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An alkoxysilane derivative bearing 10-vertex closo-decaborate nanocluster (BioHio®>) was
successfully synthesized and immobilized in SiO> aerogel matrix. closo-Decaborate-containing
SiO; aerogels showed high specific surface (~750 m?/g), open porosity (~95 %) and extremely low
apparent density (80 mg/cm?) as well as increased thermal stability of closo-decaborate moiety.
Despite the low boron content (~1.2 mol.% of boron nanoclusters comprising natural mixture of
boron isotopes), the aerogel nanomaterial demonstrated excellent neutron capture properties
exceeding lightweight polymer-based analogues. Cell viability assessment indicated the
pronounced dose-dependent toxicity of borylated aerogel with respect to malignant cells (U251
MG glioblastoma line), and low toxicity with respect to normal cells (dental pump stem cells). The
combination of the properties of closo-decaborate modified silica aerogels make them good
candidate material for shielding of patients and healthcare personnel during boron neutron capture
therapy procedures.



1. Introduction

Most recently, advances in the use of new neutron sources for neutron activation analysis,
neutron radiography, active neutron interrogation technique, and neutron capture therapy emerged
an interest in neutron-shielding materials.!> Neutron-shielding materials are intended to neutralize
unwanted neutron radiation, which otherwise could result in radioactive contamination of the
environment or excessive human radiation exposure. In the shielding from high-energy neutrons
(more than 2 MeV), concrete- or metal-based composite materials are generally used containing
hydrogen-rich neutron moderators (water or organic polymers) and slow neutron absorbers.
Among slow neutron absorbers, boron compounds are preferable due to the extremely high '°B
neutron cross-section (3 837 barns) and high !°B content in natural boron (~20 %).>*

In concrete- or metal-based neutron shields, high-energy neutrons can interact with heavy atoms
resulting in high secondary radiation, thus hydrogen-rich polymer-based boron-containing
composites are now commonly preferred (e.g. high-density polyethylene, ultrahigh molecular
weight polyethylene, polyvinyl alcohol, epoxy resins, ethylene propylene diene monomer rubbers,
styrene-butadiene rubbers, silicon rubbers)!. Moreover, the most attractive feature of polymer-
based composites is their relative low density that is inaccessible in concretes or metals, which
makes them material of choice for the personnel safety wears. In boron neutron capture therapy,
low-energy (<0.5 eV) thermal neutrons are used, thus in personnel safety wear no heavy elements
are required and so the materials containing only hydrogen-rich neutron moderator compounds
and boron atoms are appropriate.'*

One of the important characteristics of the neutron-shielding materials is their radiation
resistance. Generally, polymer neutron absorbing materials are vulnerable to irradiation damage.’
With the increase in the irradiation dosage, polymer-based materials undergo chemical and
structural transformations resulting in reducing the molecular weight, emission of various gases
(including CO, CH4) which lead to the formation of voids in the polymer matrix reducing its
mechanical strength and shielding efficiency.’ The weight of the neutron capturing materials is
another parameter of primary importance for the protection of oncology patients during boron
neutron capture therapy. Despite the relatively light weight of polymer materials, they possess
typical density of around 1 g/cm? ® which gives more than 2 kg per single borylated polymer slab
in a typical therapeutical procedure.” Any possible decrease in the weight of the shielding cover is
preferable to provide minimum discomfort to the persons with heavily impaired health.

Aerogels can be regarded as alternative candidate materials for neutron-shielding applications,
as they combine ultra lightweight and highly developed open porosity which ensures free removal
of any gaseous products formed upon neutron irradiation.® To create highly efficient neutron
absorbers, boron atoms should be incorporated into aerogel nanomaterials. The literature survey
shows that up to now, only a single attempt to produce aerogel-like neutron-shields was reported.’
The highly porous boron containing alginate materials were obtained using a freeze-drying
technique (thus, in a strict sense they cannot be regarded as aerogels) and showed high neutron
absorption efficiency (93-99 %) and low density (nearly 100 mg/cm®). The synthesis of the
materials was based on a simple mixing of boron-containing microparticles (B4C, BN and/or zinc
borate) and montmorillonite with sodium alginate aqueous solution. Such an approach cannot
guarantee the homogeneous distribution of microparticles within the matrix, thus high boron
loading was necessary for the production of efficient shielding materials, the content of boron-
containing compounds reached ~47 wt.% to achieve 99.1 % neutron absorption efficiency.



The scantiness of the reports on the aerogels for neutron shielding applications is connected
obviously to the synthetic limitations. The reported methods for the incorporation of boron into
lightweight materials are based on the simple mixing of the matrix with microparticles of boron-
containing compounds, e.g. B4sC, BN, zinc borates, boric acid.>'*!! Similar methods are hardly
suitable to produce aerogel materials as microparticles will tend to sediment during the sol-gel
transition stage of the aerogels synthesis. The segregation of the material components will impair
its protective property.

