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Surface-Confined Atom Transfer Radical Polymerization from
Sacrificial Mesoporous Silica Nanospheres for Preparing
Mesoporous Polymer/Carbon Nanospheres with Faithful
Shape Replication: Functional Mesoporous Materials

Sanjib Banerjee, Tapas K. Paira, Atanu Kotal, and Tarun K. Mandal*

A facile approach for the preparation of mesoporous polymer nanospheres
(MPN) and mesoporous carbon nanospheres (MCN) with complete shape
retention based on surface-confined atom transfer radical polymerization of
various methacrylate monomers from in situ generated initiator-modified
hard silica nanospheres template is developed. This approach yields mes-
oporous silica-polymer hybrid nanospheres (MSPN) with mesopores that are
uniformly filled with covalently attached well-defined poly(methacrylate)s.
The silica frameworks are subsequently etched, resulting in MPN. Pyrolysis
of MSPN and subsequent removal of silica template resulted in the produc-
tion of MCN. They retain the size, shape, and mesoporous ordering of the
silica template nanospheres. Gel permeation chromatography analysis of
the silica free polymers reveals that they have controlled molecular weights
and low polydispersities (PDls). Kinetics studies reveal that the molecular
weight of the grafted polymer increases linearly with time, maintaining low
PDlIs, indicating the living nature of the polymerization. The mesoporous
polymer material is found to have low dielectric constant, which paves the
way for their use as low-dielectric constant materials in microelectronics. This
approach allows fabrication of functional MPN using functional comono-
mers, which are successfully used for the synthesis of “clickable” mesopo-

storage and information processing! and
as Magnetic Resonance Imaging (MRI)
contrast agents.’! Among them, mesopo-
rous polymer (MP) materials has potential
use in electronics,l® controlled releasel”!
and heterogeneous catalysis.®l Mesopo-
rous carbon (MC) materials are also used
as an adsorbent of bio and organic mol-
ecules,! catalyst supports,'” component
of fuel cells!'!l and component of Li ion
batteries.[2]

Because of such diverse applicability, to
date, several synthetic strategies have been
developed to prepare mesoporous mate-
rials. For example, MP materials were
fabricated by free-radical polymerization
using triblock copolymer Pluronic 25R4
as soft-template;[*l using block copolymer
precursor;* by templating of liquid crys-
talline phases.’”! Similar soft-templating
approach has also been used to make
MP materials by condensation polym-
erization using resorcinol/formaldehyde
and Pluronic F127,1%] and oligomeric

rous polymer nanospheres, removal of ionic contaminates through anion

exchange, and glucose sensing.

1. Introduction

Over the last few years, the interest in ordered mesoporous
materials (pore size: 2-50 nm), has grown exponentially
because these materials have an extremely high surface area
and large pore volume. This makes the materials useful for
applications in separation, adsorption, chemical sensor, catalysis
and synthesis of host—guest functional material.'2 Also, they
are highly desirable for optical sensor applications,?! energy
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phenolic resin and Pluronic P123.1'8] The
later MP materials ultimately converted
into MC materials by carbonization where
resorcinol/formaldehyde and oligomeric
phenolic resin were used as carbon sources, respectively. A
template-free approach has also been introduced to make MP
materials and ultimately to MC materials by dissolving poly-
acrylonitrile (PAN) in water/dimethyl sulfoxide (DMSO) mix-
turel’! and by self-assembly of diblock copolymers.?%) Another
important strategy to prepare MP/MC materials is the use of
mesoporous silica as a hard template. Wu and Bein was the
first to apply this approach for preparing MC by filling MCM-41
with PAN via radical polymerization and subsequent carboni-
zation of the polymer and etching the silica.?!! Johnson et al.
reported the synthesis of ordered mesoporous polymer of tun-
able pore size using colloidal silica as the template.?”) Zhou and
his co-workers successfully synthesized mesoporous polymer
materials using different synthetic strategies and showed that
these could be used as potential materials in gas storage/sepa-
ration.l?*? Similarly, Lu et al. synthesized MC by polymer-
izing acrylonitrile (AN) using mesoporous silica SBA-15 as a
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template.l?%?”l MC was also synthesized by carbonizing the soy-
bean oil filled SBA-15 at 700 °C followed by silica etching.28!
Recently, Matyjaszewskis group developed strategies for the
preparation of MC via surface-confined atom transfer radical
polymerization (SC-ATRP) of AN from hard templates such as
silica nanoparticles and mesoporous silicas.?”?*-31l There are
also some reports of growing polymer chains from mesoporous
silica via SC-ATRPP%32-3] and nitroxide-mediated polymeriza-
tion.*® In general, the initiation sites on silica template were
created by post functionalization of the hard silica templates.
Therefore, the process may yield functionalized silica with poor
grafting of initiator into the pores of silica. Also, no one really
tried to explore the production of well-ordered MP materials
by removing the template from as-synthesized silica-polymer
hybrids. Again, almost all of these publications report the pro-
duction of MP or MC powdery materials, that is, powders with
no definite shape. On the other hand, the synthesis of materials
with controlled and tunable morphologies is an interesting and
growing area in the field of materials science. Especially, the
production of materials with definite shape via shape replica-
tion is the big challenge. In this context, there are only very few
studies that concentrates on the preparation of mesostructured
polymer/carbon particles from porous inorganic particles via
shape replication. Sozzani et al. first reported successful shape
transcription from mesoporous silica to polymeric replica by
free-radical polymerization, but the obtained polymers have
broad molecular weight distributions (polydispersity index,
PDI > 2.04).137) Therefore, it will be interesting to explore the
possibility of synthesizing MP replica nanospheres composed of
polymers with controlled molecular weights, well-defined func-
tionalities and low PDIs by SC-ATRP using mesoporous silica
nanospheres as the hard template. It would also be interesting
to prepare MC of definite shape by such replication technique.
Furthermore, the introduction of specific functionalities into
the MP surface is also very important considering its applica-
tions in diverse areas, especially in the field of catalysis,?*®! sen-
sors3%4 and removal of non-biodegradable industrial waste.[*!]
In general, post-synthesis modification technique is the most
common method to functionalize the MP by attaching active
sites to the pore surface through surface
chemical reaction.?®*] However, the direct-
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methacrylate monomers is conducted using MSIN to produce
mesoporous silica-polymer hybrid nanospheres (MSPN) and
subsequent etching of silica template leads to the production
of MPN. Pyrolysis of MSPN hybrid and subsequent removal
of silica template resulted in the production of MCN. The
obtained MPN are found to have low dielectric constant (low-k).
The synthesis strategy is applied to introduce specific functions
into the synthesized MPN by copolymerization of functional
monomers with MMA. The resultant functional MPN are used
for different applications like formation of triazole functional-
ized MPN using click chemistry, removal of anionic dye from
contaminated water by anion exchange and glucose sensing.

