Ang dte. H. Zuilhof et al.
Reviews

DOI: 10.1002/anie.201306709
Covalent Monolayers /

Covalent Surface Modification of Oxide Surfaces
Sidharam P. Pujari, Luc Scheres, Antonius T. M. Marcelis, and Han Zuilhof*

Keywords:

covalent bonds - monolayers - oxides -
reaction mechanisms -

surface chemistry

Angewandte
International Edition Ch emie

6322 www.angewandte.org © 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2014, 53, 6322 —6356


http://www.angewandte.org

Modified Oxide Surfaces

The modification of surfaces by the deposition of a robust overlayer
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provides an excellent handle with which to tune the properties of a bulk

substrate to those of interest. Such control over the surface properties
becomes increasingly important with the continuing efforts at down-

sizing the active components in optoelectronic devices, and the

corresponding increase in the surface area/volume ratio. Relevant

properties to tune include the degree to which a surface is wetted by

water or oil. Analogously, for biosensing applications there is an
increasing interest in so-called “romantic surfaces”: surfaces that repel

all biological entities, apart from one, to which it binds strongly. Such

systems require both long lasting and highly specific tuning of the

surface properties. This Review presents one approach to obtain robust

surface modifications of the surface of oxides, namely the covalent

attachment of monolayers.

1. Introduction

Roughly speaking there are two approaches towards
surface modification: the attachment of (self-assembled)
monolayers (SAMs),!! and the deposition of polymeric or
multi-layers.”! Both approaches have their own advantages
and disadvantages. Monolayers typically provide more molec-
ular control, but display a lower degree of chemical and
mechanical robustness. This situation is most evident in the
best studied SAMs, namely those of thiols on gold.” The Au—
S bond formation allows for an easy functionalization, with
excellent control over the monolayer structure, which has
induced a tremendous amount of applications. However, if
monodentate ligands are used, the resulting structure typi-
cally does not withstand even simple wiping with cotton wool,
a result of the relatively weak Au—S bond. More stable
monolayers can therefore be formed if stronger covalent
bonds are involved. Recent examples include the formation of
C—C bound monolayers on diamond,™ and of Si—C bound
monolayers on oxide-free silicon.’) While probably the most
stable ones,”®! formation of these monolayers typically
requires some activation energy, or otherwise specifically
synthesized reactive moieties if reactivity at room temper-
ature is desired.”

Intermediate stabilities have been observed for a whole
range of readily made monolayers on oxides, and these are the
focus of this Review. With oxides we will refer to the whole
class of materials that can be indicated as MO,, in which M
can be a metal (e.g. Al, Fe, Cr), semiconductor (e.g. Si), or
a material that has an oxygen-free bulk but forms surface-
bound hydroxy (-OH) groups in air or upon some activation
reaction (e.g. on SiC or CrN). Oxides are appealing, as they
are typically not only easily accessible and thermodynami-
cally stable, but also can be easily prepared in a wide variety
of nanometer-sized structures. Although oxides can differ
tremendously in almost any property of interest (such as,
mechanical stability, chemical stability, hardness, conductiv-
ity, heat transport, cost), many of them share the potential for
surface functionalization through the reactivity of surface-
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bound -OH groups as anchoring points for the formation of
densely packed monolayers. In principle, activation can be
obtained in a variety of ways. Three of these stand out in
terms of the frequency of their use on a lab scale, namely wet
etching, dry etching, and plasma activation. Optimum activa-
tion methods vary per oxide, but in many cases activation
methods have been developed that allow the use of a wide
range of attachment chemistries. The structures of various
oxides has recently been reviewed in detail, including the
possible structures of reactive oxygenates on several oxides."

The Review is divided into the following topics: we give
an overview of different attachment chemistries that have
been used to covalently attach organic monolayers onto
oxides. Six attachment chemistries will be dealt with in detail:
silanes (Section 2), phosphonates (Section 3), carboxylates
(Section 4), catechols (Section 5), alkenes/alkynes (Section 6)
and amines (Section 7). In addition, several other, less-
frequently used attachment chemistries will be discussed
(Section 8; see Figure 1). We will describe the mode of
reaction and resulting structures, and focus on those aspects
that make specific attachment chemistries interesting (e.g.
a high reaction rate, ease of application, possibility to include
photopatterning, high stability of resulting monolayers). Then
we outline some characteristic advantages and limitations of
each of these approaches. The goal is to summarize the
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Figure 1. Attachment methods and the resulting modified oxide surfa-
ces (the number in parentheses designates the Section in which
a particular chemistry is discussed).

chemistries in such a way that characteristic features are
brought out—several of these fields (e.g. silanes on silicon
oxides) are so extensive that they have already been the
subject of Reviews,”) so the focus is not on comprehensive-
ness but on characteristics.
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A summarizing Table in the final paragraph shows some
characteristic features of each type of attachment chemistry
on each oxide under study. Although admittedly oversimpli-
fying, such a Table might help the reader to select an optimal
monolayer/surface combination for her/his own purposes. We
end the Review with some recent trends, features that we
thought were remarkable and opportunities of this field in
both mechanistic and application-oriented terms.

2. Silanes
2.1. Reagents and Structure

Surface modification with alkylsilanes is one of the most
commonly used methods to prepare monolayers on oxides.
Reactions of organosilanes (RSiX;, R,SiX,, or R;SiX, where
R is an alkyl group and X is a leaving group, such as chloride,
alkoxy, or hydride) with OH-bearing surfaces have found use
in widely diverse areas."'”! The main advantage of using
silanes for monolayer formation on oxidic surfaces is the rapid
formation of a covalent linkage between the substrate and the
anchoring group. This covalent bond stabilizes the monolayer,
and also allows for easy further chemical modification
without compromising the integrity of the monolayer."!
The properties of these films, that is, chemical composition,
thickness, orientation, and lateral order of the alkyl chains
have been investigated in detail, and on a wide range of
surfaces, such as silica, aluminum oxide, and zinc oxide.
(Figure 2).°=1213 Excellent substrates for modification are
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POOR EXCELLENT, packed monolayer is 32-38 A2, which is up to twice

the area of an n-alkyl chain. Trifunctional oganosi-

graphite polymer ~ marble SO, Tio,  oxidized polymer silica lanes do not suffer from this added steric bulk, but
gypsum ITOo Cr,0, alumina glass

Figure 2. Effectiveness of silane modification of various inorganic substrates.

ITO =indium tin oxide.

surfaces containing Si-OH surface groups, but metal oxide
surfaces are typically also good substrates.

For surface modification with silanes two approaches can
be used: reactions in solution or in the vapor phase. In
solution-phase reactions, typically at room temperature,
critical factors are the solvent viscosity and polarity, and the
amount of water in the liquid medium to hydrolyze the silane
molecules. For vapor-phase modification, the surface is
usually exposed to a silane for several hours or days at
elevated temperatures (50-120°C). Denser (i.e. more closely
packed) monolayers are formed under vapor-phase condi-
tions than under solution-phase conditions.'¥ Despite exten-
sive research devoted to this field, uniform silane monolayers
are still difficult to obtain.*”’

For optimal ease of use in combination with short reaction
times, chlorosilanes and methoxysilanes are advocated, as
highly reactive and moderately reactive monolayer-forming
agents, respectively. Better leaving groups (e.g. X=1) give
rise to extensive multilayer formation.'” Worse leaving
groups (e.g. R=H) might have several advantages (for R=
H the by-product is H, gas, which provides a clean reaction
environment),[m] but might sometimes, of course, not be
sufficiently reactive. Since they only differ in the leaving
group, the monolayer structure is, in principle, the same. This
structure is affected by the number of reactive leaving groups,
for which typically one or three are used, as in R(CH,),Si-X
and R-SiX;. Both give rise to characteristic features in the
resulting monolayer structure.

The key step in the reaction mechanism (see Section 2.4
for details) is the reaction with water adsorbed on the surface
of the metal oxides, first generating silanol groups. Monofunc-
tional organosilanes (R;SiX, and typically: R(CH;),SiX)
having only one hydrolysable group (leaving group) in the
molecule (usually X =Cl, OR, NMe,) are attractive in terms
of the reproducibility of the resulting surface structures,
because only one type of grafting bond (Sigygce-O-Sigiane) 1S
possible for the covalent attachment to the surface. The main
limitation of this kind of silane modification is the lower
surface coverage, limited by the size of the dimethylsilyl
group, as this “sticks out” of the monolayer: the cross-
sectional area of alkyldimethylsilyl groups in a densely

s

0’60
A /
APTES  APDMES APDIPES

Figure 3. Bulky monofunctional silanes, such as APDIPES, improve the
monolayer stability compared to the reference substances APTES and
APDMES."™
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have as a characteristic feature that all three leaving
groups can react. This yields the intra-monolayer
cross-linking that increases the stability, but typically
also oligomerization (homocondensation) in solu-
tion prior to or simultaneous with covalent attach-
ment, leading to disordered structures (see also Figure 6 in
Section 2.4, for mechanistic details).['”

Apart from the number of reactive groups, also the precise
molecular structure of the silane influences the stability of the
resulting monolayer, as shown by Linford’s group with the
significantly increased hydrolytic stability of adsorbed amino-
silanes when bulky, hydrophobic side groups are attached to
the silane.l' The bulky silane APDIPES has only one
reactive group (Figure 3), preventing polymerization even at
higher concentrations (whereas this might happen with the
frequently used APTES).

2.2. Silane Monolayer Formation from Solution

Since Sagiv’s first report on the preparation of silane
monolayers from the solution phase,'’™ much research has
been devoted to further develop various methods.” Probably
the current standard to most reproducibly and rapidly
(seconds to minutes) obtain silane SAMs is the immersion
of a clean, freshly prepared polar substrate in a fresh
millimolar solution of the long-tail trichlorosilane precursor
in dry, purified bicyclohexane (C¢H,;—~C¢H,,).**") The silane
concentration is crucial, as confirmed by Zhang et al. with the
polar N-(2-aminoethyl)(3-aminopropyl)trimethoxysilane
(EDA) at various silane concentrations and temperatures as
shown in Figure 4.

Anhydrous solvents are typically required for trichlorosi-
lanes, although the presence of some adsorbed water on the

1000 ® Smooth monolayer
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Figure 4. Roughness of EDA layers grown at various temperatures and
concentrations. The number next to the measured point is the root
mean square (rms) value of the EDA layer grown at that condition.
The separation line between smooth and rough layers is a guide for
the eye.”
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surface is essential to obtain a smooth monolayer.”!! It was
found that when the water content is very low, incomplete
monolayers are formed; however, too much water results in
silane polymerization in the bulk solvent phase and rough-
ening of the resulting layer.!2¢:141%222] There is extensive,
and not fully consistent literature on this topic. Sagiv’s group
has suggested?*1*<l that bicyclohexane is an ideal solvent,
thanks to its high surface tension, low volatility, and low
propensity for solubilization of water and polar monolayer-
forming species generated at the solid-liquid interface upon
the hydrolysis of chlorosilane precursor molecules. In addi-
tion, its geometry makes it incompatible with incorporation in
the alkyl tail region of a densely packed monolayer.['2¢1%~
However, many alternatives have been advocated. Hepta-
ne,l*! toluene, cyclohexane, benzene, hexadecane® are
among the solvents used.”™ Typically, the optimal water
concentration was found to be 0.15 mg of water in 100 mL of
solvent.”! Solvents with a high or very low capacity for
dissolving water (e.g. 1,4-dioxane, CH,Cl,, or CHCI,,?**>! or
pentane, respectively) are not ideal, as they may overstabilize
the alkyltrisilanol species and promote polymerization onto
the substrate surface, or cannot supply sufficient water to
produce the optimal amount of alkyltrisilanol. Anac et al.
observed that the presence of ethyldiisopropylamine facili-
tates the covalent attachment of chlorosilanes to the surfaces
by neutralizing the HCI that is formed during the attachment,
without silylation of the amine which occurs when less
sterically congested amines are used.!'*!

Other factors also influence the monolayer quality, such as
the chain length of the alkyl moiety,® and both post-
formation annealing®® and pre-annealing of the silicon
oxide (Si0O,) produce significant improvements in the quality
of the film and a smaller number of unreacted sites.?"]

Recently, Cao et al. developed a new strategy to fabricate
patterned organosilane films onto inorganic substrates using
254 nm irradiation.”” They observed the formation of a silane
monolayer within several minutes at ambient temperature
using a silane in the presence of N,N-dimethylformamide
(DMF). They proposed that the carbonyl group of DMF
absorbs the UV light and subsequently dissociates, producing
the base HN(CHj3;),, which can diffuse to the surface and there
promotes the hydrolysis of the silane and subsequent
connection to the glass surface.””

2.3. Silane Monolayer Formation from the Vapor Phase

In most cases silane films prepared from solution show
morphological irregularities that limit the effectiveness of the
monolayer for potential technological applications.” Vapor-
phase deposition is therefore an alternative, as first described
by Haller.” Monolayer deposition from the vapor phase is
attractive because of the decreased formation of siloxane
oligomers and contamination of the surface by particles,*”!
and turns out to be a highly effective and reproducible
method for producing high-quality monolayers.['*1%31 In fact,
the limited experience of many chemists with gas-phase
reactions, rather than problems with features of the chemistry
itself, seems a limiting factor here. Chidsey and co-workers
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investigated a new method of vapor deposition of siloxane
monolayers at 110°C under reduced pressure (1 Torr), using
water from the dehydration of MgSO,-7H,O, and the vapor of
CH;(CH,)5Si(CD;0); (Figure 5). IR spectroscopy revealed
the initial presence of unhydrolyzed OCD; groups, which
disappear with excess silane and water to obtain dense and

Deposition Chamber

H20 (9)
RSi(OCDs)s (9)
R ——

~CD30OH (g)

Figure 5. CVD-based synthesis of siloxane monolayers onto oxide
surfaces, starting from silanes and MgSO,-7 H,0. Middle: An incom-
plete monolayer with unhydrolyzed methoxy groups. Right: a dense,
completely hydrolyzed monolayer on the right.?"

optimally bound monolayers.”™® Supercritical CO, has also
been used as medium for silane SAM formation.

