templating and pore-swelling agents which allows obtaining spherical and elongated morpholo-
gies. Polymerization reactions were carried out at 80 °C for 4 h, using two initiator systems and N,N'-methylenebisacrylamide
as a cross-linker. The structures obtained were studied by SEM and TEM micrographs, and the presence of polymer was
confirmed through "HNMR and FTIR analysis. The thermoresponsive behavior was analyzed by DLS and DSC. It was found
that the silica core structure and the initiator solubility affect considerably the aggregation and the size distribution of the
grafted nanoparticles. Therefore, it is observed that different parameters can be used to drive grafting reactions without any
previous functionalization step on the core surface, showing a straightforward method for their production.

Keywords One-pot reaction - Stimuli-responsive nanomaterial - Grafting mechanisms - Collapse mechanism

Introduction

Grafting polymer over inorganic materials attracted much
attention during the last decades. Among those materials,
polymer surfaces grafted over silica materials have been
widely studied due to their unique properties for function-
alization, porosity, and well-controllable synthesis process
[1-5]. Most of the research focus on grafting over flat sur-
faces, but during the last years, there has been a growing
interest in placing polymer brushes over nanoparticles with
different morphologies, which allows to create smart respon-
sive materials and more complex structures to be used in
biomedical applications [6—8].

Among the different applications of those materials,
nano-carriers and smart release systems are widely investi-
gated due to the possibility to transport and deliver specific
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molecules and proteins in living environments while pre-
serving biocompatibility to be disposed after the desired
compound has been liberated [9—11]. Such materials use a
combination of an internal high-mechanical-resistant struc-
ture covered by a smart polymer that can be activated by
stimuli like temperature, pH, and/or radiation among others.
The structure of the material is modified in the presence of
these stimuli, liberating a desired cargo. The most common
environments that provide the conditions to trigger the smart
mechanism are compromised tissue and the internal charac-
teristics of affected cells, like the physiological properties
around damaged bones and the region inside of cancer cells
[2, 12-16].

Among the most innovative applications, mesoporous silica
nanoparticles (MSNGs) grafted with poly(N-isopropylacrylamide)
(PNIPAM) have demonstrated to be suitable for a variety of uses,
like in biomedical technologies as a drug delivery system as well
as in different smart sorbent mechanisms, which has been pre-
viously investigated in the extraction of contaminants and the
design of chromatographic columns [17-19].

It is interesting to notice that PNIPAM polymer chains
behave differently when they are pure chains in solution
compared when they are brushes covering the surface
of another material. In the first case, the smart response
of the polymer is marked by the lower critical solution
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temperature (LCST) where the morphology transition
occurs in a narrow temperature range around 32 °C which
can be slightly modified while using different commoner
systems [20-23]. However, the polymer brushes behave
differently with a morphology transition temperature over
a wide range that involves the conformation of a density
gradient from the inner to the outer side of the polymer
chains, which is an effect of the functional amide group
interactions as well as the morphological restriction that
have the anchored hydrocarbon chains over the round sur-
face of the nanoparticle [24-28].

Two general methods including grafting “from” and
grafting “to” were commonly used to prepare such graft-
ing systems. The first one is explained by firstly grafting
the initiator or chain transfer agent over the nanoparticle
surface to subsequently carry out the reaction by exposing
the system to a solution with the monomer and achieve
the growth of the polymer chains from the surface of the
nanoparticle. On the other side, the grafting “to” method
allows to add polymer chains to the surface of the nano-
particles through group interactions or click chemistry
reactions [29-33].

The previous described grafting methods always
require low or high complex functionalization steps
before carrying out the reaction to cover the nanoparti-
cle surfaces. On the other side, different methods were
developed with more straightforward paths for the graft-
ing process of the polymer-nanoparticle hybrid mate-
rials [34-36]. Here, it is proposed to develop a new
strategy that avoids any further functionalization. The
solubility properties of the initiator and reacting materi-
als with the solvent medium as well as the morphology
and porosity of the solid core are employed to force the
driving of the reactants into the pore structure without
additional steps, which saves time and reduces the cost
of raw materials. In this case, it is possible to control a
bulk polymerization on the surface and inside the nano-
particle structure.

