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Robust surface attachment of molecular species to metal oxide
semiconductors is desirable for many applications. Here, we report the
interfacial diazo coupling of surface-bound amines with aromatics to
bind them to the surface of TiO, nanoparticles via a siloxane anchor
and a diazo linker. The technique shows potential for the inexpensive,
stable, modular and tunable attachment of molecules to metal oxide
surfaces.

Attachment of molecular species to metal oxide surfaces can
modify surface properties," introduce functionalities,” and tune
energetics.” These interfacial assemblies offer increased control
over bulk materials owing to the well-defined and tunable
nature of the molecular components. Consequently, molecular
surface attachment to metal oxides has found applications
across many fields including nanoelectronics, optoelectronics,
bioactive surfaces, semiconductor coatings, chemical or biological
sensors, and solar energy conversion devices."® Many such solar
devices produce electricity, but the diffuseness and intermittency
of solar flux means storage can be a limiting factor.® To address
this, the widely studied Dye-Sensitized Photoelectrochemical
Cell (DSPEC) combines molecular catalysts with photosensitizers
all bound to metal oxide semiconductors.””® Light-driven water-
oxidation catalysis® is carried out at the photoanode while
sequential reduction events lead to the formation of a solar fuel,
such as dihydrogen, at the (photo)cathode. As a result, DSPECs
are an attractive approach for overcoming solar energy limita-
tions by storing the energy in chemical bonds.

While these systems offer great promise in the field of renew-
able energy, stability is a key concern when integrating molecular
components with heterogeneous materials.'®! In one common
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method, an anchoring group covalently binds the molecular com-
ponent to the oxide surface. The introduction of typical anchoring
groups to the molecular species of interest is often synthetically
demanding."””™"* Meyer and co-workers recently reported the
functionalization of metal oxides with a silyl azide followed by
azide-alkyne cycloaddition to form a surface-bound Ru(u) poly-
pyridyl chromophore."”> Hammarstrém and co-workers assembled
photocathodes from molecular components via amide coupling
with surface-bound amines.'® Both azide-alkyne click chemistry
and amide coupling avoid some of the synthetic challenges of
molecular pre-installation of an anchoring group by creating a link
between a surface-bound unit and the desired external molecule.
With this goal in mind, we looked into diazo coupling, aiming to
install a stable surface linkage for both reductive and oxidative
chemistry.

In diazo coupling, a starting amine is first converted to a
diazonium salt which then forms an azo link with a variety of
electron-rich aromatics. This provides an inexpensive and
straightforward synthetic procedure that operates under mild
conditions to give an extremely strong and stable azo link of a type
that often finds commercial applications."”” Additionally, it is
applicable to a wide variety of substrates including benzene
derivatives, anthracenes, heterocycles, and enolizable aliphatics."”
Though very common in solution chemistry, diazo coupling is
rarely seen for surface attachment and, to our knowledge, never for
surface attachment to a metal oxide.'® In this report, we investigate
the diazo coupling method to install molecular species on a TiO,
surface via an azo linkage.

Azo linkages are common in chromophores, accounting for
almost 60% of all known commercial dyes.'” Their high extinc-
tion coefficients and tuneable absorption properties suggest
utility in the field of solar energy conversion devices, but this
has not yet materialized. In the limited studies that exist in this
area, molecular azo dyes were attached to metal oxides via pre-
installed anchoring groups such as nitro, hydroxyl, pyridyl,
sulfonate, and carboxylate.'*”>"' These groups tend to be labile
on varying the pH or simply owing to weak metal oxide
binding.?*?* To improve surface binding and stability, we have
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used the silatrane anchoring group, known to form strong,
siloxane bonds with metal oxide surfaces that, for TiO,, are
stable from pH 2-11.** Charge transfer dynamics for small
molecules bound to metal oxides through siloxane anchoring
groups have been well studied, demonstrating their suitability
for photoelectrochemical applications.>>*® The silatrane, a
triethanolamine-derivatized alkoxysilane, is protected from
hydrolysis and oligomerization, dramatically increasing its
shelf life over its unprotected counterpart.””?® Here, we report
a novel method for the strong, stable installation of molecular
species, including a chromophore, on TiO, surfaces using a
diazo coupling reaction. Complex synthetic steps are avoided by
first installing an aromatic amine on the surface via a silatrane
anchoring group, and next forming a stable azo dye through a
diazonium-aryl coupling reaction.

