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ABSTRACT: Heterocyclic silanes containing Si—N or
Si—S bonds in the ring undergo a ring opening reaction
with —OH groups at the surface of porous Si
nanostructures to generate —SH or —NH functional
surfaces, grafted via O—Si bonds. The reaction is
substantially faster (0.5—2 h at 25 °C) and more efficient
than hydrolytic condensation of trialkoxysilanes on similar
hydroxy-terminated surfaces, and the reaction retains the
open pore structure and photoluminescence of the
quantum-confined silicon nanostructures. The chemistry
is sufficiently mild to allow trapping of the test protein
lysozyme, which retains its enzymatic activity upon release
from the modified porous nanostructure.

lectrochemical or chemical syntheses of porous silicon

(pSi) or silicon nanoparticles usually produce hydrogen-
terminated surfaces."” Driven by the desire for a functional and
stable interface, the reactive Si—H surface is often modified
postsynthesis using silicon—carbon (Si—C) or silicon—oxygen
(Si—0O) bond forming reactions.” The most common means to
functionalize these materials is to graft organotrialkoxy-silanes”
such as R-Si(OEt); or R-Si(OMe), to the Si—O modified
surfaces.”” These organotrialkoxysilane reagents react with
hydroxyl-rich surfaces via hydrolytic condensation, and they
provide convenient routes into amine- (R = 3—aminopro§)yl) or
thiol- (R = 3-mercaptopropyl) functionalized surfaces’ that
are used in various sensor, energy, and biomedical applications."

Despite their utility, trialkoxysilane reagents have limitations.
They can require long reaction times or elevated temperatures
to obtain efficient coverage, the alcohol or water byproducts
can be deleterious to the performance of the final product, and
they can undergo cross-linking reactions that result in overly
thick coatings or clogging of micro- or mesopores.”’
Monoalkoxysilanes (such as (3-aminopropyl)-
dimethylmethoxysilane) are not susceptible to cross-linking,
but their reaction rates, coupling efficiency, and reaction
byproducts can still be limiting for many purposes.”

In this work, we describe the use of S-membered heterocyclic
compounds containing silicon—sulfur (Si—S) or silicon—
nitrogen (Si—N) motifs in the ring, which undergo a facile
ring-opening reaction to modify hydroxyls’~'" at the surface of
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silicon nanostructures (Figure 1). The reaction is demonstrated
on films, microparticles, and nanoparticles of porous silicon
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Figure 1. (a) Schematic illustration of the ring-opening click-reaction
of cyclic-silanes with the silanol-terminated pore walls of oxidized
porous silicon (pSi). (b) Structures of the reagents used in this study:
thia-silane (DMTSCP, 2,2-dimethoxy-1-thia-2-silacyclopentane),
butyl-aza-silane (BADMSCP, N-n-butyl-aza-2,2-dimethoxy-silacyclo-
pentane), diaza-silane (DMDASCP, 2,2-dimethoxy-1,6-diaza-2-silacy-
clooctane), and methyl-aza-silane (MATMSCP, N-methyl-aza-2,2,4-
trimethyl-silacyclopentane). R, = OMe, Me. R, = H, Me.

(pSi). We refer to the method as a “ring-opening click” reaction
due to its combination of simplicity, high yield, wide scope of
applicability, lack of byproducts, and use of easily removable
solvents.