2. Results and Discussion

2.1. In Situ Formation of Initiator (CMPE)-Grafted Mesoporous
Silica Nanospheres (MSINs)

MSIN were synthesized by hydrolysis/condensation reaction of
TEOS and CMPE-TMS at a basic pH (=12) in presence of CTAB
as the template and subsequently removing the template by an
acid extraction (Scheme 1)."] The addition of (chloromethyl)
phenylethyl (designated as CMPE) containing trimethoxysilyl
group led to the incorporation of chlorine in the MSIN. The
FTIR spectrum (Figure S1 in the Supporting Information) of
the MSIN reveals bands at 1450, 1513 and 1638 cm™ (phenyl
ring stretching vibration); 1415 cm™! (CH, of -CH,Cl group);
707 cm™ (typical benzene-ring stretching, consisting of a
polystyrene skeleton); 2934 cm™ (C-H asymmetric stretching
vibration); 1087 cm™ (Si-O-Si linkage) of silica network indi-
cating the successful incorporation of CMPE initiator moiety.
The XRD pattern (Figure 1A) of neat mesoporous silica nano-
spheres (MSN) featured three reflection peaks: an intense
(100) reflection peak at 26 = 2.42° and two additional peaks
at 260 = 4.09° and 260 = 4.73° due to reflection from (110) and
(200) plane respectively, indicating the presence of channel-like
pores arranged in a hexagonal honey comb pattern with a high

functionalization approach was also reported,

where the functionalized organic oligomers
were used to produce MP in presence of dif-
ferent templates.[*3] The later method would

+
Tetraethyl orthosilicate

+
((Chloromethyl)phenylethyl)- 6/\/©)
trimethoxysilane -Si

— 0-si
80 °C, pH~12 pA/Qé
> o—$i

likely produce MPs with more uniform dis-
tribution and higher loading of functional
groups.[18:44

Here, we report the synthesis of mesopo-
rous polymer nanospheres (MPN) and mes-
oporous carbon nanospheres (MCN) with
high specific surface areas and large pore
volumes that are faithful replicas of mesopo-
rous silica nanospheres (MSN). Using the
in situ generated initiator-grafted mesopo-
rous silica nanospheres (MSIN) as sacrificial
template, MPN are prepared by template dis-
solution. A surface-confined atom transfer
radical polymerization (SC-ATRP) of various

Mesoporous
Polymer
Nanosphere
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Mesoporous
Silica-Initiator
Nanosphere

:§=o CuClCuCL/PMDETA
RO Xylene, 105 °C

R = Me, Bz, nBu, tBu

Etching of Silica with HF

Mesoporous Mesoporous
Silica-Polymer Carbon
Nanosphere Nanosphere

Scheme 1. Schematic illustration of the synthesis of mesoporous silica initiator, silica-polymer
hybrid, polymer, and carbon nanospheres.
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Figure 1. A) Low-angle XRD patterns of different mesoporous nanospheres. B) High-angle XRD pattern of MCN.

degree of regularity.*®! The XRD pattern of MSIN (Figure 1A)
displayed an intense (100) reflection peak at 26 = 2.75° indi-
cating that the arrangement of the cylindrical pores is main-
tained even after incorporation of CMPE group onto the pores
of the MSN.[®] The decrease in the number of reflection peaks
in the XRD pattern of MSIN compared to that of MSN might
be due to the different ordering of the mesopores, which will
be confirmed later by TEM analysis. The N, adsorption/desorp-
tion analyses of both the MSN and MSIN materials (Figure S2A
in the Supporting Information) reveal a characteristic Type
IV BET isotherms suggesting the presence of cylindrical
mesopores.*’ Table 1 reveals that specific surface area (Sggy)
of MSIN (1200 m? g7!) is much higher than that of neat MSN
(533 m? g7!). The BJH analysis of these isotherms for neat MSN
and MSIN materials revealed narrow pore size distributions
(PSD) (Figure S2B in the Supporting Information) with an
average diameter of around 2.20 and 1.99 nm respectively, while

Table 1. Characterizations of different mesoporous nanospheres.

the total pore volume are 0.189 and 0.703 cc g™! respectively (see
Table 1). This is probably due to the difference in ordering of
mesopores in the MSN and MSIN, as evident by TEM images,
discussed later in this section. The noticeable weight loss regis-
tered in case of neat MSN was 6.7% between 120 °C to 800 °C
(Figure S3 in the Supporting Information) is due to elimination
of physisorbed water or adsorbed gases. While for the MSIN
in the same temperature range, the corresponding weight loss
was 28.4% (Figure S3 in the Supporting Information), which
is attributable solely to the CMPE moiety as silica component
remains thermally stable at that temperature range. The initi-
ator grafting density (G;) of MSIN was found to be 0.9 molecule
nm™2, calculated based on the equation reported elsewhere (see
Supporting Information).’?l FESEM images (Figure 2) showed
that both the neat MSN and MSIN have spherical geometry
with typical size ranges of 222-399 and 166-381 nm respec-
tively. The TEM images (Figure 3) of the MSN and MSIN also
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Sample Deey® Dren?® D9 Seer Total pore volume Pore diameter
[nm] [nm] [nm] m’g] [ccg™] [nm]
MSN 222-399 368-430 357 533 0.189 2.20
MSIN 166-381 228-385 339 1200 0.703 1.99
MSPMMAN 172-340 140-312 262 90 0.048 -9
MPMMAN 156-299 89-146 191 520 0.190 1.62
MCN 153-302 133-327 1620 658 0.540 5.66

3Djameter measured from FESEM; " Diameter measured from TEM; 9Hydrodynamic diameter measured from DLS; 9Mesopores were not accessible to nitrogen
adsorbate.
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Figure 2. FESEM images of different mesoporous nanospheres.

reveals spherical particles and their sizes correlate well with that
obtained from FESEM (Table 1). The high magnification TEM
image (Figure 3) revealed that the pores are uniformly aligned
along the long axes in the case of MSN, whereas in the case of
MSIN, the pores are randomly oriented. FESEM-energy disper-
sive X-ray (EDX) analysis of selected area reveals absence of any
carbon for MSN sample (Figure S4 in the Supporting Informa-
tion). Only O and Si are present in the MSN in an atom% ratio
of 65:35. The FESEM-EDX spectrum clearly reveals the pres-
ence of C, Si and O in MSIN in the ratio of 2.4:53.1:44.5. The
presence of carbon indicates the successful grafting of organic
moiety CMPE into the mesopores of MSIN.

These MSN and MSIN samples’ suspensions were examined
via dynamic light scattering (DLS) to provide further support
that they are not aggregated or coalesced in suspension. The
lognormal distributions of the sizes of the nanospheres indi-
cate that the hydrodynamic diameters (Dj) of the MSN and
MSIN are 357 and 339 nm respectively (Figure SS5A in the Sup-
porting Information and Table 1). The D, values are correlated
well with the diameters measured from FESEM and TEM (see
Table 1).

