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Organoboron surface functionalities are widely used in the
contexts of sensing,!! catalysis,”’ chromatography,” and sur-
face doping,’l among others. Several studies have demon-
strated the introduction of organoboron surface functional-
ities through attachment by molecular linking groups: the
linker group with the organoboron moiety attached at one
end undergoes a reaction at its other end to form a covalent
bond to the surface.**’ There are very few examples,
however, of the modification of surfaces by the direct
attachment of a boron functionality to the interface.” The
organoboron modification of oxides, such as silica nano-
particles (SiO, NPs) and Si/SiO, interfaces, is attractive for
a wide range of applications. Therefore, a facile method for
the direct anchoring of organoboron functionalities to SiO,
surfaces is desirable.

Herein we present the formation of boron-containing
monolayers on SiO, by the direct treatment of surface silanol
groups (Si—OH) with the boron functionality. The direct
reaction of an organoboron with SiO, was studied for
dichlorophenylborane (B1) and chlorodicyclohexylborane
(B2; Scheme 1). Monolayer formation was observed under
mild conditions on SiO, nanoparticles and Si/SiO, surfaces.
Surface modifications of SiO, NPs were characterized by
FTIR spectroscopy, X-ray photoelectron spectroscopy (XPS),
thermogravimetric analysis (TGA), and solid-state "B and
BCNMR spectroscopy and modeled by density functional
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Scheme 1. Organoboron precursors used in this study.

theory (DFT) computational analysis. Monolayer formation
was also studied for Si/SiO, wafers by ellipsometry, contact-
angle (CA) and atomic force microscopy (AFM). The as-
prepared monolayers exhibited selective reactivity towards
diols in accord with the expected reactivity of the boron
moiety; no reactivity towards monoalcohols was observed.
SiO, NPs modified with B1 and B2 were thermally annealed
and characterized to identify the thermal-degradation prod-
ucts and boron species formed upon monolayer decomposi-
tion at elevated temperatures. Our results showed that both
B1 and B2 react with surface silanol groups within a few
minutes at room temperature. The reaction with B1 yielded
mainly the surface form Si—O—B(—Ph,—~OH), whereas the
reaction with B2 yielded a mixture of surface species,
including Si—O—B(—C4H,;,~OH), because of partial cleavage
of the organic moieties. High-temperature treatment of the
modified SiO, NPs led to decomposition of the organic
moieties and boron incorporation into the SiO, framework to
form borosiloxane (B—O—Si) bridges.

SiO, NPs that had reacted with B1 showed IR absorption
peaks at approximately 3100 cm !, which were assigned to the
v(C—H) mode of the phenyl ring (Figure 1a). The bands at
1352 and 1369 cm™ were assigned to »(B—0).1) The sharp
peaks at 1441 and 1603 cm ' indicated the presence of an aryl
group bonded to boron.® The peak at 700 cm™" was assigned
to an out-of-plane C—H deformation. Furthermore, a minor
peak at 1632 cm ™! suggested the presence of surface-adsorbed
water molecules.” For annealing temperatures above 300°C,
significant changes in the FTIR spectra were observed. These
changes are expected and result from decomposition of the
organic moiety and additional processes that occur at the
surface, as discussed below.

For annealing temperatures above 300°C, all IR bands
associated with v(C—H), as well as the bands associated with
the aryl functionality, were completely removed (Figure 1a),
and an increase in the band at 825 cm™' was observed owing to
the formation of Si—O—Si species at the surface.’l Further-
more, the two peaks at 1352 and 1369 cm ™' observed at low
temperatures (< 300°C) evolved to a broad band at 1396 cm™
indicative of B—O species that persist to the highest temper-
atures investigated in this study.
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Figure 1. FTIR spectra of SiO, NPs treated with a) B1 and b) B2
Samples were annealed in air at the specified temperatures.

SiO, NPs that had undergone reaction with B2 showed IR
absorption peaks at 2860 and 2935cm™' assigned to the
aliphatic v(C—H) mode (Figure 1b). In contrast to B1-SiO,,
the v(B—0O) mode was observed as a broad band at 1408 cm ™
at annealing temperatures from 40 °C; this band was similar to
the high-temperature peaks observed for B1-SiO, at temper-
atures above 300°C. The aliphatic v(C—H) peaks completely
disappeared for temperatures above 300°C, whereas the
»(B—0O) band at 1408 cm™ increased in intensity and shifted
to 1396 cm™'. The band at 675cm™ assigned to Si—O-B
species was enhanced at high annealing temperatures, which
may suggest the incorporation of boron species into the SiO,
framework at elevated temperatures.[>*! Additionally, the IR
spectra obtained for B1-SiO, and B2-SiO, samples annealed
at 410 and 850°C were highly similar, which suggests the
presence of similar surface species at these annealing temper-
atures for both types of monolayers studied.