In this study, the experiment was developed by studying
the synthesis of the PNIPAM-BIS-MSN hybrid material
(N,N'-methylenebisacrylamide (BIS), a cross-linker poly-
mer) with a bulk polymerization controlled by the solu-
bility of the reactants and the morphology of the solid
core. Figure 1 shows a scheme of the possible outcomes of
the reaction process which will produce the cross-linked
PNIPAM-BIS polymer chains as grafted brushes in the
internal and external surface of the MSN core and also
as free polymer in the solvent. Physical characterization
and chemical characterization of the products were made
to understand how this proposed grafting method affects
the final structure and the smart response mechanism
related to the volume phase transition of the polymer-silica
material.
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Fig.1 Schematic representation of the one-step grafting reaction of
MSNs-NIPAM-BIS controlled by the solubility of the reactants and
the core morphology
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Materials and methods
Materials

Cetyltrimethylammonium chloride (CTAC), ammonium
fluoride (NH4F), tetraethyl orthosilicate (TEOS), trietha-
nolamine (TEA), N-isopropylacrylamide (NIPAM), N,N-
methylenebis(acrylamide) (BIS), azobisisobutyronitrile
(AIBN), and ammonium persulfate (AP) were obtained
from Aladdin. N,N-Dimethylhexadecylamine (DMH) was
purchased from Heowns Biochem Technologies LLC. Eth-
anol (ETOH), and deionized water. The materials were
used without further treatment or purification.

Preparation of nanoparticles

Three kinds of silica nanoparticles were prepared with dif-
ferent porosity and morphology denominated as A, B, and
C. The difference relies on the use of the pore expansion
agent DMH and the catalyst TEA. Nanoparticle A was
synthesized without DMH with a molar ratio of TEOS:
I/TEA: 15. Nanoparticle B was synthesized with molar
ratios of TEOS: 1/DMH: 1.3/TEA: 15. Nanoparticle C
was synthesized by decreasing the proportion of TEA with
molar ratios TEOS: 1/DMH: 1.3/TEA: 3. The exact values
used are presented in Table 1.

Two solutions including solution a (water +
CTAC + NH4F + DMH) and f (TEOS + TEA) were
prepared. Solution o was put in a 100-mL round flask and
stirred at 60 °C and 600 rpm; solution §§ was put in a glass
vial at 90 °C without agitation. Both solutions were allowed
to continue for 30 min after reaching their respective
temperatures. Subsequently, the solutions were mixed by
pouring solution P into the round flax, and then the heat
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Table 1 Quantities of reactants used for the synthesis of MSN types
A,B,and C

Table 3 Reactants used for the grafting reactions at 3 monomer con-
centrations. The values are presented in milligrams

Material A B C
CTAC (g) 1.20 1.20 1.20
Water (mL) 44 44 44
NH,F (mg) 200 200 200
DMH (g) - 6.51 6.51
TEOS (g) 3.87 3.87 3.87
TEA (g) 28.70 28.70 8.32

was removed and the materials were left to cool down at
600 rpm during the night for 12 h at room temperature.

The MSNs were collected by centrifugation, and the tem-
plate was removed after washing two times with a solution
of 90 mL of ETOH and 10 mL of HCI for 45 min at 90 °C
in reflux under the agitation of 300 rpm. Finally, the MSNs
were washed three times in the next order: ETOH, water,
ETOH, for 1 h at room temperature, and 300 rpm. Finally,
the material was dried slowly at 60 °C.

Grafting reaction

The grafting step of the silica nanoparticles was developed
with an experimental design of 2 factors and 3 levels, being
the factors the type of silica nanoparticles (levels: MSN
types A, B, and C) and the monomer concentration in the
reaction (mass ratio NIPAM/MSNs =0.5; 0.25; 0.125), giv-
ing a combination of 9 reactions (Table 2). The reactions
were carried out under an inert atmosphere and atmospheric
pressure. The temperature was set in the reaction at 80 °C
following the literature which corresponds to the half-life
decomposition ratio of the initiators used and was prolonged
for 4 h. The initiator used was AIBN with a low solubil-
ity in water, looking forward to force the adsorption effect
in the MSN core. AP was also used in order to compare
the effect of a water-soluble initiator in the system with B
at the NIPAM/MSN mass ratio 0.25 (B0.25AP). It can be
highlighted that the most important steps in the experiment
are the way the initiator is added to the system and the dis-
persion of the reactants previous to the reaction. The exact
values used in the experiments are presented in Table 3.