Thus, a brand new strategy is required to produce neutron-shielding aerogels for the patients’
protection in neutron capture therapy. The strategy should include the proper choice of aerogel
matrix, and the method for the incorporation of boron in the matrix, ensuring homogeneous
distribution of boron in the material during the sol-gel transition. The design of new ultralight
materials bearing high neutron capture cross-section elements (e.g. boron) can open new diverse
applications, from neutron-shields to boron neutron capture therapy to new neutron detectors.'?

Recently, numerous successful attempts were reported on the synthesis of silica aerogels
immobilized with various coordination compounds, the methods for their synthesis are based on
the gelation of pre-constructed hybrid silanes with particular functional moieties.'* Generally,
organosilanes due to their unique chemical flexibility are commonly respected for the synthesis of
hybrid functional aerogels.!*!” Being one of the bright examples of advanced nanomaterials, silica
aerogels are non-toxic and biocompatible, they contain high amount of hydrogen (as water
molecules, surface hydroxyl groups and low molecular weight organic moieties) which is an
effective neutron moderator. On the other hand, their extended surface provide effective scattering
of thermalized neutrons that can further be captured by boron atoms with high neutron capture
cross-section.

Wide opportunities to link various organic, organoelement or coordination moieties to silica
matrix make it possible to chemically immobilise boron in SiO2 aerogels. The survey in boron
chemistry makes cluster boron anions [BaHn]*~ (7 = 10, 12) as the moieties of choice to produce
such hybrid materials. Over decades, a constant interest to the compounds bearing such clusters
originates from the wide range of their applications, high chemical and thermal stability which is
due to 3D aromaticity.!® On the other hand, electron deficient nature of the clusters make them
susceptible to various substitution reactions, which allows for the molecular design through their
decoration with different functional groups.!®?? Functionalized closo-borates are used to create
energy storage materials and fuels,* > components of non-linear optic systems,’**’ catalysts,?*’
molecular magnetics,>*’! etc. High specific boron content in the compounds bearing [BnHa]*
clusters is the main concern for the consideration for substituted closo-borates for boron neutron
capture therapy.? >’

The most convenient synthetic approach for the chemical modification of closo-borate anions
(e.g. [BioH10]*) is based on electrophilic induced nucleophilic substitution (EINS) reactions.*
This approach allows appending various functional groups to closo-decaborate moiety, which can
further be chemically modified, e.g. with cyclic oxonium or nitrilium groups.’*** For example,
nucleophilic addition to multiple bond of nitrilium derivatives and cycloaddition reactions makes
it possible to synthesize closo-decaborates with a wide range of functionalities.**** The synthesis
of functionalized [BioH10]*" anions is also very attractive for their further immobilization on the
carriers’ surface.** %



Functional groups (X) are typically immobilized on the surface of silica matrix by using
substituted alkoxy silanes bearing a —(CHaz)s— linker, (RO);Si(CH2)nX.***" According to this
approach, to provide chemical bonding of closo-decaborate cage [Bi1oH10]* to SiO2 matrix, alkoxy
silylated closo-decaborate clusters ((RO)3Si—(CH2)s—BioHo) are the best candidates. Up to now,
the synthesis of alkoxy silane derivatives of closo-decaborates has not been virtually reported. To
the best of our knowledge, the only available example was provided by Abi-Ghaida et al.** In their
study, the first trialkoxy silyl substituted closo-decaborate clusters were synthesized, [2-
B1oHoNC(CH2)3S1(OC2Hs)3]™ and [1-B1oHoNH>CH>CH>NHCONH(CH2)3Si(OC2Hs)3]™. These
clusters were successfully immobilized on the surface of mesoporous silica (SBA-15). The further
research of Abi-Ghaida et al.** was focused on the immobilization of alkoxy silylated closo-
decaborates on the surface of Stober silica. Any reports on the chemical immobilization of boron
clusters in SiO» aerogels have not been presented yet.

In this study, we report the preparation of a new triethoxy-silylated closo-decaborate cluster and
its immobilization onto a silica aerogel through co-condensation with a silicon alkoxide. During
the aerogel synthesis, the closo-decaborate moiety remained intact; the resultant hybrid material
possessed high specific surface and porosity inherent in nanostructured aerogel materials. High
neutron capture characteristics as well as extremely low apparent density make the material
suitable for the design of ultralight weight neutron shielding covers for the patients and healthcare
personnel during boron neutron capture therapy procedures.

2. Experimental Section
2.1 Materials

The following reagents were used as starting materials: (3-aminopropyl)triethoxysilane
(APTES, 99 %, Aldrich), tetracthoxysilane Si(OC2Hs)4 (TEOS, 99 %, Aldrich), methyl alcohol
(MeOH, 99.5+ %, Acros), acetonitrile (MeCN, high-grade, Khimmed), triethylamine (NEt3, 99 %,
Acros), decaborane(14) (20 % toluene solution, JSC Aviabor), CF3COOH (99 %, Sigma-Aldrich),
CH3COOH (glacial, >99 %, Sigma-Aldrich), isopropanol (high-grade, Khimmed), HCI1 (0.1 M,
aqueous solution, prepared from 37 % analytical grade aqueous solution, Khimmed), NH3-H>O
(0.833 M, aqueous solution, prepared from 25 % analytical grade aqueous solution, Khimmed),
dichloromethane (>99.9 %, Sigma-Aldrich), diethyl ether (>99.0 %, Sigma-Aldrich) and distilled
water. The decaborane(14) was used as received, no isotopic enrichment procedures were applied.
The synthesis of ("BuwN)[BioHio)] was conducted via the intermediate 1,6-
bis(triethylamine)decaborane according to the previously reported protocol.*® Tetra-n-
butylammonium 2-acetonitrilium-closo-decaborate  ("BusN)[2-BioHoNCCH3] (CNB) was
prepared according to the previously reported procedure.*’ All solvents were purified according to
the conventional methods.>