The pSi used in these experiments was a frame-sheath type of
structure, consisting of a crystalline Si framework coated with a
hydrophilic, hydroxylated SiO, sheath, prepared by treating as-
etched pSi with oxidant (deionized water or aqueous hydrogen
peroxide) at room temperature. Reaction of dichloromethane
(DCM) solutions of the cyclic silanes with the hydroxylated-
surface pSi nanoparticles (pSiNPs)'* proceeded to completion
within 1-2 h. The reaction was monitored by observing the
change in surface charge on the nanoparticles. The pSiNP
starting material displayed a negative {-potential (in the range
—24 to —28 mV, Figure 2a, Table S1) consistent with a
hydroxylated surface, and the particles displayed average
hydrodynamic diameters of ~200 nm (Figure 2b).
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Figure 2. (a) (-potential and (b) mean hydrodynamic diameter
(intensity distribution) of surface-oxidized pSiNPs, measured by
dynamic light scattering (DLS), as a function of time of reaction with
the indicated cyclic silanes (diluted 1:4 v:v into dichloromethane) at
25 °C. Particles were isolated at the indicated time points, rinsed, and
redispersed in deionized water for the measurement. Means and
standard deviations calculated from triplicate measurements. (c)
Transmission electron microscopy (TEM) images of pSiNPs before
and after reaction with thia-silane at 25 °C for 2 h. (d) Photograph of
nanoparticles from (c) dispersed in ethanol and viewed under 365 nm
illumination.

The cyclic azasilanes (butyl-azasilane, diazasilane, and
methyl-azasilane) generate primary and secondary amines
upon ring-opening, and these reagents increased the {-potential
of the nanoparticles to between +30 and +35 mV (Figure 2a,
Table S1). By contrast, ring-opening click of the cyclic thia-
silane exposes a thiol functionality, and a decrease in (-
potential, to —50 mV, was observed from particles subjected to
this grafting reaction. The chemistry did not result in a
signiﬁcant increase in nanoparticle size, and no aggregates were
observed (Figure 2b). Similar trends were observed when the
reaction was performed under mild heating conditions (37 °C)
(Figure S1). Transmission electron microscopy (TEM) images
indicated that the open pore structure of the nanoparticles was
preserved after modification (Figure 2c, Figure S2).

We compared the extent of reaction of cyclic silanes to the
extent of reaction of triethoxy-/monoethoxy-silanes'’ with
porous Si particles, using {-potential, thermogravimetric
analysis (TGA), and attenuated total reflectance Fourier
transform infrared (ATR-FTIR) spectroscopy. The alkoxy-
silane grafting reactions were carried out in either dichloro-
methane or the more common ethanolic solvent conditions,
and the results indicated that the hydrolytic condensation
reaction generally required greater time and resulted in lower
surface coverage relative to the ring-opening click reaction
(Figure S3, S4, SS). The TGA data indicated the ring-opening
reactions gave ~8% attached silane by mass, whereas the
alkoxysilane reactions gave 2—4% attached silane by mass
(Table S2, Figure S6). We attribute the greater efficiency of the
heterocyclic coupling reaction primarily to the lower energies of
Si—N and Si—S bonds (relative to Si—O) and secondarily to
the relief of ring strain from the cyclic reactant. Both of these
factors provide a stronger driving force relative to hydrolysis,
resulting in faster and more extensive surface coupling.

Next, we investigated the influence of solvent on the extent
and rate of the reaction. The changes in {-potential were more
pronounced in the polar aprotic solvents dichloromethane and

dimethyl sulfoxide than in less polar diethyl ether (Figure S7).
A 'H NMR study (Figure S8) indicated that the ring-opening
click reactions proceed cleanly, with no significant side-
products. The {-potential values of the pSiNP products
displayed little sensitivity to concentration of cyclic silane
used in the reaction (Figure S9).