2.4. Mechanism of Silane SAM Formation

An analysis of the extensive literature data leads to the
following three-step mechanism for the formation of mono-
layers from RSiX;-type silanes (X = Cl, OCH;; Figure 6). In
the first step, organosilanes are hydrolyzed by water mole-
cules that are already adsorbed on the polar oxide surface, to
create the corresponding hydroxysilane (typically RSi(OH);).
In the second step, extensive lateral ordering takes place:
these hydroxysilanes are hydrogen bonded to the polar oxide
surface, but still capable of moving laterally across the
surface. This yields aggregation driven by attractive forces
such as van der Waals forces between the pendant hydro-
carbon chains, hydrogen-bonding, dipole—dipole interactions.
Once aggregated, these monomer molecules become signifi-
cantly less mobile. Finally, condensation occurs between the
Si-OH groups to form Si—O—Si bonds, not only with the
surface -OH groups, but also with neighboring silanol groups.
In this way a cross-linked network between the silanes is
formed that also contains many covalent bonds with the
underlying substrate.

The initial hydrolysis of Si—Cl or Si—OR bonds thus
generates the hydroxysilane that makes self-assembly possi-
ble.™ This step is probably the most critical and controls the
final quality and morphology of the SAM. The frequently
experienced difficulties in reproducibly making high-quality
monolayers relate to this step, as incomplete hydrolysis or
excessive hydrolysis result in incomplete monolayers or
formation of polysiloxanes on the surface, respectively. This
also means that surfaces that do not contain adsorbed water
molecules react poorly,'* like metal oxides without -OH
groups, or silicon, carbon, and organic polymers, which
explains their position on the silane reactivity scale indicated
in Figure 2. If an insufficient density of surface -OH groups is

Angew. Chem. Int. Ed. 2014, 53, 63226356
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Figure 6. Three-step mechanism for monolayer formation by silanes on OH-
terminated surfaces. Note in Step 3, condensation ideally proceeds to form

a covalently bound monolayer that is also laterally cross-linked (bottom right), but
insufficient control over the water content and other reaction conditions may yield
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terminal groups can be obtained by a chemical
reaction on the end group of an already formed
silane surface layer.’*® Both approaches are cur-
rently widely used in both industrial and research-
oriented applications. For example, APTES“)! is
commonly used to obtain amine-terminated surfaces
that are applied for promoting protein adhesion and
cell growth on biological implants“!! and in lab-on-a-
chip applications.”? Other terminal functional
groups, such as alkenes or carboxylic acids, have
been used to attach a range of biomolecules. To
obtain surfaces with enhanced water- and oil-repel-
lent properties, fluorinated silanes are often used to
modify both flat and nano-textured surfaces. There
are several examples of highly scalable silane-based
modifications to make materials more durable.
Walker et al. showed that conformal surface modi-
fication of calcite using SAMs of natural fatty acids
combined with sub-monolayer fluorinated alkylsi-
lanes generated hydrophobic (HP) and superhydro-
phobic (SHP) coatings to increase limestone resist-
ance to sulfation, for the protection of historic

disordered inhomogeneous multilayers (bottom left).

a problem, then plasma activation will form sufficient
hydroxy moieties for the formation of highly stable high-
quality monolayers, even on plastics such as poly(methyl-
methacrylate (PMMA) and polystyrene.*!!

2.5. Characterization and Application of Silane SAMs

The different ways in which silanes can be bound to the
surface can be distinguished by a variety of techniques.
Residual chloride or methoxide moieties would typically be
recognizable by for example, IRP®! or X-ray photoelectron
spectroscopy (XPS). For the direct observation of the
interfacial Si—O bond formation, IR spectroscopy has been
shown to be especially useful. SAM formation on SiO, can be
monitored by the longitudinal optical (LO) absorption band
that arises from the vibrations perpendicular to the surface of
Si—O bonds at the SAM/SiIO, interface. In particular, this
analysis of the 950 to 1255 cm™' range that includes surface-
bound and internally cross-linked Si-O-Si vibrational
modes,”**! can distinguish between silanes that form
a strong chemisorbed bond to the surface and weakly
adsorbed polysilanols.”**! In particular, both the precise
position and intensity of this LO band around 1200-1255 cm ™
can be used to estimate the development of the monolayer.>!
This technique has for example, been used by Aissaoui et al to
study the formation of APTES layers .*"]

Chemical functionalization of oxide surfaces with silane
molecules has become an important technique for the
fabrication of a variety of devices'™* Two different
strategies have been used to obtain a wide variation in
surface groups and properties using silanes. First, silanes can
be used that already have the required terminal group at the
end of the alkyl chain. Alternatively, the finally required
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buildings from acid rain.* Analogously, Deng
et al. have used silanization of calcinated soot as
a simple means to create superamphiphobic sur-
faces,”! while a nanocomposite of silanized silica nanopar-
ticles and hexadecyltriethoxysilane was recently used to ob-
tain robust superhydrophobically coated textiles.*! Making
use of the high reaction rate of silanes, inkjet printers were
used to obtain a SAM pattern with (115+5) um features.
Contact times in the order of hundred milliseconds are suf-
ficient to form a pattern of (inhomogeneous) self-assembled
octadecyltrichlorosilane (OTS) monolayers (Figure 7).1*"!
While silane-based monolayers are thus shown to be of
great value, two aspects might hamper their use: reproduci-
bility and hydrolytic stability. The frequently noticed poor
reproducibility in preparing silane-based monolayers is linked
to the sensitivity of the reaction towards reaction conditions.
Secondly, the limited hydrolytic stability has been reported to
be a critical issue.””»*"*! Fadeev et al. showed that OTS
monolayers were hydrolyzed almost completely on both TiO,
and ZrO, within 3-24 h, even at neutral pH value and 25°C.
Acidic and basic solutions hydrolyze the monolayers even

OTS molecules chemisorbed
on substrate surface

OTS molecules
dissolved in solution

initial contact line

Inkjet print head i

time after ¢

t deposition

Silicon oxide substrate

Figure 7. Principle of growing OTS monolayers from inkjet-deposited
sessile droplets.”’!
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Figure 8. XPS-derived desorption kinetics of monolayers of OTS on
CrN surfaces in deionized water (0), at pH 3 (0), and at pH 11 (2).F%

faster.*) Analogously, Pujari et al. showed in a comparative
study of various attachment chemistries that silane mono-
layers on hydroxy-terminated CrN surfaces are unstable in
aqueous media of various pH values (Figure 8).*" If mono-
layers of higher stability are desired, then those derived from
alkyl phosphonates (Section 3), catechol (SectionS5), and
alkenes/alkynes (Section 6) are typically more promising.
Aureau et al. have used silane-based monolayers for the
deposition of Au nanoparticles, but showed that the perfor-
mance of Si-C linked monolayers was clearly superior to
this.”> Chabal and co-workers subsequently showed that
simultaneous use of OTS and alkenes to selectively react with
a field-effect transistor (FET) device that has both SiO,- and
H-terminated Si areas actually works well, and yields the
desired spatial selectivity.*!

3. Phosphonates
3.1. Reagents and Methods

Since the seminal work of Ries and Cook,” phosphonic
acids [R-PO;H,] and their phosphonate ester derivatives [R-
PO;R,] (R = alkyl, sometimes aryl, Figure 9) have become an
attractive anchoring group for hydroxylated surfaces. Despite
the vast amount of literature on phosphonate-based metal—
organic frameworks (MOFs), also called metal phospho-
nates,*” the usage of alkyl phosphonates for monolayer
assembly is still developing. The most common technique to
obtain alkyl phosphonate-based monolayers is immersion or
dip coating, that is, liquid-phase reaction conditions, with
immersion times lasting from a few minutes to a couple of
hours or even days.” Because both phosphonic acids and

Q
HO-P-OH
0o .. v Ho—<R
B \O,E'\O/ /\O,’?\o/\
HO" . "OH R R HO-P-OH
_ Dimethyl Diethyl o
phosphonic acid  phosphonate  phosphonate  1,1-bisphosphonic acid

Figure 9. Commonly used phosphonate-derived acids and esters.
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phosphonate esters have the ability to self-assemble onto and
react with inorganic substrates, a wide variety of solvents can
be used, including water.” The use of water might be of
interest for phosphonic acids which have limited solubility in
non-aqueous solvents; however, this is only feasible when the
metal oxide is stable and insoluble in the aqueous solu-
tion.F?*%! On the other hand, also when using organic
solvents, the choice of solvent is of considerable importance
for the quality and stability of the final monolayer. Specifi-
cally, a study of solvent effects during alkyl phosphonic acid
assembly on ITO concluded that low dielectric solvents and
therefore with weak or negligible interactions with the oxide
surface promote denser, more stable monolayers in compar-
ison with high dielectric, that is, strongly interacting sol-
vents.*

In general, immersion-based surface modification works
well and reproducibly on a wide variety of oxidic substrates,
however, some problems might arise when modifying silicon
oxide.®® On SiO, phosphonic acids only aadsorb by means of
weak physical interactions, such as van der Waals interactions
and hydrogen bonding, and therefore can easily be washed
off. To overcome this problem Hanson etal and Thissen
et alP® introduced the so called “T-BAG” (tethering by
aggregation and growth) method. This approach includes the
self-assembly of a weakly physisorbed alkyl phosphonate on
a vertical SiO, substrate by slow evaporation of solvent, and
a subsequent thermal annealing step at 140°C under low-
humidity conditions to induce chemisorption of the phos-
phonic acids onto the SiO, (Figure 10).°®! An alternative is

1 mu ODPA in Vacuum Oven
THF solution
N D
60°C 140 °C 140 °C
Step 1 Step 2 i
until
evaporation

Figure 10. Schematic representation of the T-BAG process.®!

spin coating of octadecylphosphonic acid (ODPA) onto mica
and aluminum.”” By using the appropriate nonpolar solvents,
the interaction between the phosphonic acid headgroup and
the hydrophilic substrate can be enhanced, producing full-
coverage monolayer coatings in minutes. Note that, also in
this case, the process strongly depends on the dielectric
constant of the solvent used, which is preferably around 4 (e.g.
trichloroethylene), whereas polar solvents, such as ethanol,
hamper monolayer formation and might induce liquid-like
multilayers or aggregates.”®! Although several methods
produce uniform monolayers, in most cases a final thermal
annealing step is required to induce covalent bonding, that is,
heterocondensation with the oxidic substrates. To decrease
the number of processing steps and time, Graham et al.””!
explored spraying of pentafluorobenzyl phosphonic acid onto
heated oxide surfaces. The process relies on the generation of
small liquid droplets that impinge on the heated oxide
inducing evaporation of the solvent, and deposition of the
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phosphonic acid molecules. This simultaneously initiates the
formation of covalent linkages with the substrate, making an
additional thermal curing step superfluous.

An alternative approach to overcome the weak physical
interactions between the phosphonic acid precursor and SiO,,
involves the deposition of an ultrathin layer of aluminum
oxide/hydroxide to promote phosphonic acid binding.[*”) With
differential IR spectroscopy the condensation reaction of
octadecylphosphonic acid onto this aluminum oxide/hydrox-
ide substrate was monitored by the loss of the Al-O-H
deformation mode (840 cm ™), and the appearance of the Al-
O-P stretching vibration (1080-1140 cm™'; see Figure 14 in
Section 3.2).

In addition to the abovementioned wet-chemical reaction
conditions, also “dry” vapor-phase reactions have been
reported, for example, for phenylphosphonic acid on amor-
phous alumina.® At high deposition rates (> 0.05 ML min ;
ML =monolayers) multilayers were formed, whereas at
lower rates monolayer coverage was obtained. On the other
hand, octylphosphonic acid also has the tendency to form
multilayers under vapor-phase conditions,*™®! but those phys-
isorbed molecules could be removed by prolonged thermal
desorption, finally leaving solely the covalently bound
monolayer, as demonstrated by its thickness and excellent
electronic properties.

3.2. Mechanism and Binding Modes

The mechanism of chemisorption of phosphonic acids on
metal oxide substrates is greatly affected by reaction con-
ditions, such as temperature, pH value, concentration and
solvent, and the type of oxide. On Lewis acidic metal oxide
surfaces, binding originates from initial coordination of the
phosphoryl oxygen atom (P=0) to a Lewis acidic site on the
surface. As a consequence, the P atom becomes more
electrophilic and induces the consecutive heterocondensation
with the neighboring surface hydroxy groups, resulting in
strong covalent P-O-M anchoring (Figure 11, Rou-
te 1).%%%621 On metal oxides lacking Lewis acidity it is
generally accepted that the coordination of the phosphoryl
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oxygen is minimal and initial hydrogen bonding promotes the
heterocondensation reaction (Figure 11, Route 2); a reaction
that might be accelerated by heat treatment as this could
increase the deprotonation rate of the P-OH moiety.*23462]
That also phosphonate esters undergo these heterocondensa-
tion reactions under these mild immersion-based conditions is
somewhat remarkable as in solution the hydrolysis of the P—
O—C bonds requires relatively harsh conditions, but is
probably catalyzed in the same manner.”%! In all cases the
surface density of the hydroxy groups is a key parameter, as
confirmed by the work of Giza etal.: by applying a water
plasma prior to modification, the number of surface hydroxyl
groups on oxide-covered aluminum was substantially
increased and yielded considerably accelerated adsorption
of octadecyl phosphonic acid (ODPA).[*Y

Like the assembly mechanism, also the final binding
modes of the phosphonates depend on the nature of the oxide
substrate, as well as on the applied reaction conditions, for
example, thermal annealing. The presence of three oxygen
atoms on the phosphonates allows mono-, bi-, and tri-dentate
binding modes in combination with possible electrostatic and
hydrogen-bonding interactions. In addition, all three oxygen
atoms can also bind to the same metal site (chelation) or bind
to different metal atoms on the surface.™ An overview of the
resulting complexity in binding modes is depicted in
Figure 12.