2.2 Synthesis of APTES-B

To the solution of CNB (2.01 g 5.0 mmol) in dichloromethane (20 mL) (3-
aminopropyl)triethoxysilane (APTES) (2.34 mL, 10.0 mmol) was added. The reaction mixture was
stirred under argon atmosphere at room temperature for 3 hours. Then solution was evaporated
and solid residue was recrystallized from CH>Cl: / petroleum ether. The solid product was dried

over P4O1o. The yield was 2.68 g of APTES-B (85.7 %). 'H NMR (8): 8.41 (s, br, 1H NH-CH>),



5.73 (s, br, 1H NH=C), 3.83 (q, 6H, OCH2:CHs, 7 Hz), 3.16 (8H, NBus"), 2.62 (t, 2H,
CH:CH,CHSi, J =7 Hz), 1.98 (s, 3H, C-CH3), 1.79 (m, 2H, CH,CH2CH,Si), 1.59 (8H, NBus"),
1.41 (8H, NBus"), 1.22 (t, 9H, OCH,CH3, J = 8 Hz), 1.01 (12H, NBus"), 0.74 (t, 2H,
CH2CH,CH32Si,J = 8 Hz), 1.75 to -0.66 (m, 9H, BH). "B NMR (§): 3.5 (d, 1B, B(10), J'gu = 146
Hz), -3.7 (d, 1B, B(1), J'gu = 142 Hz), —14.5 (s, 1B, B(2)), —23.3 (d, 4B, B(3,5)+B(6,9), J'sn =
105 Hz),-26.3 (d, 3B, B(4)+B(7,8), J'su= 110 Hz). *C NMR (5): 165.1 (N=CCH3), 59.6 (NBus"),
59.1 (OCH>CH3), 46.7 (CH,CH,CH,Si), 24.8 (NBus'), 24.1 (N=CCH3), 20.5 (NBus"), 20.1
(CH,CH>CH,Si), 18.9 (OCH2CH3), 14.2 (NBus"),8.2 (CH2CH2CH,Si). IR (KBr, cm™!, selected
bands): v(NH) 3338, 3313, 3267; v(CH) 2968, 2934, 2877; v(BH) 2477, v(C=N) 1648. 5(B-B-H)
1079. ESI"-MS (m/z): 379.50 ([A]", calc. 379.60). Calc. for C27H7B10N3038S1, (623.6): C, 51.95;
H, 11.47; N, 6.74; B, 17.7. Found: C, 52.06; H, 11.44; N, 6.70; B, 17.5.

2.3 Synthesis of hybrid lyogels

For the synthesis of hybrid silica lyogels, a two-stage sol-gel method was used. At the first stage,
tetraethoxysilane (TEOS) was hydrolysed by the addition of 3.39 mL of 7.5-10~* M hydrochloric
acid (pH 2.1) to a solution of TEOS (14.00 mL, 62.7 mmol) in methanol (7.61 mL), with vigorous
stirring. Before the lyogel synthesis, the resulting transparent sol was aged for 24 h. In a separate
container, 0.607 g (1.06:10°° mol) of APTES-B was dissolved in a mixture of 68 mL CH3;OH and
50 mL CH3CN. 25 mL of SiO:2 sol was added to APTES-B solution for co-gelation. For the
synthesis of bare SiO; lyogel, 25 mL of SiO; sol was added to a solution comprising 50 mL
CH30H, 68 mL CH3CN and 15 mL of 0.83 M aqueous ammonia. The following designation of
the samples is further used in the manuscript: SiO2 (pure SiO; aerogel), SiO2-B (SiO; aerogel
modified with APTES-B). Fig. 1 shows the scheme for the APTES-B and SiO2-B synthesis.

o o/
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Figure 1. The synthesis scheme for the APTES-B silylated closo-borate and SiO2—B aerogel.



The lyogels were aged for 4 days, then they were washed with isopropanol once a day for 5 days.
The washing solutions were collected for further analysis of APTES-B content. Next, lyogels were
dried under supercritical COa.