Table 2 The experimental design proposed for the grafting reaction

Mass ratio NIPAM/MSNs
0.5 0.25 0.125
Type of SiO, A A0.5 A0.25 A0.125
B BO.5 B0.25 B0.125
C C0.5 C0.25 C0.125

Mass ratio NIPAM/MSNs
Reactant 0.5 0.25 0.125
MSNs 250 250 250
NIPAM 125 62.50 31.25
BIS (molar ratio BIS/ 28.41 14.20 7.10
NIPAM: 0.05)
Water 25000 25000 25000
AIBN/AP (mass ratio 4.17 2.08 1.04

NIPAM/initiator 30:1)

First, MSNs were dispersed in water and sonicated for
1 h, and NIPAM and BIS were added to this solution and
sonicated for additional 1 h. Subsequently, the nanoparti-
cles with the reactants were homogenized under 300 rpm
and 60 °C for 2 h, to completely dissolve the monomer. In
a small glass vial, the AIBN was dissolved also for 1 h in
a solution of 2 mL of water and 2 mL of ethanol in order
to achieve a better dispersion to add dropwise later to the
reaction. After the preheating of 2 h of the nanoparticles
and the monomer, the temperature was increased to 80 °C
and the initiator was added dropwise using a syringe. The
reaction was carried out in a static Ar environment inside
a 100-mL three-neck flask, connected to a condenser in the
top while sealing the other entrances with two sleeve stopper
septa, which closes the system and allows the injection of the
initiator. The reaction conditions were 300 rpm and 80 °C
for 4 h. After the reaction finished, the materials were col-
lected by centrifugation at 10,000 rpm for 20 min, followed
by three washing steps according to the standard procedure
described in previous works [34, 37, 38], using two times
water and one time ethanol at 12,000 rpm for 20 min, which
guarantees that all the material that did not react was com-
pletely removed.

Characterization techniques
Physisorption analysis

The total Brunauer—Emmett—Teller (BET) surface area, the
Barrett-Joyner-Halenda (BJH) pore size distribution, and
pore volume were calculated from N, sorption isotherms.
The samples were outgassed for 6 h at 200 °C. The sorption
analysis was carried out in a QUADRASORB SI Surface
Area and Pore Size Analyzer, with liquid N, at 77.3 K.

Transmission electron microscopy (TEM)
TEM was used to visualize the morphology changes and

porosity of the nanoparticles after the reaction. The samples
were dissolved in ETOH at a concentration of 0.3 mg/mL
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and were placed on copper grids 12 h before the analysis.
A JEOL JEM-2100F was used with an acceleration voltage
of 200 kV.

Scanning electron microscopy (SEM)

SEM was used to study the size and morphology distribution
of the MSNss after the reaction. Materials were analyzed in
dry, gold coated on a sputter-coater unit, and then examined
using a Regulus 8100 electron microscope, with an accelera-
tion voltage of 5 kV.

Dynamic light scattering (DLS)

DLS was used to characterize the average size of the nano-
particles after reaction calculating the diameter and the dis-
persity. The samples were dissolved in water in a concentra-
tion of 0.5 mg/mL, and sonicated for 1 h at 99 Hz at ambient
temperature before the analysis. The DLS was carried out
in a Zetasizer Nano ZS at ambient temperature and also in
a gradient of temperature for the case of sample A0.25 in
order to observe the volume phase transition behavior.

Infrared (FTIR) spectroscopy

Sample B0.25 was analyzed through infrared (FTIR) spec-
troscopy to confirm the complete removal of reactant resi-
dues and also to compare with the spectrum after bare silica
to identify the new bonds created. The samples were mixed
with KBr in a ceramic mortar and pressed to create pellets
that were placed in a Nicolet iS10 FTIR spectrometer using
a resolution of 2 cm™.

Nuclear magnetic resonance ("HNMR)
A Bruker AVANCE III HD NanoBay 400-MHz spectrometer

('H at 400.13 MHz) was used to obtain the 'H-NMR spec-
tra. The dried samples of nanoparticles after reaction were

dissolved in D,O with a concentration of 30 mg/mL, forming
the equilibrium reaching a viscous solution; the temperature
of the analysis was 294.3 K.

Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC)

About 2.5 mg of samples A0.25, B0.25, and C0.25 were
weighed and placed in hermetically sealed aluminum pans.
A NETZSCH STA 449 F3 Jupiter thermal analyzer with
ultra-high purity Ar (g) inert environment was used. The
scanning temperature was from 25 to 800 °C at a heating rate
of 4 °C/min. The weight material percentage and the volume
phase transition of the polymer brushes were studied.

Results
Physisorption analysis

The sorption isotherms (Fig. 2) of the three types of MSNs
can be classified and studied according to the recommenda-
tion in the [UPAC standard [39]. Type A exhibits an isotherm
type IV(a) which is associated with mesoporous structures.
The isotherm shape indicates that capillary condensation
occurs in the pores during the analysis and is associated with
a defined pore structure, because the isotherm presents a
hysteresis type H1 found on narrow range porous materials,
which confirms the MCM-41 structure [40]. Silica types B
and C exhibit an isotherm of type V that is associated with a
low interaction between the adsorbent (silica structure) and
the adsorbate (N,). Because silica and N, have high interac-
tion, the effect is related to the pore structure, silica type
B having an H2(b) hysteresis and silica type C having an
H2(a) hysteresis. Hysteresis type H2 describes systems with
complex pore structures dependent on network effects. The
former (H2(b)) is associated with pore blocking of the adsor-
bent due to high volume cavities compared to small size pore
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Fig.2 Sorption isotherm of MSN types A, B, and C. Adsorption (black), desorption (red)
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Table 4 Surface area BET, pore volume, and pore size of MSNs

Type of SiO, Surface area Pore volume Pore size (nm)
(m?/g) (cm®/g)

A 362 0.82 3.02

B 1541 1.52 3.43

C 854 0.72 342

entrances which are related to silica foam structures that can
indicate a dendritic nanoparticle morphology. On the other
side, hysteresis H2(a) is associated with structured porous
materials which can be described by long cylindrical pores
created by an elongated morphology as it is suggested for
the MSN type C.

Table 4 summarizes the information of the sorption
analysis calculating the surface BET area, with the pore
volume and the pore size computed using the BJH method.
Silica type B which has a dendritic morphology exhibits
the highest parameters, which confirms the exposed surface
area as well as the high volume internal cavity structures
described in the hysteresis type H2(b). Following the order
of the parameter values, type C is in the middle and type A
presents the small pore structure as well as the small surface
area. Interestingly, types B and C obtain similar pore sizes
that are associated with the same proportion of pore expan-
sion agent used. However, it is also observed that not only
the morphology but also the internal pore volume is affected
when the proportion of TEA is modified.

Transmission electron microscopy (TEM)

Figure 3 shows the bare MSN structure. Type A appears to
have a spherical morphology with a certain level of poros-
ity as it would be expected from an MCM-41 structure.
Individual nanoparticles can be identified and low aggrega-
tion is observed in the system. The average size should be
placed between 50 and 100 nm and the material exhibits
easily dispersibility in a solvent system. Type B exhibits
what is named in some papers as dendritic MSNs, which
are highly porous materials with their internal surface area
easily exposed to the environment. The nanoparticles look

Fig.3 TEM micrographs of
MSN types A, B, and C at 100-
nm scale

Fig.4 TEM micrographs of reactions A0.25 and C0.25 using AIBN
initiator and reaction B0.25 using AP initiator

to be well dispersed and individual structures can be dis-
tinguished. The morphology obtained is spherical and the
particle size is similar to type A with an average diameter of
around 50-100 nm. Type C shows a different morphology
which is attributed to the parameters modified in the reac-
tion. In this case, the morphology is of elongated nanopar-
ticles, having their longest axis with an average size close
to 25 nm. The structure exhibits a certain level of porosity
and has a high level of aggregation, and tough individual
nanoparticles can still be identified.

