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Described is the self-assembly of a monolayer of TiO2 nanocrystallites on a gold substrate
by two related methods. In the first of these methods, a crystalline monolayer of the
functionalized thiol HS-(CH2)10-COOH is self-assembled at an annealed gold substrate by
adsorption from ethanolic solution. The modified gold substrate is then immersed in an
ethanolic TiO2 colloid. TiO2 nanocrystallites are adsorbed at the terminal -COOH group of
the molecules constituting the monolayer. In the second of these methods, an ethanolic
colloid of TiO2 nanocrystallites is prepared in the presence of the functionalized thiol HS-
(CH2)10-COOH. The modified nanocrystallites are adsorbed at the surface of an annealed
gold substrate. For each method, there is some evidence for short-range ordering of the
nanocrystallites constituting the close-packed monolayer adsorbed at the gold substrate.
Some potential applications of these methods are considered.

Introduction

The recent past has seen increased interest in the
preparation of and characterization of nanoporous-
nanocrystalline semiconductor electrodes.1 This inter-
est is, in large part, a result of the development of highly
efficient regenerative photoelectrochemical cells based
on dye-sensitized nanoporous-nanocrystalline semi-
conductor electrodes.2 Further interest has been gener-
ated by the development of electrochromic and photo-
chromic windows, lithium insertion batteries, and hybrid
solar cell-electrochromic window devices based on
nanoporous-nanocrystalline semiconductor electrodes.3
In short, a range of technologically important applica-
tions for such electrodes are emerging, while others are
foreseen.

Concerning the characterization of nanoporous-
nanocrystalline semiconductor electrodes, hereafter re-
ferred to as nanostructured electrodes, two aspects of

these materials have received particular attention.4
First, the extent of charge carrier accumulation or
depletion, if any, that exists at a given applied potential;
second, the mechanism of charge-carrier transport lead-
ing to accumulation or depletion under the same condi-
tions. The widespread interest in these questions
arises, first, from the apparent differences between
nanostructured and conventional single-crystal elec-
trodes in these respects, and second, from the need to
understand these processes in order to optimize the
increasing number of commercially important devices
based on nanostructured electrodes. However, despite
a large number of studies utilizing a wide range of
techniques, it is clear that an agreed view on these
matters has yet to emerge.
One of the principal difficulties encountered in at-

tempting to address the above issues has been the
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absence of well-defined nanostructured electrodes. That
is, electrodes constituted from nanocrystallites possess-
ing well-defined properties and organized in a well-
defined manner. The availability of such electrodes
would allow the following difficulties to be addressed:
First, the results of the wide range of experimental
techniques applied to the study of nanostructured
electrodes could be compared. Second, the resulting
models for charge-carrier transport leading to accumu-
lation or depletion could be tested by systematically
varying the properties and organization of the nano-
crystallites constituting the nanostructured electrode.
Finally, these findings could be expected to form the
basis of a systematic optimization of the nanostructured
electrodes on which devices such as those referred to
above are based.3
Toward this end we have recently described the

preparation of nanostructured TiO2 electrodes possess-
ing well-defined morphologies from nanocrystallites
whose properties are also well defined.5 Briefly, Lang-
muir-Blodgett techniques were used to deposit between
one and four monolayers of TiO2 nanocrystallites (22 (
2 Å) on conducting glass. As the average spacing
between the nanocrystallites constituting a deposited
monolayer could be controlled, the porosity of the
resulting nanocrystalline film was determined. Subse-
quent firing, fusing the constituent crystallites of the
deposited monolayers, ensured an ohmic contact with
the conducting substrate. Characterization by electron
microscopy revealed the above films to be nanoporous
or close-packed arrays of anatase nanocrystallites; see
Scheme 1. Measurement of potential-dependent optical

absorption spectra suggests that the degree of charge-
carrier accumulation possible at a given applied po-
tential is dependent on the morphology of the nano-
structured electrode. These studies are currently being
extended.6
The above findings represent an advance in the