2.4 Supercritical drying of lyogels

For the synthesis of aerogels, lyogels were dried in supercritical CO,. Supercritical drying in
COz (critical parameters: t. = 31 °C, P. = 72.8 atm) was conducted using a setup comprising a
high-pressure pump, Supercritical 24 (SSI, USA), a 50 mL steel reactor and a back pressure
regulator BPR (Goregulator, Waters, USA). Lyogel samples were washed with liquid CO> for 2 h
at 20 °C and 150 atm, then the temperature in the reactor was raised to 50 °C and the samples were
washed for 2.5 hours with supercritical CO; at 120 atm. Then, the pressure in the heated autoclave
was gradually (within 30—40 minutes) reduced to atmospheric pressure, the autoclave was cooled
down and opened.

2.5 Physical characterization

NMR ('H, !'B, 13C) spectra of the studied compounds were recorded on a Bruker AVANCE II
300 spectrometer operating at 300.3, 96.32 and 75.49 MHz, respectively, using internal deuterium
lock. To perform the measurements, the samples were dissolved in CD>Cl,. Tetramethylsilane and
boron trifluoride etherate were used as external references.

''B MAS NMR experiments were performed on a Bruker AVANCE II 400 spectrometer (9.4T,
!'B) - 128.37 MHz). For recording !'B MAS NMR spectra, 4 mm HX MAS probe with spinning
rate of 12 kHz was used. !B MAS NMR spectra were recorded with 15-degree pulse length of 0.8
us, a recycle delay of 0.5 s and for 4096 scans. The chemical shifts were referenced to BF3-Et;O
(0 ppm).

Electrospray lonisation Mass Spectrometry (ESI MS) for the solutions of the compounds in
MeCN were recorded on a Bruker Daltonik MicrOTOF-Q spectrometer. Apollo II was used as an
electrospray ionization source, ion spray voltage +4.5 kV, t =200°C, flow rate 3 pL/min. Analysis
was conducted at the IREA Shared Analytical Facilities Center of the National Research Center
“Kurchatov Institute”.

The IR spectra of the samples were recorded using the attenuated total internal reflection
technique (ATR) in the range of 4004000 cm ™! on a Perkin Elmer Spectrum 65 spectrophotometer
equipped with a Quest ATR Accessory (Specac).

Elemental CHN analysis was carried out using a Carlo Erba CHNS3 FA 1108 Elemental
Analyzer. Analysis of boron content was conducted using ICP MS on an iCAP 6300 Duo
inductively coupled plasma—atomic emission spectrometer at the IREA Shared Analytical
Facilities Center of the National Research Center “Kurchatov Institute”.

X-ray powder diffraction (XRD) patterns were recorded with a Bruker D8 Advance
diffractometer operating in a Bragg-Brentano geometry using Cu Ka radiation in the 26 range 3—
120° at a 20 step of 0.02° and a counting time of 0.3 s per step.

The microstructure (scanning electron microscopy, SEM) of the samples was analyzed on a Carl
Zeiss NVision 40 high resolution scanning electron microscope equipped with an Oxford



Instruments X-MAX (80 mm?) energy dispersive detector. SEM images were recorded using an
Everhart-Thornley detector (SE2) at 1 kV accelerating voltage. Before the measurements, the
samples were ground and analyzed without application of any conductive layer on their surface.

The skeletal density (osk) of aerogels was measured with a helium pycnometer, Thermo Fisher
Scientific Pycnomatic ATC.

The specific surface area (Sper) of aerogels was measured using a low-temperature nitrogen
adsorption method on a QuantaChrome Nova 4200B analyzer. Prior to analysis, the samples were
degassed at 90°C in vacuo for 17 h. Sger was calculated using the Brunauer—Emmett—Teller model
(BET) within the partial pressure range of 0.07-0.25 (7 experimental points). The pore size
distribution was carried out using desorption branches of full nitrogen desorption isotherms
according to the Barrett-Joyner-Halenda (BJH) model.

Thermal analysis of aerogels, as well as the identification of gaseous products evolved during
thermal decomposition of the samples, was performed using a NETZSCH STA 409 PC Luxx
synchronous thermal analyzer combined with a NETZSCH QMS 403 C Aé&olos quadrupole mass
spectrometer. The analysis was carried out in air at a heating rate of 10 °C/min to 800 °C.

2.6 Neutron capture property

The neutron capture properties of the aerogel samples were studied using two different setups,
“Yellow submarine” (BNC reactor, Budapest, Hungary) and KWS-3 (FRM-II reactor, Garching,
Germany).

A “Yellow submarine” small-angle diffractometer operates at an approximately point geometry.
The use of the neutron wavelength 4 = 0.46 nm (A4/4 = 0.18) and the sample-to-detector distance
SD = 1.2 m allowed for the measurements in the momentum transfer range of ¢ < 3.6 nm™' (here,
g =4nA 'sin(@2) and @is the scattering angle). The neutrons were detected by a two-dimensional
position-sensitive BF3 gas detector (64 x 64 cells, 1 cm x 1 cm each).

A KWS-3 setup is a high-resolution small-angle diffractometer, the use of the neutron
wavelength A = 1.28 nm (A4/4 = 0.2) and the SD = 1 m allowed for the measurements in the
momentum transfer range of ¢ < 0.15 nm™'. The neutrons were detected by a two-dimensional
position-sensitive scintillation °Li detector (active spot & = 8.7 cm with a spatial resolution of
0.36%0.39 mm).