Figure 4 reveals the results of reactions A0.25 and C0.25
using AIBN and B0.25 using AIBN and AP. The reaction
with AIBN agrees with the results observed in the SEM
micrographs of Fig. 5, where the nanoparticles preserve
their morphology close to the original shape of the MSN
core. However, slight aggregation of small groups of nano-
particles is observed. Reaction A0.25 keeps a very simi-
lar spherical morphology or MSN type A, with just a bare
change in the texture with respect to Fig. 3, indicating that
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(a)

Fig.5 SEM micrographs of a MSN type B and reaction B0.25 at two scales b 500 nm and ¢ 5 pm

polymerization was accomplished mostly inside the porous
structure. Reaction B0.25 shows an interesting morphology
change with respect to Fig. 3, with a polyhedral shape which
can be associated with the high volume cavity structure that
was filled with the polymer chains growing regularly accord-
ing to the direction of the pore structure. Reaction C0.25
presents changes in the texture of the image and an increase
in the thickness of the nanoparticles with respect to Fig. 3,
indicating that a considerable amount of the polymer could
be grafted over the outside surface. On the other hand, reac-
tion B0.25-AP shows that neither individual particles nor
groups can be distinguished and it is observed that just a
bulk structure remains after the reaction. B0.25-AP result
suggests that the reactants were not trapped in the structure
of the nanoparticle and the reaction occurred in the solvent
environment agglomerating the materials around it, which
can be associated with the solubility properties of the initia-
tor used.

Scanning electron microscopy (SEM)

According to Fig. 5, the nanoparticles obtained in reaction
BO0.25 presented two kinds of structures, including the first
one with certain aggregation of small groups and the second
one preserving the structure of individual nanoparticles, and

both of them highly dispersed through the system with mor-
phology close to spherical. The micrographs reveal positive
results as the polymerization was carried out around and/or
inside of the nanoparticles as porosity is not distinguished
in the micrograph.

Dynamic light scattering (DLS)

The DLS results for all the reactions at 25 °C are presented
in Fig. 6. The three graphics of the same type show the size
of the pure silica nanoparticle compared with the respective
reactions using the same type of silica core at concentrations
1, 2, and 3. As expected, the change in the size follows the
order of the concentration of the monomer; the higher sizes
correspond to the higher concentrations. The presence of
aggregation is more evident in reactions using MSN types
B and C which influenced strongly the signals detected by
the DLS equipment and revealed higher sizes, which is con-
trasted with the results of TEM and SEM analysis of Figs. 4
and 5.

Figure 7 reveals the volume phase transition DLS study
of A0.25 and B0.25 using different temperatures between
25 and 45 °C. It is observed a broad range temperature
transition without a critical market point. A small inflec-
tion point is observed between 35 and 40 °C, when the size
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Fig.6 DLS nanoparticle size (hydrodynamic diameter) before and after reactions with AIBN
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Fig.7 Volume phase transition of reaction A0.25 using DLS (hydro-
dynamic diameter)

increased slightly to be followed by a sustained decrease
tendency. Such behavior can be in agreement with some
theoretical and experimental results, indicating that ther-
mal polymer brushes grafted over spherical structures may
follow a two-step volume phase transition associated with
the restrictions imposed by the fixed polymer chains and
the curvature of the surface that creates a density profile
of the polymer grafted [41-43]. There is a difference in
the sizes of A0.25 at 25 °C in Figs. 6 and 7 which can be
explained by the time gap between both analyses which
allows the reactant remnants trapped in the nanoparticles
to affect the shell thickness; however, this effect is homo-
geneous and is not reflected in the volume phase transition
behavior presented in Fig. 7.

Infrared (FTIR) spectroscopy

In Fig. 8, the FTIR spectrum of MSN type B and reaction
B0.25 is compared to identify the new structures created
in the reaction. The new structure reveals changes at the
frequencies of 2977, 1552, 1465, and 1390 cm™! that corre-
spond to the response in the C-H stretching, C-N stretching,
C-N stretching, and C-H bending of the functional groups
of the polymer cross-linked structure of PNIPAM-BIS.
Two important pieces of information are obtained from this
graphic. The first one is that the polymerization reaction was
accomplished satisfactorily and the second one is observed
when the spectrum is compared between the reaction B0.25
and the pure silica type B, which reveals that no drastic mod-
ifications in the pattern are detected, indicating that the mor-
phology of the silica core was preserved after the reaction.

