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Core-shell particles with fluorescent cores were synthesised by growing silica shells on fluorescein-
labelled Stober-type particles. The porosity of the shell could be altered in a subsequent pseudomorphic
transformation step, without affecting the particle size and shape. These core—shell particles constitute
a platform for the evaluation of pore connectivity and core accessibility by observing the effect of
a quencher on the fluorescence signal emitted by the fluorescein-labelled cores. In combination with
argon sorption measurements, quenching experiments with copper provided valuable information on
the porosity generated during the shell formation process. It was further observed that the introduction
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Introduction

Core-shell particles consisting of a mesoporous silica shell and
a variety of active cores have been reported. Cores include
metals for catalysis,"* lanthanide-doped nanoparticles for up-
conversion,’® Fe;O, for cancer therapy* and magnetic resonance
imaging,® as well as quantum dots for sensing® and molecular
imaging.” Magnetic cores can facilitate the separation of the
core-shell particles and have been used in combination with
appropriately functionalised mesoporous silica shells for the
removal of heavy metals,® aromatic sulphur compounds® and
polycyclic aromatic hydrocarbons, for catalysis,"** as well as
for targeted drug delivery.****

The molecular transport within the pore systems is a key
parameter in most of the applications of mesoporous materials.
Recent work based on pulsed field gradient NMR (nuclear
magnetic resonance) and continuous wave EPR (electron para-
magnetic resonance) has provided insight into the mechanisms
determining the diffusion of molecules in mesopores.'>'® The
diffusion processes are highly complex, being strongly influ-
enced by factors such as temperature, confinement, and
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pores that do not offer an unobstructed path from the external particle surface to the core.

interactions between probe, solvent, and surface. Methods that
allow for an in situ monitoring of diffusion processes are
desirable to optimise porous materials for their respective
applications.

The accessibility of the core of a core-shell particle largely
depends on the shell building procedure. Cores might be
inaccessible even if the shell features sufficient pore volume to
enable the uptake of a specific molecule. The pore volume,
which is typically obtained from nitrogen sorption, is an
insufficient measure for the accessibility. With this problem in
mind, we have developed a core-shell architecture that allows
for the evaluation of core accessibility in function of the shell
structure. The particles consist of a fluorescein-labelled core
and a silica shell. The porosity of the shell can be controlled by
pseudomorphic transformation (PT), i.e., by a rearrangement of
the pore structure while preserving the particle size and shape.
This is achieved by carefully balancing the dissolution and
reprecipitation of silica in the presence of a structure-directing
agent."”*® PT and postsynthetic functionalisation can generate
a variety of pore sizes'’>* and pore surface chemistries.”*** The
concept is illustrated in Fig. 1, showing a particle with a fluo-
rescein-labelled core and a rhodamine-labelled shell. In such
a system, the accessibility of the core can be assessed with the
use of compounds that are able to quench the fluorescence of
the core. Herein, the synthesis and characterisation of such
a core-shell architecture is reported. The resulting core-shell
particles are then used to study the effect of PT on the acces-
sibility of the core.
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Fig. 1 Schematic representation and confocal laser scanning
microscopy (CLSM) image of a core—shell microparticle with a fluo-
rescein-labelled core (green) and a rhodamine-labelled external
surface (red).

The investigation of the time-dependent quenching of the
fluorescent core yields data on the pore connectivity that cannot
be obtained by conventional methods such as gas sorption and
electron microscopy. The probing of the pore connectivity is
highly specific, due to the ability to adjust the properties of the
quencher species (e.g., size or charge). Not only does this
provide novel insights regarding the pore structure and
connectivity, but it also advances the mechanistic under-
standing of postsynthetic treatments such as pseudomorphic
transformation.