The boron species present at the various annealing
temperatures were characterized further by “C and ''B
magic-angle spinning (MAS) solid-state NMR spectroscopy.
C NMR cross-polarization signals were observed for both
types of monolayers. These signals verified the presence of
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Figure 2. "'B spin-echo MAS NMR spectra of SiO, NPs treated with B1
(black) and B2 (red). Samples were annealed in air at the specified
temperatures. Trigonal (P1B) and tetracoordinated (“IB) boron species
are indicated.

phenyl and cyclohexyl groups on the B1-SiO, and B2-SiO,
NPs, respectively (see the Supporting Information for more
details). Line shapes obtained from "B spin-echo MAS NMR
spectroscopic experiments (Figure 2) are the combined result
of the isotropic chemical shifts and the second-order quad-
rupolar couplings. Therefore, chemical shifts were extracted
from full line-shape simulations (see Figure S2ZA in the
Supporting Information). For trigonal species, these shifts
can be read to a good approximation from the high-frequency
edge of the "B spectrum. Overall, the "B NMR spectra
demonstrated primarily trigonal boron species, with some
amount of tetrahedral boron species formed at the higher
temperatures (the proportion of tetrahedral species may be
underestimated herein owing to the selective excitation
inherent to the spin-echo pulse sequence employed). For
SiO, NPs treated with B1 and B2, the !'B chemical-shift
values ruled out the presence of halogenated (B—Cl) species,
the chemical shifts of which are expected at 50-80 ppm
(Figure 2), and suggested the existence of B—OH species,
typically observed at 25-35 ppm,'” in line with the FTIR
spectroscopic results and XPS data (see below). Furthermore,
R,B(OH) species were expected to show higher chemical
shifts than those observed in this study, which suggests for as-
prepared samples the form Si—O—B(—R,—OH), in which R =
phenyl and C¢H,; for B1 and B2, respectively.'!! The change
in line shape and position (019 ppm) of the peak in the
"BNMR spectrum of B2-SiO, NPs annealed at 170°C
suggests that new species were formed with a trigonal boron
environment, whereas for B1-SiO, only a slight broadening of
the peak was observed with no significant change in line shape
in comparison to that of the peak for the as-prepared sample.
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At 410°C, both B1-SiO, and B2-SiO, samples exhibit
similar spectra with chemical shifts of 19 ppm and a quad-
rupolar coupling constant of approximately 2.6 MHz. These
values are highly similar to those reported for boroxyl ring
BO, species (17.5 ppm, 2.65 MHz) in borosilicates*?! and for
extraframework B(OH); groups in boron-doped zeolite pI"*!
or in boron-modified MCM-41." At the highest annealing
temperature in this study, 850°C, a further shift was observed
in the spectra, and although the line shapes suggested that at
least two boron species were present, the clear trigonal site at
13 ppm confirms the anchoring of ''B atoms to the framework
on the basis of its similarity to that observed upon boroxyl-
ring opening!'” or the conversion of B(OH); species into
B(OH),(OSi),_, species.'*™ The shoulder at a higher shift
indicates residual extraframework boron species. Above
400°C, tetracoordinated boron species were observed at
around O ppm. These species indicate the penetration of
boron into the silica framework and were assigned as
B(OB)(0OSi); at 410°C (6 =0ppm) and B(OSi), at 850°C
(0 = =2 ppm).l*! Overall, the spectra collected for the B1-
SiO, and B2-SiO, samples annealed at 410 and 850°C are
highly similar, in line with the FTIR results.

Thermal decomposition of the B1-SiO, and B2-SiO,
samples was studied by TGA-XPS (Figure 3). A weight
change indicative of the adsorption of water molecules was
observed at approximately 100°C in both cases. Decomposi-
tion of the organic components was indicated by weight
changes commencing at approximately 400 and 300°C for B1
and B2, respectively. The C 1s XPS signal decreased for both
B1-SiO, and B2-SiO, samples at elevated temperatures, with
almost no carbon retained at 1005°C (Figure 3a,b, open
circles). In contrast, a significant portion of the boron was
retained at high annealing temperatures, as indicated by the
B 1s XPS signal at 1005 °C, which had about 65 and 40% of
the initial intensity for B1-SiO, and B2-SiO,, respectively
(Figure 3a,b, open rectangles). These results together with
the NMR and IR spectroscopic results suggest the incorpo-
ration of boron species into the oxide framework. The C/B
ratio for the modified NPs prior to thermal annealing yielded
the expected value of 6 for B1-SiO, and a lower than
expected value for B2-SiO,, in agreement with "B NMR
chemical-shift data, which already indicated the absence of
R,B(OH) species at 40°C. Furthermore, the differential
thermal gravimetry peak areas in the thermal-decomposition
region was significantly higher for B1-SiO, than for B2-SiO,
(Figure 3a,b). Collectively, the XPS and TGA results further
support partial cleavage of the cyclohexyl moiety at low
temperatures for B2-SiO,, whereas for B1-SiO, the phenyl
moiety is retained up to 300°C. Further support of this
observation comes from the *C NMR spectra, in which B1-
SiO, NPs readily gave the expected signal, whereas the
intensity of the signal for B2-SiO, NPs annealed at 170°C is
significantly lower (see Figure S2B). The XPS B 1s binding
energies exhibited a sharp increase from 192.7 to 194.0 eV for
B1-SiO,, whereas a constant value of 193.7 eV was observed
for B2-SiO, (Figure 3¢). The sharp increase in binding energy
for B1 occurred concomitantly with the cleavage of the
phenyl ring. Thus, it appears that there is a change in the
boron chemical environment, with more BO, species present
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Figure 3. a,b) Differential thermal gravimetry profiles and X-ray photo-
electron spectroscopy (XPS) data: B 1s (o) and C 1s (0) normalized
signals for B1- (a) and B2-treated SiO, NPs (b) annealed at various
temperatures. c) Plot of the binding energy (B 1s component) versus
the annealing temperature for samples with B1 (0) and B2 (o)
monolayers formed on SiO, nanoparticles. See the Supporting Infor-
mation for B 1s XPS spectra.