To better understand the binding modes of phosphonic
acids, Mutin et al. made use of high-field 7O magic-angle
spinning (MAS, 24 h at 17.6 T) NMR to study the binding of
O-enriched phosphonic acids deposited on a titania anatase
support (Figure 13).°%! The clear resonance signal at 6 =
185 ppm provides direct evidence for the formation of the P-
O-Ti linkage, while the two neighboring resonance signals at
high field correspond to residual P=O and P—OH function-
alities, suggesting the existence of multiple binding modes.*”
In addition, Spiess etal. made use of 'H MAS NMR
spectroscopy to investigate the surface H-bonding interac-
tions of carboxylic acid-terminated phosphonates on zirconia
and titania, and untangled the H-bonding interactions among
the P-OH groups at the monolayer-substrate interface.”!
Such P—O—Ti bonds were also detected by time-of-flight

secondary mass spectroscopy (TOF-SIMS)
in a study by Menzel and co-workers®

Ff on titanium modified by the T-BAG
o /Fl’\OH T R R method.”**! As shown in Figure 13d.e, the
OH HO/IPI‘\\OH H0\||: Fl) characteristic fragments confirming chemi-
H,0 = - . . . .
Route1: OH OH — > OHS o —2— &n o % H;0 e 5\0 sorption, that is, TiP,Os TiP,O;H, and
' ' L | L | TiP;O¢H,, were detected in the negative
(Mmwm ) (mmm ] (mmwm ] s
a b ¢ d In addition to the many available
R advanced surface characterization tech-
OZ,L:OH R R R niques, density functional theory (DFT)
OH _ | on o<l ol calculations turn out to be an efficient and
O—P‘\ H.0 <p H™ >P. . . . .
Route 2 OHOHOH —22 = ond OH —>— ondbo — b d o powerful tool, especially in combination
L 1 | L | L1 | L1 | with empirical data, to aid understanding of
(Mmm | (Mmmwm) (mmm) . )
a chemical process or structure. For instance,
€ f 9 h in recent work Thissen etal. studied the

Figure 11. Mechanism of phosphonic acid attachment 1) to Lewis acidic metal oxides and

2) to poorly Lewis acidic metal oxides./*!
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binding modes of octadecyl phosphonic acid
(ODPA) by IR spectroscopy on specifically
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Figure 12. Binding modes of phosphonic acids on a metal oxide
surface; M =metal: monodentate (a and b), bridging bidentate (c and
d), bridging tridentate (e), chelating bidentate (f and g), chelating

tridentate (h), and additional hydrogen-bonding interactions (i—
I).[sz,65,66]

tuned oxide-free Si(111) surfaces, that is, 1/3 monolayer
hydroxy (1/3 ML OH; ML =monolayer) or 1/3 monolayer
aluminum hydroxide (1/3 ML O-Al-(OH);), both having the
remaining 2/3 ML H-terminated Si(111) (Figure 14). For the
isolated Si-OH sites on the 1/3 ML OH substrate, mono-
dentate binding was observed, while after AICI; treatment,
remarkably, a bidentate mode (instead of a tridentate mode)
was revealed for the isolated Si-O-Al(OH);-sites, in good
agreement with DFT calculations.®® Analogous combined
experimental and computational studies have been per-
formed on the orientation and binding modes of phenyl-
phosphonic acid on transparent, conductive indium zinc oxide
(IZO), with excellent correlation between experiment (near-
edge X-ray absorption fine structure (NEXAF), polarization-
modulated infrared reflection—absorption spectroscopy (PM-
IRRAS)) and theory." In the same way, Smecca et al. were
able to distinguish between carboxylic acid binding and
phosphonic acid binding of carboxyalkylphosphonic acid on
ZnO nanorods. XPS and IR data supported by DFT provided
clear evidence for multidentate binding of solely the phos-
phonic acid terminus, that is, with negligible carboxylic acid
binding.""!
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Figure 13. a,b) High-field "O MASNMR of "’O-enriched phosphonic
acid monolayer deposited on TiO, (anatase).® c) Hydrogen-bonding
interactions among the neighboring phosphonate groups, d,e) ToF-
SIMS data of hydroxy- (d) and carboxy-terminated (e) phosphonic acid
monolayers on Ti90/Al6V4.1%¥!

3.3. Applications of Phosphonate-Based Monolayers

Applications of monolayers of phosphonic acids have
been reported in various fields, such as separation, organic
electronics, catalysis, solar cell, optical devices, biosensors,
and medical implants.*?*%" In particular the formation of
monolayers from phosphonic acids and phosphonate esters on
metals and Lewis acidic metal oxides*” is of interest for at
least three reasons:

1) A relative easy synthesis and purification: phosphonate
esters are viscous oils at room temperature and highly
soluble in common organic solvents. Their subsequent
conversion into phosphonic acids is relative simple and
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a)

| Adsorption of Methylphosphonic acid on the model surface 1/3 Si-O-Al(OH),

monodentate bidentate

physisorbed
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Figure 14. a) Heterocondensation pathway of methylphosphonic acid
on the model surface 1/3 ML O-Al(OH)j; resulting in bidentate bind-
ing; b) (A) DRIFT spectrum of octadecylphosphonic acid (ODPA)
powder; and differential IR spectra of ODPA monolayer B) on 1/3 ML
OH surface (monodentate binding), C) on 1/3 ML O-AlI(OH); surface
(bidentate binding), both with the specific non-ODPA modified surface
as reference.l®

several synthetic have been

ed [52a,54a,62a,73]

procedures report-

2) In comparison with, for example, silane analogues, phos-
phonate derivatives are considerably less susceptible
towards self-condensation reactions, which only occur
under high-temperature dehydrating conditions.®®! This
makes them easy to handle and store in ambient con-
ditions. In addition, rigorous exclusion of water during
surface modification is not required, in fact, it can even be
performed in aqueous solutions.[*»>462

3) Phosphonic acids and phosphonate esters possess excep-
tional binding properties, in particular on metals and
metals oxides of high oxidation state (+ V tetracoordinate
and higher), and owing to the hydrolytic stability of the P-
O-metal linkages these monolayers are more resistant to
hydrolysis than silane or carboxylic acid-derived mono-
layers,[*3346274 and almost comparable to catechol-
based or alkene/alkyne-based monolayers (see Sections 5
and 6).

These advantages have led to their use as anticorrosion
coatings that prevent oxygen diffusion towards a metal
surface by the generation of low-solubility metal complexes
(e.g. Ca, Mg, Zn) on phosphonate-treated substrates.”!
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The use of phosphonates also has limitations, for example,
the competing dissolution—precipitation process that might
occur during phosphonic acid-based surface modification. In
this process metal ions from an unstable oxide can be
removed from the surface structure by complexation with
the phosphonic acid, leading to the formation of insoluble
metal phosphonate salts. The extent of this undesired side
reaction depends mainly on the stability of the metal oxide
and the reaction conditions (pH value, concentration, solvent,
and temperature). Using a phosphonate ester instead, or
varying the pH value might circumvent this problem.?*6%]
Another disadvantage, which also emphasizes the comple-
mentary character of, for example, silanes and phosphonates,
is the limited reactivity of phosphonates towards SiO, on
which they only weakly physisorb and therefore can easily be
washed off."® Michel et al.” skillfully made use of this
limitation, and actually applied it to selectively biofunction-
alize metal oxide substrates consisting of TiO, within a matrix
of SiO,. To obtain protein-adhesive properties on TiO, the
TiO, areas were selectively decorated with an aqueous
solution of dodecylphosphonic acid (DPA). Subsequently, to
obtain protein-repelling properties on the SiO,, the remaining
SiO, was modified with poly(L-lysine-g-ethylene glycol) (g=
graft)."? The same principle was used to selectively modify
the inner (mainly Si-O-Si) and outer (mainly Al-OH) surface
of tubular clay structures of halloysite by silanes and
phosphonic acids, respectively, and create an inorganic
micelle-like architecture (Figure 15).%

! )
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—) 1 LI 1 1
Loading/release  [Al rich surface
Halloysit Selective wnna Q ‘
e Modification i
(inside)

(outside)

Figure 15. Schematic representation of the selective modification of
the inner and outer surface of halloysite clay tubes."

Phosphonate-based surface modifications are also very
interesting for biomedical applications. For instance, for the
development of new contrast agents based on magnetic
inorganic nanoparticles modified with radiolabeled
bisphosphonates. Such multimodal nanoparticles allow simul-
taneous invivo magnetic resonance imaging (MRI) and
optical imaging.””! In addition, for stainless steel or titanium
medical implants, surface modification by (bis)phosphonate
anchoring is an attractive route, for example to improve the
adhesion of bone tissue and cells, enhance long-term stability,
and prevent infections by inhibiting bacterial adhesion .7l
In a further application, Wong and co-workers, created
a glycan array by direct immobilization of synthetic glycans
with a phosphonic acid terminus onto aluminum oxide-coated
glass and employed this new platform for high-throughput
analysis of protein-glycan interactions."”!
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4. Carboxylates
4.1. Reagents and Methods

Carboxylic acid-based SAMs are among the oldest ones
studied systematically,'®>*!) with a focus on long-chain
aliphatic carboxylic acids, since these were rapidly recognized
to form close-packed, highly organized monolayer films.[¥%<
The central metal carboxylic acid moiety in such layers has
been labeled an “inner-sphere adsorption complex”,*!! as it
can form carboxylate-metal bonds. These bonds can be
detected by mass spectrometry data, for example, from
a surface of an Al-Mg alloy coated with lauric acid (CH;-
(CH,),,COOH) the mass spectrum reveals signals for CH;-
(CH,),,COOMg", including the *Mg and **Mg isotopes of the
soap.® This metal-oxide bond is usually not very strong,™!
which typically makes monodentate or bidentate monolayers
highly unstable in aqueous media.l®!! Since release of water is
promoted by higher temperatures or vacuum, this explains
the formation of more stable SAMs upon annealing/curing.
The advantage of these layers is, of course, the extremely wide
range of available carboxylates. In addition, the typically
environmental friendly nature of carboxylates makes carbox-
ylic acid-based monolayers one of the “greenest” options for
monolayer formation.

There are three most frequently used methods to attach
aliphatic carboxylic acid monolayers onto metal oxide
surfaces:®* Langmuir-Blodgett (LB) techniques, attachment
from dilute solution, and gas-phase techniques, such as vapor-
phase growth and aerosol spray deposition. Depending on the
process chosen to form these monolayers (see Section 4.1.1—
4.1.3), both carboxylic acid and carboxylate ions (typically
used as their Li, Na, or NBu, salts) can be used, and in both
cases the largest component of the driving force is the
bonding between the carboxylate anion and a surface metal
cation.’

4.1.1. Langmuir-Blodgett (LB) Techniques

The traditional means of forming aliphatic carboxylic acid
monolayers is to transfer a mechanically compressed, densely
packed, oriented monolayer on water to a solid substrate by
the Langmuir-Blodgett (LB) technique.’” An advantage of
LB monolayers is the high ordering these films may have.
Disadvantages are, however, the relatively weak interaction
with the substrate owing to the presence of water, so the
transferred monolayer may not even be resistant to simple
rinsing with solvent. Secondly, the high ordering on the water
surface may only be metastable, and as such can relax on the
solid substrate to different structural forms with different
physical properties.

4.1.2. Solution Processes

In most reports, the SAM preparation is based on solution
processes using 0.1 to 100 mM concentrations of carboxylic
acids in non-polar solvents (e.g. THF).®! Although very
cheap, solution growth has major technological drawbacks:
its slowness and the use of organic solvents. Post-treatment by
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heating at 120 °C was found to increase monolayer stability, as
a result of bidentate attachment of the carboxylate.™
Recently Kim etal. pretreated TiO, nanoparticles with
aqueous nitric acid solution (pH 1) to effectively increase
the collision frequency of carboxylates to the now positively
charged surface, and obtained an 18-times faster adsorption of
ruthenium dye carboxylates.® Adsorption of carboxylic acids
on TiO, nanoparticles from solution normally leads to a weak
and unstable binding of the carboxylic acid molecules. Qu
et al. used a solvothermal strategy for the modification of
TiO, nanoparticles with carboxylic acids in ethanol/water 1:4
in an autoclave at 100°C, to provide carboxylic acid-modified
TiO, nanoparticles with a much higher modification effi-
ciency than the conventional room-temperature immersion
method (Figure 16).”"1 This seems to be a good and general
method for obtaining better quality carboxylic acid SAM on
oxide surfaces.
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Figure 16. Schematic illustration of the modification of TiO, nano-
particles with carboxylic acids by the solvothermal strategy.™

4.1.3. Gas-Phase Processes

Martz et al. developed a vapor growth method of suitable
carboxylated derivatives on ITO and Al and plasma-treated
GaAs substrates.”] The principle is based on exposing
activated surfaces to a vapor of the grafting molecules
under high vacuum. There are basically three advantages to
this method: no solvent is needed, the resulting monolayers
are more homogeneous than those grown from solution (in
which intercalated solvent molecules might co-adsorb on the
surface and screen the surfaces dipoles, or might react with
the substrate), and gas-phase methods are typically faster and
better scalable.”®*? Bernasek and co-workers developed
a new method for the preparation of SAMs of carboxylic acids
on native oxides of metals.””! First, tetra-tert-butoxyzirconium
((tBuO),Zr) is allowed to react with a hydroxylated metal
oxide surface, and the Zr binds strongly upon loss of two
equivalents of rBuOH. Next, the surface is exposed to
carboxylic acids that replace the remaining two alcohol
moieties (Figure 17). This yields a significantly improved
monolayer stability. In another gas-phase method to obtain
SAMs, carboxylic acid solutions in dry THF were sprayed
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Zr0O, in a bridging bidentate fashion, but showed only
weak adsorption to TiO, and Ta,Os. Salicylic and

0 J< o o>< R o, Q/O 5 phthalic acids adsorbed on the metal oxides through

o- Zr o zr j\ /Zr\/ bidentate interactions, involving coordination through

OH OH OHOH OHO O OH P oy OHO 0 oH both carboxylate and the ortho hydroxy or carboxylate
>( m groups. Thiosglicylic acid adsorbed tq the metal ox'ide§ as
_é 2 HO a chelating bidentate carboxylate with no coordination

through the thiol substituent group (Figure 19).°**l This

step 1 step 2

Figure 17. Highly improved binding of n-octanoic acid to zirconium alkoxide-
treated hydroxylated Al surfaces by formation of a zirconium n’carboxylate.

with an aerosol sprayer onto ice-cold metal oxide surfaces,
after which the surfaces were immediately transferred to
a 100-150°C oven for 30—45 min.®%% It proved necessary to
optimize the reaction conditions (temperature, acid concen-
tration, number of spray coatings, drying conditions) in each
case for optimal SAM formation. !