Results and discussion
Functionalised core particles

In order to obtain monodisperse spherical silica particles with
sub-micrometre diameter, a Stober-type synthesis was con-
ducted,” leading to particle growth by aggregation according to
the model of Bogush and Zukoski.*® The product displayed
a narrow particle size distribution centred at 0.35 um as well as
a uniform spherical morphology (Fig. 2A). Following calcination
the particles featured a type II adsorption isotherm, indicative
of a non-porous or macroporous material.>” The surface of the
particles was functionalised with (3-aminopropyl)triethox-
ysilane (APTES) at approximately 50% silanol coverage based on
two ~OH per nm” and a specific surface area of 12 m”> g~ '.>®
Following the functionalisation with APTES, fluorescein iso-
thiocyanate (FITC) was coupled to the surface-bound amino
groups.”~" The particles displayed a pale-yellow colour after
FITC labelling. These labelled particles were used as cores to
build the core-shell particles.

Shell growth

Silica shell growth is suppressing the generation of stable
secondary particles and particle aggregation, while the primary
particle diameter is enlarged.*>*®* This can be achieved by
focusing on the total particle surface area per reaction volume
(SA/V). It has been reported that a low SA/V results in the
formation of secondary particles, while a high SA/V promotes
aggregation.****¢ The SA/V can be regulated by the use of seed
particles, the composition of the hydrolysis solution and the
addition rate of tetraethoxysilane (TEOS).**3%%
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In our case, the fluorescein-labelled core particles act as seed
particles, allowing control of oligomer saturation, as they
counteract any supersaturation by growing before nucleation
starts. The size, dispersity and morphology of the core particles
were found to directly influence the shell growth. To ensure
maximum available surface area the core particles were
dispersed and sonicated in a hydrolysis solution (containing
NaCl, NH,F, aqueous ammonia and ethanol, see Experimental)
prior to shell building. The hydrolysis solution facilitates the
growth of the silica shells. A high pH results in quick hydrolysis
(large H,O and NH,OH quantities) and condensation (small
ethanol quantity).*®* The silanol surface groups are deproto-
nated, leading to stabilisation of the particles. The double layer
thickness, which could hinder shell building, is reduced due to
the large excess of hydroxide and ammonium ions.* Shell
growth was conducted at 5 °C, because low temperature has
been shown to disfavour adjacent particle crosslinking and
secondary particle formation.*>*“*> However, temperatures
below 5 °C should be avoided, as this results in solubility
problems for TEOS. The addition of small amounts of salts
(typically NaCl) has been shown to inhibit the formation of
secondary particles. The concentration must be carefully
adjusted, as destabilisation of the suspension occurs if the
concentration is too high, leading to particle aggregation.’***

For shell growth, TEOS and additional hydrolysis solution
must be continuously added to the reaction mixture. Additional
hydrolysis solution is required to maintain the SA/V. This slows
down the increase in mass fraction and allows more TEOS to be
dissolved.** Maximum addition rates of TEOS for different silica
seed sizes under typical conditions of silica seed growth have
been put forward by Giesche.?® Particularly in the later stages of
particle growth, addition of the hydrolysis solution at a constant
rate can lead to a decrease of the SA/V. This dilution effect can
cause the formation of secondary particles. However, the addi-
tion must be continued, because with increasing diameter, the
distance between the particles decreases, thereby promoting
aggregation.® For the formation of thick shells (C-2S particles,
Fig. 2C), we have therefore conducted the growth process in two
steps, with a smaller and gradually decreasing addition rate of
the hydrolysis solution during the second step. Fig. 2 shows the
scanning electron microscopy (SEM) images of the particles at
different stages of the growth process. The particles obtained
after the growth of the first and second shell (C-1S and C-25)
show low polydispersity and only a minor fraction of small
secondary particles.

Constant addition rates of TEOS and hydrolysis solution
were used for the first shell. For C-S particles (thin shell) this
was completed for 20 min (TEOS (1.5 mL) and hydrolysis solu-
tion (8.4 mL)) to obtain a particle diameter of 0.5 pm or a 75 nm
thick shell (Table 1).

