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The formation and stability of self-assembled monolayers
of octadecylphosphonic acid on titania
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Abstract

Octadecylphosphonic acid (OPA) forms monolayers on amorphous smooth titania surfaces. The OPA was deposited by immersion in tetrahydro-
furan solutions. The process takes place rapidly at 2× 10−4 M OPA, evidence of which is an advancing water contact angle of approx. 100◦ after
10 s of immersion. The advancing water contact angle plateaus at 110± 2◦ after several hours. At lower concentrations (2× 10−6 and 2× 10−8 M
OPA), only partial coverage of OPA on titania films is achieved.

OPA self-assembled monolayers (SAMs) are resistant to exposure to common solvents. Water wettability is a function of the molecular volume
o quids. The
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f the solvents. Whereas low molecular volume liquids penetrate OPA SAMs, no penetration is observed for high molecular volume li
ross-sectional area of pores in the OPA monolayers is estimated at 27Å2.
UV light (λ = 250 nm), heat treatment and air plasma all significantly improve the wettability of OPA SAMs, resulting in a water conta

f 0◦. The presence of phosphorus shows that the bond of the phosphate headgroup to titania through oxygen atom(s) is strong and c
hese conditions.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Self-assembled monolayers (SAMs) are molecular assem-
lies formed spontaneously by the immersion of a substrate

nto a solution of the active surfactant[1]. SAMs have attracted
idespread and growing interest, since they provide a versatile

ool for surface modification in a wide range of technologies, e.g.
orrosion resistance, biosensors, microelectronics and catalysis.
hey also serve as excellent model systems for evaluating the-
ries of wetting, adhesion, friction and related phenomena[1].
vast majority of SAMs studies until now have been focused

n the interactions of chlorosilanes with OH-terminated oxide
urfaces[2] and on the adsorption of thiols on gold[3]. Potential
pplications of alkyltrichlorosilane SAMs in the engineering of
urface properties are somewhat limited due to the polymeric
ature of these assemblies[1]. Alkanethiols usually form SAMs
ith a higher degree of perfection. The use of gold as a substrate,
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however, may pose a problem in applications where op
transparency is an issue. Furthermore, gold is not a suitable
rial for silicon processing in microelectronics. A small num
of studies employ alternative chemistries, e.g. carboxylic
[4], phosphoric acid[5] and phosphonic acids[6]. Films of alka-
nephosphonic acids assemble on the surface, probably th
hydrogen-bonding between phosphonic acid headgroups a
as van der Waals interactions between adjacent methylene
[7]. Octadecylphosphonic acid (CH3(CH2)17PO3H2, OPA) is a
typical example. Gawalt et al.[6,7] investigated the adsorptio
of alkanephosphonic acids on the native oxide surface of
nium. Both titania and the native oxide layer of titanium foil w
found to be rather unreactive toward alkanephosphonic ac
room temperature, and a surface modification reagent was
to attach the acid to the metal oxide substrate[6]. This rela-
tive inertness was verified in the NMR studies of Gao[8], who
found that phosphonic acids react strongly with ZrO2, however
the analogous reaction with titania was poor. Vibrational s
troscopy and AFM imaging results suggest that OPA is we
held on a titania surface[7], that the chains are ordered in isla
like structures[8] or that formation takes place via a uniform
927-7757/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.colsurfa.2005.12.057
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disordered monolayer, which, beyond a surface coverage of 50%
gradually becomes ordered[9]. There is no consensus regarding
the mechanism of formation.