at elevated temperatures.”) This result is in line with the
thermal evolution of the "B NMR and FTIR spectra, which
showed two distinct chemical environments for the two types
of monolayers formed by B1-SiO, and B2-SiO, at low
temperatures and identical species following thermal anneal-
ing at high temperatures. Furthermore, the characterization
methods applied in this study, including XPS, "B NMR
spectroscopy, and FTIR spectroscopy, showed more pro-
nounced changes in the boron chemical environment upon
thermal annealing for B1-SiO, than for B2-SiO,, probably
because of the facile cleavage of the cyclohexyl moieties. This
result is also in line with the expected trend in the stabilization
of the boron—carbon bonds by the aryl and alkyl substituents
owing to m back donation in the case of the phenyl
substituent.!"

The surface reactions of B1 and B2 with SiO, were
complete at room temperature within 10 min, which suggests
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that the reaction is barrier-free or has a very low activation
energy. Computational analysis (see Figures S3 and S4)
suggested that the reaction of neutral Si—OH species with
B1 and B2 involves activation energies of approximately
14 kcalmol !, depending on the reaction details. In contrast,
the reaction coordinates for the zwitterionic form
—SiO™),SiOH,™ yield a barrier-free path to the observed
products. This result is in line with the acid—base character of
SiO, surfaces.'”! Furthermore, monolayer formation with
both B1 and B2 provides —BOH surface species as basic
surface sites (pK, ~7-9) that may further promote the surface
reaction.

The reactivity of freshly prepared B1-SiO, NPs towards
alcohols was studied for ethanol, phenol, catechol, ethylene
glycol, 1,3-propanediol, and 1,4-butanediol in anhydrous 1,4-
dioxane (75 mMm, 60°C, 2 h; see the Supporting Information
for additional details). The observed disappearance of the
B—O vibration band following reactions with the diols
indicated the removal of B—O species from the surface. The
reaction with catechol resulted in a partial decrease in the
intensity of the B—O band, whereas reactions with ethanol
and phenol did not affect the IR spectra (see Figure S5).
These results suggest selective reactivity of the B1-SiO, NPs
towards diols.

Experimental Section

Surface modification of SiO, NPs: 15nm SiO, NPs (100 mg) and
a mesitylene solution of the appropriate precursor, B1 or B2 (77 mM;
5 mL), were placed in a 20 mL screw-cap vial, and the vial was sealed
tightly. The reaction mixture was kept at a temperature between room
temperature and 100°C for a length of time between 10 min and 2 h.
Immediately after the reaction, the monolayer-coated SiO, NPs were
removed from the solution of the precursor by centrifugation, the
supernatant phase was discarded, and the NPs were washed with
mesitylene and redispersed in mesitylene 3 times, then washed with n-
hexane and redispersed in n-hexane twice, and finally dried at 115°C.
All solutions were prepared, reactions were set up, and samples were
handled in a N, glove box.

Thermogravimetric analysis (TGA) was performed with a Met-
tler-Toledo 851e system. Differential thermal gravimetry profiles
were calculated from the data by the use of STARe software.
Experiments were performed over the temperature range of 40—
1005°C with a ramp rate of 10°Cmin~' and a 50 mLmin ™" flow of dry
N,.

Spin-echo "B magic-angle spinning solid-state NMR spectrosco-
py was performed on a 14.1 Tesla Avance III Bruker spectrometer
with a 4 mm wide-bore probe and corrected for the background "B
signal. For more details, see the Supporting Information.

Monolayer formation was characterized by variable-angle spec-
troscopic ellipsometry (VASE) with a VB-400 spectroscopic ellips-
ometer (J. A. Woolam Co.). Ellipsometry measurements performed
on a Si(100) substrate with native oxide yielded (4+1) and (3£1) A
for B1 and B2, respectively. Monolayer formation was also charac-
terized by atomic force microscopy (AFM), which showed no
aggregate formation (see Figure S6 in the Supporting Information).
Contact-angle measurements performed with an Attension instru-
ment yielded a water contact angle of (39 +5) and (35+5)° for B1-
and B2-modified surfaces, respectively.
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