The constant addition of TEOS could be completed up to
9 mL (2 h), which resulted in a particle diameter of 0.86 pm or
a 255 nm thick shell (Fig. 2B). An amount of 1 mL of the reaction
mixture was extracted every 10 min and immediately quenched
in 10 mL of ethanol. The SEM images of these samples are
presented in Fig. S2 (ESIT). In the early stages, the shell growth
is slow as the concentration of TEOS is low. Between 20 to

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 SEM images of (A) core particles, (B) core—shell particles with a single shell (C-1S), (C) core—shell particles with a double shell (C-2S) and
(D) CLSM image of functionalised C-2S (fluorescein-labelled core and rhodamine-labelled external particle surface). The scale bars are 5 um.

Table 1 Average particle diameter and shell thickness of the core—
shell particles. The average particle diameter was obtained by counting
at least 100 particles from five different SEM images. The shell thick-
ness was determined by comparing the final particle diameter with the
initial core diameter

Particle diameter Shell thickness

Sample [nm] [nm]
Cores 0.35 —
C-S 0.50 75
C-1S 0.86 255
C-2S 1.70 675

30 min the formation of unstable secondary particles (USPs)
was observed. It is believed that at this stage the particles start
to grow by particle aggregation and Ostwald ripening. Phys-
isorption of the USPs on the stable primary particles was indeed
observed. In addition, the temporal development of the particle
size compared well with theoretical calculations of particle
growth according to Chen et al. (Fig. S31).** However, in the
early stages, the theoretical calculations were found to deviate
from the experimental observations, because the theoretical
model assumes uniform growth and therefore neglects the
generation of secondary particles. The gradually improving
agreement between the theoretical and the experimental

© 2021 The Author(s). Published by the Royal Society of Chemistry

particle size indicates a constant particle population. Additional
support for the consumption of USPs for shell growth comes
from Iler's conclusions regarding the physisorption of USPs.** A
concave surface, such as that formed by the aggregation of two
spherical particles, has a lower solubility than a convex surface.
Consequently, reprecipitation occurs at the immediate surface
of the respective primary particle. It was found that the shell
building could be stopped at any point to obtain different shell
thicknesses, such as that for C-S, although additional agitation
was required for up to 1 h to allow sufficient time for USP
consumption. The products showed a narrow particle size
distribution and homogeneous morphology.

The constant addition rate of TEOS and hydrolysis solution
past 2 h still resulted in shell growth. However, due to the large
particles present at this point of the process, the growth was
found to be slow in relation to the amount of TEOS given to the
system. At 2 h the theoretical and the experimental particle size
are identical (Fig. S37), in addition to TEOS starting to become
immiscible. For further shell growth, a transition from
a constant to a dynamic addition rate is therefore reasonable.
To accelerate growth as a function of TEOS, the reaction was
split at this point, with 30 mL of the reaction mixture aliquoted
from the centre of the suspension. This had the result of largely
eliminating the USPs. The addition rate of TEOS for the
formation of the second shell, i.e., for the growth from C-1S to
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C-28, remained constant, but the addition rate of the hydrolysis
solution was dynamic, with the rate reducing over time, thereby
allowing the SA/V to remain high as the reaction continued.
This increased the probability of monomers reacting with
a silica surface site rather than with each other, which was
evident through the absence of USPs in the SEM images. The
particles shown in Fig. 2C were obtained after an additional 4 h
of reaction time. They showed regular spherical morphology
and a narrow particle size distribution with an average diameter
of 1.7 pm (675 nm shell thickness). However, the SEM image did
show some aggregation and secondary particles (Fig. 2C).

Characterisation of the shell

The spatial distribution of the fluorescent labels was deter-
mined with the C-2S particles. Selective labelling of the external
particle surface® allowed for a convenient visualisation of the
core-shell structure by CLSM (Fig. 1 and 2D). The dark region
between the fluorescein-labelled core and the rhodamine-
labelled external particle surface corresponds to the silica shell.