The attenuated total reflectance Fourier-transform infrared
(ATR-FTIR) spectrum of the pSi starting material displayed
strong bands at 1020 cm™' associated with Si—O stretching
modes from the oxide layer of the Si—SiO, frame—sheath
structure, and stretching and bending modes at 3300 and 1640
cm™’, respectively, assigned to a combination of surface O—H
and adsorbed water (Figure S10). After reaction with the cyclic
silane reagents, the modified pSi material displayed bands that
could be assigned to C—H stretching and bending modes of the
grafted reagents. These spectral bands persisted even after
extensive rinsing of the materials, indicating that the species
were chemisorbed to the pSi surface. The modes associated
with surface O—H and adsorbed water on the starting pSi
substrate were significantly decreased after the grafting
chemistry, indicating high surface coverage of the particle
surface including the inner pore walls. Control experiments
using samples that were prepared by thermal oxidation of pSi at
high temperature (to dehydrate surface Si—OH to Si—O—Si)
showed no substantial grafting (Figure S11), demonstrating the
importance of surface Si—OH for the reaction to proceed.
Additionally, controls using as-prepared pSi samples that
contained little surface oxide showed a much lower degree of
grafting, and the organosilane species were removed by briefly
rinsing the treated surface with ethanolic aqueous HF solution
(Figure S12). This type of rinse readily removes Si—O bonded
or physisorbed species, whereas it does not remove Si—C
bonded surface species.” These results also support the
importance of surface Si—OH for the ring-opening click
reaction.

Nitrogen adsorption—desorption isotherm analysis of the
modified pSiMPs revealed slight decreases in surface area, total
pore volume, and average pore diameter relative to the
unmodified material (Figure S13, Table S3). The BJH surface
area and TGA results yielded surface coverage values of 1.1 X
10" molecules cm™ for thia-silane, and 1.3 X 10'* molecules
cm™ for methyl-aza-silane. Powder X-ray diffraction (XRD)
measurements showed that the crystallinity of the silicon
skeleton was retained in the modified particles; Debye—
Scherrer analysis indicated a mean crystallite size of ~2.2 nm,
Figure S14). Elemental analysis confirmed the presence of
sulfur and nitrogen in the thia-silane and methyl-aza-silane-
modified materials, respectively (Table S4).

The surface wettability of the modified pSi material was
analyzed by water contact angle measurements made on
suitably modified pSi films (Figure S15). The products of
reaction with thia-silane or diaza-silane, which generate terminal
thiol and primary amine moieties, respectively, displayed low
contact angles (<16°) characteristic of hydrophilic surfaces.
The butyl-aza-silane and methyl-aza-silane reagents generated a
more hydrophobic surface (water contact angles of 88° and
73°, respectively), as expected from the more hydrophobic N-
methyl and N-butyl terminal species that were generated."*

The cyclic thia-silane and aza-silane reagents have an
advantage over alkoxysilane reagents in that the thiol or
primary amine functional species are only exposed when the
reagent undergoes ring-opening with surface —OH groups. The
cryptic nature of these functional groups presents the possibility
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for a one-pot tandem synthesis involving common thiol- or
amine- coupling agents. To demonstrate this feature, we
performed the diaza-silane surface modification reaction in a
mixture containing succinic anhydride (eq 1). NMR measure-
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ments confirmed that the diaza-silane reagent does not react
with succinic anhydride on its own under the reaction
conditions used. However, when hydroxylated-surface pSiNPs
were present, the ring-opening click reaction generated a
primary amine at the surface, which then coupled to succinic
anhydride in situ to form the tandem product shown in eq 1.
The reaction was confirmed by {-potential measurements and
ATR-FTIR analysis (Figure S16, S17), and the data are
consistent with the formation of the expected amide linker and
terminal carboxylic acid functionality.

To test the effect of the surface modification on the
photoluminescence (PL) of quantum-confined pSi, we
prepared a pSiNP formulation that displayed strong PL (A,
=365 nm, 4., = 780 nm, external quantum yield ~ 23%, Figure
2d, $18)." Silicon quantum dots are useful for bioimaging,1 -9
and there is a need for mild surface modification reactions that
do not destroy the PL properties.”” The surface modification
reaction was found to preserve more than 90% of the original
PL intensity (based on an equivalent mass of nanoparticles),
with no substantial shift in the emission wavelength.