preparation of nanostructured TiO2 electrodes possess-
ing well-defined morphologies and may prove useful in
understanding the factors determining the extent, if
any, of charge-carrier accumulation or depletion at a
given applied potential.6 In relation to the study of
charge-carrier transport however, the nanostructured
electrodes in Scheme 1 continue to represent a complex
substrate. Consequently, nanostructured electrodes
constituted from equally well-defined nanocrystallites,
but possessing still simpler morphologies, are required.
The use of appropriately modified substrates to template
the self-assembly of patterned monolayers of TiO2
nanocrystallites is being considered in this context.
It is noted that a number of reports have described

the self-assembly of monolayers of metal or semiconduc-
tor nanocrystallites at a modified substrate.7 Two
principal approaches have been adopted. In the first
of these, a two-step method, a bifunctional molecule is
adsorbed at an unmodified substrate to form an organ-
ized monolayer at which unmodified nanocrystallites are
subsequently adsorbed; see Scheme 2. In the second, a
one-step method, nanocrystallites modified by adsorp-
tion of a bifunctional molecule are adsorbed at the
surface of an unmodified substrate; see Scheme 2.
Closely related studies, in which a thin film of Ti has
been deposited on an organic monolayer or a thin film
of TiO2 has been self-assembled at an organic mono-
layer, are also noted.8
This paper describes the self-assembly of a monolayer

of TiO2 nanocrystallites on a Au substrate by each of
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the methods outlined above and shown in Scheme 2.
Specifically, a crystalline monolayer of the functional-
ized thiol HS-(CH2)10-COOH is self-assembled at an
annealed Au substrate by adsorption from ethanolic
solution. The modified Au substrate is then immersed
in an ethanolic TiO2 colloid. TiO2 nanocrystallites are
adsorbed at the terminal -COOH group of the mol-
ecules constituting the monolayer. Alternately, an
ethanolic colloid of TiO2 nanocrystallites is prepared in
the presence of the functionalized thiol HS-(CH2)10-
COOH. The modified nanocrystallites are then ad-
sorbed at the surface of an annealed Au substrate. For
each method, there is some evidence for short-range
ordering of the nanocrystallites constituting the close-
packed monolayer adsorbed at the gold substrate. Some
potential applications of these methods are considered.

Experimental Section

Synthesis and Characterization of Functionalized
Thiols. Compounds I and II were synthesized as shown in
Scheme 3 and characterized by 1H NMR and elemental
analysis.
Calculated for I (C12H26S): C, 71.21; H, 12.95; S, 15.84.

Found: C, 71.27; H, 13.22; S, 15.95. 1H NMR (CDCl3) δ 0.88
(t, 3H, J ) 6.7), 1.26-1.36 (unresolved m, 18H), 1.61 (q, 2H,
J ) 7.3 Hz), 2.52 (q, 2H, J ) 7.5 Hz).
Calculated for II (C11H22O2S): C, 60.56; H, 10.08; S, 14.05.

Found: C, 61.17; H, 10.39; S, 14.10. 1H NMR (CDCl3) δ 1.23-
1.36 (unresolved m, 12H), 1.60 (unresolved m, 4H), 2.34 (t,
2H, J ) 7.5 Hz), 2.52 (q, 2H, J ) 7.5 Hz).
Preparation and Characterization of Semiconductor

Nanocrystallites. Nanocrystallites used in the present study
were prepared as follows: 1.0 mL of titanium tetraisopropoxide
was added to 9.0 mL of propanol. The above stock solution
(0.6 mL) was added with vigorous stirring and in the dark to
50 mL of absolute ethanol during 1 h. The resulting concen-
tration of TiO2, assuming complete conversion, was 4.1× 10-3

mol dm-3 or 0.326 g/L. Alternately, 0.6 mL of the above stock
solution was added with vigorous stirring and in the dark to
50 mL of absolute ethanol during 1 h containing 4.1 × 10-4

mol dm-3 or 0.087 g/L of II.
Preparation and Characterization of Gold Substrate.