To further characterise the shell, argon sorption measure-
ments were completed. All isotherms presented in Fig. 3 are
from C-S particles following 20 min of shell building. Argon was
chosen as an adsorptive due to the microporosity of the shells.*®
The C-S particles display a type I isotherm indicative of
a microporous material.”” The almost linear increase of adsor-
bed volume in the high pressure region of the isotherm indi-
cates an unordered porous network spanning the entire
mesoporous range and into the macroporous range, an obser-
vation confirmed by the substantial mesopore volume (Fig. 4).
The microporosity is most likely a result of particle agglomer-
ation during shell growth.*® Most of the micropores collapse
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Fig. 3 Argon sorption isotherms of C-S (e), calcined C-S (C-S-cal, @)
and pseudomorphically transformed and extracted C-S particles (C—
S-PT-ext, ®). Hollow points denote desorption.
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Fig. 4 Gas sorption data taken from argon adsorption isotherms of C—
S, calcined C-S (C-S-cal), C-S after PT without SDA (C-S-PT-noSDA),
C-S after PT and extraction of the SDA (C-S-PT-ext), C-S after PT and
calcination (C-S-PT-cal). Displayed is the volume contribution of
micropores for all pores smaller than 2 nm (diagonal lines) and the
volume contribution of pores with sizes between 2 and 7 nm (solid
grey).

upon calcination at 550 °C, leading to a decreased micropore
volume and a considerable reduction of the total pore volume
(sample C-S-cal, Fig. 4, Table S17).

Pseudomorphic transformation (PT)

In previous work, we have shown that the degree of PT in the
presence of cetyltrimethylammonium bromide (CTAB) as
a structure-directing agent (SDA) can be controlled by the
reaction conditions and firstly affects the most accessible (i.e.
outer) regions of the particle.?** In recent work, the effect of
a partial pseudomorphic transformation on the porosity of
mesoporous silica SBA-15 was further investigated, indicating
a complex alteration of the initial pore structure.*” If PT does
occur from the outer regions first, a transformation of the shell
without degradation of the functionalised core is possible by
carefully adjusting the temperature, pH and duration of the PT.
In fact, the fluorescein-labelled core provides an excellent
means for evaluating whether the PT has reached the particle
centre, as this would lead to the removal of the covalently bound
fluorescein by hydrolysis, with subsequent distribution over the
entire core-shell particle. To assess the core accessibility by
quenchers, the integrity of the fluorescent core is crucial.
Therefore, relatively mild PT conditions were implemented, and
the SEM images were observed to ensure that the particle
morphology was retained (Fig. S47).

The argon sorption isotherm of the core-shell particles after
PT and extraction of the SDA displays a distinct pore conden-
sation step (Fig. 3). The isotherm is classified as type IV on

© 2021 The Author(s). Published by the Royal Society of Chemistry
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account of this pore condensation step. A narrow pore size
distribution centred at 4 nm was obtained (Fig. S51), indicating
that the mesoporous structure is preserved after the extraction
of the SDA. Gas sorption data of different types of pseudo-
morphically transformed particles are presented in Fig. 4. It was
found that the process of dissolution and reprecipitation during
PT at high pH leads to the closing of micropores, which mani-
fests itself by a reduction of the micropore volume. This effect
can be well observed when a sample is treated under the
conditions of PT but in the absence of the SDA (sample C-S-PT-
noSDA, Fig. 4, Table S17).

The SDA must be present for the generation of the 4 nm
mesopores. As micropores are closed during PT, small quanti-
ties of large mesopores (>40 nm) and macropores in the C-S
particles are expected to play an important role by allowing the
uptake of the SDA prior to the transformation.

Accessibility studies

To determine the accessibility of the fluorescein-labelled cores
with varying shell architecture, a fluorescence quencher was
added. Fluorescein has been shown to be readily quenched by
Cu”* through both heavy atom and electron exchange quench-
ing mechanisms of which both occur over short distances.***
To prove that no irreversible changes in the system had
occurred after the quenching experiments, Ca>" was added and
the fluorescence could be fully recovered (Fig. S67).

To a cuvette, a sonicated suspension of the particles in
methanol was added. Methanol was used due to its good
refractive index matching®* and pore wetting.”® The amount of
particles was adjusted until a set number of counts was ach-
ieved. The particles were stirred and excited slightly below their
absorption maximum. All time-based measurements were
recorded at A.;,, = 519 nm, which approximately corresponds to
the emission maximum of the fluorescein-labelled cores. It was
found that the SDA did not hinder the diffusion of the quencher
(Fig. S71), so unless expressly stated, all results are for as-
synthesised particles.