Finally, we tested the compatibility of the surface
modification chemistry with a protein payload. pSiNPs have
shown utility as delivery vehicles for therapeutic cargos”' ™
that can protect sensitive biologics from denaturing in vitro or
in vivo,”**” and there is a need for chemistries that can be used
to attach targeting or biocompatibility agents while preserving
the integrity of the therapeutic payload.”® The model protein
lysozyme was used (Table SS), and it was loaded into the
pSiNPs from aqueous solution (0.1 mg of lysozyme-loaded
pSiNPs, mass loading of lysozyme 41%). The particles were
separated from the aqueous loading solution by centrifugation,
but no attempt was made to remove residual water from the
mesopores. The particles were then dispersed into either n-
hexane or DCM solutions containing the thia-silane reagent
(Figure 3a, S19). The surface modification was confirmed by ¢-
potential measurements (Table S1), where the relatively large
positive charge on the lysozyme-loaded particles dropped to
negative values after thia-silane grafting due to the generation of
surface thiol species. The net change in surface charge was
comparable to that observed on empty particles before and
after thia-silane modification. The surface chemistry did not
significantly impede the rate of lysozyme release from the
pSiNPs (Figure 3b); 30—40% of the protein payload was
released into 37 °C aqueous PBS solution within 72 h. The rate
of lysozyme release did not depend strongly on the solvent
used (n-hexane or DCM) for the chemical modification step.
However, the modification solvent exerted a strong influence
on activity of the released protein; lysozyme released from
material modified in DCM retained 98% of its activity, whereas
when the chemistry was performed in n-hexane, the released
lysozyme showed only 72% activity. This is consistent with
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Figure 3. (a) Procedure used to load lysozyme into pSiNPs and
modify the resulting particles using the ring-opening click reaction.
The pSiNPs are loaded with lysozyme from aqueous solution, and the
click reaction is run in DCM or n-hexane to decorate the outer
perimeter of the nanoparticles. Immersion in aqueous buffer at 37 °C
induces slow release of the protein payload. (b) Micrograms of total
lysozyme released (BCA assay) from unmodified pSiNPs (black line)
and thia-silane functionalized pSiNPs (red line). Dashed lines show
micrograms of active lysozyme released (lysozyme activity assay).
Total protein loaded was ~76 ug. “In DCM” and “In n-Hex” denote
solvent in which the ring-opening click reactions were run. Release
experiments were performed in PBS buffer at 37 °C.

control experiments in which lysozyme-loaded pSiNPs were
exposed to the two solvents; after removal of the solvents, the
lysozyme released into PBS showed 96% and 66% activity for
DCM and n-hexane, respectively (Figure 3b). The results
demonstrate that the modification chemistry does not react
with or otherwise denature the protein payload, presumably
due to the immiscibility of the organic solvents with the
hydrated protein payload contained within the particles.

By contrast, when alkoxysilane chemistry (3-mercapto-
propyltriethoxysilane, MPTES) was used to modify lysozyme-
loaded pSiNPs (using ethanol solvent), the lysozyme released
from the MPTES-modified pSiNPs retained only 68 + 4%
activity (Table SS). Furthermore, the MPTES chemistry
substantially impeded the rate of release of the protein (by a
factor of 2 relative to unmodified pSiNPs).

In summary, ring-opening click chemistry with cyclic silanes
provides an efficient, mild, and experimentally convenient
method to modify the surface of hydroxylated porous silicon
films, microparticles, or nanoparticles. The chemistry proceeds
via attack of surface —OH species at the cyclic silane, inducing
ring-opening with no byproducts. The room-temperature
reaction retains the pore structure and intrinsic photo-
luminescence of the Si nanomaterial, and it is amenable to
tandem functionalization, where a cryptic thiol or primary
amine revealed during the ring-opening reaction can couple in
situ with a second functional species such as succinic anhydride.
This nonaqueous chemistry is sufficiently mild that it does not
alter the observed activity of a protein contained within the
hydrated porous interior of the material.
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