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- ] Table 1. Textural Characteristics of Calcined MSNs
ABSTRACT: Mesoporous silica nanoparticles (MSNs) Synthesized in Various Reaction Conditions
are experiencing rapid development in the biomedical field

for imaging and for use in heterogeneous catalysis.
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Although the synthesis of MSNs with various morpholo- S (m’/g)  (ml/g) (mL/g) (nm)  PSD” (nm)

gies and particle sizes has been reported, synthesis of a MSN-L-T1 435 213 0.32 4 74+8
pore network with monodispersion control below 200 nm MSN-L-T2 552 145 041 16 115 + 10
is still challenging. We achieved this goal using mild MSN-L-T3 590 1.38 0:42 17 130+ 12
conditions. The reaction occurred at atmospheric pressure MSN-L-B2 675 1.27 043 23/54 40+ 3
with a templating sol—gel technique using cetyltrimethy- MSN-H-T2 837 L71 064 29/54 0 £ 12
lammonium (CTA"*) as the templating surfactant and MSI;;;gH' 1154 1.58 100 27 S0 to 80

small organic amines (SOAs) as the mineralizing agent.

Production of small pore sizes was performed for the first L and H stand for low and high TEAH,/TEOS molar ratio, x = 0.026

. . d redi bl di d and 8.0; T and B stand for Tosylate (Tos™) and bromide (Br)
LTy LR D BRIy (O el O Dt it S L ple counterions; n stands for SOA with 1 = TEA, 2 = TEAH;, and 3 =

nanophases with either stellate (ST) or raspberry-like AHMPD, respectively bSupr is the specific surface area measured from

(RB) channel morphologies. Tosylate (Tos™) counterions N2 physworptlon “Viotal is the total internal pore volume measured at
favored ST and bromide (Br~) RB morphologies at P/P, = 0.99. me is the internal pore volume measured at P/P, =

ultralow SOA concentrations. Both anions yielded a worm- 0.80. “Dyyy is the pore diameter calculated from the BJH theoretical
like (WO) morphology at high SOA concentrations. A model (add ca. 0.7 nm for BdB or DFT equivalent). /Particle size
three-step formation mechanism based on self-assembly distribution (PSD) was determined by measuring the diameters of at

and ion competition at the electrical palisade of micelles is least 100 particles under TEM (Figure S1). From ref 18.

proposed. Facile recovery and redispersion using specific
SOAs allowed a high yield production at the kilogram
scale. This novel technique has practical applications in
industry.

Growth inhibitor additives, such as a triblock copolymer
(F127),"* triethanol amines (TEAH,),'"®™° and functional
organosilanes, improve the process, resulting in better particle
size control. Without the addition of any additives, control of
pore size and structure is poor.'>*"** Several groups have

‘ onsiderable progress has been made in the past decade in synthesized MSNs with radial-oriented mesochannels and a

the synthesis of mesoporous materials with a defined conical pore shape using microemulsion media. 23726 These

topology and morphology.l_s The synthesis of surfactant stellate structures are ideal scaffolds for biological, medical, and
templated mesoporous silica nanoparticles (MSNs) smaller catalytic applications, as the pore structures are accessible by
than 200 nm is emphasized because of their potential large molecules.”” "> These structures are either too large
applications in cell imaging, disease diagnosis, drug/gene/ (>200 nm) for application in life sciences or too complex to be
protein storage or delivery, separation, and heterogeneous produced at a large scale. Thus, reliable large-scale production
catalysis.""' Chemical stability, consistent pore structure, easy of MSNs with tunable porosity and particle size, particularly
large-scale purification, and recovery from colloidal solutions <200 nm, is highly desirable.'*” 2630
are required for any industrial application of MSNs.">~"” In this work, the first kilogram scale synthesis of pure

Soft-templating synthesis of MSNs is the best and easiest nanophases of monodisperse MSNs smaller than 130 nm with
method because there is little aggregation, involving a well- stellate (ST), raspberry (RB), or worm-like (WO) morphol-
defined pore structure, uniform morphologies, and particle size
control. Polymorphic and polydispersed MSNs are produced Received: November 29, 2012
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under kinetic control using dilution and acid quenching. Published: January 30, 2013
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Figure 2. HRTEM images of MSNs synthesized (a) at an intermediate
concentration of 2, x = 2.0 (average size 60 + 6 nm) with inverted
contrast (bottom right: surfactant formula with Tos™ counterion), (b)
the ST MSN indicated in “a”, (c) WH-1, (d) diffraction pattern of
WH-1, (¢) ST MSN from MSN-L-T-2, (f) RB MSN from MSN-B-2
(Figure 3), and (g) WO MSNs from MSN-H-T2 (see TEM in Figure
S6a) (insert: diffraction pattern).