4.2. Binding Modes and Mechanism

Several binding modes of carboxylic acids on oxide
surfaces have been described.f*##>%1 Carboxylic acid
groups are capable of binding to the oxide surface through
“outer-sphere adsorption complexes” and “inner-sphere
adsorption complexes”. In outer-sphere complexes H-bond
interactions are important (CA-II or CA-III; Figure 18),
whereas in inner-sphere complexes coordinative bonds
between the carboxylate oxygen and the metal ions are
present. This may be a monodentate metal-ester coordination
(CA-IV) or a bidentate coordination, either bridging between
two metal centers (CA-V) or chelating, that is, with one metal
center (CA-VI). Furthermore, adsorption may occur through
an acid-base reaction leaving the conjugate base COO~
bonded to a Lewis acid at the surface (CA-I).

The binding mode observed is dependent on the substrate,
the carboxylic acid, and the preparation conditions. The
adsorption mode of carboxylic acids on surfaces has been
investigated both theoretically and experimentally, the latter
typically by IR spectroscopy.” In such studies it was shown
that in a LB transferred monolayer only H-bonded carboxylic
acids were present, whereas monolayers that were transferred
under vacuum conditions or heat treated give inner-sphere
surface complexes. Dobson and McQuillan reported an in situ
IR spectroscopic analysis of the adsorption of aromatic
carboxylic acids on TiO,, ZrO,, ALO;, and Ta,Os from
aqueous solutions.”* Benzoic acid absorbed very strongly on

R

is not surprising, as the soft sulfur-containing substituent
ey group is not expected to participate in coordination to
the hard high-oxidation state metal ions.

o e L2 el
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Figure 19. Binding modes of salicylic acid (2-hydroxybenzoic acid),
phthalic acid (1,2-dicarboxybenzene), and thiosalicylic acid to metal
oxide surfaces.?*
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An interesting dependence on the substrate was found for
the adsorption of succinic acid (HOOC-CH,-CH,-COOH)
onto oxidized Zn and Fe surfaces.” Rinsing both of the
succinic acid-modified surfaces with THF showed that much
adsorbed material was lost. However, in the case of the Zn
substrate no O—H stretching vibration was found, and also the
C=0O stretching vibration indicated that both carboxylate
groups were coordinated to the metal ions. In contrast, on the
Fe substrate an O—H stretch vibration was clearly visible, and
the position of the C=O vibration indicated H-bonded
material.®! Another substrate dependence was found for
the adsorption of acetic acid onto silica and aluminoborosi-

’ \ Silica 0)\(-) A
’ ‘ Glass Fiber J\
1700

v/em™!
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Figure 20. FTIR (left) and *C NMR (right) spectra of the carbonyl

region after acetic acid adsorption on silica and aluminoborosilicate.””!

licate glass fiber surfaces. Stapleton et al. studied the acetic
acid adsorption on sodium aluminoborosilicate glass fiber
surfaces and pure silica with FTIR and “C NMR spectrosco-
py under vacuum conditions at 125°C.”" On silica, silyl ester
linkages can be detected, whereas on the aluminobor-
osilicate, sodium (and perhaps other) carboxylates

R
. OA o>/—OH o R R R form in preference to ester linkages (Figure 20). This

o) . . .
H F|| b Y difference was attributed to the absence of isolated

Ho @0 OH OH o { OH_ OH o OH OH l OH \ / OH silanols on the aluminoborosilicate surface.””
M OO Oy Oy O O Oy sy o Vio M M Cho and Tao investigated the film thickness and

Mg Mg Mg Mg Mg Mg Mg Mg Mg Mg Mg Mg Mg Mg Mig Mo M . : . )
) _ ) tilt angle of fluorinated carboxylic acids adsorbed
Electrostatic H-bonds to H-bonds to Monodentate Bidentate Bidentate . . e 4

attraction bridging oxygen carboxylic oxygen (metal-ester) bridging  chelating from an organic solution and found that the binding
(CAD) (CA-I) (CA-I) (CA-V) — (CAV)  (CA-VI) modes of the carboxylic acid SAMs on Al and Ag are

Figure 18. Possible binding modes of COOH or COO- groups to metal oxide

surfaces.
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different. On an Al surface the head group binds
monodentately, resulting in an almost untilted linear
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Figure 21. Adsorption modes and tilt angles (q) of aromatic and
fluoroalkyl carboxylic acids on oxidic Ag and Al surfaces.*®

chain acid, while on Ag the head group binds bidentately,
resulting in a more tilted chain conformation (Figure 21).
Monodentate binding, for example, as observed by Ting et al.
for SAMs of stearic acid (SA) on sol-gel HfO,, is revealed by

vC=

CH.

5scll [

. CH:
vC-0+5COH

)

-—

8. lauric aicd
>S 4
4 A:

sodium laurate

5, CH
v.CO,

'
\
i

Absorbance
s

~5v CO,

:

10 mm sodium
Laurate pH 10.2

H. Zuilhof et al.

the presence of a carbonyl C=O stretch at approximately
1740 cm ™",

Recently, Chernyshova et al. performed a comprehensive
spectroscopic and theoretical study on the adsorption of
sodium laurate, CH;(CH,),,COONa, from an aqueous solu-
tion onto hematite (Fe,O;) nanoparticles.**°! The FTIR
spectrum of the material (Figure 22) is characterized by the
antisymmetric v,;CO, and symmetric v,CO, stretching bands
of the carboxylate group at 1540 and 1410 cm ™, respectively.
These bands were assigned to an inner-sphere monodentate
mononuclear (ISMM) complex with a H-bonded second
carboxylate oxygen atom (R-C(=O--H)-O-M). The asymme-
try of these bands suggests the presence of at least one more
pair of bands at 1530 and 1425 cm !, assigned to an outer-
sphere (OS) complex in which the alkanoate is protonated by
a water molecule that is coordinated to the Fe™ cation.® So
it was concluded that under these conditions a mixture of
inner-sphere and outer-sphere complexes is present.

4.3. Applications of Carboxylate-Based Monolayers

Carboxylate-based monolayers have been the option of
first choice for coating TiO, nanoparticles in dye-sensitized
solar-cell research.” The synthetic accessibility and ease of
application has likely led to this use, despite their well-
documented long-term instability as a result of hydrolysis.'""!
The binding of carboxylates to an oxidic surface is typically
weaker and less hydrolytically stable than almost any of the
other adsorbents described in this Review. Their use as
monodentate surface-binding agents is therefore likely be
replaced by other agents, unless these limitations can be
overcome or are compensated by other properties of the
resulting monolayers. One approach towards improved
carboxylate-based monolayers involves the use of
multidentate carboxylic acid materials, which has
recently been demonstrated in several interesting
applications. Bishop et al.'®! studied the binding of
trifunctional carboxylic acid 2 to ZnO nanoparticles
(NPs; Figure 23). Upon treatment of the NP with
a solution of 2 in MeCN, a new strong broad signal
appeared in the IR spectrum at 1603cm™' and
a weaker broad band centered at 1425 cm™', consistent
with the antisymmetric and symmetric stretches of
a zinc carboxylate species. In addition, surface-bound 2
exhibits a free acid C=O stretch in the region 1736 to
1714 cm™" which is weak relative to the zinc carboxyl-
ate stretches. These results indicate that some of the
carboxylic acid groups of 2 are not bound to Zn.
Similar spectra were found upon surface modification
of Fe,O; and TiO, nanoparticles. In contrast, WO; NP
do not show the typical carboxylate vibrations: the

1800 1700 1600 1500 1400 1300 1200

vlcm-

1100

extremely low isoelectric point of WO; relative to
those of the other metal oxides studied apparently
inhibits carboxylate formation, and only outer-sphere

Figure 22. |n situ FTIR-HATR (HATR =horizontal attenuated total reflectance)
spectra of 1) hematite treated for 25 min with a 10~ m solution of sodium
laurate at pH 7.15+0.05 with no added electrolyte. For comparison, spectra of
2) an aqueous 10>M sodium laurate at pH 10.2, 3) solid sodium laurate, and
4) solid lauric acid are also shown.*
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adsorption is observed.

Multidentate carboxylates have also been used to
modify the conductivity of cuprate superconductors.
Carmeli et al. attached both electron-accepting and
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Figure 23. Tricarboxylate 2 forms multiple bonds to the surface as
indicated by the IR spectra of 2 on the surface of ZnO nano-

particles (top); for reference: IR spectrum of neat 2 (bottom).l""!

electron-donating moieties by carboxylate binding onto high-
temperature cuprate superconductors (Figure 24).1%?! For the
electron-accepting moieties, carboxyfullerene is used, which
can interact with the surface through multiple carboxylate
moieties, resulting in a dense and multidentate-induced high-
stability monolayer on oxide surfaces."™ Analogously, the
binding of an electron-donating copper porphyrin moiety to
the cuprate was achieved with two alkylcarboxylate linking
groups. Each of these structures (electron-donating and
electron-accepting) was also in contact with nanoparticles or
nanowires, with the overall aim to increase the critical
temperature (7,) of such superconductors. Such a novel way
to change the T, through strongly bound functionalized
carboxylate monolayers may pave the way to new dissipa-
tionless memory storage and switches based on high-T,
superconductors."”” Finally, carboxylic acids are also used
on an industrial scale for surface coatings, typically as
lubricants, corrosion-resistant materials, and (linkers to)
catalysts. They are also investigated as promising materials
for the protection of metal oxide surfaces.[® 1%

YBCO (YBa,Cu;0, ;)

Figure 24. Deposition of various carboxylate-linked monolayers on
high-temperature cuprate superconductors yields SAM-induced elec-
tron doping or hole doping, which results in an increase in T, value.'"”
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5. Catechols
5.1. Reagents and Methods

In a relatively recent surface-modification technique, use
is made of ortho-dihydroxyaryl compounds, such a catechol
and dopamine. Their mode of attachment is a biomimetic one,
as it hinges on chemistry that is also found in the adhesive-pad
proteins secreted by marine mussels to give extremely strong
binding."" Tt was observed that mussel adhesive proteins
(MAPs) derive their binding strength, to a considerable
degree, from the presence of the non-standard, but still
widely occurring, amino acid 3,4-dihydroxyphenylalanine
(DOPA).'! I fact, for some MAPs, DOPA constituted up
to 30% of the amino acid composition."”” That mussels and
other underwater organisms depend for their surface ad-
hesion on DOPA-based materials emphasizes three of the
biggest advantages of catechol-based surface modifica-
tions:

1) the reaction works on a truly wide variety of surfaces,
including on wet surfaces and on highly apolar ones, such
as Teflon,!'®!

2) with the use of specific catechol derivatives, that is,
dopamine and analogues, an extremely strong binding
can be achieved,!'”]

3) this can be achieved without further heating of the
medium and/or substrate.

Although the surface attachment is thus not specific to
oxidic surfaces, we only focus on binding to oxidic surfaces.

The binding of catechol-derived films has been studied
intensely over the last few years (for Reviews see
Refs. [77b,106,107,110]), which has indicated a highly com-
plex structure for the attached film. This complexity is due to
the fact that the binding mode has two components: the
surface anchoring by the catechol moiety, and the follow-up
oxidation of surface-bound catechol moieties in the presence
of more catechol in solution, to form multifunctional, highly
cross-linked polymeric films.""!l As indicated in an recent
Review on materials that have come into reach through this
chemistry,"'! this implies that for optimal binding strength,
the degree of oxidation from catechols to ortho-quinones is
highly important, since ortho-quinones do not bind strongly to
many of the surfaces that catechols stick to efficiently,!!
however, this oxidation is required to induce the strength-
inducing cross-linking.