A polished/etched p-type Si (100) wafer was cut into 30 mm ×
20 mm slides. These slides were cleaned using the procedure
reported by Lee et al. and placed in a vacuum deposition
chamber.9 A layer of Au was deposited by thermal evaporation
at a rate of 1 Å/s to a final thickness of 600 Å and annealed in
air at 250 °C for 3 h.
Preparation and Characterization of Adsorbed Mono-

layers of Functionalized Thiols and Semiconductor
Nanocrystallites. A freshly annealed Au substrate was
placed in a 1.0 × 10-2 mol dm-3 ethanolic solution of I or II
for 24 h, washed thoroughly with ethanol, and dried in a
stream of dry nitrogen. The modified Au substrate was
immersed in an ethanolic dispersion of TiO2 nanocrystallites

for 4 h, washed thoroughly with ethanol, and dried in a stream
of dry nitrogen.
Characterization of Organized Organic Monolayers

and Adsorbed Semiconductor Nanocrystallites. The thick-
ness of a deposited organic layer was determined by ellipsom-
etry.10 Specifically, a S. A. Jobin Yvon UVISEL variable-angle
spectroscopic phase-modulated ellipsometer was used at an
angle of incidence of 75° and over the wavelength range 275-
775 nm. The complex refractive indexes for the substrates
were calculated using a two-phase parallel-layer model from
classical electromagnetic theory. After adsorption of an
organized monolayer of I or II, the sample was again analyzed
and the film thickness determined from a three-phase model.
A value of 1.46 for the refractive index was used for the
monolayer since the imaginary part of the complex refractive
index is zero at over the spectral range studied, i.e., both I
and II are transparent at these wavelengths. The complex
refractive indexes measured above were used for the substrate.
Infrared reflection-absorption spectra were recorded using

a Fourier transform infrared (FTIR) spectrometer (Mattson
Infinity) equipped with a liquid nitrogen cooled MCT detector.
Specifically, polarized reflection spectra were recorded using
a variable-angle reflection accessory (Graseby-Specac P/N
19650) mounted in the sample compartment of the FTIR
spectrometer. The final spectrum was obtained by coaddition
of 104 scans recorded under a nitrogen purge at 2 cm-1

resolution using p-polarized light (wire-grid polarizer) with an
incident angle of 85°. A background was recorded, under the
same conditions, for a given substrate prior to modification.
Also recorded were transmission FTIR spectra of I and II

in the crystalline state. The final spectrum was obtained by
coaddition of 102 scans recorded under a nitrogen purge at 1
cm-1 resolution. In the case of I, a liquid at room temperature,
the crystalline state spectrum was recorded in a variable-
temperature infrared cell at -10 °C. It should be noted that
this spectrum was recorded for a sample that had been
repeatedly annealed and for which no further increase in the
ordering in the crystalline solid could be detected spectroscopi-
cally. The concentration of I was assumed to be the molar
concentration of the pure solid at -10 °C. The optical path
length was determined interferometrically. In the case of II,
a solid a room temperature, the crystalline-state spectrum was
measured for a known concentration of the crystalline com-
pound in a KBr pellet (0.05 mg of II in 100.00 mg of KBr).
The optical path length was determined by measurement of
the thickness of the pellet.
Survey X-ray photoelectron spectra (XPS) were recorded at

a takeoff angle of 15° using a system that consisted of a CLAM
100 electron energy analyzer and an X-ray source, both from
VG Scientific. The KR X-ray line (1486.6 eV) of aluminum at
a spectrometer pass energy of 50 eV was used as the source.
The survey spectra reported were recorded with a step
resolution of either 1.0 or 0.2 eV.
High-resolution XPS spectra were recorded at takeoff angles

of 45°, 15°, 5°, 3°, and 1° using a Perkin-Elmer PHI ESCA/
SAM 5600 spectrometer equipped with a spherical capacitor
energy analyzer. The KR X-ray line (1486.6 eV) of aluminum
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Scheme 3a

a EtOH reflux. bAqueous NaOH reflux.
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at a spectrometer pass energy of 11.75 eV and step resolution
of 0.1 eV was used as the source. The above configuration gave
an instrument resolution of 1.0 eV. The measured spectra
were referenced to the Au 4f7/2 peak at 84.0 eV. In fitting the
high-resolution spectra measured as described above, a 80%
Gaussian/20% Lorentzian peak profile was used.
Rutherford backscattering spectra (RBS) were recorded

using He+ (2 MeV) for samples whose surface is at 50° to the
incident beam.
Scanning tunneling micrographs (STMs) were recorded in