—— Si0,
—— Reaction B0.25

Transmittance

2977 =
1465 ——=
1390 —*

1562 =—

4000 3500 3000 2500 2000 1500 1000 500
Wave number (cm'1)

Fig.8 FTIR spectrum of MSN type B and reaction B0.25

Nuclear magnetic resonance ("HNMR)

The results of the 'HNMR spectrum of the reaction A0.125
in Fig. 9 display 5 peaks that can be associated with the
polymer cross-linked structure of PNIPAM-BIS which is
also embedded in the graphic. The peaks “a,” “b,” “c,” and
“e” are assigned to respective carbons shown in the polymer
structure. The assignation of these peaks is in agreement
with the literature [44—47]. Besides, the integration areas are
also in agreement with the structure of PNIPAM, where peak
“a” corresponds to 6 hydrogens, peak “b” to 2 hydrogens,
peak “c” with 1 hydrogen, and peak “e” with 1 hydrogen,
with peaks “a” and “e” corresponding in the isopropyl group
of the NIPAM structure and peaks “b” and “c” correspond-
ing to the protons in the backbone of the NIPAM structure.
Peak “d” is not explained in the literature and is assigned
according to the possible structure formed that creates a
4-peak splitting. The only structure that corresponds with
these characteristics (3 different proton neighbors) is local-
ized between the two NH groups of the BIS structure. The
integration area corresponds to 2 hydrogens, which matched
with the 2 hydrogens localized in the position indicated with
the peak “d.” The integration areas suggest that the degree
of polymerization of NIPAM and BIS is the same (n=m),
indicating a high level of cross-linking.

Thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC)

Figure 10 shows the TGA and DSC analysis for reac-
tions A0.25, B0.25, and C0.25. From the TGA, it can be
observed that the weight percentage of polymer grafted was
25%, 22%, and 21%, respectively. The trend of the TGA
is the same for the three graphics, displaying two slopes
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Fig.9 (I) 'HNMR spectrum of
reaction A0.125. (II) Magnifica-
tion for peak a. (IIT) Magnifi-
cation for peaks b and c. (IV)
Magnification for peak d
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and one plateau. The first slope corresponds to the water
evaporation from the samples, which is followed by the pla-
teau that shows a reduction in the weight loss of the mate-
rial corresponding also with the cold crystallization of the
PNIPAM-BIS chains as it is reflected in the DSC analysis.
The last slope corresponds to degradation of the remaining
of the polymeric material, with only silica remaining after
800 °C. The DSC analysis reveals interesting behaviors.
First, the three graphics show the same 4 peaks at different
temperatures, the first one around 65 °C with an exothermic
behavior which may correspond with a reorganization in the
structure associated with the polymer collapse mechanism.
The second peak corresponds to an endothermic behavior
around 100 °C which can be associated with the evaporation
of water in the sample that is confirmed by the first slope in
the TGA of the three reactions. Following this peak, there is
a slope that indicates the glass transition temperature (Tg) in

360 3.55 3.50 3.45 3.40
f1 (ppm)

the three graphics located around 125 °C, which corresponds
to the values reported in the literature (around 130 °C) for
the free polymer [48-50]. The third peak is associated with
the cold crystallization of the polymer indicating the melting
point at around 350 °C, which match the beginning of the
polymer degradation slope of the TGA for the three reac-
tions. The last peak at around 600 °C (the fourth peak) is
associated with a certain level of crystallization and oxida-
tion of the silica structure at high temperatures. The second
and third peaks are related to the localization of PNIPAM-
BIS inside the pores and outside the surface. Specifically for
A0.25, the second peak is located at a higher temperature
with respect to the other reactions (100 °C>93 °C>92 °C)
which indicates that a higher energy input was required due
to higher water absorption in the core—shell of the nanopar-
ticle, proving that pores are more accessible than reactions
B0.25 and CO0.25. Also, the third peak of reaction C0.25 is
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Fig. 10 TGA and DSC results from reactions A0.25, B0.25, and C0.25 with AIBN
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located at a higher temperature respecting the other reac-
tions (358 °C>339 °C> 336 °C) suggesting a thicker shell
that is associated with the shift of the melting point peak
to higher temperatures, due to the extra energy required to
melt a denser shell.