This combination of surface attachment and oxidative
cross-linking can turn polydopamine and derivatives thereof
into an extremely versatile primers for further surface
functionalizations, as shown by the seminal work of Messer-
smith and co-workers.'"¥ This group describes an easy-to-use
procedure for the oxidation of dopamine by air in (slightly
basic) water, to yield the spontaneous deposition of a poly-
dopamine polymeric film on a wide range of surfaces. Since
this film has many functional groups available for further
reactions, this has developed into a highly stable priming
platform.["”! The structure of the resulting film is still a topic
of intense debate as reviewed by Ball and co-workers,"¥ but
seems to be highly related to the formation of eumelanin
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Figure 25. Mechanism of the oxidative steps from catechol to the most stable tetramer of 5,6-

dihydroxyindole (left) and polydopamines (middle and right).

films, and thus likely involves a whole series of steps
(Figure 25).

The ongoing reactions within such polymeric films also
affect the binding strength as demonstrated by surface-force
experiments by Israelachvili and co-workers.""! They
obtained the force—distance profiles and adhesion and
cohesion energies of the films, and found that the adhesion
energies of the films to mica and TiO, surfaces increase with
the catechol concentration, but also nearly doubled over time
(1 h versus 41 h), which was attributed to rearrangements of
the DOPA residues within the film.

5.2. Structure of Catechol-Based Monolayers

To keep the attached film monomeric and structured, this
oxidation of the catechol needs to be prevented to avoid the
formation of unorganized thick polymer layers. An approach
for this has been developed by Ziircher and co-workers, by
the introduction of electron-withdrawing groups in cate-
chol.' This development hinged on a detailed evaluation of
a range of electron-poor derivatives, as indicated in Figure 26.
Compound 1, and especially the synthetically more practical
nitro compound 5, display the desired effective monolayer
formation. This is caused by the increased acidity of the

H H H
HO N\ﬂ/R HO N\n/R HO_~ N\n/R
LT Y| v | X
HOTNZ ONC HO o HO N0
iC CHs B K, (-OH) = <2.1
1 pKa (-OH)=7.53 2 pKa(OH)=9.05 3 pK, (-COOH) = 2.1/(3.5-4)
§ H
RERST W ent
o j@\/\/ o CH
HO HO™ YO HO no, © R= - {\ﬁo} : 3
PKa (-OH) = 9.96
K, (-COOH) = 2.29/(3.5-4) § pKa(OH)=6.31

Figure 26. Electron-poor catechol derivatives (in this case with a
poly(ethylene glycol) (PEG) chain attached) stimulate monolayer
formation: anacat (1), dopamine (2), mimosine (3), dopa (4), nitro-
dopamine (5).'*

Leucodopaminechrome

SN NH
% Wes

H. Zuilhof et al.

catechol hydroxy groups, which
improves the binding strength of

the individual catechol moie-
ties.[11%
ortho-Dihydroxyaryl com-

pounds can attach to a hydroxy-

HO ~ OH terminated surface in a variety of
O binding modes."" Analysis of the

! literature indicates the following

HHN mechanism (Figure 27): First, cat-

echol approaches an OH-termi-
nated surface (in this case: tita-
nium oxide) and forms a physisor-
bed species, which is surface-bound
by two H-bonds."'®! Subsequently,
a monodentate mononuclear com-
plex is formed, meaning that one

b T %z

HO OH H HH H
\
\/N HOIOIOHHO\,O -or
\* / \ / \OH Ho \ /
(cat-l)
WG
OHG O OH_ © o-"~oH. 0 0o
HO. Ti , TI/O T//O\:‘I'"O\'I"'/O TI o“\l'"/
o~ o7 Yo o o o o
chelative monodentate binding binuclear
bonding with bridging H-bond bidentate
(cat-ll) (cat-lll) (cat-IV)

Figure 27. Four possible configurations of catechol on TiO, surface.

catechol OH is involved and one Ti atom (cat-I). From this

intermediate, three alternatives become feasible:

1) a bidentate mononuclear complex (cat-II), in which
a single Ti atom binds coordinatively with the two O
atoms of the catechol,

2) a monodentate binuclear complex (cat-III), in which an
adjacent Ti atom has lost an -OH moiety, and can now
bind to a catechol -OH moiety, or

3) a bidentate binuclear complex (cat-IV), in which the two
-OH moieties of the catechol form bonds with two
different Ti atoms.

Different research groups have speculated on the relative
stability of these structures, with sometimes conflicting
conclusions. Recently, detailed IR and computational studies
by Jing et al. provided indications for the stability of the
binuclear bidentate complex.''”! They also suggest that the
mononuclear monodentate complex is formed first in the pH
range 5 to 9, and can over time be modified to the binuclear
bidentate structure.[''®!

www.angewandte.org © 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2014, 53, 63226356
Dateiname: A306709e Pagina: 6336
Pfad: L:/daten/Verlage/VCH/ACH [Hefte/1425/ Seite: 15te von 35
Status Neusatz Umfang (Seiten): 35
Datum: 24 KW., 11. Juni 2014 (Mittwoch) Zeit: 9:22:55 Uhr


http://www.angewandte.org

Modified Oxide Surfaces

The formation of the highly stable coordinative chelate
structure involves the replacement of a surface -OH group by
a deprotonated ligand.!"*”) This mode of attachment has been
shown to be operative for Ti oxides, but also for Fe,O;
nanoparticles.”®! This binding mode also allows the use of
such catechol-metal ion structures as metal-sequestering
structures in a variety of organisms.!'*l

The binuclear bidentate structure (sometimes called:
bridged bidentate structure; cat-IV) is reported for the
catechol assembly of PEG-DOPA structures on TiO,
(Figure 26),”" as inferred from slight changes in the surface
-OH groups upon changes in the PEG surface density or PEG
adlayer thickness."!l In line with this observation, it has been
indicated that the chelating, mononuclear bidentate struc-
tures (cat-IT) would, for TiO,, imply the formation of the
uncommon hepta-coordination.!'?! In contrast, surface Ti ions
retain their normal hexacoordination environment in the
bridged species cat-IV. Solid-state ?°C NMR and comparative
simulated *C NMR spectra of catechols on titania nanotubes
showed that these NMR data were also more in line with
a binuclear bidentate structure than with a mononuclear
chelate structure, but only these two possibilities were
included in the comparison."?! Finally, Lee et al. investigated
the single-molecule binding strength by AFM force-distance
measurements, and observed a very strong yet reversible
binding of DOPA to the titanium surface (Figure 28).1*I
Bidentate bonding was inferred, given the much higher

]
mean force = (805 + 131) pN.
4 B
2 -
z
[=
g 0
5 N
w
2 N
o N
-6 T T T T )
0.05 0.00 -0.05 -0.10 -0.15 -0.20

Piezo movement / um

Figure 28. Schematic representation of a DOPA-functionalized AFM tip
and typical single-molecule force-distance curves of DOPA interacting
reversibly with a Ti surface.'*
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Figure 29. Calculated adsorption geometries (top) and simulated STM
images (bottom) of 0.5 ML of catechol on TiO, (110) with adsorption
energies per molecule listed for each model. In these STM images the
spots are in registry with the geometric structure shown above, for
example, the brighter spots in the image for the surface with 50% cat-
Il and 50% cat-IV (middle) correspond to the cat-lll molecule.”!

dissociation force (805 + 131 pN) than observed for N-Boc-
Tyrosine (97 pN; Boc = tert-butoxycarbonyl), which interacts
through one hydroxy moiety with the substrate. They also
noted that upon oxidation of the catechol moiety, the bonding
to the surface is weakened.['**

Such clear preference for one binding mode is not
substantiated by theory. For example, Selloni, Diebald, and
co-workers did calculations on dopamine-coated TiO, surfa-
ces for various binding modes: H-bond stabilized mononu-
clear monodentate (cat-III), binuclear bidentate (cat-I'V), and
a 1:1 mixture of cat-III and cat-IV, by plane-wave pseudo
potential DFT calculations (Figure 29). Interestingly, the
lowest binding energy was calculated for the bidentate
structure, the mixed structure (i.e. the one suggested by
Rodenstein et al. for their complexes),!™ was intermediate,
while the most stable surface situation was provided by
a homogeneous coverage of the TiO2 surface by H-bond
stabilized, monodentate mononuclear structures, although
different orientations of the catechol on the surface, or the
mixing in of some binuclear bidentate structures does not
raise the energy tremendously.'*!

For the third binding mode, Rodenstein et al.''* reported
that binding of nitrodopamine (ND) derivatives to the TiO,
surface results in two possible configurations: H-bond stabi-
lized mononuclear monodentate (cat-III) and binuclear
bidentate configurations (cat-IV) of ND molecules grafting
on TiO, (Figure 30). These different binding states of the
catechol’s hydroxy groups lead to differences in the electron
distribution within the benzene ring and thus also in the
attached nitro group, and this can be detected in the N1s XPS
data (Figure 30). Compounds ND and perfluoroalkyl nitro-
dopamine (PFAND) show two peaks at 405.1 and 406.6 eV
associated with the nitro group. For ND, there are two
additional peaks at 400.1 and 401.9 eV, attributed to partial
protonation of the amine group. This splitting was not
observed in the case of the amide nitrogen atom of PFAND
at 400.4 eV, since its protonation is not possible. The ratio of
the amine or amide peaks versus that of the nitro peak in the
N1s XPS spectrum is greater than 1 for both molecules, which
implies a possible reduction of NO, to NO, or indicates some
loss of NO, induced by the X-ray radiation or emitted
photoelectrons. Such an effect could also be the reason for the
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Figure 30. Hydrogen-bond stabilized mononuclear monodentate and
binuclear bidentate binding modes as proposed for a) ND and

b) PFAND. N1s XPS data at the beginning (black line) and after

4.5 h (gray line) of XPS measurement of ¢) ND and d) PFAND.""*"!

diminishing PFAND nitro peak during the X-ray exposure
(Figure 30c,d)."*"!

These three modes of attachment (Figure 27, cat-II, cat-
III, and cat-IV) are thus typically referred to as the most
stable ones. The interconversion between several of these
surface-bound catechol structures on TiO, was studied by
Diebold et al., who combined DFT calculations with STM
and photoemission studies.">!%% This yields a detailed molec-
ular picture of the various binding modes and their relative
energies.'! In addition to the structures from Figure 27, on
a modified surface, some catechol derivatives, specifically
DOPA, can at low pH values, also interact with the oxidic
surface through the other end of the molecule as indicated by
a clear shift in the surface-enhanced Raman spectroscopy
(SERS) data. Upon decreasing the pH to 2, a broad signal at
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Figure 31. Proposed binding mechanisms of DOPA to TiO, and mica

surfaces.'*!

!increases significantly, while a new
-1 [118]

approximately 1680 cm™
signal appears at about 1301 cm

A final characteristic of catechol chemistry is that it does
not function equally well on all surfaces. For example, TiO,
seems to be a nearly ideal substrate, whereas binding to SiO,
or mica is typically weak, through H-bonding (Fig-
ure 31).110¢1M4a 15 1p  addition, even the quinones have
some H-bonding interactions with TiO,, but on mica such
interactions are nearly absent, making catechols not very
suited for attachment onto mica.

5.3. Applications of Catechol-Based Monolayers

Catechol-based surface modifications give rise to a large
field of applications. These are largely based on the oxidative
formation of strong-binding polymer films as indicated in
a recent Review.''%) However, increasingly use is being found
for well-defined catechol-based monolayers with specific
functionalities, such as for the stabilization of nanoparticles,
light absorption, reversible redox chemistry, and band-gap
engineering which is essential for solar-cell applications,!'?”)
and for biomedical applications. We will discuss a few
representative examples.

The presence of additional, electron-withdrawing sub-
stituents on the catechol ring to prevent oxidation also allows
tuning of the binding strength.''%*¢1271381 Catechol derivatives
are often used as anchors to various metal oxide nano-
particles, including TiO, and iron oxides. While catechol itself
binds weakly and reversibly to Fe;O, nanoparticles, the
binding affinity of mimosine is high enough to remove Fe*"
ions through complexation, which gradually dissolves such
nanoparticles (Figure 32).1"%1%< Nitrocatechols have an inter-
mediate affinity: they strongly adsorb, without dissolving the
Fe;O, nanoparticles. Fine tuning of the catechol structure can
thus be used to either stabilize or destabilize such materials.
In principle, this may also be used to selectively remove an
iron oxide coating from a nanoparticle with another core, but
this has not been reported to date.
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Figure 32. Catechols and especially nitrocatechol bind effectively to iron oxide nanoparticles, and thus
provide a stable coating. However, mimosine binds Fe** so strongly, that this actually dissolves the

nanoparticles."
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Figure 33. a) ortho-Dihydroxy-functionalized tetracene. b) Schematic
representation of the bonding and orientation of this molecule on
AlLO; (not intended to indicate in-plane ordering). c) Schematic
representation of the SAM transistor."?'"!

For the construction of hybrid inorganic-organic struc-
tures, for example, for optoelectronics, the aryl ring does not
necessarily need to be a benzene ring, but may also be part of
a larger aromatic structure, as shown for SAMs of 1,2-

@ ‘.\\OI:\rw @ ‘\\OI:(g
366 nm ’ + 0
0 NO, > “0 NO,

= Fluorophore, bioactive small molecule,
polymer, protein, DNA, etc.

Figure 34. Irradiation of the photolabile 2-(2-nitrophenyl)propyl (NPP)
protecting group as TiO, anchor allows for the fast, light-induced loss
of such surface-linked loading.['*"
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dihydroxytetracene on AlOQO;.
These spontaneously form
H dense m-m stacks, perpendicu-

HO. .
:©/\( > larly oriented to the surface and
R
HO

anchored through the catechol
o "~
R R HN—
R
d oo 00
A o

catechol

(Figure 33). The tetracene mon-
olayer was subsequently shown
to be an active channel for
hole transport in a nanoscale
FET.[IZIb]

In addition to using larger
aromatic-ring or benzene moi-
eties with electron-withdrawing
groups—that increase the bind-
ing strength to many substrates,
but also affect other electronic
properties—an alternative,
multi-binding strategy can be
followed by making use of mul-
tiple catechol-substrate inter-
actions. This approach was
chosen to attach, for example,
dendritic PEG compounds.'®!
PEG dendrimers were covalently attached to anchors with
one, two, or three covalently bound catechol groups. When
three catechol groups were present, the dendrons attached
rapidly and irreversibly to TiO, as monolayers with persistent
antifouling properties.['?*!