2.2. Surface-Confined ATRP (SC-ATRP) of Various Methacrylates
from MSIN Templates

(Chloromethyl)phenyl (benzyl chloride) unit was previously
used as the ATRP initiator to graft polymers onto the outer
surface of silica.*’*8] However, we used an in situ co-condensa-
tion strategy for grafting of the ATRP initiator (CMPE) moiety

MSN @ :5 msmx

exclusively to the inner walls of mesopores of MSN. Therefore,
as expected, polymer growth is confined to the surface of the
mesopores of MSIN. The SC-ATRP of methacrylate monomers
was always performed in the presence of a deactivator (CuCl,)
and CuCl/PMDETA as catalyst. In case of surface initiated
ATRP, the amount of deactivator produced by the persistent
radical effect fails to control the propagation of the growing
polymeric chain.*¥! Note that the SC-ATRP in absence of deac-
tivator (CuCl,) leads to poor (20.5%) grafting of polymer. The
grafting is also low (8.3%) when CuCl/bpy is used as catalyst
along with 10 wt% Cu (II) (Figure S6A and Table S1 in the Sup-
porting Information). Also, MWDs of the obtained polymers
were broader in these two cases (Figure S6B and Table S1 in
the Supporting Information). FTIR spectrum (Figure S1A in
the Supporting Information) of the obtained MSPN hybrids
showed bands corresponding to both carbonyl vibration of
poly(methacrylate)s at 1730 cm™ and Si-O-Si linkage of silica at
1068 cm™ .1 TGA thermograms of MSPN hybrids (Figure S3
in the Supporting Information) show a significant weight losses
(temperature range from 120 °C to 800 °C), which are attrib-
utable to the initiator and poly(methacrylate) assuming their
complete decomposition, as the silica remains thermally
stable at that temperature range. The obtained MS[poly(methyl
methacrylate)] nanospheres (MSPMMAN), MS[poly(benzyl
methacrylate)] nanospheres (MSPBzMAN), MS[poly(n-butyl
methacrylate)] nanospheres (MSPnBMAN) and MS|poly(t-butyl
methacrylate)] nanospheres (MSPtBMAN), hybrids obtained
after 48 h of polymerization contained 67.9, 63, 53 and 52% of
the corresponding poly(methacrylate)s, respectively (Figure S3
in the Supporting Information). The Sppr of MSPMMAN was

TMSPMMAN

Figure 3. TEM images of different mesoporous nanospheres (upper panels). The high-magnification TEM images of the corresponding nanospheres

(lower panels).
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reduced to 90 m? g™! from 1200 m? g7}, while the total pore
volume also decreased from 0.703 to 0.048 cc g™! (Figure S2 in
the Supporting Information and Table 1). Similar results were
obtained for MSPBzMAN hybrids (Figure S7 and Table S2 in
the Supporting Information). These data confirms that the
pores are grafted with polymers. XRD pattern of a representa-
tive MSPMMAN hybrid (Figure 1A) reveals a diffraction peak
at 26 = 2.75°, which suggests that the mesoporous network of
the silica template remains intact even after polymer incorpora-
tion into the porous channel. The reduction in the intensity of
the diffraction peak compared to that of MSIN is due to pore
filling by the polymer.’% The XRD patterns of other MSPN
hybrids (MSPBzMAN, MSPnBMAN and MSPtBMAN) also
show similar results (Figure S8A in the Supporting Informa-
tion). DSC thermogram of the MSPMMAN hybrid exhibited
a flat trace indicating absence of glass transition temperature
(Ty)- But, the MPMMAN (after etching silica template with
HF as discussed later) showed a clear T, at around 105 °C
(Figure S9 in the Supporting Information). The absence of T,
in the MSPMMAN hybrid is due to restriction imposed on the
collective motion of the PMMA chains confined to low dimen-
sionality spaces.’”] As expected, FESEM image clearly shows
that the external spherical shape of the MSIN template remains
unchanged after PMMA grafting into its mesopores (Figure 2).
The size of the MSPMMAN (172-340 nm) is also comparable
to the size of MSIN template (166-381 nm) (Table 1). The TEM
image (Figure 3) also shows the spherical MSPMMAN hybrid.
High magnification TEM image of this hybrid show that the
original mesostructure of MSIN is almost retained even after
grafting with PMMA. FESEM-EDX analysis reveals increase in
carbon content in MSPMMAN sample (C:0:Si = 29.5:60.7:9.8)
compared to MSIN sample (C:0:Si = 2.4:53.1:44.5) confirming
grafting of polymer (Figure S4). The MSPMMAN samples’
suspension was analyzed via DLS. The lognormal distribution
of the size of the MSPMMAN in ethanol reveals a D, value of
262 nm (Figure S5B and Table 1). This Dy, value is correlated
well with the diameter of the MSPMMAN measured by FESEM
and TEM (Table 1).

In order to study the kinetics of the MMA polymerization ini-
tiated from the pore surface of MSIN, known aliquot mixtures
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were taken out at different time intervals and the amount of
grafted polymer was measured from the TGA analysis of MSP-
MMAN hybrids obtained at different time (Figure S10A in the
Supporting Information). Figure 4A revealed steady increase of
percentage grafting of PMMA into the mesoporous channel of
MSIN from 51.9 to 71.4% with polymerization time. The per-
centage grafting attained after 48 h of polymerization is likely
to correspond to a nearly complete filling of the mesopores of
MSIN.

2.3. Mesoporous Polymer Nanospheres (MPN)

In general, the MPN were prepared from the aqueous suspen-
sion of MSPN hybrid (polymerization time = 48 h) through
dissolution of silica framework with aqueous HF solution. The
obtained MPN are soluble in various organic solvents because
the polymer chains are no longer grafted to silica framework,
indicating the complete etching of silica. FTIR spectrum of
the representative mesoporous poly(methyl metacrylate) nano-
spheres (MPMMAN) showed carbonyl band (at ~1730 cm™)
for PMMA and are similar to the spectrum of the neat PMMA
(Figure S1B in the Supporting Information). Notably, no band
of Si-O-Si bond of silica was observed. From FESEM image
(Figure 2), it can be clearly seen that the MPMMAN inherited
their parents” spherical morphology with diameter in the range
of 156-299 nm, which is almost same to that (172-340 nm) of
MSPMMAN hybrid. The size of the MPMMAN shifts to smaller
value (89-146 nm) under TEM observation (Figure 3) com-
pared to that obtained from FESEM (see Table 1). Note that this
reduction of size of MPMMAN is probably due to its shrinkage,
when observed under an accelerating voltage of 100 kV. The
disordered arrangement of the mesopores in MPMMAN is
due to the presence of a non-interconnecting one dimensional
channel network in the host MCM-41 type MSIN.BY FESEM-
EDX analysis (Figure S4, Supporting Information) reveals the
presence of C and O in the atom% ratio of C:O = 79.1:20.9.
DLS analysis reveals that the D), of the MPMMAN in ethanol
is 191 nm (Figure S5B in the Supporting Information and
Table 1), which is in good correlation with the diameter of the