In the experiments performed using both setups, the measurements were conducted without a
beamstop. The aerogel powders were placed into a quartz cuvette with an optical path of 2 mm,
and the neutron intensity was measured at the entire area of the detector. As a reference, an empty
cuvette was used (see Fig. S1).

The attenuation of neutron beam by the aerogel sample was estimated using the equation:

_ _ _ I(Q) _ _ —g'a-L
1-T,=1-1=1-e", (1)

where /(q) u lo(g) are the distribution function of the neutron beam intensity after transmission
through the aerogel sample and the empty cell, respectively; T is the transmission coefficient due
to absorption and incoherent scattering. The experimental estimates are presented in Table 1. The
theoretical neutron attenuation values were estimated using NIST Neutron Activation and



Scattering Calculator’! basing on the experimentally determined chemical composition of the
aerogels, their density and neutron wavelength.

Table 1. Theoretical (calc) and experimental (exp) values for the neutron beam attenuation values
for SiO2-B aerogel sample.

Neutron beam setup Neutron wavelength A, A (1 = Ta)exp., % (1 = Ta)ecalc., %o
“Yellow submarine” 4.6 8.5+£0.3 7.9
KWS-3 12.8 20.3+0.3 19.8

2.7 Biocompatibility study

For the evaluation of biocompatibility of the samples, MTT-test was applied, which was
performed using two cell cultures, human glioblastoma (line U251 MG) and human mesenchymal
stem cells (DPSc). DPSc were isolated and collected according to recently reported procedure >2.
All procedures were carried out in accordance with the approved clinical rules for biomaterial
sampling. Glioblastoma cells (line U251 MG) were obtained from the cryobank of the Institute of
Biophysics of the Russian Academy of Sciences (Puschino, Russia).

For biocompatibility studies, the cells were seeded in 96-well plates at a density of 20 000 cm™
2. After 12 h of cultivation, the DMEM/F-12 culture medium was completely replaced with an
identical medium containing 0.01-0.5 mg/ml powders of SiO2 or SiO2—B aerogels. The activity
of mitochondrial and cytoplasmatic dehydrogenases of the living cells was estimated using a
standard MTT-test. The cell viability was analyzed after 24 and 72 h of cultivation with SiOz or
SiO2-B aerogels.

3. Results and discussion
3.1 Synthesis of N-borylated alkoxy silane

For the synthesis of closo-decaborate anion derivatives, we used an approach based on
nucleophilic addition of amine to a multiple bond of niltrilium compounds. First, acetonitrilium
derivative is formed through electrophile-induced nucleophilic substitution.® Then activated
nitrilium group reacts with primary amine via nucleophilic addition mechanism.>* This approach
was successfully applied earlier for the synthesis of closo-decaborates with various substituents,
including biologically active compounds.®* The reaction is conducted under mild conditions,
providing high yield of the reaction product, which can easily be extracted from the reaction
mixture.

For the synthesis of new alkoxysilylated closo-decaborate cluster, APTES-B, we used 3-
aminopropyl triethoxysilane (APTES) as a nucleophile. The synthesis product contains
hydrolysable ethoxysilanol groups which can be chemically immobilized onto silica aerogel matrix

(Fig. 1).

The synthesis of APTES-B was conducted in dichloromethane under argon at ambient
temperature. The reaction process was controlled using "B NMR spectroscopy. Complete
conversion of initial nitrilium derivative (CNB) was observed in 1.5 h. In APTES-B spectrum, a



singlet signal at —14.5 ppm (integral intensity / = 1) from substituted boron atom is observed, non-
substituted boron atoms provide dublet signals. The signals from non-symmetric apical boron
atoms are observed at 3.5 ppm (/ = 1) and -3.7 ppm (I = 1), the signals from non-substituted
equatorial boron atoms are observed at —23.3 ppm (/ = 4) and —26.3 ppm (/ = 3) (Fig. S2).

The structure of substituent in APTES-B was analysed using 'H and '*C NMR spectroscopy. 'H
NMR spectrum of APTES-B contains signals attributed to tetrabutyl ammonium cation and
signals from hydrogen atoms of exo-polyhedric substituent. Methyl protons provide singlet signal
at 1.98 ppm, aliphatic protons provide three signals at 2.62 ppm, 1.79 ppm and 0.74 ppm. Ethoxide
groups give two signals at 3.83 ppm and 1.22 ppm. Amidinium fragment gives two broadened
singlets at 8.41 ppm (NH-AIk) and 5.73 ppm (NH=C-). 1*C NMR spectrum of APTES-B (Fig.
S2) is analogous to the spectra of a family of N-borylated amidines *°. Amidine moiety provides
signals at 165.1 ppm (N=CCH3) and 24.1 ppm (N=CCH3). Ethoxide fragments at silicon atom
give signals at 59.1 ppm (OCH>CH3) and 18.9 ppm (OCH2CHj3), alkyl moiety at silicon atom
provides three signals at 46.7 ppm (CH2CH>CH>Si), 20.1 ppm (CH2CH>CHSi) and 8.2 ppm
(CH2CH>CH-»S1).