For mica the situation is rather different[10–14]. OPA spon-
taneously self-assembles onto mica in the form of irregular
islands distributed randomly over the surface. The coverage of
the mica surface can be varied by altering the concentration of
the OPA solution and the immersion time[15,16]. Regardless
of the duration of the adsorption, the height of the OPA islands
was reported[16] to be 1.8± 0.2 nm, suggesting a tilt angle
of about 40◦ [16] or, alternatively, a degree of disorder in the
hydrocarbon chain. The maximum value of the advancing water
contact angle obtained on OPA monolayers on the mica surface
after 2 h of adsorption was 89◦ [16], i.e. approximately 20◦ less
than expected for water on well-ordered methyl-terminated sur-
face[17]. Moreover, the slow spreading of water droplet when
contacting the OPA/mica surface, together with a significant
decrease in water contact angle (from 90◦ to 55◦) following
sonication in water, as well as inconsistent values for the reced-
ing contact angles[16] are all indicative of surface damage due
to exposure to water. These various studies suggest that there is
considerable chain disorder in OPA SAMs on mica.

OPA also forms SAMs on common engineering metals, such
as steel, copper and brass[18]. Adsorption of phosphonic acids
and phosphates occurs on several transition metal oxides, e.g.
Ta O , Al O , Nb O , ZrO and also on zircon[19–21]. Phos-
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The Netherlands). Magnetron sputtering was used to deposit
layers of pure and stoichiometric TiO2 (details can be found
elsewhere[24]). The root-mean-square (RMS) roughness of the
layers was 0.4 nm and the peak-to-valley height was 1.2 nm over
an area of 1�m2.

All solvents used for the investigation of stability of OPA
SAMs were analytical reagents and were used as received. They
were obtained from Ajax Finechem (methanol, ethanol and
acetone) and Chem-Supply (cyclohexane and toluene). Tetrahy-
drofuran (laboratory reagent) was obtained from Chem-Supply
and used as received.

Prior to deposition, titania substrates were cleaned as follows:
they were thoroughly rinsed with high-purity water and ethanol,
sonicated in ethanol for 10 min, rinsed with copious amounts of
high-purity water and blown dry with filtered nitrogen. Finally,
they were plasma-cleaned for 60 s. This treatment resulted in
a completely hydrophilic surface (water contact angle of 0◦).
Immersion of clean titania wafers in OPA/THF solution was
carried out immediately after the cleaning because of the extreme
susceptibility of these titania films to adventitious hydrocarbon
contamination[25]. Self-assembled monolayers of OPA were
prepared by immersion of clean titania substrates in solutions
of OPA in THF. Upon removal the samples were rinsed in pure
THF for 30 s and finally blown dry with filtered nitrogen.

Surface imaging was performed with an atomic force micro-
scope (NanoScope III, Digital Instruments) in tapping mode. Sil-
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hates do not form SAM on silica due to a much lower affi
f phosphate for Si(IV) in comparison to Ti(IV), Al(IV), Nb(IV
r Ta(V), which form metal–cation coordination bonds[19].

The present work investigates the formation of OPA SAM
morphous smooth thin films of titania and their stability.

icular emphasis is placed upon exposure to various solv
o as to investigate the stability of the OPA monolayers.
nfluence of UV light irradiation, heat treatment and air pla
ere assessed. Tapping Mode Atomic force microscopy,

act angle determinations and surface spectroscopy were
s investigative tools.

. Experimental

The synthesis of octadecylphosphonic acid was carried o
ollows [22]. 1-Octadecene (50 g) was refluxed with phosph
cid (50 g) at∼110◦C for 8 h in the presence of benzoyl perox
5 g). All materials were obtained from Aldrich and were u
ithout further purification. The solvent used was 1,4-diox
nd the reaction was carried out in a dry nitrogen atmosp
fter refluxing, the solution was cooled overnight, during wh
hite crystals precipitated from the solution. The crystals w
ltered, washed in 1,4-dioxane and recrystallised from a w
ixture of 1:1 acetone/methylethylketone (Ajax Finechem).

nal product was dried in air. The product was analyse
H NMR spectroscopy with the following results: 0.88 (t, 3
erminal –CH3–), 1.25 (m, 34 H, long chain –(CH2)17–), 1.65
broad s, 2 H, –PO3H2), fully in accordance with literature da
23].