Recently Hoecker et al. deposited acyl homoserine lac-
tone and a nitrodopamine onto biocompatible TiO, beads by
an operationally simple dip-and-rinse procedure, and showed
that these beads are capable of inducing quorum sensing
(QS).'%%1 This hybrid system expands the catechol surface-
modification platform and provides a straightforward method
for the preparation of coated surfaces in medical devices able
to interrupt the QS signaling pathway in a wide range of
different bacterial strains.”* Finally, nitrocatechol-based
systems have been elegantly used to deliver a nanoparticle-
bound cargo in a light-induced manner, by specific photo-
chemical bond cleavage that makes use of the photoreactivity
of this nitrobenzene system (Figure 34).[134!

6. Alkenes and Alkynes
6.1. Photochemical Approaches

The previously mentioned attachment chemistries focus
on thermal attachment, rather than photo-induced reactions.
Photopatterning therefore typically requires the photoresist
approach well-known in lithography, or a destructive mode of
patterning (laser ablation of monolayers).!'!! This stimulated
the search for photochemical reactions that actually would
produce a well-defined monolayer, and thus allow construc-
tive photopatterning.

The first example thereof was provided by the Zuilhof
group for the surface modification of silicon carbide upon
irradiation of an alkene-covered substrate with UV light
(254 nm)."™ The surface of this material is actually termi-
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nated with hydroxy groups (Si-OH and C-OH) upon wet
etching with dilute (2.5 % in water) HE.*3 Irradiation of such
an alkene-covered surface then yields covalent attachment of
these alkenes, as for example, indicated by the development
of the water contact angle up to 107° (Figure 35).013%

This reaction displayed a clear wavelength-dependence,
as irradiation with 275 or 330 nm never gave water contact
angles over 95°, which is indicative of incomplete monolayers.
The reaction seems to proceed by a Markovnikov addition, as
irradiation of a 1-alkene that contains no methyl group, for
example, the CH,F-terminated 11-fluoroundec-1-ene, yields
a clear CHj signal in the IR spectra (Figure 36). This situation
suggests that some form of acid catalysis is involved, for
example, by the increased acidity of surface-bound OH
moieties upon irradiation. In addition, the CH, stretching
vibrations appear at 2856 and 2926 cm™'. These frequencies
are typical for monolayers that do not display a high degree of
short-range ordering. This result would be in line with
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Figure 35. a) Static water contact angles measured on SiC substrates
modified with 1-hexadecene using irradiation at 254 (m) and

330 nm (+) for different reaction times. b) Normalized narrow-scan
XPS data (C1s region) measured on SiC substrates: etched (HF-
treated) and coated with 1-hexadecene for 24 h under irradiation with
254 nm wavelength.['*%

SiC

H
H
H
H
H
Y
1
H
H
i

CH, (sym)
CH, (antisym)

3050 3000 2050 2000 2850 2800 2750
viem

Figure 36. IRRA spectrum measured on 11-fluoroundec-1-ene mono-
layers on a SiC substrate.**!
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attachment at the 2-position and the formation of a methyl
group close to the surface that does not allow the hydro-
carbon chains to closely pack together.

Subsequently this work was extended to a wide variety of
other oxides. UV irradiation of SiO, surfaces, such as glass or
synthetic fused silica, in the presence of terminal alkenes
smoothly yields the covalent attachment of a dense mono-
layer, with the static water contact angle reaching a maximum
value of 109°.3 R spectroscopy again confirms formation of
the expected dense but disordered monolayer, but in this case
also displays an increasing intensity of the C—H stretching
vibrations beyond saturation of the contact angle. This result
implies that the absorbed layer is steadily growing in thick-
ness, even though no further change in the contact angle is
observed. The mode of reaction again turned out to be
a Markovnikov addition, as shown by IR spectroscopy after
a surface modification with 11-fluoroundecene, which intro-
duces a clear CH; stretching signal. The resulting monolayers
were shown to be stable up to 400°C, and their high quality
was indicated by the effectiveness to function as a resist
against platinum atomic-layer deposition (ALD). This
approach thus provides a mild, room-temperature method
to locally modify oxide surfaces, including glass, with non-
corrosive chemicals, that is, alkenes.!'*

The mechanism was further delineated by studying the
wavelength dependence of this photochemical reaction. It
had been reported before by Wayner and co-workers that
300 nm irradiation of SiO, in the presence of 1-decene yielded
a static water contact angle of 59°." Irradiation with
wavelengths greater than 275 nm of fused silica in the
presence of 1-hexadecene also yielded only 60°. This implies
that the additional modification is caused by the 254 nm
radiation,™ although the precise nature of the activation
process was not clarified.

A) F3C,
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/
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4- Cis 404 Fis
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= |p) =209p)
."“.L._..._./\A 1.042) N
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— 1 v 1 ' 1 ' 1 T T T I I

292 288 284 280 700 695 690 685 680
Figure 37. A) Photochemical attachment of 1-alkenes onto TiO,, as
inferred from the growth of characteristic XPS signals C1s (B) and
F1s (C) before (a) and after attachment (b)."*®
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The Hamers group demonstrated that an analogous
surface reaction worked on TiO,.!"** Irradiation of thin
films of TiO, covered with trifluoroacetamide-protected 10-
aminodec-1-ene (TFAAD) using 254 nm light (10 mW cm )
yields covalent attachment (Figure 37). Both the C1s and Fls
XPS spectra display clear and characteristic signals that
indicate the efficiency of this reaction (15 h irradiation time).
Analogous to the irradiation of 1-alkenes on glass, disordered
monolayers are formed. The IR spectrum, however, did not
display any CH; signals, suggesting that in this case bonding
occurs through the terminal C atom of the olefin group.

Hamers et al. label the effectiveness of this reaction as
actually quite surprising, because TiO, is a widely established
photocatalyst for degrading organic molecules. Mechanisti-
cally, the light is indicated to yield positively charged surface-
bound hydroxyl radicals that may form a weak complex with
the organic alkene, induce nucleophilic attack, and facilitate
the transfer of an H atom needed to saturate the carbon
atoms.['”! This reaction mechanism has been further explored
using alkenes of varying reduction potentials.'* This
research has led to the conclusion that grafting of organic
alkenes onto TiO, requires short-wavelength light able to
photoexcite electrons from mid-gap surface states or possibly
from electrons in the conduction band into acceptor levels of
the adjacent alkene reactant molecules. The irreversible
electron emission leaves the sample positively charged and
enhances the subsequent reaction with the electron-rich vinyl
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Figure 38. A) C1s XPS coverage kinetics for rutile (110) grafted with
various alkenes; B) Proposed mechanism for multilayer formation.'*
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group of the organic alkenes, to yield covalent surface
attachment.

Both for the photochemical attachment onto glass and
onto TiO,, prolonged irradiation leads to multilayer forma-
tion for some alkenes (up to 10 nm has been reported). For
the attachment onto TiO, this phenomenon has been related
to the structure of the alkene.'™ Internal alkenes are shown
to be hardly reactive, and geminal substitution slows down
multilayer formation, but does not stop it (Figure 38A).
These results suggest a mechanism for multilayer formation as
indicated in Figure 38 B.

Analogous photochemical attachments have since been
developed on a variety of -OH terminated surfaces. Indium
tin oxide (ITO) can be photochemically grafted at room
temperature using 1-alkenes, allowing the direct patterning of
an organic monolayer (Figure 39).Y The attachment of 1-
alkenes occurs via the formation of an C-O-In(Sn) linkage,
and yields a highly stable monolayer even at elevated
temperatures. For the tetradec-1-ene used in this case only
monolayer formation was observed. Since ITO is transparent,
ellipsometry does not work to estimate the layer thickness,
but XPS is actually easily applicable, as the extent of the
decrease in the substrate In3d signal can be used to estimate
the thickness of the organic layer. This method yielded
a thickness of 1.4 nm after 16 h of irradiation, that is, slightly
less than the length of a C,,-alkene, indicating that the layer
formation is largely self-limited to a monolayer. This is
consistent with the observation of photografting 1-hexene on
TiO, surface'*! but contrasts with the observation of
eventual multilayer formation under these conditions on
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Figure 39. a,b) Constructive photopatterning onto ITO by irradiation
through a mask of an ITO surface covered with an alkene. c) Contact
angle of a developing C,,-alkene-derived organic layer on ITO as
function of UV irradiation time."“%!
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Figure 40. Proposed reaction scheme of the functionalization of GaN
surfaces with alkenes."*

SiC and SiO, substrates,?2*134
alkenes on TiO,.'*)

Analogous photochemical reactions have been reported
on ZnO(1010) single crystals and ZnO nanorods,'*! zirco-
nium oxide,'* SnO, nanoparticle thin films,"'*! and GaN.['*¥
In the GaN case the molecules are attached to the GaN
surface by a Ga-O-C bridge, as indicated in Figure 40. This
image also indicates nicely that on many hydroxy-containing
surfaces the actual surface composition can be quite hetero-
geneous, as GaN is no exception in this respect.

and/or OH-terminated

6.2. Thermal Attachment of Alkenes/

H. Zuilhof et al.

a combination of five rather remarkable properties:

1) outstanding wear and high-temperature corrosion resist-
ance (even surpassing TiN),

2) low friction coefficient,

3) very high hardness (25 GPa or HK 2800), and not
shattering as easily as other ultra-hard, but non-metallic
carbides or diamonds,

4) low electrical resistivity (640 uQcm™") and high melting
point (ca. 1770°C for 1:1 CrN),

5) high biocompatibility and low toxicity, in contrast to, for
example, hexavalent chromium.

The use of this material would thus likely become even
more promising if the surface properties of CrN could be
tuned to be optimal, for example, for high-wear conditions, or
be fine-tuned to minimize the response by the immune system
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e activation  OMow] OHOH

AIkyne or Alkene

W AAAAAA?
’
R= C,M,,,(CH,) -
= NS R x vV 21\ 200
= N\ R XNV M=HorF

Figure 41. Schematic representation of the formation of alkyne and
alkene-derived organic monolayers on a plasma-activated, hydroxy-
terminated CrN surface."*l
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As already indicated briefly in ®
Section 6.1, such photochemical reac- o
tions also have a thermal analogue on °§ E
some of these surfaces. Typically, this g 5‘“
reaction works on a wider scale of < N K
substrates than the photochemical &
analogue. The initial paper of Mischki %
et al. reported a static water contact W@Q
angle of 91° on glass after heating with
I-decene at 150°C for 16h, and an 3000 2050 2900 2850 a0 2950 2900 2850
acid-catalyzed Markovnikov addition o ¥/ cmt > ¥/ cmt
was proposed as the operative mecha-
nism."* For the modification of hy- ©) se70- D 4o
droxy-terminated SiC surfaces, a water s055] A A A A A A A
contact angle of 107° was obtained o 351 ® °®
upon heating with 1-octadecene at 2940, 2 °
130°C for 6 h."®! Using alkenes to 5 2025] © & @ e & o < 30 ®
modify a platinum electrode that is 7~ © = °
already covered with a thin layer of 28561 B (g_” = - 251 o Y
platinum oxide yields analogous mon- 2848+ f:: (CHz) =
olayers, and provides an alternative sgagl 2ValCM) W
entry point to the modification of & ® 10 12 1& 18 18

Number of Carbons Number of Carbons

metals.'*)

An only recently explored hy-
droxy-terminated surface is plasma-
activated chromium nitride (CrN).
CrN is of increasing interest owing to

Figure 42. Deconvoluted IRRAS spectrum of a) 1-hexyne and b) 1-octadecyne monolayers on CrN
surfaces. c) Overview: peak positions for 1-hexyne to 1-octadecyne monolayers: symmetric
methylene stretch (v, CH,, half-filled squares), anti-symmetric methylene stretch (v, CH,, half-
filled circles), and asymmetric methyl stretch (v, CHs, half-filled triangles). d) Tilt angle with
respect to the surface normal for varying molecular lengths.

[146]
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upon placement of a medical implant in the body. Such
applications would require a precisely tuned modification of
the surface, as for example, obtainable using covalently
attached organic monolayers. Also for this material the
attachment of unsaturated hydrocarbons offers a versatile
approach using non-corrosive chemicals, as indicated in
Figure 41,1%0:146]
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Figure 43. a) IRRAS spectra of a 2-hydroxyhexadecanoic acid
(2HHDA)-derived monolayer and b) 1-hexadecyne-derived (C16YNE)
monolayer on plasma-activated CrN surfaces. Binding mode of
2HHDA onto the oxidized CrN surface, resulting from the oxidative
adsorption of the terminal alkyne functionality. c,d) XPS C1s narrow
scan of 1-hexadecyne and 2-hydroxyhexadecanoic acid monolayers on
plasma-activated CrN surfaces.*

This study displayed a series of novel mecha-
nistic insights. First, whereas the attachment of 1-
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respectively, in line with the formation of dense monolayers
with all-trans alkyl chains. This confirms the lack of multi-
layer formation for any of the materials. With increasing
alkyl chain lengths, these films become increasingly well-
ordered and less tilted, as clear from a detailed IR analysis
(Figure 42).014!