—@— M, (GPO)
—Ah— MM,
0 LA I I L !
0 10 20 30 40 50
Time /h

Figure 4. A) Plot of % PMMA grafting into the mesopores of MSIN vs time. B) Dependence of M, and PDlIs of the cleaved MPMMAN with polymeriza-
tion time. Conditions: [M]o/[l]o/[CuCl]o/[CuCl,]o/[PMDETA], = 200:1:1:0.1:1.1.
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nanospheres measured by FESEM and TEM (see Table 1). The
retention of size, spherical morphology and porosity may be
explained as follows: Due to the high polymer grafting (>60%)
in the MSPMMAN hybrid, polymer bundles formed in the
mesoporous channel of the MSIN template are rigid enough
to hold the structure even after removal of silica template. N,-
sorption analysis further confirms the mesostructures of the
MPMMAN replica (Figure S2 in the Supporting Information)
with Sgpr of 520 m? g7}, the total pore volume of 0.190 cc g™
and an average pore diameter of 1.62 nm (Table 1). Similarly,
the Spgr, pore volume and average pore diameter of MPBzMAN
were found to be 382 m? g7}, 0.177 cc g™ and 1.93 nm, respec-
tively (Figure S7 and Table S2 in the Supporting Information).
XRD pattern of the MPMMAN exhibit a peak at around 26 =
2.75°, which further confirms the presence of ordered mes-
opores (Figure 1A). Similar results were obtained with other
MPN (MPBzMAN, MPnBMAN and MPtBMAN) (Figure S8B
in the Supporting Information). The intensity of this diffrac-
tion peak is low and broad compared to that of MSIN. This is
probably due to the absence of a rigid silica pore structure and
shrinkage of the pores in the MPN. TGA thermograms of rep-
resentative MPMMAN and MPBzMAN samples (Figure S11
in the Supporting Information) revealed a rapid weight loss at
around 230 °C indicating that these nanospheres are made up
of only polymer.

Cross-linked MSPMMAN hybrid were prepared using
15 mol% EGDMA (with respect to MMA) as the cross-linker
using a polymerization time of 48 h. The obtained cross-linked
MPMMAN after removal of silica framework, however, are not
soluble in common organic solvents. FESEM image of such
cross-linked MPMMAN is shown in Figure S12 in the Sup-
porting Information, which reveals that the spherical shape of
the template MSIN (Figure 2) is retained in the cross-linked
MPMMAN.

The molecular weights of cleaved MPN were measured by
GPC after dissolving in THF. The MPMMAN obtained at dif-
ferent polymerization time showed narrow unimodal MWDs
(Figure S10B in the Supporting Information) and a very clear
gradual lateral shift towards high molecular weight region with
time. The M,, (GPC) of the cleaved PMMA increased almost lin-
early at the initial period of polymerization, but after a polym-
erization time of 12 h, the curve deviated from linearity. The
PDI remained narrow (~1.3) and decreased slowly with poly-
merization time (Figure 4B), as normally expected from a con-
trolled radical polymerization.” GPC traces of the other MPN
samples also displayed a narrow unimodal MWD with a PDI
of <1.3 (Table 2 and Figure S13 in the Supporting Informa-
tion) suggesting that this SC-ATRP proceed in a well-controlled
manner.

2.4. MP Nanospheres as Low Dielectric Constant
(Low-k) Materials

Figure 5 shows the dielectric constants (k) of MSIN, MSP-
MMAN hybrid and MPMMAN samples over a frequency range
from 10 kHz to 10 MHz. Notably, the dielectric constant of the
MPMMAN (k = 9.31) is the lowest among the three. Dielectric
losses (€”) are low and negative in certain frequency regions in

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2. Molecular characterization data for different cleaved
poly(methacrylate)s obtained by SC-ATRP using MSIN as the template.

Sample M, theo. M, cpc PDI
[kDa] [kDa] M,,/M,]
MPMMAN 20.0 311 1.25
MPBzMAN 35.2 33.0 1.28
MPnBMAN 28.4 41.0 1.30
MPtBMAN 28.4 51.6 1.29

Conditions:  [M]o/[I]o/[CuCl]o/[CuCl]o/[PMDETA], = 200:1:1:0.1:1.1. Solvent =
xylene; Temperature = 105 °C; Time = 48 h.

the cases of MSPMMAN hybrid and MPMMAN (see Figure S14
in the Supporting Information). The combination of advan-
tages such as high thermal stabilities, low-k, low dielectric
loss, ordered mesostructure, and controllable morphology for
mesoporous materials, especially MPN materials, described
above makes them a potential candidate for use as heat insula-
tors and dielectric and packaging materials in microelectronic
products.>?!

2.5. Functional MSPN Hybrid/MPN and their Applications

2.5.1. MS[Poly(methyl methacrylate)-co-poly (4-vinyl benzyl
chloride)] Nanospheres [MS(PMMA-co-PVBC) N]hybrid/
M[poly (methyl methacrylate-co-poly (4-vinyl benzyl chloride)]
Nanospheres[M (PMMA-co-PVBC) N]

Benzyl chloride functionalized hybrid nanospheres were
prepared using VBC (20 mol%) as comonomer with MMA

15
—l— MSIN

14 —@— MSPMMAN
—&A— MPMMAN

11

Dielectric Constant
IN]
|

10 —

9 ) I ) I ) I ) I L I
2000 4000 6000 8000 10000
Frequency /KHz

Figure 5. Dielectric constants of different mesoporous nanospheres as
a function of frequency.
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(Scheme 2). FTIR spectrum of the MS(PMMA-co-PVBC)N
hybrid (Figure S15A in the Supporting Information) reveal the
band of Si-O-Si linkage at around 1082 cm™! and carbonyl band
of PMMA at 1732 cm™!. Additional bands were also observed at
1452, 1510 and 1633 cm™ due to phenyl ring stretching vibra-
tion; 1437 cm™! due to CH, of chloromethyl group; 750 cm™!
due to C-Cl stretching vibration and 664 cm™ due to typical
benzene-ring stretching. All these bands confirm the presence
of both PMMA and PVBC unit in the MS(PMMA-co-PVBC)N
hybrid. TGA thermogram of the hybrid (Figure S16 in the Sup-
porting Information) revealed 57.9% grafting of the functional
polymer into the MSIN. XRD pattern of the M(PMMA-co-
PVBC)N, obtained after removal of silica template (Figure S17
in the Supporting Information) showed a diffraction peak at
20 = 2.75°, characteristic of mesostructures. FESEM images
clearly showed that both the MS(PMMA-co-PVBC)N hybrid and
the M(PMMA-co-PVBC)N are spherical in shape (Figure S18 in
the Supporting Information), indicating the spherical shape of
the MSIN is remained. GPC trace (Figure S19 in the Supporting
Information) of the M(PMMA-co-PVBC)N reveals a narrow uni-
modal MWD with PDI = 1.29 and molecular weight of 31100.