Silicon wafers covered with a thin layer of titanium diox
ere obtained from Philips Research Laboratories (Eindho
,
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con cantilevers (NT-MDT, spring constant of 11.5 N m−1) were
sed to collect detailed topographic information. RMS rou
ess and peak-to-valley height were obtained with the A
unning software (NanoScope® IIIa, version 5.12b42, Digita
nstruments). AFM was regularly calibrated with a silicon g
3D reference, Digital Instruments).

Advancing water contact angles were measured usin
essile drop method. Digital images of the droplet silhou
624 pixels× 580 pixels, 256 grey levels) were captured wi
rogressive scan CCD camera (JAI CV-M10BX). The con
ngle was determined by numerically drawing a tangent clo

he edge of the droplet. All measurements were performed
igh-purity water at pH 5.8 (resistivity >18 M� cm and surfac

ension of 72.8 mN/m at 20◦C). The wettability data present
re an average of at least 10 measurements. In the investi
f the OPA stability upon solvent exposure, three indepen
xperiments (at least 10 contact angle measurements each
arried out.

The samples used to investigate the solvent influence
reated as follows. They were immersed in the specified
ent for 18 h at room temperature, removed with a clean pa
weezers, rinsed for 10 s with Milli-Q water and blown dry (
ith filtered nitrogen gas.
X-ray photoelectron spectroscopy (XPS) analyses were

ormed using a Physical Electronics PHI Model 5600 he
pheric electron spectrometer, employing a non-monochro
g K� source (1253.6 eV) operated at 300 W. The XPS

alibrated with the silver 3d5/2 and copper 2p3/2 photoelectron
eaks after sputtering the silver and copper surfaces wi
rgon ion beam for 2 min to remove the surface contamina
fixed pass energy of 93.9 eV for survey scans and 29.3
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for multiplex scans were used. All XPS measurements were
acquired at a take-off angle of 45◦ to the surface. During analy-
sis, the base pressure remained below 1× 10−8 mbar. All peaks
were referenced to the C(1s) (hydrocarbon CC, C H) contri-
bution at 284.8 eV. Acquisition times were approx. 5 min for
survey scans and 11 min for high resolution elemental scans. In
the case of multiplex scans, five sweeps were used for carbon
and phosphorus and three sweeps for titanium and oxygen. The
XPS measurements reported here were carried out ex situ. The
samples were analysed immediately after different surface treat-
ment; the transfer of samples into the vacuum chamber took less
than 1 min.

Time-of-flight secondary ion mass spectroscopy (ToF-SIMS)
measurements were performed on a PHI TRIFT 2100 time-of-
flight secondary ion mass spectrometer equipped with a pulsed
15 keV Ga liquid metal ion gun (LMIG). The primary ion-beam
current was 600 pA, the pulse rate was 10 kHz, and the acqui-
sition time was 60 s. To ensure that only a small fraction of
surface material was removed, the primary ion current density
on the sample was reduced to less than 5× 1012 ions/cm2 during
acquisition.

Negative spectra were acquired from the OPA SAMs in the
mass rangem/z = 0–200. The relative intensities were used, since
a matrix effect complicates quantification of results[26].

On each sample ten spots of size 100�m× 100�m were
analysed. Each intensity ratio is expressed as an average value
w , the
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Fig. 1. Advancing contact angle of water on OPA SAMs formed on titania films
as a function of the immersion time in OPA (2× 10−4 M solution in THF).

No further increase was observed, even after several days of
immersion at this concentration.

The layers of OPA molecules were rather smooth and homo-
geneous, as seen with AFM. RMS roughness of the titania
substrate (0.4± 0.1 nm) did not change after adsorption of OPA
molecules. AFM imaging revealed featureless topographical and
phase images on surfaces after 10 s of immersion in OPA/THF.
The same was found after immersion periods of up to 24 h. The
absence of any islands in the phase images, in conjunction with
contact angle data, confirmed the complete coverage of OPA
films.