In mass spectra of APTES-B, anionic component is present at m/z 379.50, as well as a series of
peaks related to the de-ethoxylated products, m/z 336.91 and m/z 325.41. In IR spectra of APTES-
B, the most characteristic bands are related to stretching B—H vibrations of boron cluster at 2477
cm !, as well as absorption bands of N-H stretching vibrations from amidinium moiety at 3338,
3313 and 3267 cm !, and C=N stretching vibrations at 1648 cm™! (Fig. 2).

Previously, silylated closo-decaborates [ 1-B1oHoNH2(CH2):NHCONH(CH>)3Si(OEt)3]™ and [2-
B1oHoCONH(CH)3Si(OEt);]* were successfully synthesised by Abi-Ghaida et al.***** Their
attempt to synthesise amidinium closo-decaborate derivative [2-B1oHoNC(CH2)3Si(OEt)3]” using
3-cyanopropyl triethoxysilane resulted in an inseparable mixture of three different borylated
derivatives.*® Generally, borylated amidines are much less prone to hydrolysis than ester-type
derivatives,’®> that guarantees a strong chemical immobilisation of closo-decaborate cage on the
surface of silica under acidic or basic environment. Our synthetic protocol allowed for the selective
synthesis of a substituted amidinium derivative of a closo-decaborate cluster.

3.2 Synthesis of lyogels

Sol-gel transition during the synthesis of unmodified SiO2 gel was initiated with aqueous
ammonia. In the case of SiO2-B synthesis, the addition of APTES-B itself to a SiO2 sol led to an
increase in the pH of the system and caused sol-gel transition due to the presence of the -NH—
moieties in APTES-B.

After ageing, the gels were washed with isopropanol 5 times to replace the solvent with pure
isopropanol and to remove weakly bound APTES-B molecules. The washing solutions were
collected and further analyzed by means of "B NMR and IR spectroscopy. Fig. S3 presents ''B
NMR spectrum for the CNB compound and ''B NMR spectra of the first three washing solutions.
The spectra indicate that they do not contain any notable amounts of the APTES-B, the leeching
from the material did not exceed 0.5 mol.% of the total boron content. IR absorbance spectra
corroborate this result by the absence of intense bands inherent in APTES-B, which confirm the
immobilization of APTES-B in SiO; lyogel matrix.



3.3 Borylated silica aerogels: synthesis, composition and microstructure

Monolithic aerogels were obtained by supercritical drying of lyogel samples in CO> (Fig. S4).
Synthesis of the SiO2—B aerogel resulted in non-transparent monoliths.

Fig. 2 shows IR spectra of APTES-B precursor and SiO2z and SiO2-B aerogels. In IR spectrum
of SiO2—B aerogel, several absorbance bands are present due to B—H stretching vibrations at 2480—
2470 cm™!, C—H stretching vibrations at 2800-300 cm™ and C=N stretching vibrations at 1650
cm .38 In the IR spectrum of SiO2—B aerogel sample, a shoulder at 880 cm™ can be attributed to

Si—C stretching vibrations (see e.g. recently reported data™).
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Figure 2. IR spectra of APTES-B, boron-containing aerogel SiO2—B and unmodified SiO2
aerogel.

Elemental analysis has shown that the content of boron clusters in SiO2—B aerogel is 1.2 mol.%,
which is almost equal to theoretical value of 1.5 mol.%. These data also corroborate the successful
immobilization of closo-decaborate cluster in the silica aerogel matrix.

Solid state ''B MAS NMR indicate the presence of APTES-B moieties in SiO2-B aerogel (Fig.
3). SiO2-B "B MAS NMR spectrum is almost identical to APTES-B spectrum, indicating the
inheritance of the structure of substituted boron cluster in aerogel matrix. APTES-B ''B MAS
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NMR spectrum comprises four broadened signals, a complex signal in strong field at —27.8 ppm
corresponds to non-substituted boron atoms located in equatorial belt of closo-borate cluster, a
signal at —17.4 ppm corresponds to substituted boron atom. The signals from apical boron clusters
are registered in weak field at —1.5 ppm and —4.9 ppm. The broadening of the lines in solid state
1B MAS NMR spectrum of SiO,-B aerogel is most probably due to the low total boron content in
a measurement cell which is due to the low apparent density of the material (see Table 2).

Si0,-B B_H
— APTES-B |

20 10 0 -10 -20 -30 -40 -50
5, ppm

Figure 3. Solid state ''B MAS NMR spectra of APTES-B and boron-modified SiO2—B aerogel.

Thus, IR and NMR spectroscopy data support the successful immobilization of a closo-borate
cluster derivative APTES-B in the SiO> aerogel matrix.