Next, we explored chemical post-functionalization of the
M(PMMA:-co-PVBC)N by using -CH,Cl group that originated
from 4-vinylbenzyl chloride (VBC) monomer. The-CH,Cl
group allows “click” process to introduce—-CH,N; group by reac-
tion with NaNj; (Scheme 2, see the Supporting Information for
synthesis protocol). FTIR spectrum (Figure S20 in the Sup-
porting Information) reveals a band at 2104 cm™! confirming
the presence of azide group in the M(PMMA-co-PVBC)N.
Copper-catalyzed azide—alkyne cycloaddition reaction was then
used to prepare triazole functionalized M(PMMA-co-PVBC)
N by the reaction of this azide group with phenyl acetylene as
model compound (Scheme 2, see the Supporting Information
for detailed procedure).*¥ FTIR spectrum reveals a band in the
region of 1650-1570 cm™ due to ring stretching vibrations of
triazole ring (Figure S20 in the Supporting Information).>
This approach developed by us will open up an area to synthe-
size MPN functionalized with triazole moiety having antimicro-
bial activity.>®l
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2.5.2. MS[Poly(methyl methacrylate)-co-poly (vinyl imidazole]
Nanospheres [MS(PMMA-co-PVIM)N] Hybrid /M[Poly (methyl
methacrylate-co-poly (vinyl imidazole)] Nanospheres [M(PMMA-co-
PVIM)N]

Imidazole functionalized MS(PMMA-co-PVIM)N hybrid and
M(PMMA-co-PVIM)N were also prepared by similar proce-
dure (Scheme 2). FTIR spectrum of the hybrid (Figure S15A in
the Supporting Information) shows bands for imidazole ring
(1650-1570 cm™})P’ along with the bands of Si-O-Si linkage
(1086 cm™) and carbonyl stretching (1732 cm™) of PMMA. TGA
thermogram of this hybrid (Figure S16 in the Supporting Infor-
mation) revealed 38.2% grafting of this functional copolymer into
the mesopore of MSIN. XRD pattern of M(PMMA-co-PVIM)N
(Figure S17 in the Supporting Information) showed a diffraction
peak at 20 = 2.75° (as discussed above) suggesting the presence
of mesoporous network. FESEM image reveals that the spherical
shape of the MSIN template is retained both in the hybrid and
M(PMMA-co-PVIM)N (Figure S18 in the Supporting Informa-
tion). M, and M,,/M,, of the M(PMMA-co-PVIM)N were found to
be 33 000 and 1.26 respectively as analyzed from the GPC chro-
matograph (Figure S19 in the Supporting Information).

The anion exchange ability of the as-synthesized protonated
M(PMMA-co-PVIM)N (IMP-NHJ*[C]]") (see the Supporting
Information for the protonation protocol) was studied using a
monoanionic dye, Eosin B and the exchange capacity was moni-
tored by UV-vis spectroscopy. A gradual decrease of absorbance
of Eosin B at 517 nm with time was observed (Figure 6A) and
the calculation revealed that ~82% dye was exchanged after incu-
bation for 36 h (inset of Figure 6A). This corresponds to binding
of 0.345 mmol of Eosin B per gram of [MP-NHJ'[C]]". The fluo-
rescence emission spectrum of [MP-NH]"[Eosin B~ conjugate
showed a clear shift of the emission maximum from 549 nm
(for pure Eosin B) to 590 nm (Figure 6B). This shift (41 nm)
confirms successful exchange of ClI~ of [MP-NH*|[CI]" with
Eosin B. Fluorescence light microscopic image (Figure 6C) fur-
ther conforms successful exchange of Eosin B, producing red
light emitting beads of [MP-NH]*[Eosin B|™ conjugate. Fluores-
cence lifetime experiment was performed to study the exchange

of Eosin B with [MP-NHJ'[Cl]” (Figure S21
N;\N7_© in the Supporting Information) and the data
N7 (fluorescence decay traces) were fitted with

ﬁ*ﬁ*ﬁ ci NaN;,DMF | N =<\;> Cus0,, NaASc
A *****ﬁ 100°C, 48h ~ tBuOHM,0, 100°C, 48h nd
& %

DMMAVIM P
SC-ATRP  (FAr™ 1M HCl NHG BT
i A HE /=N /=~NHCI
L) *ﬁ*ﬁ*** N\J Incubation, 12h N\%

M(PMMA-co-PVIM)N

o
ozul\ \NOZ
NaO” >0 o

_ tN
Incubation, 36h

the equation given below,

1= 3 Aexpl7)
i=1

where, A; is the relative amplitude of the i-th
fluorescence component, 7; is the lifetime
of the i-th fluorescence component and N is
the number of the fluorescence exponentials

J eoice ]

@ =]
/=~NH [Eosin B]

=

o required for best Nonlinear Least Square
Nanosphere 56 (NLLS) fitting of the fluorescence decay
4o, Z:'?” q ***%* o a Spu H?":H oM curves. There is a significant difference in

o o S0 2 el R t 50, 2O the fluorescence decay behavior of Fosin B

* g % & in solution state and in bound state as [MP-

M(PMMA-co-PVPBAIN NH]*[Eosin B]~ conjugate (Table 3). This differ-

Scheme 2. Schematic illustrations of A) synthesis of triazole functionalized MPMMAN
(MP-CH,-Htrz) by click chemistry; B) anionic dye exchange by protonated M(PMMA-co-PVIM)

N, and C) glucose sensing by M(PMMA-co-PVPBA)N.
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ence might be due to the fact that the excited
state of bound-Eosin B become less stabilized
compared to that of unbound form in water
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Figure 6. A) Successive UV-vis absorption spectra of Eosin B after incubating with [MP-NH]J*[CI]” for different times. The inset shows the plot of%
exchange of Eosin B vs time. B) Fluorescence emission spectra of aqueous solution of Eosin B and aqueous suspension of [MP-NH]*[Eosin B]~ con-
jugate. C) Fluorescent light microscopy images of [MP-NH]*[Eosin B]™ conjugates.

and simultaneous relaxation from the multiple excited electronic
states occur.’’] This successful anion exchange capability of [MP-

HJ*[C]]” nanospheres opens up new possibilities for removal of
anionic organic pollutants from contaminated water.

2.5.3. MS[Poly(methyl methacrylate)-co-poly (4-vinylphenyl-
boronic acid)] Nanospheres [MS(PMMA-co-PVPBA) NJhybrid/
M{[poly (methyl methacrylate-co- (4-vinylphenylboronic acid)]
Nanospheres [M(PMMA-co-PVPBA)N]

Boronic acid functionalized MS(PMMA-co-PVPBA)N hybrid
and M(PMMA-co-PVPBA)N were prepared by similar
procedure using VPBA as comonomer as mentioned above

(Scheme 2). FTIR spectra of the MS(PMMA-co-PVPBA)N hybrid
(Figure S15A in the Supporting Information) shows bands for
phenyl ring stretching vibration (1635 cm™), H-bonded OH
of-B(OH), moiety (~3441 cm™!)P® Si-O-Si linkage of silica
(1086 cm™!) and carbonyl stretching of PMMA (1730 cm™).
TGA thermogram of the hybrid (Figure S16 in the Supporting
Information) revealed the presence of 23.4% functional polymer
in the hybrid. The presence of a diffraction peak at 26 = 2.75°
in the XRD pattern of the M(PMMA-co-PVPBA)N (Figure S17
in the Supporting Information) suggests that the mesoporous
structure is maintained in this functional nanospheres. FESEM
image of the functional MS(PMMA-co-PVPBA)N hybrid and
pure M(PMMA-co-PVPBA)N (Figure S18 in the Supporting

Table 3. Nonlinear least square (NLLS) fitting parameters obtained from the fluorescence decay curves using the given equation.