The plateau contact angle reached after several hours of
immersion suggests that well-ordered, closely-packed methyl-
terminated OPA monolayers are formed. The value (∼110◦)
reached after several hours is in accordance other studies[19].

For the sake of comparison, the adsorption of OPA onto the
surface of mica (2× 10−4 M OPA) was studied. The forma-
tion of randomly scattered OPA islands was observed. As the
immersion time increased, the islands increased in size and grew
together, which was supported by contact angle measurements.
AFM images of OPA on mica (not shown) were similar to those
published in the literature[15,16,27,28].

The formation of OPA SAMs on titania films is quite dif-
ferent from the formation of these SAMs on mica[16]. The
formation of OPA SAMs proceeds faster on titania than on mica.
Whereas short adsorption times (of the order of minutes) yield
o red
b cen-
t d
w rp-
t arly
i light
i ct
a con-
v the
ith a 95% confidence interval. Prior to statistical analysis
ata were normalised by dividing the intensity of the ion

nterest by that of the ion yield for the sum of all peaks.
nalysed materials were loaded into the SIMS chamber w
min in a home-made quartz cell to minimize contaminatio
OPA SAMs on titania films were irradiated in ambient atm

phere (humidity 50%) with UV light of fixed waveleng
λ = 250 nm) using a spectral irradiator MM3 (Bunkoh-Ke
o., Japan) equipped with a 2 kW Xenon lamp. The intensi
V light was 1.0 mW/cm2. Samples were irradiated for up
80 min (energy of 10.4 J/cm2 measured at the sample surfa

Thermal treatment was carried out for 6 h in air in an o
Jetflow model K2F, Australia). Samples were placed
ustom-built quartz cell to minimize contamination.

Samples were subsequently cooled down to 100◦C (3 h),
aken out of the oven and immediately analysed.

The plasma exposure was carried out in a Harrick Pla
nit (model PDC-32G), operated at 100 W and freque
3.56 MHz.

. Results and discussion

.1. Formation of OPA SAM on amorphous titania films

Fig. 1shows changes in the advancing water contact ang
itania films as a function of immersion time in OPA (2× 10−4 M
HF solution). The contact angle increases rapidly—a valu
00◦ was observed after 1 min of immersion but similar va
ere obtained after adsorption times as short as 10 s. Afte

nitial jump the advancing water contact angle increases g
lly and plateaus at 110± 2◦ after several hours of immersio
n

f

e
-

nly partial coverage on mica, titania films are swiftly cove
y the OPA SAMs. We note that we used the same con

ration (2× 10−4 M) as Woodward et al.[16], who observe
ater contact angles of∼60◦ after several minutes of adso

ion. Our contact angle data on titania films, however, cle
mply the presence of homogeneous OPA SAMs. The s
ncrease (from 100◦ to 110◦) in the advancing water conta
ngles with immersion time on titania can be ascribed to a
ersion of disordered alkyl chains to ordered chains during
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Fig. 2. Advancing contact angle of water on OPA SAMs formed on titania films
as a function of the immersion time in OPA solutions in THF: (©) 2× 10−4 M;
(♦) 2× 10−6 M; (�) 2× 10−8 M; and (�) 2× 10−4 M, 2 ◦C.

film growth. The homogeneous morphology of the surface of
OPA SAMs on titania films (i.e. the absence of islands) is sup-
ported by the AFM phase images where no island-like structures
were observed (10 s, 2 and 24 h immersion times were tested).
We note that our contact angle data are in agreement with pub-
lished infrared studies[9].

The OPA SAMs formation on smooth titania films reported
here is essentially the same as on sapphire[29] at room temper-
ature: similar water contact angles were measured after short
adsorption times on alumina and were accompanied by fea-
tureless topographical images. The OPA SAMs also grow as
continuous, slightly disordered layers, on single crystal�-Al2O3
surfaces.