Table 2 summarises textural characteristics of aerogel modified with a closo-decaborate cluster
and of unmodified silica aerogel synthesized under similar conditions. These data show that
modification of aerogel with closo-decaborate derivative results in only minor changes in apparent
density and porosity of the resultant material. Boron-modified aerogel exhibits very high specific
surface, 740 m?/g, being only ~15 % lower than that of unmodified silica. The silica aerogel
bearing closo-decaborate clusters possessed very low apparent density values (~80 mg/cm?) that
make this material beneficial for the creation of shielding covers for the patients with heavily
impaired health. Note that the apparent density for the ultralight silica xerogel materials is at least

twice as high with the most common values being ~200 mg/cm?>.%°

11



Table 2. Textural characteristics of SiO2 and SiO2—-B aerogels.

SiO2 SiO2-B
Nominal molar ratio, B:Si1 - 0.15
Experimental molar ratio B:Si — 0.12
Gelling duration, 7, S 1800£100 15+3
Apparent density, pgeom, g-cm > 0.07+0.01 0.08+0.01
Porosity, P, % 96+3 96+3
Specific surface, Ssp, m?-g! 860+60 740£50
Specific pore volume, Vpor, cm*-g ™! 3.89 5.56
Average pore diameter, Dpor, nm 13 17
Particle size, Dtem, nm 3+1 11+£3

Full nitrogen adsorption-desorption isotherms and pore size distributions for SiO2 and SiO2—B
aerogels are presented in Fig. S5. Both of the isotherms are of IUPAC IV(a) type typical to
mesoporous adsorbents.’! The hysteresis loop for SiOz is close to H1 type indicating the presence
of a narrow range of uniform mesopores.’! A pronounced increase in adsorption values for SiO2—
B acrogel at high nitrogen partial pressures (P/Po ~ 1) indicates that relatively large pores (> 50
nm) and even macropores are present in its structure. Due to the presence of macropores, the exact
classification of the hysteresis loop type for the SiO2-B aerogel is more complex, it can be related
to either H1 or H2(b) type. The latter is characteristic of materials with partially blocked pores and
wide pore neck widths distribution.®! The high content of large pores in SiO2—B sample follows
from the pore size distribution curve calculated using BJH model (Fig. S5) and from the higher
value of specific pore volume relative to SiO2 aerogel sample (see Table 2). Thus, immobilization
of closo-decaborate cluster in SiO matrix results in certain changes in aerogel structure, which is
also evidenced from SEM data (see Fig. 4). SEM images confirm the presence of larger pores and
macropores in SiO2—-B aerogel.

Transmission electron microscopy (Table 2, Fig. 4a) shows that co-gelation of TEOS and
APTES-B results in formation of gels with particles 3—4 times larger compared to control TEOS-
derived gels (Table 2). According to low temperature nitrogen adsorption and SEM data (Fig. 4b),
the structure of SiO2—B aerogel contains both small and large pores and particle aggregates. Such
inhomogeneous porous structure is responsible for optical opacity of SiO2—B aerogel monolith
(Fig. S4). The observed differences in the microstructure of SiO2 and SiO2-B aerogels are related
to the different rates of gelation process (gelling duration 7, see Table 2). Co-gelation of TEOS
and APTES-B occurs at a much more rapid rate than that of TEOS alone, which is a quite unusual
effect bearing in mind the presumably low basicity of the amidinium derivative of closo-
decaborate. Most probably, such a difference in gelation rates is due to the hydrogen bonding of
closo-decaborate moiety with water or alcohol molecules in its microenvironment.

Higher gel formation rates result in more ramified colloid structures possessing wider pore size
distribution (see Fig. S5). This contributes to the higher average pore diameter and specific pore
volume in SiO2-B aerogel compared to the unmodified SiO2 material. Increased basicity of the
medium also favours the formation of large aggregates as evidenced from TEM data (Table 2, Fig.
4a).
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Figure 4. (a) TEM and (b) SEM images of SiO2 and SiO2-B aerogels; (c) the results of thermal
analysis (in argon atmosphere) coupled with mass-spectrometry of the evolved gases for APTES—
B and SiO2-B aerogel.

Fig. 4c shows the results of the thermal analysis of APTES-B and SiO2-B aerogels coupled with
mass-spectrometry of the gaseous products evolved upon heating in argon. Thermal decomposition
of APTES-B begins at 210 °C, while the decomposition of boron cluster in SiO2—B begins at
higher temperature (350400 °C) indicating increased thermal stability of a closo-decaborate
moiety in aerogel matrix. Increased thermal stability of coordination compounds immobilized in
porous matrices seems to be a common feature of hybrid materials, which was discussed
elsewhere.®” The effect is probably caused by a thermal insulation property of the aerogel matrix
protecting closo-decaborate moieties from thermal attack.®?