Sample A, T A, T, As T3 Ay T4 X
[ns] [ns] [ns] [ns]

Eosin B 0.52 1.06 0.09 3.26 0.039 0.03 - - 2.92

[MP-NH]*[Eosin B]” 0.28 0.21 0.16 0.86 0.1 2.62 0.46 0.02 139

FITC-ConA 0.30 1.51 0.09 0.03 0.61 3.69 - - 1.51

MP-Glu-ConA-FITC 0.99 0.008 0.01 1.83 - - - - 0.29

Excitation wavelength: 440 nm. Detection wavelength: 549 nm for Eosin B, 590 nm for [MP-NH]*[Eosin B]™ and 520 nm for FITC-ConA and MP-Glu-ConA-FITC.
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Figure 7. A) Plot of t" vs glucose concentration obtained from the colori-
metric estimation of glucose concentration in solution. Inset shows plot
of amount of glucose adsorbed by different MPN. B) Fluorescent light
microscopy image of MP-Glu-ConA-FITC nanospheres.

Information) clearly reveal the retention of the spherical shape
of the initial silica (MSIN) template. GPC (Figure S19 in the
Supporting Information) analysis of M(PMMA-co-PVPBA)N
reveals a narrow unimodal MWD with M, and M,,/M,, values of
21 200 and 1.32 respectively.

Glucose sensing ability of the M(PMMA-co-PVPBA)N (MP-
BA) was studied by incubating the nanospheres in the solution
of dextrose in phosphate buffered saline (PBS) (0.1 M, pH 7.4)
for 24 h (see the Supporting Information for detailed proce-
dure). As a control experiment, MPMMAN was similarly incu-
bated with the same dextrose solution. After complete incuba-
tion, the remaining glucose concentration in the solution was
determined by the colorimetric estimation method (see the Sup-
porting Information for detailed procedure). Figure 7A revealed
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that starting with a 0.1 M glucose concentration, final glucose
concentration was found to be 0.026 M and 0.083 M in case
of M(PMMA:-co-PVPBA)N and MPMMAN respectively. This
gives an estimate of binding of 29.6 and 6.8 mmol of glucose
per gram of M(PMMA-co-PVPBA)N and MPMMAN, respec-
tively. Hence, it can be concluded that M(PMMA-co-PVPBA)
N is more effective in glucose binding than MPMMAN. To
further confirm successful glucose binding, we prepare FITC-
ConA conjugate using a reported protocol,”” where ConA is a
carbohydrate-binding protein and FITC is a fluorescent marker.
FITC-ConA was then incubated with dextrose bound (MP-Glu)
nanospheres. Fluorescence light microscopic image (Figure 7B)
clearly shows that the FITC-ConA indeed binds with MP-Glu
nanospheres, producing green light emitting beads. Fluores-
cence lifetime experiment was performed to study the binding
of FITC-ConA with MP-Glu nanospheres (Figure S22 in the
Supporting Information) and the data are summarized in
Table 3. The decrease of fluorescence lifetime for MP-Glu-
ConA-FITC is possibly due to quenching of fluorescence of
FITC-ConA when bound to MP-Glu nanospheres leading to
very fast deactivation.

2.6. Mesoporous Carbon Nanospheres (MCN)

MCN was synthesized from the MSPMMAN hybrid by car-
bonization and subsequent dissolution of silica framework by
HF. As expected, the FTIR spectrum of both the mesoporous
silica-carbon hybrid nanospheres (MSCN) and the as-synthe-
sized MCN (Figure S23 in the Supporting Information) exhibits
carbonyl stretching band at ~1732 cm™, C = C stretching band
at ~1630 cm™!, CH, asymmetric band at ~2922 cm™! and CH,
symmetric band at ~2852 cm™!, which is probably due to the
adsorbed gaseous MMA monomer formed during the pyrol-
ysis of grafted PMMA at above 450 °C as suggested by other
researchers %) Further, the spectrum of MCN (Figure S23b in
the Supporting Information), did not show any band of Si-O-Si
linkage of silica, and also the CH, asymmetric and CH, sym-
metric bands are more intense than MSCN, indicating complete
etching of silica framework. FESEM images of MSCN hybrid
(Figure S24 in the Supporting Information) and MCN (Figure 2)
reveal that both of them retain the spherical shape of the initial
MSIN with diameters very close to that of MSIN (Table 1). The
high magnification TEM image of the MCN (Figure 3) displayed
well developed, roughly spherical, and quite closely packed
mesopores throughout the entire MCN. FESEM-EDX spectrum
of the MCN (Figure S4 in the Supporting Information) exhibits
only an intense peak due to elemental carbon with a low
intense peak due to elemental oxygen. The lognormal distribu-
tions of the size of MCN obtained from its ethanol suspension
reveals that the D, of the MCN is about 1620 nm (Figure S5B
and Table 1). Note that the D), value is higher than the diam-
eter obtained from FESEM and TEM. This is probably due to
some aggregation of the carbon nanospheres in ethanol. The
Sger of the MCN was found to be 658 m? g! with average pore
size around 5.66 nm and the total pore volume of 0.54 cc g™
(Table 1), as determined from the N, adsorption isotherm of
MCN (Figure S2 in the Supporting Information). MCN with
such higher pore diameters are highly desirable for practical
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use.”11121 The XRD pattern of the MCN (Figure 1B) showed
a strong peak centered at ~24° and a less intense peak at ~44°
and a hardly detectable broad feature at ~80°. These peaks can
be ascribed to (002), (101) and (110) peaks of a graphitic carbon
structure.l?’] The aqueous suspension of MCN exhibits blue flu-
orescence when irradiated with UV light (inset of Figure S25A
in the Supporting Information). The MCN suspension gives a
scattered UV-vis absorption spectral peak (Figure S25A in the
Supporting Information). Fluorescence emission spectra of the
aqueous suspension of MCN were taken at different excitations
(Figure S25B in the Supporting Information). These spectra
reveal an emission maximum at 410 nm with the highest fluo-
rescence intensity when excited at a wavelength of 300 nm.