Finally, the mode of attachment of 1-alkynes was con-
firmed to yield a 2-hydroxy-1-carboxylate structure, as was
shown by a one to one comparison of independently made
monolayers (Figure 43). Accurately benchmarked DFT sim-
ulations (based on B3LYP/6-311G(d,p) level calculation) of
Cls XPS spectra,!'* showed that a C=O signal is to be
expected at 289.5 eV, while -C-C=0 carbon atom should give
rise to a signal at 287.6 eV, in close to agreement with the
experiment. The mechanism for such an oxidation reaction is
not fully clear yet, also in view of the heterogeneity of the
surface, but such reactions have also been observed for the
analogous attachment of 1-alkynes onto porous aluminum
oxide."! For 1-alkenes oxidative attachment to yield 1-
carboxylic acids has been observed both on CrN and Al,O;. In
contrast, we recently found that 1-alkyne groups likely react
with the hydroxy-terminated SiC surface through a double
Markovnikov addition, forming a doubly bound, acetal-
containing heteroatomic six-membered ring,"™” suggesting
yet another pathway for the reaction of unsaturated hydro-
carbons with OH-terminated surfaces.

6.3. Applications of Alkene/Alkyne-Based Monolayers

The strong points of this alkene or alkyne attachment onto
-OH terminated surfaces can be indicated by a few examples
that critically hinge on characteristic features of this reaction.
The first example relates to the stability of the resulting
layer.[%132151 Thermally prepared monolayers of 1-hexade-
cene on SiC were heated for 4 h in 2m HCI at 90°C and did
not display an observable change in the static water contact
angle (107°).3% Similarly, photochemical grafting of an ester-
functionalized alkene onto nanocrystalline TiO, (anatase)
yielded a structure that, after an initial loss of 30-40 % of ester
monolayers within in the first hour of immersion, remained

alkenes required 160°C for 12 h to reach a limiting R R R
water contact angle of 110°, for 1-alkynes only
100°C was required to obtain similar results in 8 h. o} 0w
g s P (e} i

Such much faster surface modification by alkynes V4 HO b o ot N\ oH AN
than by alkenes has been shown before on, for )
example, H-terminated silicon,™'*” but clearly also l l l l l l
applies on oxides although the mechanism is likely

. . R R R R R R
very different. Second, the mode of attachment is
completely different from that reported above in at § {
least three respects: a combination of IR, XPS, and Q Q 0\\P I
computational studies (DFT calculations) shows o 0o cl) 0 c|>/ \(I) : (|) (I) (I) cIJ/ (;) (|)

: | | |

hat these materials form only monolayers, that th
t‘att €se : aterials fo only monolaye s, that t ey [ CrN ] ~ [ CrN ] s [ CrN ] S [ CrN ] - [ CrN ] >[ CrN J
display a high degree of short-range order and that -
an oxidative mode of attachment is followed. The Alkyne 2HHDA Phosphonate Alkene PMA Silane
observed monolayer thicknesses range from 0.6 to  Figure 44. C1s XPS-derived stability order of organic monolayers with different
22nm for Cgalkyne to Cy-alkyne monolayers, anchoring groups on hydroxy-terminated CrN. PMA = palmitic acid.®”
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Figure 45. a,b) Local irradiation of a glass microchannel, b) the microchannel provides local attachment of an activated ester. c,d) Subsequent
reaction with fluorescently labeled DNA displays the local functionalization of DNA. The confocal image of a modified capillary with an inner
diameter of 100 pum indicates the transition distance. e) Covalent functionalization with a non-fluorescent oligo-DNA, which is then used to
hybridize with fluorescently labeled DNA, to show the possibility of local hybridization.'*??! f) Spatially selective immobilization of two different

DNA fragments has been used to position two enzymatic DNA—protein hybrids that are part of an enzymatic cascade reactio

stable to the limit of the experiment, which was 50 days at
elevated temperatures and a range of pH values."””! On some
oxides this may have to do with the formation of cross-linked
multilayers. The potential of this is similar to that observed
above for multilayers of, for example, dopamine (Section 5),
namely that of highly stable, highly functionalized thin films.
Even though the above examples are among the best ones
obtained for this class of attachment chemistry, on many
surfaces alkene-based and alkyne-based monolayers display
a significantly higher stability than for example, silane-based
or carboxylate-derived ones, ™l and systematic evaluations
thereof are in progress.[’! This stability aspect was studied in
great detail for plasma-activated CrN surfaces coated by
silane, phosphonate, alkene, and alkyne attachment chemis-
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tries (Figure 44).°" Overall, all monolayers provided a good
long-term stability in warm media, with the overall stability
order 1-alkynes~ 2-hydroxy-1-carboxylic acids > phospho-
nate > 1-alkenes ~ carboxylates > silanes.

The second example relates to the option to use photo-
chemistry for constructive photopatterning and is rather
unique in monolayer formation on oxide surfaces. This
feature did, for example, allow the local attachment of
DNA at the inside of a microchannel and follow-up hybrid-
ization experiments (Figure 45).°2! After the attachment of
an activated ester using UV irradiation, a NH,-functionalized
oligoDNA is covalently bound. If this DNA is fluorescently
labeled, the local attachment of DNA can be detected
(Figure 45¢,d). Building on this approach, hybridization
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Figure 46. Top: Stepwise formation of an azide-terminated SnO, surface and subsequent CuAAC reaction with alkyne to allow the attachment of
TiO, nanoparticles. Bottom: SEM images of SnO, nanorods. a) Uncoated SnO, nanorods; b) SnO, nanorods coated with TiO, nanoparticles, and

c) higher-resolution SEM image of an SnO,~TiO, adduct."**"!

experiments on locally attached DNA can be performed with
complementary oligo-DNA strands, which can again be
visualized easily if the DNA strands are fluorescently labelled
(Figure 45¢). This also allowed the spatially selective attach-
ment of several DNA-enzyme hybrids for the construction of
enzymatic cascade reactions (Figure 45 f)."*"! Clearly, this
patterning is only feasible because of the photochemical
nature of the initial surface modification reaction.

The photochemical reaction of -OH-terminated alkenes is
a very attractive mode of surface functionalization, as it
provides a stable, high density of surface alcohol groups that
allow a two-step approach towards surface functionaliza-
tion.” Recently Shah et al. elegantly used functionalization
with 3-buten-1-o0l to bind TiO, nanoparticles to SnO, nano-
rods through a 1-alkyne that was terminally functionalized
with three carboxylic acid moieties, eventually yielding an
enhancement of the interfacial charge transfer compared to
the unmodified SnO, nanorods (Figure 46).1*1 A similar
approach has also shown to be effective for the biofunction-
alization of titanium substrates.">!

The photochemical attachment of 5-hexen-1-ol onto ITO
has to be used for the construction of “romantic surfaces”:
surfaces that repel every biological entity apart from the
desired one."*! To this aim, a monolayer with many alcohol
moieties served as a platform for further surface functional-
ization by the smooth attachment of initiators for an atom-
transfer radical polymerization (ATRP) by an acid bromide-
to-alcohol coupling reaction. Next, a surface-initiated ATRP
(SI-ATRP) reaction was used to attach zwitterionic polymer
brushes to the ITO surface (Figure 47). Such zwitterionic
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polymers generated by SI-ATRP reactions generally exhibit
very good antifouling properties.”> Since the SI-ATRP
approach continuously leaves a Br atom at the top of the
growing polymer chain, this allows conversion of that
bromine into an azide moiety after the polymerization
reaction. Finally then a copper-free click reaction was
performed using the strain-promoted alkyne-azide -click
(SPAAC) reaction,™ so as to allow an optimal substrate
for follow-up biological experiments (Figure 47). Coupling
with a biotin-labeled cyclooctyne-derivative thus yielded the
local attachment of biotin onto a generically protein-repellent
surface. The potential of this was displayed by the location-
specific binding of streptavidin, whereas the generally ‘sticky’
protein BSA is deposited everywhere apart from on the
biotin-labeled area.l*"!

7. Amines

Alkyl amines have been used to coat OH-terminated
surfaces (aromatic amines bind weakly and have not been
widely used).'*® Molecularly thin films of octadecylamine
self-assembled on mica can be prepared by immersion of the
sample in chloroform solutions. The resulting films are always
in the form of islands. Bonding between mica and octadecyl-
amine is much weaker than those of, for example, alkylsilanes,
and rinsing with the solvent easily removes the molecules. The
molecular films are mechanically weak, and repetitive scan-
ning with an AFM tip, even using a very low pressure on the
tip causes damage.™>”)
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Figure 47. Construction of “romantic surfaces”: Homogeneous deposition of an ATRP initiator and subsequent local patterning (254 nm light)
burns away this initiator only at the irradiated places. Follow-up Si-ATRP then yields zwitterionic polymer brushes only at the places which were
not irradiated in this second step.l® Next the polymer brush is top-functionalized with biotin in a SPAAC reaction, and displays very specific,

locally tunable protein-adsorption behavior.*®! Scale bars: 100 pm.

The binding of the molecules to the mica surface is
strongly dependent on the presence of water, and water also
facilitates the diffusivity of the molecules on the surface and
accelerates the ripening process leading to aggregation into
large islands and the elimination of defects. The nature of the
bonding interactions can be surprisingly diverse, as illustrated
by the different structures formed upon assembly of octade-
cylamine onto mica surface from either chloroform or
ethanol. Octadecylamine adsorbs onto mica, either forming
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partial monolayers (islands) of nearly upright molecules when
prepared from a relatively concentrated chloroform solution,
or—when prepared from ethanol solutions—covering the
surface completely with multilayers having alternating methyl
and amino terminations. The partial coverage found with
chloroform was shown to be the result of the incomplete
displacement of the residual water film on mica by the
hydrophobic solvent and octadecylamine desorption on water
patches. This problem disappears with the hydrophilic ethanol
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solvent, and full coverage is achieved, but then the stronger
interaction with the solvent is apparently enough to disrupt
the formation of a homogeneous monolayer. Micellar for-
mation in ethanol was proposed as the mechanism leading to
the formation of stacks of layers with alternating end-group
termination.!*®!

The following interactions are therefore expected to be
important in SAM formation with amines. First, the amine
moiety will form a H-bond with the surface -OH moieties, for
example, surface silanols on quartz or glass. Second, the
amine moiety is also expected to be protonated to some
extent from its interaction with water. Such protonation
decreases the cohesive energy owing to electrostatic repulsion
between charged head groups (see also Ref. [159]) and keeps
counterions near the surface. Third, specifically for amine
monolayers in air, approximately 35-40% of the NH,
moieties form carbamates because of atmospheric CO,
dissolved in the adsorbed water layer.®” This leads to a fast
reaction of CO, with the amine, under the formation of alkyl
ammonium alkylcarbamates, for which a considerable driving
force is present.®! These carbamates are typically deproton-
ated by adjacent amines, yielding monolayer-stabilizing
alternating charges near the surface (Figure 48). This hypoth-
esis is supported by three signals in the N 1s XPS data at 399.2,
400.4, and 401.7 eV, arising to free amino (NH,), carbamates,
and protonated NH;* groups, respectively.'” Finally, ATR-
IR data of ODA/mica SAM islands further support this
through the appearance of a new broad band around
1569 cm™', which is assigned to the deformation and vibration
of the whole -NH—COO™ group in carbamates. In addition,
carbamate signals are always accompanied by bands at 1486
and 1645 cm™, arising from the NH;" groups.

pRpdnpagapagefiys

_<“; —NH,

&
- -NH;*
o
-NH-COO-

R-NH; R-NH3*
+CO, =

R-NH, R-NH-COO-

Figure 48. Structure of alkylamine monolayers on quartz as formed
under ambient conditions in air."®"
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Figure 49. Wetting behavior of strongly bound (left) and weakly
bound (right) monolayers."®"

Detailed binding studies have been performed for the
adsorption of amines onto Fe surfaces.'"”” By a combination
of SEM, IR, electrochemical impedance spectroscopy (EIS),
and molecular modeling studies it was inferred that the N
atom was most likely bound to iron in the pseudo-4-fold
hollow sites of the Fe(110) surface.l'®” Such Fe—N bonds on
iron or stainless steel allow the use of alkylamines as
inhibitors for iron and steel corrosion.!®’!

The relatively weak surface attachment of amines may
also induce dynamics in the monolayer, with a significant
effect on, for example, the wetting behavior."*! Whereas in
a strongly bound (chemisorbed) layer, hysteresis in water
contact angle measurements occurs owing to the presence of
small pockets/defects in which water can reside, for more
weakly bound monolayers, such as those of amines, the
monolayer is a metastable state that can undergo a water-
induced flipflop. Such a flipflop makes the monolayer more
hydrophilic, however it is also bound even more weakly
(Figure 49).

Amines have been widely used to form monolayers (ca.
5x 10" chainscm ™) on cuprate high-temperature supercon-
ductors, such as Bi,Sr,CaCu,O4 and YBa,Cu;0,, and are of
interest since they do not adversely affect the bulk proper-
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ties."* The adsorption involves the coordination of N atoms
to Lewis acidic Cu sites on the surface, as was inferred from
SIMS data that show an [M + Cu]" peak at m/z 363 with the
expected Cu isotope distribution.'® No peaks were observed
for [M +Ba]" and [M+Y]" fragments. Hydrogen bonding
between the amino groups of the adsorbates and O atom sites
on the surface is not required for adsorption, because tertiary
amines also form stable monolayer films.

8. Other types of monolayers

Several classes of compounds have over the years been
used to a somewhat smaller degree, or have only very recently
come up as alternative, surface-binding agents. In this Section
we discuss the attachment chemistry of thiols (Section 8.1),
alkyl iodides and alcohols as ether-forming moieties (Sec-
tion 8.2), hydroxamic acids (Section 8.3), and boron com-
pounds (Section 8.4).

