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Oxide and metal oxide (MO) nanoparticles are widely used in
various applications. A simple yet general approach for modifying
MO surfaces using polar compounds in a non-polar but polarizable
solvent is presented. Molecular adsorption onto the MO surface is
based on dipole-dipole interactions while solvation relies on
induced-dipole—dipole interactions.

Oxides and metal oxides (MOs) are an important class of materials
used in various fields ranging from microelectronics to optical coatings,
photocatalysis and more." MOs readily form non-covalent binding
interactions such as H-bonds as well as other polar interactions. In
addition, MO surfaces may promote covalent bond formation and
cleavage by oxidation, reduction, hydrolysis and other surface catalyzed
reactions. The tailoring of MO properties by surface chemistry is a
broad research field with applications in microelectronics, photocata-
lysis, and separation techniques just to name a few.>™ The modification
of MO surfaces by covalent attachment of organic molecules is of broad
interest and extensively studied.” The numerous applications of MOs
and MO nanoparticles (NPs) encourage the development of diverse
approaches for surface modification of these materials.®

Here we present a simple yet versatile approach for the formation
of molecular films at MO NP surfaces and oxide interfaces in general
using organic compounds with the general formula: 0—X-(Ph-R),,
where X = P and As; R = H and Me; n = 1 and 3 (Fig. 1). Monolayer
formation is studied for four types of oxides and four molecular
precursors to demonstrate the generality of the approach. Specifi-
cally, we demonstrate the approach for SiO,, TiO, anatase (TiO,a),
AL,O; gamma (Al,Osg) and Fe;O, NPs. The surface chemistry
approach demonstrated here is applicable to a wide variety of
organic precursors and MO surfaces. Those MOs are highlighted
here because:SiO, is widely used as a dielectric layer for electronic
devices and more recently for surface doping of Si nanostructures.>”
TiO, is an important metal oxide used in a wide range of
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Fig. 1 Adsorption of molecules with polar head groups onto SiO, NPs.
Error bars reflect variability in IR peak areas.

applications, for example, photocatalysis and energy related applica-
tions.® AL,O; is used as a support for many important industrial
catalysts.” Fe;O, is widely used for its magnetic properties, for
catalysis, and biomedical applications.’® Surface reactions were
performed in mesitylene, a non-polar, non-protic and highly polar-
izable solvent. Monolayer formation is driven by polar interactions of
the X—=O0 head group at the oxide interface. Mesitylene is used here
as a non-polar but polarizable solvent system allowing for sufficient
solvation interactions with the polar solute molecules relying on the
polarizable medium-permanent dipole interactions while minimiz-
ing possible competing solvent-surface interactions that would
hamper the adsorption of the polar solute molecules onto the polar
oxide interface. This is because the polar molecule adsorption
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process relies on dipole-dipole interactions between the polar X—0
group and polar surface groups typical of MOs while the solvation
interactions rely on induced-dipole-dipole interactions between the
polarizable solvent molecules and the polar X=O groups. The
surface modified NPs were characterized by FTIR and XPS.

The adsorption kinetics of triphenylphosphine oxide (P1),
tris-(4-methylphenyl)phosphineoxide (P2), triphenylarsineoxide
(As1), and phenylarsineoxide (As2) onto SiO, NPs were studied using
quantitative FTIR absorption spectroscopy (Fig. 1a-d). The surface
density was deduced by quantification of the IR absorption and
determination of the SiO, NPs surface area by multipoint Brunauer—
Emmett-Teller (BET) analysis. Briefly, the IR molar absorption of the
molecular precursors was determined with known concentrations in
the KBr matrix prepared using an analytical balance. The IR absorption
peak area of the monolayer-modified NPs was quantified using
standard IR software analysis tools (Bruker OPUS). This analysis yielded
the adsorbed molecules concentration for the surface modified NPs.
Finally, the coverage was deduced for surface modified SiO, NPs using
the SiO, NPs surface area measured by BET and the IR determined
concentrations as explained above (see ESIT for more details). The
results demonstrate self-limiting surface reactions for all cases studied
for the various compounds with molecular surface densities saturating
at 0.45-0.66 molecules per nm” (Fig. 1). This result suggests that the
maximal surface coverage obtained is ~42-78% of the oxide surface
area (see Table S2 and additional details in the ESIt for calculation of
the molecular footprint). We attribute the less than full surface coverage
to steric interactions of the bulky phenyl groups or to a limited
surface density of adsorption sites. Similarly, the adsorption of P1
onto TiO,a, Al,0;g and Fe;O, NPs was studied, showing self-
limiting characteristics as well (Fig. S1, ESIT). All surface reactions
were complete within 2 hours.

IR spectra of P1 (Fig. S2a, ESIT) showed a sharp band observed at
1439 cm " for all monolayers on the various MOs assigned to
YC=C), characteristic of a phenyl ring attached to phosphorus
(aryl-P). The band at 1121 cm™ ', observed for TiO,a, Al,Osg and
Fe;0,, is assigned to the 1{P-C) stretching mode," where C is part of
the aromatic ring. For SiO, this peak is obscured by the strong IR
absorption band of Si-O. The peak at 1184 cm™* for neat P1, assigned
to {P=0),"> became broad on TiO,a, Al,0;¢ and Fe;0, indicative of
H-bonding interaction of the P—0O moiety with polar groups at the
oxide surface similar to that previously reported for SiO, surfaces."