3. Conclusions

The successful surface-confined ATRP process from initiator-
modified mesoporous silica nanospheres template followed by
silica removal by etching produced mesoporous polymer and
mesoporous carbon nanospheres with complete retention of
the shape of the original template, as confirmed via FESEM and
TEM. The absence of silica framework in mesoporous polymer
and mesoporous carbon materials was confirmed using FTIR
spectroscopy. The “living” nature of this polymerization was
confirmed from a kinetic study of the methacrylate polymeriza-
tion and successful synthesis of poly(methacrylates)s with con-
trolled molecular weights and narrow polydispersities (PDI <
1.3). The as-synthesized mesoporous polymer showed low die-
lectric constants and therefore they can be used as a promising
material in microelectronics. This approach allowed the fabri-
cation of functional mesoporous polymer nanospheres. These
functional mesoporous polymer were successfully used for the
synthesis of “clickable” mesoporous polymer, removal of ani-
onic contaminates through ion exchange, and glucose sensing.
Finally, this approach may allow for the fabrication of different
shapes of porous polymeric/carbon materials produced from a
variety of templates. Additionally, the functional mesoporous
polymer/carbon materials with different shapes are the highly
promising multifunctional materials for diverse applications.

4. Experimental Section

Materials: Tetraethyl orthosilicate (TEOS), copper (l) chloride
(CuCly, copper (I1) chloride (CuCly), 2,2"-bipyridyl (bpy), N,N,N,N",N"-
pentamethyldiethylenetriamine (PMDETA), activated basic aluminium
oxide (Al,O3), 4-vinylphenylboronic acid (VPBA), L-ascorbic acid,
phenylacetylene, Eosin B, fluorescein isothiocyanate (FITC) and
concanavalin A (ConA) were purchased from Aldrich and were used as
received. Cetyltrimethylammonium bromide (CTAB, Loba Chemie, India)
and ((chloromethyl)phenylethyl)trimethoxysilane (CMPE-TMS, Gelest
Inc.) were used as received. Methyl methacrylate (MMA) (Burgoyne
Urbridges and Co.) was washed with 5 wt% aqueous NaOH solution
to remove the inhibitor, dried overnight with calcium chloride (CaCly)
and then distilled over calcium hydride (CaH,) under reduced pressure
prior to use. The other monomers such as benzyl methacrylate (BzMA),
n-butyl methacrylate (nBMA), t-butyl methacrylate (tBMA), ethylene
glycol dimethacrylate (EGDMA), 4-vinylbenzyl chloride (VBC) and
1-vinylimidazole (VIM) were obtained from Aldrich and were purified by
passing through a column filled with basic aluminum oxide to remove

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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inhibitor prior to use. Copper (I1) sulfate pentahydrate (CuSO4.5H,0),
sodium azide (NaN3), 40% hydrofluoric acid (GR), dextrose anhydrous,
sodium hydroxide, tetrahydrofuran (THF) and methanol were obtained
from Merck, India and used as received. Xylene (Merck, India) was
dried and purified by refluxing over sodium/benzophenone just before
use. Tert-butyl alcohol (tBuOH, Merck, India) was distilled over calcium
hydride just before use. DMF was distilled over calcium hydride under
reduced pressure just before use. Triple distilled water was used for
making all the aqueous solutions/suspensions.

Synthesis of Mesoporous Silica Initiator Nanospheres (MSIN): The
procedure described here is based on the modification of the method
reported earlier by Lin et al.l The in situ immobilization of ATRP
initiator was carried out by co-condensation of TEOS and CMPE-TMS
(contains three trimethoxysilyl group and (chloromethyl)phenylethyl
(CMPE) ATRP initiator moiety) (Scheme 1). In a typical synthesis,
a mixture of CTAB (1.6 g, 4.4 mmol), aqueous NaOH (5.6 mL of
2.0 M, 11.2 mmol), and H,O (385 mL, 21.3 mol) were taken in a round
bottomed flask (500 mL). The mixture was heated at 80 °C for 30 min
with continuous magnetic stirring to get a clear solution. The pH of
the reaction mixture was around 12. TEOS (7.95 mL, 35.9 mmol) and
CMPE-TMS (1.15 mL, 4.6 mmol) were added sequentially and rapidly
to this clear solution. A white precipitation was observed soon after the
addition of TEOS and CMPE-TMS. The reaction mixture was further
stirred for another 2 h at that temperature. The product was isolated by
hot filtration. It was then washed repeatedly with water and methanol and
dried under vacuum. The CTAB (template) was removed by the following
procedure. A methanolic HCl solution (200 mL of methanol and 2.0 mL
of concentrated HCl) was added to of as-synthesized material (2.0 g)
and was heated at 60 °C for 6 h with stirring. The resultant MSIN was
isolated by filtration and washed repeatedly with water and methanol
and dried under vacuum at 80 °C and kept in desiccators for further use
as macroinitiators to initiate the ATRP processes. A neat mesoporous
silica nanosphere (MSN) was also prepared using similar procedure
described above in the absence of CMPE-TMS.

Preparation of MSPNs by SC-ATRP of Methacrylate Monomers: In
a typical experiment, the molar ratio of the reactants is as follows:
monomer:|:CuCl:CuCl,;PMDETA = 200:1:1:0.1:1.1. The synthesis
procedure is schematically given in Scheme 1. For mesoporous silica-
poly(methyl methacrylate) hybrid (MSPMMAN) preparation, typically,
MSIN (0.216 g, 0.115 mmol) was taken in a long neck round bottom flask
(25 mL) and was heated at 100 °C for 4 h under vacuum to remove any
trapped moisture or any other gaseous entity and temporarily sealed with
a silicone rubber septum. Dry xylene (2.5 mL), previously purged with
dry nitrogen for 15 min, was then added to the flask using a dry syringe
and was further purged with nitrogen for 15 min to remove any residual
oxygen from the system. CuCl (11.4 mg, 0.115 mmol), CuCl, (1.5 mg,
0.0115 mmol) and PMDETA (26 pL, 0.126 mmol) were then added to the
mixture and was again purged with nitrogen for another 30 min. Freshly
distilled and nitrogen purged MMA (2.5 mL, 23.0 mmol) was then
injected by a syringe. The reaction mixture was again purged with nitrogen
for another 20 min under magnetic stirring to ensure the removal of any
trace of oxygen from the system. The flask was then permanently sealed
with silicone rubber septum. The reaction mixture was then sonicated for
1 min to increase dispersity in xylene and placed in a silicone oil bath
thermostated at 105 °C with constant magnetic stirring. After the specified
reaction time, the polymerization was stopped via exposure to air. For
kinetics study, polymerization was carried out in nine different flasks
and stopped at different time intervals from 15 min to 48 h. A similar
procedure was adopted for SC-ATRP of other methacrylate monomers
such as BzMA, nBMA and tBMA from MSIN. After polymerization, the
MSPN hybrids were isolated by centrifugation at 10 000 rpm for 30 min
and then thoroughly washed with THF and methanol successively by
three repeated cycles of dispersion-centrifugation. The isolated hybrids
were dried at 80 °C for 24 h under vacuum. Finally, functional MSPMMAN
hybrids such as MS(PMMA-co-PVBC)N, MS(PMMA-co-PVIM)N and
MS (PMMA-co-PVPBA)N were prepared by adding 20 mol% of functional
monomers such as VBC or VIM or VPBA with respect to MMA, keeping
all other reaction parameters constant (Scheme 2).
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Preparation of MPNs: Typically, the obtained MSPMMAN hybrid was
first suspended in water in a plastic container. An aqueous HF solution
(10 wt%) was then added to suspension and was kept undisturbed for
12 h for complete etching of silica template (Scheme 1). Caution: HF
is extremely corrosive. The resulting template free mesoporous PMMA
(MPMMAN) was obtained as an insoluble component. It was collected
by centrifugation (10000 rpm for 30 min) and thoroughly washed with
water by repeated cycles of dispersion-centrifugation (10 000 rpm for
30 min) to remove excess HF until neutral pH was achieved. Finally, the
MPMMAN was dried under vacuum at 80 °C for 24 h.