Discussion
The influence of TEA in the MSN morphology

TEA is a crucial compound in the synthesis of nanoparticles
and plays different roles in the reaction. It can be considered
as a base catalyst, growth inhibitor, and complexing agent
[51, 52]. The base catalyst property is used to replace com-
monly used NaOH and ammonium catalysts in the reaction
[40] which can accelerate dramatically the hydrolysis reac-
tion of TEOS up to 15-20 min when using TEA concentra-
tions of around 0.13 M. Under these conditions, the mor-
phology of the nanoparticles is still controlled, which shows
a potential to speed up their mass production for industri-
alization [53]. TEA ensures the synthesis of well-dispersed
nanoparticles due to its surface agent capping property
which suppresses the particle growth and prevents aggrega-
tion [54]. As a complexing agent, it affects the nucleation
reaction, because it not only catalyzes the hydrolysis reaction
but also accelerates the nuclei formation which turns out in
a larger number of nanoparticles. The hydrolysis of TEOS
only occurs at the water—oil (TEA) interface, while the posi-
tively charged surfactant micelles take away the negatively
charged silica precursors to the oil drop surface. In this step,
TEA promotes the formation of silica-surfactant micelles,
which are the nuclei building units that transform into the
MSNss [55]. This behavior can be confirmed with Fig. 3,
where dispersed nanoparticles are obtained when a high
concentration of TEA is used during the reaction, which
is observed for MSN types A and B. However, aggregation
is observed when the concentration of TEA is decreased in
the reaction like in MSN type C. It can be suggested also
that the elongated shape of MSN type C can be associated
with a slower hydrolysis reaction that allows other reaction
parameters to affect the morphology growth from the silica-
surfactant micelles, like the high-speed stirring, which may
induce the elongation of the nanoparticles.

Influence of the core silica morphology
in the polymerization reaction

It is evident the influence of the morphology of the silica core
in the final polymer-nanoparticle structure as it is observed in
Figs. 4, 6, and 10. A lower and more uniform porous structure
like MSN type A reveals that the reaction could be produced
mainly inside the pores of the core nanoparticle which avoids

the formation of aggregation of the materials, allowing to
distinguish individual well-dispersed structures with a higher
quantity of polymer grafted; this idea is supported by the DLS
results of Fig. 6 which shows low aggregation and also small
size changes in the grafted nanoparticles at low concentrations
(A0.125). On the other side, large size internal cavities like the
pores of the dendritic structure of MSN type B promote pore
blocking of the nanoparticle core which in an early stage of
the reaction becomes a non-porous structure which forces the
polymerization to occur mainly in the outside surface, with
the polymer chains growing in the directions of the branches
of the dendrites, creating polyhedral structures. Regarding the
elongated morphology of MSN type C, it is observed that
the reaction creates aggregation of the material which can be
associated with the polymerization carried out mainly in the
outside surface although without a complete pore blocking of
the structure. This argument is supported by the DSC analysis
of Fig. 10 that shows how the melting point (the third peak
in the graphic) is the highest for reactions with MSN C, and
therefore presents a thicker shell, in contrast with MSN A
which have the lowest melting point and therefore the thinner
shells. A schematic representation of the grafting reaction is
shown in Fig. 11, with MSN type A allowing easy access to
the pores, meanwhile MSN types B and C experienced differ-
ent levels of pore blocking due to the dendritic structure and
the long cylindrical pores, respectively, which is a hindrance
to the access of the reactants to the core of the nanoparti-
cles. Although it was expected that bigger pores increased the
quantity of polymer grafted (MSNs B and C), it was observed
that a more uniform structure and spherical morphology have
a higher influence on the weight of polymer decorated in the
porous structure (MSN A).

Fig. 11 Schematic representation of the grafting process of MSN
types (A), (B), and (C)
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Aggregation effects produced in the reaction

Silica nanoparticles are used in biomedical applications as a
carrier system to transport low soluble molecules. Following
this idea, it was proposed that a low soluble initiator could
be adsorbed more efficiently inside the porous structure and
would facilitate the polymerization reaction inside the nano-
particle creating smart gate structures with low aggregation.
The results of B0.25 and B0.25-AP in Fig. 4 reveal that the
strategy improves the polymerization reaction because the
structure of the nanoparticles can be identified with small
aggregates when using AIBN as the initiator; meanwhile,
the result obtained using AP as the initiator only allows to
observe an amorphous structure and is not possible to dis-
tinguish grafted nanoparticles. Using potassium persulfate
(water-soluble), Zhang et al. [36] and Schmitt et al. [35]
developed also one-step grafting reactions. In the first case,
Zhang et al. used MSNs following a basic synthesis and
obtaining an amorphous structure after the grafting reaction.
On the other side, Schmitt et al. used MSNs following an
acidic route with SBA-15 silica, and individual nanoparti-
cles were distinguished after the grafting reaction. There-
fore, it is valid to say that the idea to improve the grafting
reaction by using a low soluble initiator system is effective
in MCM silica which is obtained in the basic route.