We also tested the adsorption of OPA on titania at lower con-
centrations (2× 10−6 and 2× 10−8 M OPA) in the same solvent.
Fig. 2 shows that water contact angle increases rather slowly
after immersion of titania films in these solutions, suggesting
that only partial coverage is achieved. The growth is therefore
expected to proceed through the formation of islands, partially
covering the titania surface.

A reliable determination of the height of the OPA islands
on titania was not feasible on our substrate. It has been esta
lished [7,19] that a tilt angle of approximately 30◦ is found
in phosphate-metal oxide systems. This value corresponds t
a height of approx. 2 nm, for a sufficiently smooth substrate.
The AFM characterization of the titania films has been published
e mid
a oth
a
w n ou
s enc
o d by
A

ania
fi

Fig. 3. Tapping mode AFM phase image of OPA SAMs formed on titania films
after a 10 s immersion in 2× 10−6 M OPA solution in THF.

an increase in water contact angle after immersing titania films
in 2× 10−4 M OPA solution at room temperature and at 2◦C. It
can be seen that the formation of OPA SAMs proceeds at slower
rate at low temperature; this is similar to the growth of OPA
SAMs on�-Al2O3 [29].

In our experiments, only 2× 10−4 M OPA solution yields
closely-packed, homogeneous OPA SAMs on titania films. Hav-
ing established the formation of OPA SAMs on titania, we
investigated their stability upon exposure to various liquids, UV
light, air plasma and heat. For this purpose, only well-ordered
monolayers prepared from 2× 10−4 M OPA solution in THF
were used.

3.2. Stability of OPA SAMs on titania films

3.2.1. Exposure to various solvents
The stability of OPA SAMs on amorphous titania films upon

exposure to liquids with different dielectric constants was inves-
tigated. For this purpose, water, methanol, ethanol, acetone,
cyclohexane and toluene were used. The stability of these SAMs
on titania films was investigated by advancing water contact
angle measurements (Table 1). An advancing water contact angle
of 110± 2◦ was measured on OPA SAMs after preparation. The
wettability altered after 18 h immersion in different liquids.

No changes in water wettability were observed after immer-
s per-
i water
c thanol,
m -
b hese
d t al.
[ n oxi-
d less
h impart
s

can
p hang-
i rted
f ith
lsewhere[25]. The biggest features observed by Messersch
nd Schwartz[29] on OPA adsorbed on molecularly smo
lumina (a material with similar adsorption characteristics[29])
ere only 0.8 nm. Such dimensions cannot be measured o
ubstrate (peak-to-valley height 1.2 nm); however, the pres
f island-like structures of OPA molecules was ascertaine
FM phase images (Fig. 3).
Finally, we investigated the growth process of OPA on tit

lms at lower temperature (2◦C, 2× 10−4 M OPA).Fig. 2shows
b-

o

t

r
e

ion of OPA SAMs in cyclohexane, toluene and, within ex
mental error, acetone. On the other hand, a decrease in
ontact angle has been measured on surfaces exposed to e
ethanol and water. A difference as high as∼35◦ in water wetta
ility was caused by exposure of the OPA SAMs to water. T
ata were in contradiction with the experiments of Gawalt e

7], who reported that alkanephosphonic acid assembled o
ised titanium foil was easily removed by a solvent rinse, un
eated. We found that no heat treatment was necessary to
tability to OPA SAMs on titania films.

Our results suggest that the molecules of certain liquids
enetrate the pores of the adsorbed OPA monolayers, thus c

ng their conformation. Similar behaviour has been repo
or other systems[30]. Since one would expect liquids w
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Table 1
Changes in water wettability of OPA SAMs on titania after 18 h exposure to various liquids

Fluid ε (25◦C) Water contact angle before immersion Water contact angle after 18 h immersion �θ