8.1. Thiols

In contrast with the extremely well-studied case of thiols
on gold,?" thiols on oxides have not been studied as much,
although they do form SAMs on this surface as well. For the
study of thiols on the readily oxidized copper surface Love
et al. mention “The chemistry is, however, not as forgiving in
our experience as it is for silver, and considerable care is
needed to prepare high-quality SAMs on copper. As a result of
these experimental difficulties, the structures formed on this

metal remain incompletely understood.”
@ ©© The mechanism of the initial metal oxi-
dation steps on alkanethiol-covered
N N N copper continues to be studied, for exam-
NoNoN ple, making use of surface-sensitive vibra-
tional sum frequency spectroscopies.'®”!
Overall it can be stated that copper
Q Q9 9 continues to oxidize underneath thiol-
bound monolayers, but SAMs diminish

corrosion considerably.*®!
s s On well-defined oxides, such as ZnO-
(1010) single-crystal surfaces, thiol-linked
monolayers are found to be quite stable,
Fi igurevso. Reversi- a5 indicated, for example, by the mechan-
z);zm':;:?zl: AZ ical force required to dislodge
YBa,Cu,0, . C,H;3;PO;H, and CgH3,SH monolayers:
whereas a small scratching force and an
approximately 0.02V cantilever deflec-
tion (force ca. 40 nN) in contact mode are enough to remove
the C,,H;;PO3H, layer, a loading of over 0.5 V (ca. 1 uN) is
required to scratch the grafted C;H;;SH monolayer.'"]
Continued etching of the oxide underneath the monolayer
takes place, as observed from etching pits. The stability of
thiol-bound monolayers can be increased by the use of
bipodal thiols, as demonstrated for the adsorption of H,N-
(CH,),,-CH(CH,SH),. Such bipodal layers unfortunately, of
course also suffer from a reduced diffusion along the surface
which is required for optimal monolayer formation.!"””! Yet,
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despite the lack of clarity in the mechanism and ill-defined
surfaces, thiol-based monolayers can be used, for example, to
link other, more weakly binding materials, such as amines, to
a surface, as shown for the attachment of hexane-1,6-diamine
onto copper through surface-bound 2-mercaptoethanol.!'’!

A very nice example of the use of thiol-linked monolayers
is found for binding to cuprate superconducting films."" An
optically switchable, azobenzene derivative (1-butan-
ethiol,4[4-(phenylazo)phenoxy] (AZ); Figure 50), was used
along with light to reversibly modulate the value of the
critical temperature of high-7, superconductors, such as
YBa,Cu;0,_5. As a result of a light-induced change in
conformation and thus in dipole, AZ monolayers had
previously been shown to change the transport and super-
conducting properties of thin niobium films."”?! Their appli-
cation to a much wider range of oxides thus turns out to be
possible.

8.2. Ether-Forming Moieties: Alkyl lodides and Alcohols

Alkyl iodides can smoothly form a monolayer on hydroxy-
terminated surfaces through a surface analogue of the
Williamson ether synthesis."” This process has been studied
in detail on TiO, surfaces, and the Kkinetics revealed an
activation barrier of approximately 59 kJmol™' for the
formation of the Ti-O-C linkage. The resulting monolayer
displays a mixed stability (some sites being removed easily,
some are very stable), which reflects the different binding
sites of the monolayer caused by the heterogeneity of the
TiO, surface. TiO, anatase surfaces are terminated with Ti
and O atoms with lower coordination numbers (4 and 5 for Ti;
2 for O) than those of the bulk phase (6 for Ti and 3 for O).
The relative amounts of these undercoordinated species vary
between different crystal planes. Figure 51 a shows a model of
a section of the anatase(101) surface, which shows that there
are at least two distinct types of OH groups on the surface
(labeled as Tis**OH and (Tis*"),OH, which display very
different properties (e.g. pK, difference of more than 10).17!
These different sites can both react with alkyl iodides, but
yield Ti-O—C bonds of rather different stabilities.

Such ether-linked monolayers can also be formed from
alcohols. Whereas the room-temperature adsorption of mon-
odentate alcohol-linked monolayers onto OH-terminated

S 4+
,5 “OAIKYl  rias) OAlKyl %

Figure 51. The two different binding sites for the hydroxy groups (a)

173

and the alkoxy groups (b) on the anatase TiO, (101) surface.
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surfaces yields monolayers that are bound too weakly to be of
practical value, heat-induced monolayer formation can
actually yield stable layers. Especially multipodal alcohols
are able to form stable layers, on, for example, SiO, and TiO,
through a thermally induced removal of water (Figure 52).1'7%
Such thermally prepared, ether-linked layers were more
stable than, for example, carboxylate-bound monolayers,
when a monopodal molecule was present. But especially
with a bipodal material superior stability (>1 month in
deionized water or acetonitrile at room temperature) was
displayed in comparison with the more commonly used
carboxylate linkage.

N  N=

4

)\ 7 N N=

BipyOH /7\ \ /
HO 160 °C

—

OH OH OH OH -HO OH OH OH O

Figure 52. Preparation of grafted bipyridine layers from hydroxy-func-
tionalized bipyridines."’*!

8.3. Hydroxamic Acids

Hydroxamic acids (R-(C=O)NHOH) are well-known
excellent chelating ligands for many transition-metal cat-
ions," and have already been used in applications such as
corrosion protection. Hydroxamic acid exists in two tauto-
meric forms, with the keto form dominating in acid media and
the enol form in alkaline environments (Figure 53). The keto
tautomer behaves as a mono-acid, while the enol can provide
two sites for chelation. On many oxides, hydroxamic acids can
undergo facile double deprotonation, thus providing dia-
nionic anchoring groups, which allows the formation of
oxidation- and water-stable five-membered chelate rings of
arylhydroxamates on suitable oxides, for example, TiO,.*>1*!

Alkyl hydroxamic acids bind relatively weakly on TiO,,
but still form SAMs that are more stable than those from
carboxylic acids (although not as stable as those from alkyl
phosphonic acids, catechols, or alkenes).’™ The higher
monolayer stability with hydroxamates relative to carbox-
ylates is caused by the larger bite angle (ca. 75°) of the
hydroxamate, which forms five-membered chelate rings with
metal ions, whereas carboxylates either form strained, four-
membered chelate rings (bite angle ca. 60°) or monodentate
species (see Section 4).

Hydroxamates have been shown, especially by Crabtree
and co-workers, to be very useful for studies of light-induced
electron transfer of dyes attached onto TiO,, as relevant for
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Figure 53. Left: Tautomeric forms of hydroxamic acids. Right: Charac-
teristic vibrations of TiO,-bound hydroxamic acids.""”®

the development of dye-sensitized solar cells (DSSCs). In this
case the higher stability with respect to carboxylates makes
such hydroxamate-based DSSCs more resistant to humidity,
and allows the detailed study of the ultrafast interfacial
electron transfer.'””? This was also borne out when hydrox-
amates were compared with carboxylate, phosphonate, and
acetylacetonate as monolayer-forming groups: the hydroxa-
mates turned out to be clearly superior linker groups to TiO,
in terms of stability or electron injection efficiency.'"!
Specifically, phosphonate anchors may be more stable, but
the hydroxamates more than overcome that by increased
electron injection efficiencies for the hydroxamate-anchored
Gritzel-type N719 ruthenium dye.[”)

8.4. Boron Compounds

Given the intrinsically high affinity of boron for oxygen,
boronic acids and derivatives thereof can form stable layers
onto OH-terminated surfaces, as has recently been shown by
Yerushalmi and co-workers.'®! Such layers are easily inves-
tigated by IR spectroscopy owing to the highly polar B—O
bond. This reactivity is analogous to that used to obtain silica-
supported boron compounds, such as SiO-B(C4Fs)s-
[HNEt,Ph], from the reaction of B(C4Fs); with silanol
groups.'” Such a supported, single-site Lewis acid, = SiOB-
(C¢Fs),, is effective as a co-catalyst in the polymerization of
ethene.!'™

9. Summary and Outlook
The examples presented in this Review provide an
overview of this exciting and still rapidly growing field.

Surface modifications have in many cases reached sufficient
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robustness for a routine and large-scale application, yet there
is still both room and need for improvements in several areas
that require further research. In this final Section we there-
fore focus on some trends and new, as of yet underexposed
issues.

Historically silanes and carboxylates have been studied
most. Whenever the hydrolytic stability is an issue, it is to be
expected that these anchoring groups are going to be replaced
by phosphonates, catechols, or alkenes/alkynes, as these
generally provide a more stable monolayer coverage under
mild, non-corrosive reaction conditions. Yet, the environ-
mental friendliness of carboxylic acids, or the high reaction
rates of silanes may be reasons to stick to this chemistry. In
addition, multidentate approaches to for example, carboxylic
acid or phosphonate attachments may also overcome these
limitations. Regarding method development, it becomes
increasingly clear that gas-phase methods provide significant
opportunities for quality improvement of several types of
monolayers, and for the scaling-up of the formation of nearly
all types of organic monolayers on oxides. This is not least
because the solvent typically plays a negative role in many of
the discussed approaches.

The demand for increased stability may increasingly gain
from minute but very specific inorganic modifications of the
inorganic surface, prior to monolayer attachment. Examples
of one-atom-thick additional gluing layers include Bernasek’s
use of a Zr layer on AIOH to bind carboxylates,”* or Chabal’s
approach to deposit AIOH onto SiOH to bind phosphona-

H. Zuilhof et al.

tes.[! In this way the limited stability of an oxide to a specific
organic anchor may be overcome. Yet, such poor binding can
also be used in a positive manner, to obtain spatially selective
binding on a heterogeneous surface, such as obtained for
silanes and alkenes on hydrogen-terminated versus oxidized
Si substrates,*¥ or of silanes and phosphonates on halloysite
clay tubes. A recent alternative for spatial selectivity is the
use of photochemical attachments, which has been shown to
work on substrates as varied as glass,*#1%°! TTQ,l and
Sn0,."*! n this field, also more mechanistic information is
clearly needed for further development of stable monolayers.
A problem that needs to be addressed is, for example,
determining the mechansim of formation of multilayers in
catechol or alkene attachments. Such mechanistic studies
would also be of interest in the field of curing effects on, for
example, phosphonate-derived monolayers, again in view of
the stability that can be obtained. Finally, more mechanistic
studies would hopefully lead to the development of even
milder monolayer-forming agents. In the field of, for example,
oxide-free, H-terminated Si, the development of agents such
as ynenes!”! typically reduced the reaction temperatures from
over 100°C to room temperature with concomitant improve-
ment of monolayer quality or stability. The field of oxide
modifications is also still in need of such agents, of which, for
example, nitrocatechol as developed from the initial DOPA
or catechol-based monolayers is a nice initial example.!>"
Finally, Table 1 undertakes a somewhat daunting sum-
mary of the entire field. Although admittedly oversimplifying,

Table 1: Overview of reported substrate-monolayer combinations with a rough indication of the quality of the monolayer obtained.

Oxide Surface Silane® Phosphonate Carboxylate Catechol Alkene/Alkyne Amine Other(b)
and Activation method'®4
glassi*?! ++ +/- + ++ ++ R-B-CIl"®
[9b,12d,183] 197] [184] 134 [159,160] Arsonic acid®?
Sio, Pl ++ +/- + + /- + +
[9¢,12d] (56a] 197] [185] [134]
sicheed ++ + ++
[187] [188) [132b,186,189]
Al,O;20le 1 ++ + + +/- ++ ++
[190,191] n8if n92) 193] [149,151]
Tio, %4l +/- + 4 . + 4 + 4+ R-OHI4 AR R_|0173]
[195] [56a,73] 80b] [115b] n37]
ITO + /- + + +/- +/= ++ + R-SHI"¥
[196] [62b,197] Mog] [99] [140] [196b]
V/Cr/Steell! ++ ++ +/- + +/- + R-SH
50,200] 50,201] 150] (s3] 50,146] [202] 1203]
SnO, ++ ++
[204] [143b]
Ta,0;"" ++
1205]
Zno +/- ++ ++ + R-SH
1206] [169] [169] R-OHI!
WO, + ++
1207] no
Cuprates ++ + R-SH
[102) [165,166] [102)
Nb,0," ++ +

n72

[208]

[a] HCI/MeOH (1:1). [b] NH,OH/H,0,/H,0 (1:1:5, 65°C), 5 min. [] (1:1 30% H,0,/38% HCl) at 80°C for 15 min. [d] HF 2.5%, 2 min. [e] 99%
H,SO,, diluted to 10% v/v in DI water for 2 min at 0°C. [f] Refluxing H,0, (30%). [g] UV irradiation (=254 nm, 10 mW<cm ?) in air overnight. [h] UV/
ozone cleaning. [i] 0.5 M K,COj5 in a 3:1 methanol/H,O mixture for 30 min. [j] air plasma.
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it aims to summarize the monolayer quality obtained per
substrate for each of the attachment chemistries reviewed
herein. In the first column, the type of surface is indicated
together with “best-practice” methods to properly activate
that surface towards a hydroxy-oriented surface modification.
In the remaining columns a rough quality indicator (++, +,
etc.) is given of the substrate-monolayer combination. Of
course, “quality” is dependent on the perspective and goals,
and includes features such as structural organization, ease of
use, and long-term stability. Hopefully this summarizing Table
might help the reader to select an optimal monolayer—surface
combination for their own purposes. In addition, this Table
points to remaining challenges in terms of improved mono-
layer quality or the unknown territory of many as of yet
unexplored combinations. Such novel combinations or
entirely new attachment chemistries—which are currently
being developed rapidly by many groups worldwi-
de-50-130181__misht also bring about the goal of extremely
strong surface coatings that on cue might also be fully
removed, in extension to, for example, the strong but
mechanically removable coating of catechol on Ti.'?!
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