TEM results of Fig. 4 show that all the systems have a certain
level of aggregation; however, the DLS results of Fig. 6 show that
this effect is not that significant for the reactions using MSN type
A which demonstrated to have the highest dispersion because
most of the polymerization was carried out inside the pores. On
the other side, the big sizes detected in the DLS results for B, C,
BO0.25, and C0.25 correspond to the aggregates observed in the
TEM micrographs which are in the order of 400 nm and can be
overestimated in the cumulate analysis, which is also supported
by the SEM results of Fig. 5 where small groups for B and B0.25
can be identified mixed with individual nanoparticles. Besides,
the TEM results of Figs. 3 and 4 allow for approximate shell
thickness of the grafted polymer for individual nanoparticles,
in reactions A0.25, B0.25, and C0.25, being 1, 3, and 15 nm,
which is in agreement with the shift of the third peak (melting
point) of the DSC results of Fig. 10. The 'HNMR results of Fig. 9
confirmed that a high cross-linked level was achieved with the

Fig. 12 Representation of
grafted NIPAM-BIS brushes
collapsing by temperature
changes

20°C
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same polymerization degree of PNIPAM and BIS. Such effect
combined with a considerable outside surface polymerization
can explain the aggregation results of reactions B0.25 and C0.25.

Thermal response behavior of the polymer brushes

Polymer PNIPAM-BIS brushes exhibit a broad volume
transition temperature. This is observed in the DLS results
of Fig. 7 where the size of the grafted nanoparticle change
over a broad range of temperature, almost 10 °C, without a
market critical volume transition temperature as it is usu-
ally observed for the free PNIPAM polymer with the LCST
point. Furthermore, the results can be related to the two-step
transition behavior that has been proposed in some theoreti-
cal approaches regarding grafted thermal responsive poly-
mer brushes. Such effect can be associated with the struc-
ture reconfiguration steps in the inflection point between 35
and 40 °C in the DLS analysis and the exothermic behavior
observed in the DSC results of Fig. 10 with the peak pro-
duced at around 65 °C that can be appreciated in the reac-
tions A0.25, B0.25, and C0.25. The theory suggests that
PNIPAM brushes grafted over a nano-size curved surface
are affected by a density profile with the outermost side of
the polymer chains in a lower density compared with the
restricted anchored side. Such effects influence the intensity
of the interaction between the groups in the side chains of
the amide groups alongside the polymer structure and induce
a two-step collapse mechanism from a coil towards a glob-
ule configuration. Although our results cannot confirm the
two-step collapse theory, the broad temperature structure
transition is evident, which might involve more than one
inflection point in the collapse mechanism.

Figure 12 shows a schematic idea for the described col-
lapse mechanism of the polymer brushes. It indicates that
the extended chains start to reorganize their structure to
a denser configuration with that change being developed
progressively from the outermost area (less side group
interactions) with an exothermic behavior, creating dif-
ferent vertical phases on the extended polymer chains until
the total collapse of the brushes at temperatures above
40 °C. This characteristic has great potential in the con-
trolled release of adsorbates.

30-40°C +40°C



Colloid and Polymer Science (2022) 300:1087-1099

1097

Conclusions

The polymerization reaction of PNIPAM-BIS brushes
using a low soluble initiator system (AIBN in water)
with silica nanoparticles as the core structure was accom-
plished. It is observed that the reactions using MSN type
A shows the best results regarding polymerization inside
the pores, low aggregation, and higher quantity of poly-
mer grafted which reveal that a uniform pore structure and
a spherical morphology are driving factors with a major
influence than the pore size as it can be initially suggested.
The polymers obtained are highly cross-linked, which con-
ferees mechanical stability to the system.

Confining the initiator of the reaction using only solu-
bility and morphology properties without any function-
alization step proves to be a possible straightforward
strategy to graft polymer brushes on the surface of nano-
particle systems. This mechanism allows the synthesis of
elaborated structures without the restrictions of expensive
reactants and time-consuming steps. A broad transition
temperature is identified for the polymer brushes suggest-
ing more than one step in the collapse mechanism of ther-
moresponsive polymer brushes, which could be a potential
property to exploit as to have a more sustained and con-
trolled release behavior for smart delivery systems.
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