Air (control experiment) 1.0 110.0± 2.0 111.8± 0.9 −1.8
Cyclohexane 2.0 111.0± 2.4 111.6± 0.4 −0.6
Toluene 2.4 110.0± 0.5 107.8± 1.4 2.2
Acetone 20.7 110.8± 0.9 108.2± 2.1 2.6
Ethanol 24.3 110.5± 1.9 100.6± 1.4 9.9
Methanol 32.6 108.9± 2.1 91.4± 1.3 17.5
Water 78.5 109.5± 2.1 75.1± 3.3 34.4

Experimental conditions for the deposition were 6 h immersion in a 2× 10−4 M OPA in THF. Advancing water contact angles and standard deviations are shown.

larger molecules to be less able to penetrate and remain in the
monolayer than those having smaller molecules, we plotted the
difference in water contact angles on OPA SAM caused by the
solvent exposure as a function of molecular volume of the tested
liquids (Fig. 4).

A dependence of water wettability on solvent molecular vol-
ume is observed.Fig. 4suggests that liquid penetration or reten-
tion occurs on OPA SAM adsorbed on titania films. Whereas
smaller molecules (ethanol, methanol and water) penetrate into
the solid film of OPA, large molecules are unable to do so. Our
data show that molecules of solvents with molecular volume
above 140̊A3 are too large to penetrate the OPA films. This is
illustrated by water contact angle data obtained on cyclohex-
ane and toluene where no changes in water wettability were
observed. Following Timmons and Zisman[31], an estimate of
the average cross-sectional area of the intermolecular pores in
the adsorbed OPA monolayer would be approx. 27Å2. This cal-
culation is based on the assumption that the molecules of a liquid
are spherical.

3.2.2. The influence of UV light
We investigated the influence of UV light irradiation on the

stability of OPA SAM on titania films.Fig. 5shows the advanc-

F (mea
s of the
m

ing water contact angle as a function of UV light energy. It can
be seen that water contact angle decreases with UV light irra-
diation. The surface turns into a completely hydrophilic state
after a dose of approximately 4 J/cm2 (approx. 60 min in our
experiments).

Fig. 6 shows a high-resolution XPS carbon C(1s) peak
acquired from the OPA SAMs on titania films as a function
of UV light irradiation.

A decrease in the amount of carbon caused by UV light
exposure can be seen. This is in accordance with water contact
angle measurements and shows that a gradual decomposition
of the hydrocarbon chain takes place. Normalized C(1s) spectra
(Fig. 8) show that an initially symmetrical carbon C(1s) peak
turns into an asymmetrical one following UV light exposure.
The broadening on the high-energy side of the peak (at 286.6 eV,
revealed by curve fitting procedure), accompanied by a shoulder
centred at 288.8 eV can be observed inFig. 6.

XPS spectra were also acquired from OPA SAMs on tita-
nia films after longer UV light exposure—90, 120 and 180 min
(water contact angle was 0◦ in all cases). These spectra were vir-
tually identical. This confirms that carbon-chain decomposition
has taken place in the first 60 min, as shown in parallel by contact

F films
a

ig. 4. Changes in the advancing contact angle of water on OPA SAMs
ured before and after 18 h immersion in different solvents) as a function
olecular volume of the solvent.
-
ig. 5. Advancing contact angle of water on OPA SAMs formed on titania
s a function of time of exposure to UV light (λ = 250 nm, intensity 1 mW/cm2).
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Fig. 6. High-resolution XPS spectrum of carbon C(1s) acquired from OPA
SAMs formed on titania films after an exposure to UV light of (a) 0 min; (b)
15 min; (c) 45 min; and (d) 75 min. Inset: same spectra after normalization.

angle data. In order to obtain information on the hydrophilic sur-
face, we paid particular attention to the presence of phosphorus
atoms. The surface concentration of phosphorus (as determined
by the XPS P(2p) photo-peak) is plotted inFig. 7as a function
of UV light exposure. It can be seen that the amount of phos
phorus is not significantly altered by further exposure to UV
light.