For P2 (Fig. S2b, ESIt) similar characteristics were observed with an
additional sharp band at 1601 cm ™" for the neat compound and for all
monolayers formed on the various MO NPs assigned to fC—C). The
band at 1116 cm ™, observed for TiO,a, AL,O;g and Fe;0y, is assigned
to the 1{P-C) stretching mode,"" except for SiO, where the IR spectra are
obscured, as discussed above. The 1182 cm ™" peak of neat P2 assigned
to {P=0)"* became broad on TiO,a, Al,Og and Fe;O, similar to P1.
XPS showed a P,, peak with a single component for all monolayers
formed with P1 and P2 on the various MOs, similar to that previously
reported for P1 on planar Si/SiO, surfaces (Table S3, ESIt).">"*

IR measurements for arsine oxide compounds, Asl and As2,
showed similar adsorption characteristics to the phosphine oxides.
For Asl (Fig. S2c, ESIT) the 1085 cm ™" band assigned to 1{As-C)"
showed little or no change upon monolayer formation on the various
MO NPs studied here. A sharp band at 1440 em ™ * characteristic of
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phenyl {C—=C) is observed for neat and As1 monolayers formed on
all MOs studied here. The 880 cm ™" band assigned to 1{As—=0)"® for
neat As1 became broad and shifted to a lower wavenumber following
adsorption onto SiO, NPs indicative of H-bond formation at the
surface similar to the case of P1 and P2."* For As2 a sharp band at
1435 cm™ ' is assigned to the ring vibration mode for neat and all
monolayers formed on the various NPs. XPS measurements gave a
As;q peak for As1 and As2 for all MO NP reactions (Table S3, ESI)."”
For As2 a single Aszq peak is present for all MOs studied here.

In contrast, for As1 the As;q peak showed two distinct arsenic
species for all MOs except for Fe;O, NPs that showed a single
component (Table S3, ESIT). The 0.4-0.8 eV shift to higher binding
energy could be assigned to As1 molecules adsorbed via H-bonding
interaction with the oxide surface, similar to the previously reported
shift of 0.6 eV for P1 on Si/SiO, surfaces."”® The low binding energy
peak for reacted As1 is shifted to significantly lower binding energies
compared to the unreacted Asl compound with 43.5, 42.7, and
43.7 eV for As1/SiO,, As1/TiO,a, and As1/Al,0sg, respectively, which
rules out surface induced oxidation of the As1 compound that would
lead to higher binding energy (Table S3, ESIf). A computational
study was performed for considering various surface reactions and
assigning the low binding energy species for As1/SiO,. Molecular
structures were fully optimized at the B3LYP/6-311G** level of theory
and NPA charge analysis was applied to determine the atomic
charge of the As atom. The calculated As atomic charges gave a
good correlation with binding energies obtained from the NIST
database (Fig. 2, R* = 0.99). The correlation was used to evaluate
possible surface species. For SiO, NPs we suggest that the low
binding energy peak may be assigned to Si-O-As(Ph),, consistent
with the As chemical environment determined by XPS and charge
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Q

Fig. 2 Correlation of XPS Asz4 binding energies with calculated atomic
charges of the As atom. Linear correlation obtained for reported binding
energies (from NIST database) and calculated atomic charges of the As
atom (), R? = 0.99. Measured binding energies, calculated structures, and
atomic charges of As1/SiO, (OJ).
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Fig. 3 Changes in electron affinity (AEA) values measured by contact
potential difference (CPD) for Si(100) surfaces with a native oxide layer.
Error bars represent statistical variation in CPD values for repeating
monolayer formation experiments.

analysis (Fig. 2). This result suggests opening of the As—=O double
bond at the oxide surface and cleavage of one phenyl ring, resulting
in Si-O-As covalent bond formation. Notably, for planar Si/SiO,
surfaces only H-bond formation is observed. The unique reactivity of
As1 towards MO NPs reported here is currently under further study.

The surface chemistry presented here for MO NPs may be further
utilized for tuning the electronic properties of semiconductor-oxide
interfaces, for example Si/SiO, surfaces. The adsorption of P1, P2, As1
and As2 from mesitylene was studied for Si(100) surfaces with a native
oxide layer. Ellipsometry and XPS measurements confirmed the
formation of a selflimiting monolayer for all cases. Contact potential
difference (CPD) measurements were performed for studying the
changes in the semiconductor electronic properties as a result of the
adsorption of the polar molecules. The modulation of the semicon-
ductor electronic properties by monolayers is a versatile handle
reflected in tuning of the electron affinity (AEA) values measured.'®
All monolayers yielded negative AEA values in accordance with the
expected changes for surface dipole orientation pointing
towards the Si/SiO, interface (Fig. 3). This result is in line with
the IR data for SiO, NPs where the polar molecules studied here
adsorb onto the surface via X—=O---HO-Si interactions. The
tuning of the Si work function reflected in the relatively large
magnitudes of AEA is measured by CPD exceeding 750 mV for
Asl. Thus, the new surface chemistry presented here may be
utilized for tailoring the surface properties of NPs as well as the
electronic properties of semiconductor-oxide interfaces.

In summary, we have demonstrated a general method for
modification of various MO surfaces with phosphine oxide and
arsine oxide polar compounds in a non-polar yet polarizable
solvent system for the assembly process. The adsorption
processes for the various compounds and oxides studied here
show quite similar characteristics regardless of the specific MO
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details. All MOs and molecular precursors studied here exhibit
self-limiting surface adsorption via specific interaction of the
X=0 moiety with polar surface groups of the oxides. For Asl an
additional surface reaction mode is studied that is not found for
planar Si/SiO, surfaces where only H-bonding interactions are
involved. Monolayer formation is driven by dipole-dipole inter-
actions between the polar X—O group and polar surface groups
typical of oxide interfaces in general while the solvation interactions
rely on induced-dipole-dipole interactions between the polarizable
solvent molecules and the polar X=O groups. A generaliztion of
the applicability of the surface chemistry presented here is demon-
strated for tuning of the semiconductor-oxide electronic properties
for planar Si/SiO, interfaces.
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