3.4 Neutron capture properties of SiO>—B aerogels

closo-Decaborate clusters contain both !°B isotope (approximately 20% natural abundance)*
possessing high thermal neutron cross-section value,* and high amount of hydrogen (~8.5 wt.%)
which acts as neutron moderator. Silica matrix also contains high amount of chemically bound
hydrogen (as hydroxyls, water molecules and organic moieties). Thus the material comprising both
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boron clusters and silica matrix can act as both effective neutron moderator and absorber. Table 3
summarises the neutron capture property of SiO2-B aerogel material at neutron flux density of @
=107 cm2s™! and various neutron wavelengths, which are the most commonly used at neutron
scattering facilities. The parameter L is the width of acrogel layer providing the reducing of neutron
beam intensity by a factor of e. In Table 3, the neutron absorption cross-section and penetration
depth values for 4.6 A and 12.8 A were estimated using experimentally measured beam attenuation
(see Table 1) for 2 mm thick aerogel samples; the values for 1 A were calculated using NIST
Neutron Activation and Scattering Calculator®' considering the chemical composition of aerogels
and taking in mind the good agreement of experimental and calculated beam attenuation values
(Table 1).

Table 3. The neutron capture property of bare SiO2 and SiO2-B aerogel materials.

Neutron absorption cross section, Absorption penetration
Neutron Ga, cm™! depth, L, cm
wavelength, 4, A g5 Si02-B Si0> Si0:-B
1 0.01%* 2% 3800%* 12%
4.6 0.03 9.7 825 3
12.8 0.09 26.9 295 1

*Calculated values

Comparison of the neutron absorption property of similar materials reported elsewhere® with
the characteristics of SiO2-B aerogel shows excellent performance of the latter and its high
potential for practical applications. For example, thermal neutron macroscopic cross section of
natural rubber / boric acid composites reached only 0.29 cm!;* polyvinyl alcohol / high density
polyethylene / B4C composites — 1.72 cm™!;% similar values, not exceeding 2.5 cm™', were reached
for other boron-containing polymer-based composites.®*® The highest reported value for the
relatively light polymer-based neutron shielding materials reached ~15 cm™ for thermoplastic
natural rubber / B4C composite with 30 wt.% B4C loading (the neutron wavelength value was not
provided). We believe that the increase in boron clusters content in SiO2-B aerogels would result

in even better neutron absorption characteristics of the material.

3.5 Cell viability test

For the use in personnel safety wears, aerogel material needs to possess low toxicity. This
property is of special importance for the shielding of patients with heavily impaired health. In view
of this promising use, a comparative survey of the viability of normal (dental pump stem cells) and
malignant (U251 MG glioblastoma line) cells in the presence of SiOQ2-B aerogel was performed

(Fig. 5).
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Figure 5. Viability of dental pump stem cells (DPSc) and U251 MG cells after incubation with
pure SiO> and modified Si0>—B aerogels (MTT assay after 24 and 72 h). Data are presented as
mean£SD (yErt), n=3. * —p 0.05, ** —p 0.01, *** —p 0.0001.

The data show the high toxicity of boron-modified aerogel material with respect to malignant
cells. Upon 24 h of incubation a reliable decrease in U251 MG cell viability is observed at aerogel
concentration of 0.5 mg/ml. After 72 h, a decrease in cell viability (more than 50%) is observed at
a far less SiO2-B concentrations (0.05 mg/ml). At the same time, the toxicity of SiOQ2-B sample to
stem cells was substantially lower — no toxic effect was observed upon 24 h of incubation in
concentrations up to 0.5 mg/ml. Only upon 72 h of stem cells incubation with aerogel material
taken in high concentration (0.25-0.5 mg/ml) a certain decrease in DPSc viability was observed.
The reasons for such a different response of normal and malignant cells need further clarification,
they can be connected to both differences in their metabolism and endocytosis of aerogel particles.

Thus, the borylated aerogel material possessed low cytotoxicity with respect to normal cells.
This result ascertains the safety in the use of borylated aerogels for the use in the neutron shields
for the oncology patients and health personnel involved in boron neutron caption therapy
procedures.
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4. Conclusions

Interaction of [2-B1oHo(NCCH3)]™ with NH2(CH2)3:Si(OCH2CH3)3 yielded a new silylated closo-
decaborate cluster, [2-BioHo{Z-NH=C(CH3)NH(CH>)3Si(OCH2CHj3)3}]". The silylated closo-
decaborate was successfully immobilized onto SiO» aerogel matrix resulting in an aerogel
nanomaterial containing 1.2 mol.% closo-decaborate moieties. The borylated silica aerogel
nanomaterial possessed high specific surface area (740 m?*/g) and open porosity (95 %) as well as
low apparent density (80 mg/cm?). The material showed low toxicity with respect to normal cells,
while was cytotoxic to malignant glyoblasoma cells. The closo-decaborate modified aerogel
showed excellent neutron capture properties, neutron absorption cross-section reached 26 cm™! for
the neutron beam with A = 12 A. The combination of the properties of closo-decaborate modified
silica aerogels make them good candidate material for shielding of patients and healthcare
personnel during boron neutron capture therapy procedures.

The strategy for the synthesis of silica sol-gel materials where boron clusters are chemically
immobilised in SiO; matrix directly at the co-condensation stage of silicon compounds is
applicable to the synthesis of wide variety of silica-based materials, including aerogels, xerogels,
and ambigels.

Supporting Information. Scheme of the neutron capturing property experiment, ''B NMR,
13C NMR spectra, full nitrogen adsorption-desorption isotherms and the appearance of the
samples.
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