ogies was developed based on the nature and the concentration
of small organic amines (SOA) together with an appropriate
choice of the cationic surfactant counterions. The MSNs were
easily separated and collected by filtration when the SOAs such
as triethanolamine, TEAH, 2 and 2-amino-2-
(hydroxymethyl)propane-1,3-diol, AHMPD = 3 were used
instead of triethyleneamine, TEA = 1. Indeed, 2 and 3 were the
only to possess multiple hydrogen bonding capacities. A
formation mechanism was proposed for fine-tuning of the
channel morphologies.

2428

Figure 3. SEM (a) and HR-TEM (b) images of MSN-L-B2. The
highlighted RB MSN was shown in inverted contrast in Figure 2f
(bottom: formula of the surfactant with Br™ as counterion).

The synthesis was performed under room conditions with a
typical mother liquor composition of
1.0Si0,:0.06CTATos:xSOA:80H,0 at a molar basis, where x
(SOA/TEOS) varied from 0.026 to 8.0. In a typical large-scale
synthesis of stellate MSNs, 1458.0 g of tetraethylorthosilicate
(TEOS), 192.0 g of cetyltrimethyl-ammonium (CTA")
tosylate, and 34.7 g of 2 or 22.1 g of 3 were dissolved in 10
L of water. The reaction was carried out at 80 °C for 2 h. The
final pH was ca. 7 and 10 at x = 0.026 and 8.0, respectively.
After filtration and drying at 100 °C for 20 h, 460 to 600 g were
collected (93% and 85% vyield for SiO, and the surfactant),
respectively for MSN-L-T2 and MSN-L-T3 (the sample
nomenclature and more details on synthesis available in the
Supporting Information, SI).
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Scheme 1. Synthesis Mechanisms at Low or High SOA
(green dots) Concentration (pH =~ 7 or 10) and Tos™ (left)
or Br™ (middle) (template counterion is not represented
here)”
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When CTATos were used as the template, particles were
spherical with an ST morphology. Average sizes increased from
74 to 130 nm as 1 to 3 were used (Figures 1 and S1, Table 1).
For 2 and 3, TEM determined the average pore mouth
diameter to be ca. 10 and 15 nm, using N, physisorption
(Figure S2). For 1, the pore mouths were slightly larger, ~20
nm, and not resolved due to the interparticle voids from the N,
adsorption isotherm. Larger surface areas and internal pore
volumes were consistent not only with full pore connectivity
but also with thinner and more tortuous walls for 2 and 3
(Figure 1b, d, f).

High-rate centrifugation is necessary to recover MSN-L-T1
for small nanoparticles.”>>%*® However, when 2 and 3 were
used instead of 1, filtration was sufficient for the separation.
Moreover, after ultrasonic treatment, the MSNs were totally
redispersed in either water or ethanol, but not in cyclohexane
or toluene (Figure S3). The MSNs were apparently held
together in aggregates which were large enough to be separated
by filtration alone. The formation of similar metastable
nanoflocculates was also observed with zeolite nanoparticles.®!
The amine molecules 2 and 3 were protonated at pH 7—10 and
were likely to interact with silicate more strongly than 1
because of the chelating properties of the ethanol arms (pK, in
SI). Moreover, molecules 2 and 3, with four H-bonding centers,
favored the formation of dense networks of bridging particles.
Both effects may explain the flocculate dismantlement and
particle redispersion seen in polar-protic solvents.