The shape of the fluorescence bands and their maxima
provide information about the local environment of the fluo-
rescein moieties®** as long as the number of cores is constant.
The pristine core particles produced a single emission band
with a maximum at approximately 520 nm (Fig. 5). The C-S
particles displayed a broader band with a 260% reduction in
signal intensity compared to the pristine core particles, as well
as a slight blue shift, indicating an increase of the fluorescein
monoanion/dianion ratio.*® The increased fluorescence inten-
sity of the pseudomorphically transformed particles is most
likely due to a high dianion/monoanion ratio caused by the
basic conditions during the transformation.

The addition of CuCl, had no significant effect on the
absorbance values as monitored for A.;,, and A.. An excess of 24
eq. of Cu®" (relative to the amount of FITC used for the labelling
of the core particles) was added as this eliminated any uncer-
tainty regarding the number of fluorophores in the different
samples. The effect of photobleaching and particle settling on
the time-based measurements was evaluated by observing the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Fluorescence spectra of cores (pristine, ®), C-S (8), and C-S-PT
particles (@), excited at 485 nm. The number of fluorescein-labelled
cores present in each sample is comparable.

fluorescence intensity of C-S particles in the absence of
a quencher (Fig. 6). Over a period of 12 h, the fluorescence
intensity decreased by less than 9%.

The fluorescence of the pristine fluorescein-labelled core
particles was efficiently quenched by Cu®*. This result is ex-
pected, as postsynthetic functionalisation of the non-porous

1.0 Photobleaching/settling of C-S

(]

Relative fluorescence intensity / I/l

6
time/h

Fig. 6 Relative fluorescence intensities as a function of time. Pres-
tened is the effect of photobleaching/settling of C-S in the absence of
a quencher (®). For the other curves, the quencher (Cu?*) was added at
0 h: cores (pristine, ®), C-S (8), C-S-PT (®) and C-S-PT-noSDA ().
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core particles with APTES/FITC produced highly accessible
fluorescein labels on the external particle surface. The C-S
particles also showed rapid quenching, indicating that a porous
shell was formed. This is in agreement with the results obtained
from the argon sorption measurements. However, it seems that
the shell formation has led to some inaccessible fluorophores.
Good reproducibility was found for multiple repetitions of the
same sample-quencher system (Fig. S87).

The fluorescence of the C-S-PT particles could not be effi-
ciently quenched, indicating that the permeability of the shell
had been affected by PT. As-synthesised MCM-41 particles co-
condensed with APTES/FITC were used to elucidate the
possible contribution of residual SDA on the diffusion of Cu**
through the mesopores. Co-condensed MCM-41 has thin pore
walls with a thickness of approximately 0.9 nm.*® The fluores-
cein moieties should therefore in principle be well accessible
for the quencher. We found that the fluorescence of the as-
synthesised co-condensed MCM-41 sample was indeed effi-
ciently quenched by Cu®* even in the presence of the SDA
(Fig. S77), leading to the conclusion that neither residual SDA
nor the 4 nm pores significantly limit the diffusion of the
quencher.

An additional PT experiment was completed without the SDA
(C-S-PT-noSDA). Quenching of the resulting particles by Cu**
was not efficient, although slightly more efficient than for C-S-
PT. As we have reported in Fig. 4, C-S-PT-noSDA shows very little
porosity compared to C-S, which could be interpreted as
a reason for the reduced quenching efficiency and for the
decrease in shell permeability. However, the C-S-PT samples,
which were transformed in the presence of the SDA, show
a much larger porosity, which surprisingly does not seem to
improve the accessibility of the core. The origin of this
discrepancy must be sought in the connectivity of the pores. The
shells of the C-S particles before PT obviously consist of
a network of well-connected pores spanning the entire range
from micro- to macropores. These pores are formed during the
process of shell building. The highly basic conditions of PT led
to the elimination of the micropores and small mesopores (in
the absence of the SDA), causing a decreased shell permeability
for Cu®". PT in the presence of the SDA transformed the larger
pores into small mesopores. These newly formed well-defined
4 nm mesopores further decrease the shell permeability. PT in
the presence of CTAB has been found to lead to the formation of
2D-hexagonally ordered pore systems.*” Our results indicate
that these are likely to contain dead-end pores and might not
always effectively connect the particle core with the external
particle surface or with large mesopores and macropores
remaining after PT.