Mesoporous nanoparticulate TiO, thin films of ~4 pm
thickness were fabricated through a doctor-blading procedure
onto glass microscope slides. 4-Aminophenylsilatrane (APSil)
was anchored to the TiO, surface, providing the amino function-
ality needed for further reaction (Scheme 1). The reported>®>°
synthesis of APSil involved refluxing commercially available
p-aminophenyltrimethoxysilane in neat triethanolamine followed
by a modified workup (see ESIt).

Silatranes have been shown to bind to metal oxide surfaces
through loss of triethanolamine under mild heating.*® Accordingly,
the TiO, samples were soaked in 2 mM APSil in acetonitrile for 20 h
at 70 °C (Scheme 1). X-ray Photoelectron Spectroscopy (XPS)
confirmed APSil binding by detecting a new N 1s peak at
399.7 eV, characteristic of a C-NH, binding mode (Fig. S1,
ESIt).*! The resulting assembly, referred to as TiO,-APSil, prob-
ably involves bidentate binding of the siloxane to the TiO,
surface, as shown in Scheme 1.32

With TiO,-APSil in hand, conversion to the diazonium salt
was followed by direct synthesis of an azo dye through a diazo
coupling reaction (Scheme 2).** Although diazo coupling is well
established in solution, some modification was required to
translate this method to interfacial chemistry. In the first step,
diazotization, nitrous acid is formed from an acidic solution of
sodium nitrite. Although the standard procedure calls for
aqueous HCI at pH < 0, this is too acidic to retain silyl ether
surface bonds since they are only stable in the pH range 2-11.>
To preserve TiO,-APSil surface binding while achieving a high
proton concentration, the diazotization step was successfully
carried out in pH 3 citric acid buffer. Citric acid is useful here

NH, NH,
TiO; on glass @
_—
70°C,20 h
0°C, 20 h, s

e} iOH
O—Si MeCN 7N
‘O) [e) 0
—
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Scheme 1 Anchorage of APSil on a TiO; surface through sensitization to
form TiO,-APSil.
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Scheme 2 Diazo coupling reactions to form TiO,-1 including diazotiza-
tion in the first step and 2-naphthol coupling in the second step.

because of its suitable pK, of 2.79 and high water solubility. We
believe this represents the first example of implementation of
these milder reaction conditions for diazo coupling. The TiO,-
APSil sample was fully immersed in a citric acid buffer solution
at 0 °C and NaNO, was slowly added to form the diazonium salt.

The subsequent electrophilic aromatic substitution couples
the diazonium ion with a suitable nucleophilic partner. We
chose 2-naphthol because it is commercially available, cheap,
and forms a bright red-orange dye that facilitates quantitation
of the surface-bound species.?® This step was performed in a
carbonate buffer at pH 10 to maximize the rate of coupling.*®
The TiO,-APSil sample was removed from the acidic solution
of NaNO, and immediately immersed in a basic solution of
2-naphthol. The characteristic color of the dye instantly
appeared on the metal oxide film, but the reaction mixture
was nevertheless left for two hours to promote full conversion
from the diazonium ion to the surface-bound dye, denoted
TiO,-1. Coupling is thought to occur at the naphthyl 1-position,
as shown in Scheme 2, based on the solution formation of the
analogous molecular dye, Sudan 1>’ A common side reaction
for diazo coupling in solution chemistry is loss of N, leaving
behind a phenyl group rather than the desired product. It is
likely that this occurs to some extent in our surface bound
system, but we have so far been unable to characterize this.
Percent yield is also difficult to determine because surface
bound APSil cannot be reliably quantified. To test if the
reaction goes to completion, we subsequently repeated the
diazo coupling reaction on TiO,-1. UV-vis spectroscopy showed
only a 1% increase in absorbance, within experimental error,
indicating there was essentially no unreacted amine left after
the first coupling reaction (Fig. S2, ESIf). This suggests our
reaction conditions give near-quantitative conversion of the
amine to the azo compound.

Fig. 1 compares the solid-state UV-visible absorption of the
untreated TiO, thin film (TiO,-Bare) with TiO,-APSil and TiO,-1,
showing how the diazo coupling reaction of surface-bound APSil
with 2-naphthol forms a new species with an absorbance in
the visible region. The A, for TiO,-1 is 480 nm, compared
with 479 nm for the molecular compound 1-(phenyldiazenyl)-
naphthalen-2-0l.>® The molar extinction coefficient of 1-(phenyl-
diazenyl)naphthalen-2-ol is known to be 14500 M~ cm™ ", on
a par with many of the Ru(u) polypyridyl dyes that are widely
used in solar energy applications.*>*° The surface loading was
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Fig.1 UV-vis spectra comparing the solid-state absorption spectra of
TiO,-Bare, TiO,-APSil and TiO,-1.