Preparation of MCNSs: At first, the purified MSPMMAN hybrid was
converted to mesoporous silica-carbon (MSCN) hybrid by the following
procedure (Scheme 1). MSPMMAN was first heated under air at 250 °C
to stabilize the PMMA. At this temperature (250 °C), the air was
switched to nitrogen and purging was continued for an hour and then
the heating was continued to reach 800 °C, and the latter temperature
was maintained for 6 h to pyrolize the polymer and finally cooled to
room temperature.l?’l The obtained MSCN hybrid was then suspended
in water in a plastic container and a 10 wt% aqueous HF solution
was added and kept for 12 h to etch out silica completely. Silica free
mesoporous carbon (MCN) was collected by centrifugation (10 000 rpm
for 30 min) and thoroughly washed with water by repeated cycles of
dispersion-centrifugation (10 000 rpm for 30 min) to remove excess HF
until neutral pH was achieved. Finally, MCN was dried at 80 °C for 24 h
under vacuum.

Characterization: The X-ray diffraction (XRD) measurement of the dried
mesoporous materials were carried on a Bruker AXS D8 diffractometer
at an acceleration voltage of 40 kV with 40 mA current intensity using Cu
tube (A =0.154 nm) as radiation source.

FTIR spectra of all the samples (except MPN) were recorded from KBr
pellets, prepared by mixing respective dried samples with dried KBr {in
1:100 (wt/wt) ratio} in a Perkin Elmer FTIR Spectrum-400 spectrometer.
The spectrum of the etched MPN was obtained by casting one drop of a
THF solution on KBr pellet.

The purified and dried mesoporous samples were subjected to
thermogravimetric analysis under air using a TA SDT Q 600 instrument
at a heating rate of 20 °C min~' from room temperature to 800 °C.

Nitrogen sorption measurements were performed using a
Quantachrome Autosorb-1 at 77 K. The Brunauer—Emmett-Teller
(BET) surface area was deduced from the isotherm analysis. The pore
size distribution (PSD) was calculated by means of the Barrett—Joyner—
Halenda (BJH) method.

The glass transition temperature (T;) of MSPMMAN and MPMMAN
materials were measured using a differential scanning calorimeter
(Q2000, TA Instruments) under N, atmosphere. The heating or cooling
range was from 20 °C to 200 °C at a scanning rate of 10 °C min~', and
the T, was recorded in the second heating cycle to remove the previous
thermal history of the sample.

The number average molecular weight (M,) and polydispersity index
(PDI) of the cleaved MP materials were measured by size exclusion
chromatography using a Waters 1515 isocratic HPLC pump connected
to three Waters Styragel HR1, HR3 and HR4 columns and a Waters 2414
refractive index detector at room temperature (25 °C). THF was used as
the eluent with a flow rate of T mL min~'. The columns were calibrated
against eight narrow polystyrene standard samples with peak molecular
weights (M,) of 860, 1800, 3600, 8500, 19 100, 43 400, 50 000, and
100 000.

Field emission scanning electron microscopy (FESEM) studies
were performed using a JEOL JSM-6700F electron microscope at an
accelerating voltage of 5 kV. The dried mesoporous materials were
dispersed in ethanol and drop casted onto a cover slip, which were then
placed on a copper tape, supported on a metal stub and sputter coated
with platinum to minimize charging. The elemental compositions of
the mesoporous materials were measured from energy-dispersive X-ray
(EDX) associated with this FESEM.

Transmission electron microscopy (TEM) studies, one drop of the
ethanolic dispersion of the MSN, MSIN, MSPN, MPN and MCN were
placed on a carbon-coated copper grid and allowed to dry in air. The
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grids were then observed on a JEOL JEM-2010 electron microscope
operated at an accelerating voltage of 200 kV (except for the MPN where
an accelerating voltage of 100 kV was used).

All DLS experiments were carried out at 25 °C on a Malvern Particle
Size Analyzer (Model No. ZEN 3690 Zetasizer NANO ZS90). In all cases,
mesoporous sample (MSN, MSIN, MSPN, MPN and MCN) (~0.01 mg)
was dispersed in distilled and filtered ethanol (1 mL).

UV-vis absorption spectra of aqueous solution of Eosin B and
aqueous suspension of [MP-NH]*[Eosin B]~ conjugate were acquired in
a Hewlett-Packard 8453 UV-vis spectrophotometer.

Photoluminescence (PL) spectra of the aqueous solution of Eosin B
and aqueous suspension of [MP-NH]*[Eosin B]~ conjugate were recorded
using a Jobin-Yvon Fluoromax-3 spectrophotometer exciting the Eosin B
at 517 nm.

For dielectric measurements, pellets were first prepared by pressing
the dry MSIN, MSPMMAN and MPMMAN at a high pressure (7 ton)
in a stainless steel die (10 mm) at room temperature. The thicknesses
of the pellets were in between 1.5 and 2 mm. Finally, smoothed pellet
surfaces were coated with conducting silver paste and allowed to air dry.
The samples with silver electrodes were dried at 100 °C for 2 h for good
contact. The dielectric response of the pellet samples were measured
using Agilent Impedance Analyzer 4192A over a frequency range from
10 kHz to 10 MHz at room temperature (298 K).[°1l

For time-correlated single-photon counting (TCSPC) measurements,
time-resolved fluorescence spectra were acquired by TCSPC technique
using a Pico second diode laser (IBH Nanoled-07) in an IBH Fluorocube
apparatus. Spectra were acquired from aqueous solutions/suspensions
of the samples upon excitation at 440 nm. The fluorescence decays were
collected with a Hamamatsu MCP photomultiplier (C487802) and were
analyzed using IBH DAS6 software.

Fluorescence microscopy images of the dye-loaded functional MPN
were taken using a light microscope (BX61, Olympus) equipped with
a filter set consisting of a BP530-550 nm for an exciter and a band
absorbance filter covering wavelengths below 420 nm. Small quantities
of the nanospheres were dispersed in water and the suspensions were
placed on a glass slide and images were recorded.
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Supporting Information is available from the Wiley Online Library or
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