Experimental

Materials

Aqueous ammonia (28-30%), tetraethoxysilane (TEOS,
=99.0%), (3-aminopropyl)triethoxysilane (APTES, 97%), fluo-
rescein isothiocyanate (FITC, >90%), rhodamine B iso-

thiocyanate (RBITC, mixed isomers), NaCl (=99.99%), NH,F
(=99.99%), NaOH (=98%), cetyltrimethylammonium bromide
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(CTAB, >99%), and copper(n) chloride (CuCl,, powder, 99%)
were obtained from Sigma-Aldrich. Ethanol (>96%) was
purchased from Reuss. 3-Amino-
propyltris(methoxyethoxyethoxy)silane (APTMEES, 95%) was
obtained from ABCR. Ammonium nitrate (NH,;NOj;, 99%) was
purchased from Merck. Methanol (99.9% for analysis) was
purchased from Acros. All chemicals were used as received.

Synthesis of core particles

Core particles were synthesised following the procedure by
Stober.” A solution of aqueous ammonia (14 mL, 28-30%), H,O
(43 mL), and ethanol (50 mL) was magnetically stirred (300 rpm)
in a 250 mL polypropylene beaker. After 10 min, stirring was
increased to 500 rpm and TEOS (8 mL) was added quickly. The
beaker was covered with a watch glass and the mixture was
further stirred for 4 h. The resulting suspension was transferred
to centrifugation tubes and centrifuged for 10 min at 4000 rpm.
The particles were washed three times with 20 mL of H,0 and
once with 20 mL of ethanol. The product was dried in an oven at
80 °C for 2 h before being calcined at 550 °C overnight with

a heating rate of 1 °C min .

Labelling of core particles

For CLSM imaging and shell permeability studies, the core
particles were labelled with FITC. Core particles (500 mg) were
dispersed in a solution of ethanol (10 mL) containing APTES
(2.4 pL) and FITC (1.0 mg). The suspension was briefly soni-
cated and then agitated for a further 30 min on a Vortex mixer
set to 1400 rpm. Following centrifugation (10 min, 4000 rpm),
the fluorescein-labelled core particles were washed with ethanol
(20 mL) and dried overnight at 80 °C.

Synthesis of core-shell particles with a thin shell (C-S)

A hydrolysis solution was made before shell synthesis, con-
taining NaCl (170 mg), NH,F (110 mg), H,O (360 mL), aqueous
ammonia (486 mL, 28-30%) and ethanol (79 mL). In a 50 mL
centrifuge tube, 150 mg of labelled core particles and 10 mL of
the hydrolysis solution were combined. The suspension was
sonicated and occasionally agitated for 30 min and pipetted
into a 250 mL polypropylene round-bottom flask equipped with
an oval shape magnetic stirrer bar (ca. 3 cm in length) and
a rubber septum. The flask was cooled to 5 °C and allowed to
equilibrate for 30 min. TEOS (1.5 mL) and hydrolysis solution
(8.4 mL) were separately added by means of two syringe pumps
operating at rates of 0.075 and 0.42 mL min ', respectively.
Following completion, the suspension was transferred to
a centrifuge tube and agitated for 1 h. The suspension was then
centrifuged (10 min, 4000 rpm). The resulting core-shell
particles (C-S) were washed three times with H,O (20 mL), once
with ethanol (20 mL), and dried in an oven at 80 °C overnight.