estimated from eqn S1 (see ESIt) to be 10.5 nmol cm™> pm™*

using the extinction coefficient, measured absorbance and
thickness, similar to reported surface coverages in dye sensitized
solar cell literature.>* Attenuated Total Reflectance Fourier Trans-
form Infrared (ATR-FTIR) Spectroscopy was used as an additional
method to test for the presence of the azo linkage. Spectra for TiO,-
Bare, TiO,-APSil, and TiO,-1 were compared with the commercial
molecular compound, Sudan I (Fig. 2). The presence of peaks
characteristic to Sudan I found only on TiO,-1, including those at
1209 cm™?, 1258 cm ™}, and 1504 cm™?, further confirm the
formation of the surface bound azo dye. These peaks were shifted
slightly, within a few wavenumbers, from those of the molecular
compound, likely due to surface interactions.** Scanning Electron
Microscopy (SEM) confirmed the morphology of the TiO, thin films
was unchanged during both the sensitization process and the diazo
coupling reaction (Fig. S3, ESIt).

An attractive feature of this coupling method is the wide range
of potentially applicable substrates, mainly activated aromatic
nucleophiles containing either a hydroxyl or amino group.*” Here
we aimed to demonstrate that this diazo coupling method can
indeed install a variety of chemical species on surfaces. To do this,

a)
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Fig. 2 ATR-FTIR spectra of (a) Sudan I, (b) TiO2-1, (c) TiO,-APSil, and
(d) TiO,-Bare. Spectra (b) through (d) were rescaled, to the same degree, in
order to more easily compare their features with the powder sample, (a).
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Fig. 3 (a) UV-vis spectra comparing the solid-state absorption spectra of
TiO,-Bare, TiO,-2 and TiO,-3. Structures of (b) TiO,-2 and (c) TiO,-3.

we coupled TiO,-APSil with two of the simplest examples of
applicable substrates: phenol and aniline. The samples were
fabricated in the same manner as TiO,-1, but 2-naphthol was
replaced with either aniline or phenol to form TiO, surface-
bound 4-(phenyldiazenyl)aniline (TiO,-2, Fig. 3b) and 4-(phenyldia-
zenyl)phenol (TiO,-3, Fig. 3c), respectively. The coupling likely
occurs at the para position, by comparison with the analogous
solution reaction.*® Fig. 3a shows the absorption spectra of both
anchored compounds compared to that of TiO,-Bare, confirming
successful coupling. 4-(Phenyldiazenyl)aniline has a maximum
absorption at 375 nm causing the absorption peak for the
surface-bound complex to be obscured by TiO, absorption and
scattering below 400 nm.** Formation of the chromophore can still
be evidenced by the increased absorption of TiO,-2 as compared
with TiO,-Bare between 400 and 500 nm. The maximum absorp-
tion of trans-4-(phenyldiazenyl)phenol occurs at 355 nm, but any
absorption at this wavelength is overwhelmed by TiO, absorption.
The cis form has a characteristic broad peak at 440 nm which can
be seen in Fig. 3a. It is most plausible that both forms are present,
but TiO, absorption prevents us from confirming the ¢rans configu-
ration. These results serve as a proof of principle that this diazo
coupling method could be applicable to a wide variety of substrates,
showing potential as a widespread surface attachment technique.

In conclusion, we report a novel method for the attachment
of molecular species directly on a TiO, surface using a silatrane
anchoring group that provides strong, stable, silyl ether surface
bonds. The amines were derivatized through a diazo coupling
reaction, forming anchored azo compounds. This method is
advantageous because it avoids synthetic challenges typically
associated with the stable anchorage of molecular species on
metal oxide surfaces. The potential of this technique for
DSPECs is established through 2-naphthol coupling that
formed a strongly absorbing, noble-metal-free chromophore.
An additional advantage for a photoanode is the oxidative
resistance of both the anchor and the azo linkage. We can
anticipate a wide substrate scope from the extensive literature
examples on the synthesis of diazo dyes. We have demonstrated
the generality of this method through representative reactions
with two simple examples of activated aromatics, aniline and
phenol. As silatranes are well known to bind strongly to indium
doped tin oxide (ITO) and SnO,, it is likely that this method

This journal is © The Royal Society of Chemistry 2020
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would be appropriate for surface attachment to these metal
oxides as well. The combination of stable surface attachment,
synthetic ease, modularity and tunability of the system make it
an overall attractive approach for the molecular modification of
metal oxide surfaces.
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