These observations show that the carbon-chain of OPA SAM
on titania films is decomposed when exposed to UV light. The
decomposition is caused by the photocatalytic properties of th
underlying titania films. As a control experiment, we investi-
gated the influence of OPA SAMs adsorbed on smooth alumina
films. A water contact angle of 110◦ was measured on OPA

F SAM
f XPS
P

SAMs on the surface of alumina both before and after UV light
irradiation under identical experimental conditions, due to the
absence of photocatalysis.

On the surface of titania, UV light generates reactive oxidis-
ing radicals, which abstract hydrogen atoms from the hydro-
carbon chain[25]. The attack of oxidizing species produce
alkoxy radicals and carbonyl species. These species are further
decomposed via successive photocatalysis, forming shorter alkyl
chains. This mechanism is similar to that discussed by Lee et al.
[32] on alkylsiloxane SAMs on titania.

The presence of phosphorus atoms (Fig. 7) on the surface after
long-exposure times illustrates that the phosphorus headgroups
remain attached on the substrate even after the photodecom-
position comes to a completion—only oxidation remnants (i.e.
hydroxyl groups) are left on the surface.

3.2.3. The influence of air plasma
The influence of air plasma on the stability of OPA SAMs on

titania has been investigated by contact angle measurements and
XPS. It was found that air plasma significantly alters the structure
of OPA SAMs on titania films—exposure to air plasma results
in complete hydrophilicity. The water contact angle decreases
to 0◦ in less that 1 s when exposed to air plasma. The XPS spec-
tra (not shown) revealed the same trend as that caused by UV
light—a decrease in the amount of carbon is caused by carbon
c d by a
b car-
b age
a not
r y the
p expo-
s

3
a

rnal
s sma
– e
d

tud-
i
C
(
6
3

range
m ania

T
T

I n,

I
I

ig. 7. The surface concentration of phosphorus and carbon on OPA
ormed on titania films after exposure to UV light as determined from the
(2p) photo-peak.
-

s

e

s

hain shortening due to plasma etching and is accompanie
roadening of the carbon peak (caused by oxidation of the
on chain). Analogous to the influence of UV light, the dam
nd oxidation of the OPA SAMs due to plasma etching did
emove the phosphorus headgroup, which was revealed b
resence of phosphorus in the XPS spectra (after 1 min
ure).

.2.4. The influence of exposure to ethanol, UV light and
ir plasma by ToF-SIMS

In order to independently verify the influence of exte
timuli – exposure to solvent (ethanol), UV light and air pla
TOF-SIMS spectroscopy was used.Table 2summarizes thre
ifferent treatments studied using TOF-SIMS.

The negative ion SIMS spectra of all three OPA SAMs s
ed exhibited the following dominant peaks: C− (m/z 12.00),
H− (m/z 13.01), CH2

− (m/z 14.02), O− (m/z 15.99), OH−
m/z 17.00), C2

− (m/z 24.00), C2H− (m/z 25.01), PO2− (m/z
2.96) and PO3− (m/z 78.97). The phosphorus P− signal (m/z
0.97) was remarkably weak on all samples.

The intensities of the most dominant peaks in the mass
/z = 0–200 acquired from the OPA SAMs attached onto tit

able 2
reatment of OPA SAMs on titania prior to ToF-SIMS analysis

Surface treatment

Thorough rinse with Milli-Q water, sonication in ethanol for 10 mi
followed by a rinse with copious amount of Milli-Q water. The
samples were subsequently blown dry with filtered nitrogen.