Synthesis of core-shell particles with a single shell (C-1S)

The same experimental procedure was completed as detailed
for the C-S particles. This time 9 mL of TEOS and 50 mL of
hydrolysis solution were added separately by means of two

© 2021 The Author(s). Published by the Royal Society of Chemistry
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syringe pumps operating at rates of 0.075 and 0.42 mL min ",
respectively. The stirring speed was increased stepwise by
increments of 10 rpm from 250 to 350 rpm over the two hours.
Following completion, the suspension was centrifuged
(10 min, 4000 rpm). The resulting core-shell particles (C-1S)
were washed three times with H,O (20 mL), once with ethanol
(20 mL), and dried in an oven at 80 °C overnight.

Synthesis of core-shell particles with a double shell (C-2S)

To facilitate the imaging of the core-shell structure by CLSM, an
additional shell was deposited. For this purpose, 30 mL of the
suspension containing the freshly prepared C-1S particles
(before the centrifugation and washing step) was pipetted into
a separate 250 mL polypropylene round-bottom flask, which
was cooled to 5 °C and equipped with an oval shape magnetic
stirrer bar (ca. 3 cm in length) and a rubber septum. Agitation
was started at 250 rpm and increased stepwise by increments of
10 rpm to 350 rpm over the four hours. TEOS (18 mL) and
hydrolysis solution (49 mL) were added separately by means of
two syringe pumps over the course of 4 h. An addition rate of
0.075 mL min ' was set for TEOS. The addition rate of the
hydrolysis solution was gradually adjusted from 0.16 (start of
the reaction) to 0.12 mL min~" (after 4 h). Following comple-
tion, the suspension was centrifuged (10 min, 4000 rpm). The
resulting core-shell particles (C-2S) were washed three times
with H,O (20 mL), once with ethanol (20 mL), and dried in an
oven at 80 °C overnight.

Pseudomorphic transformation (PT)

Core-shell particles (C-S, 100 mg) were mixed with the
structure-directing agent CTAB (65 mg, 0.18 mmol) in a PTFE-
lined autoclave (10 mL). Aqueous NaOH solution (1 mL, 80
mM) was added, and the mixture was stirred for 30 min. The
autoclave was closed and heated at 80 °C for 24 h. After cooling
to room temperature, the product was obtained by centrifuga-
tion and washed with H,O until a neutral pH and no foaming
(due to excess CTAB) was observed. After further washing with
ethanol (20 mL) the product was dried in an oven at 80 °C
overnight.

Extraction of the structure-directing agent (SDA)

After PT, the SDA was extracted by stirring the core-shell
particles in an ethanolic solution of NH,NO; (0.05 M) at 60 °C
according to a previously reported procedure.>” The extraction
was repeated three times.

External surface functionalisation

RBITC (4 mg, 7.5 pmol) was dissolved in ethanol (10 mL).
APTMEES (31.5 pL, 75 umol) was added to the solution and the
resulting mixture was stirred under nitrogen atmosphere for
16 h. Core-shell particles (C-2S, 200 mg) were dispersed in
ethanol (5 mL) and 5 mL of the solution containing RBITC and
APTMEES was added to the suspension containing the core-
shell particles. After stirring for 16 h, the core-shell particles
were recovered by centrifugation and washed with ethanol until

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the washing solution was colourless. The product was dried in
an oven at 80 °C overnight.

Synthesis of co-condensed fluorescein-labelled MCM-41

A mixture of CTAB (1.1 g, 3 mmol), H,O (26 mL) and aqueous
ammonia (12 mL, 28-30%) was heated to 35 °C and magneti-
cally stirred until CTAB had fully dissolved. The solution was
then allowed to cool to room temperature. A second solution
was made containing FITC (40 mg, 0.12 mmol) in ethanol (5
mL) and APTES (16 upL, 0.07 mmol). This solution was
magnetically stirred for 4 h or when approximately 3 mL of
ethanol had evaporated. TEOS (5 mL, 0.94 mol) was added to
this solution and the combined solution was slowly added to
the original CTAB containing solution. The combined reaction
mixture was stirred for 3 h at room temperature before being
transferred to a PTFE-lined autoclave, where it was subse-
quently heated to 100 °C for 48 h. The particles were recovered
by filtration, washed with 1 L of H,O and dried in an oven at
80 °C overnight.