The channel morphology was first adjusted by varying x. At x
= 0.026, all particles were ST typed and did not present any
diffraction pattern (Figures 1, 2e, and S4). At the intermediate
values (x > 2.0), a broad XRD peak appeared at 20 = 1.7° and a
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new type of particle with worm-like and parallel pore channels
was seen (Figure 2a). These MSNs exhibited two diffraction
dots with a reciprocal distance of 0.250 nm™" assigned to the
parallel channels, prefiguring a nascent hexagonal phase
(Figures 2c and 2d). These transitional particles, denoted as
WH (Worm—Hexagonal transition state), possessed flat edges
(parallel channels, Figure 2d). This transition was bypassed as
the WO morphology was solely attained at high x value
(Figures SSa and S6a). A similar WO nanophase was reported
using Br™ instead of Tos™ counterions and also with a high x
value (reported in Table 1 as MSN-H-B2)."® Such morphology
was characterized by a single X-ray diffraction peak and a single
electron diffraction ring (Figures S4 and 2g).14’15’18 The ST-
WH-WO nanophase transition was accompanied by an
evolution from regular spheres to ill-faceted and again to
spherical particles with larger porosities (up to 1.71 mL/g) and
higher surface areas (up to 837 m?/g). It is worth noting that
the formation of geminates and rows of sealed nanoparticles at
high SOA/TEOS molar ratios (>1) was consistent with an
increased viscosity that favored slow kinetics and fusion of
particles (Figures SS and S6).

At the molecular level, the curvature of the organic—
inorganic electrical interface was affected by the counterions
(X7) remaining in the material. This can be described as {(1 +
n)S*, nX~, I"} with S* standing for CTA* and I~ for the
negatively charged silica surface.”**> The presence of Tos™ in
the stellate MSNs was confirmed by *C CP MAS NMR and
thermogravimetric analysis (Figures $S7—S9). Under similar
synthesis conditions, the substitution of Br~ ions led to
monodispersed quasi-spherical MSNs with spherical pores.
Such a raspberry-like morphology was previously described
only in polymorphic and polydispersed systems obtained by
using both dilution and pH quenching (Figures 2f and 3)."
The structural uniformity of the MSNs allowed the first
consistent measurement of pore size (ca. 2.3 nm) from both
TEM and N, physisorption isotherms and confirmed the pore
templating mechanism by single spherical CTA" micelles, as
proposed earlier.'® Connection to the exterior was confirmed
by the large surface area and pore volume (Figures 2f and 3b,
Table 1). The pivotal role of the counterions in forming the
pore network is rationalized by the much lower affinity of Br~
than Tos™ for the electrical palisade of the CTA" micelles
(lower CMC for CTATos than CTABr).**~3¢ Tos~ competes
more against the adsorption of silicate oligomers on the
micelles than Br~. This competition is favored at low pH
(obtained at low SOA concentrations). As a consequence, the
concentration of Tos™ is high in the MSNs (Figures S7—S9).
Indeed, the silanolate density (I7) is too small to displace Tos~
anions efficiently. We named this phenomenon “weak
templating” conditions.”” In contrast, high SOA concentrations
(pH 10) and high silanolate density result in stronger
templating conditions, yielding Tos™-poor MSNs with a more
organized 1D worm-like array of the pore channels. The highly
ordered 2D hexagonal LUS silica poorly adsorbs Tos™, despite
the similarity in gel composition and pH.***>*® The difference
may be due to the presence of SOAs. The rationale may come
from a cationic competition between SOAs still protonated at
pH 10 and CTA, thus deteriorating the templating at high x
ratios.

The high thermal stability of the actual MSNs (better than
that of SBA-15 mesophases) in saturated steam at 700 °C
occurred because of the denser and thicker pore walls. These
are in agreement with the TEM observations and low silanol
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concentrations seen using NMR (Q; measured using **Si MAS
NMR spectra, Figures S10—S13).”” The stability was related to
the catalytic properties of amine 1 and the aminoalcohols 2 and
3 that allowed silicate condensation at neutral pH, similar to
other polyamines or polyols moieties in protein producing
biogenic silicas.**™*

Although the formation of stellate channel morphology may
suggest kinetically driven growth by percolation on aggregated
micelles, a self-assembly of partially silicated micelles as
depicted in Scheme 1 is more likely to occur with respect to
the surfactant concentration that is below the surfactant
CMC.'">*3% We believe that the three-step formation
mechanism is appropriate for describing the synthesis of all
three types of MSN morphologies, in which self-assembly takes
place between polymerizing silicate oligomers and individual
surfactant micelles. The imperfect-centered stellate shape
morphology suggests that the growth proceeds via a block-
by-block aggregation, similar to that seen in zeolite.®" The
mesochannel morphology is controlled by the template
counterion and the SOA concentration, yielding tighter
templating conditions and silicated micelles. Stellate nano-
phases smaller than 130 nm and pure raspberry-like channel
nanophases were obtained for the first time with this technique.
SOAs acted as soft particle binders, allowing easy recovery,
redispersion, and a high yield large-scale production of MSNs.
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