I Treatment (I) followed by UV light irradiation (250 nm, 9 J/cm2)
II Treatment (I) followed by exposure to air plasma for 60 s
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Fig. 8. Negative ToF-SIMS data acquired from OPA SAMs formed on titania
films after various surface treatments. Black bar: water rinse and exposure to
ethanol (treatment I); light grey bar: treatment I followed by exposure to UV
light (λ = 250 nm, 9 J/cm2); grey bar: treatment I followed by 60 s exposure to
air plasma.

films after the treatments described inTable 2are plotted in
Fig. 8. The spectra were dominated by the same peaks after
various treatments. The CxHy fragments do not provide spe-
cific structural information on the nature and structure the OPA
SAMs, since they originate from both fragmentation of the OPA
SAMs and from the naturally adsorbed hydrocarbons. Given
the problems caused by adventitious hydrocarbon, we refrain
here from lengthy speculation upon the origin of the peaks. We
note, however, that the intensity of all carbon-containing specie
decreased following the exposure to UV light and air plasma.
We ascribed this to the removal of the OPA carbon chain (as con
firmed by the contact angle determination and the XPS). Wate
contact angle on samples exposed to ethanol (treatment I) wa
110◦ whereas the samples exposed to UV light and air plasma
were completely hydrophilic (0◦).

Particular emphasis was placed upon the presence o
phosphorus-containing species. The PO3

− and PO2
− signals

were indicative of the OPA monolayer and were present on
all samples. The presence of phosphorus-containing fragmen
(PO2

−, PO3
− and P−) after exposure to these fragments fol-

lowing the exposure to UV light and air plasma corroborates
the data obtained by the XPS and underlines the stability of the
phosphate–titanium cation bond.

3.2.5. The influence of heat treatment
of

O ngle
m arb
a wat
c a-
t kyl
c s o
t UV
l the
p in a
a r he

treatment at temperatures as high 800◦C, but disappeared after
heating at temperatures around 1000◦C.

4. Conclusion

Self-assembled monolayers of octadecylphosphonic acid can
be deposited onto amorphous TiO2 by immersion in OPA/THF
solution. The formation of OPA SAMs is concentration depen-
dent. The titania substrate is covered quickly by OPA self-
assembled monolayers after immersion in 2× 10−4 M OPA
solution. Water wettability (110◦) strongly suggests that well-
ordered homogeneous OPA layers are present. The amorphous
titania film is virtually instantly covered by a uniform monolayer
of OPA. At lower concentrations (2× 10−6 and 2× 10−8 M
OPA), only partial coverage of OPA on titania films is
achieved.

The exposure of the closely-packed OPA SAMs to liquids
of different dielectric constants shows that changes in water
wettability are a function of molecular volume of the liq-
uids. This is explained in terms of liquid penetration—low
molecular volume liquids penetrate the OPA films, but no such
behaviour occur after exposure of OPA SAMs to high molec-
ular volume liquids. This points at a pores cross-sectional area
of 27Å2.

UV light irradiation causes decomposition of the OPA SAMs
due to photocatalytic properties of the underlying titania film.
I chain
o uses
e ent
a PA
S e
o these
h head-
g ong
a

A

ian
R heme
i the
p r his
a

R

ss,

yl-
rface,

light
9.
y of
ds on
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ir 16
The influence of heat treatment in air on the stability
PA SAMs on titania films was investigated by contact a
easurements and XPS. The decrease in the amount of c
s assessed by the XPS matched wettability changes—
ontact angle decreased to 0◦ following exposure to temper
ures above 350◦C due to thermal decomposition of the al
hains. The effect of heat treatment is therefore, in term
he OPA alkyl chain stability, similar to that caused by
ight and air plasma. We also investigated the stability of
hosphate–titanium bond exposed to high temperatures
nd found that phosphorus was present on the surface afte
s

-
r
s

f

ts

on
er

f

ir
at

ntensive heat treatment causes decomposition of the alkyl
f OPA SAMs. The exposure of OPA SAMs to air plasma ca
tching of the carbon chain. UV light irradiation, heat treatm
nd exposure to air plasma significantly alter wettability of O
AMs, resulting in a water contact angle of 0◦. The presenc
f phosphorus in the XPS and SIMS spectra obtained on
ydrophilic surfaces shows that the bond of the phosphate
roup to the TiO2 substrate through oxygen atom(s) is str
nd can withstand the influence of these stimuli.
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