Characterisation

Confocal laser scanning microscopy (CLSM) was performed with
an Olympus BX60 microscope equipped with a FluoView FV300
confocal unit and excitation at 488 nm and 543.5 nm. Scanning
electron microscopy (SEM) images were acquired with a Thermo
Scientific Quanta FEG 250. Fluorescence measurements were
performed on a Fluorolog-3 (Horiba). Emission spectra were ob-
tained at an excitation wavelength of 1., = 485 nm and an emis-
sion wavelength range of A, = 500-560 nm with a resolution of
0.5 nm, an integration time of 0.1 s and an average of five scans.
For time-based measurements A., = 485 nm and Ay, = 519 nm
were fixed, and measurements were taken every 160 s for 12 h.
Excitation and emission slits were set to 4 nm. The spectra were
corrected, dark-offset, and a blank subtraction of a quartz-cuvette
with methanol was completed. Stirring was applied via a magnetic
stirrer. The argon sorption isotherms were measured at 87.3 K
with a Quantachrome Autosorb iQ MP equipped with a Cry-
oCooler. As-synthesised (SDA containing) samples had the SDA
extracted before gas sorption measurements, according to the
abovementioned procedure. The samples (C-S, C-S-PT-ext, C-S-
PT-noSDA) were vacuum degassed at 80 °C for 3 h prior to the
sorption measurements. Calcined samples (C-S-cal, C-S-PT-cal)
were vacuum degassed at 300 °C for 3 h. The pore size distribu-
tions and average pore diameters were determined from the
adsorption branch by a non-local density functional theory
(NLDFT) model developed for silica exhibiting cylindrical pore
geometry (Software ASiQwin v3.01, Quantachrome Instruments,
Boynton Beach, FL, USA).*® The micropore volume (V,, pore
diameters below 2.25 nm) and mesopore volume (Vieso; 2.25-7.05
nm) were obtained from the volume histogram of the NLDFT. V.
was taken at a relative pressure of 0.95 based on Gurvich's rule.””

Conclusions

Silica shells with different architectures were synthesised on
fluorescent cores. This was achieved through basic conditions
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and the addition of TEOS and hydrolysis solution in two steps.
The first step yielded well-defined core-shell particles that were
used for shell structure characterisation and accessibility
studies. Further enlargement of the shell through a consecutive
step provided micrometre-sized core-shell particles for conve-
nient imaging via CLSM.

The as-synthesised shells featured substantial micropo-
rosity with unordered mesopores and were permeable to Cu®",
as demonstrated by quenching experiments. It was found that
the synthesis of the shell and the subsequent pseudomorphic
transformation resulted in changes to the ratio of mono-
anionic and dianionic fluorescein at the core, thus providing
information on the chemical environment at the core-shell
interface.

Pseudomorphic transformation was found to affect the shell
permeability. Apart from the loss of microporosity, the presence
of the structure-directing agent resulted in the reshaping of
large pores to small mesopores (4 nm in diameter). This
transformation was found to reduce the accessibility of the core,
most likely due to the formation of dead-end mesopores and
pore systems not offering a direct path from the external surface
to the particle core. As the process constitutes a partial pseu-
domorphic transformation, some well-connected larger pores
remain. It is very likely that these remaining pores still provide
pathways to the core of the particles.

Research on pseudomorphic transformation of silica parti-
cles in the presence of a structure-directing agent has mainly
focused on the introduction of well-ordered pore systems into
particles of pre-defined size and shape. While pseudomorphic
transformation is undoubtedly a promising method for the
synthesis of novel porous materials, effects on the connectivity
of the pore system must be considered. Our results indicate that
the effect of such transformations on the pore connectivity
might - depending on the targeted application - not be bene-
ficial. Applications in catalysis typically require fast diffusion,
while slow diffusion is of interest for drug delivery and
controlled release. Core-shell particles with fluorescent cores
provide a versatile platform for the investigation of core acces-
sibility and pore connectivity.
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