air at room temperature using a Nanoscope II (Digital Instru-
ments) and Pt-Ir tips (Digital Instruments). The Nanoscope
II was operated in constant height mode for all samples at
scan rates in the range 2.0-3.5 Hz. A positive sample bias
voltage of +100 mV was always used in conjunction with an
initial set point tunnel current of 1 nA to establish a fixed
height for the sample above the surface.
Transmission electron micrographs (TEMs) were obtained

using a JEOL 2000FX TEMSCAN. Electron diffraction (ED)
patterns were obtained under the same conditions. Samples
to be studied were prepared on a 200 Å thick Au (111) layer
deposited on a Si (100) wafer and annealed, both as described
above. Modified Au films were subsequently removed from
the Si substrate by treatment with a dilute aqueous solution
of NaOH and KCN in a trough and floated on to a 400-mesh
copper grid.
X-ray diffraction (XRD) patterns were obtained using a

Phillips PW 1730 Series system.
Simulation of the Measured Reflection-Absorption

Spectra. The isotropic optical constants, n and k in eq 1, were
obtained for I and II in the crystalline state from the
transmission infrared spectra measured as described above.

The method has been described by Allara et al. and is
summarized below.11 The imaginary part of the complex
refractive index k(νj) was approximated using eq 2, the Beer-
Lambert law:

T and T0 are the intensities of the light transmitted by a KBr
disk containing either I or II and a KBr disk containing neither
I or II respectively, dz is the pellet thickness, and νj the
wavenumber.
k′(νj) is given by eq 3 where C and C0 are the concentration

of I or II in the spectroscopic sample and in the crystalline
state, respectively.

The real part n(νj) was calculated using the Kramer-Kronig
transform given by eq 4.12 This initial set of values for n(νj)

and k(νj) were used in a Fresnel model for multiple layers to
evaluate the transmittance for I and II.13 This yielded sets of
values for k(νj) that were almost identical with the initial
values. The self-constancy of these data sets was taken as
confirming the validity of the Beer-Lambert approximation.
To construct the required optical tensor, the k(νj) spectrum

was resolved into 10 separate contributions from isolated
excited modes with a prior knowledge of the individual modes
contributing to a given peak. The characteristic frequencies
and band shapes reported in the literature were used ini-

tially.14 Each mode was arbitrarily assumed to be a mixture
of 60/40 Gaussian/Lorentzian band shape. A least-squares
routine was used to resolve the different modes with the free
parameters being the intensity of each mode and the full width
at half-maximum (fwhm).
To take into account the specific orientation of the adsorbate

on the surface, the scalar function n̂(νj) was transformed into
a tensor ñ(νj) as described by Parikh et al.15 Briefly, the
resolved k values are scaled by a factor that represents the
cosine direction of a given oscillator in the experimental
coordinate system. This was achieved using a rotational
matrix representing the tilt (R), twist (â), and azimuth (ψ)
angle in the experimental coordinate system.16
The simulation of the reflection infrared spectrum for a

given orientation of a monolayer of I or II on a Au substrate
is based on the assumption that the above monolayer is a
collection of uniformly oriented molecules forming a crystalline
thin film. Specifically, a FORTRAN algorithm is used to
calculate the propagation of an electromagnetic wave through
an anisotropic three-layer medium (air/organic monolayer/
gold). The above FORTRAN code, based on that developed
by Parikh et al. and based on the 4 × 4 matrix formalism
developed by Yeh’s et al.,15,17 has been adapted for our own
use.18 The thickness of each layer (determined from ellipso-
metric studies), the optical tensor for an assumed orientation
of the organic monolayer, the tensors for the Au and air layers
were used as input parameters for the calculation and adjusted
until the best fit between the recorded spectra and the
simulated one was obtained.

Results and Discussion

Characterization of TiO2 Nanocrystallites. The
bandgap energy Eg, assigned to the lowest energy
indirect transition of nanocrystallites prepared in the
absence of II, is 3.1 ( 0.1 eV. This value is determined
from a plot of (Rhν)1/2 versus hν as shown in Figure 1a.19
The absorption coefficient R is given by eq 5, where Bi

is the absorption constant for an indirect transition and
Eg is the corresponding bandgap energy. R is calculated
according to eq 6, where A is the measured absorbance,

F is the density of the semiconductor (3.89 g cm-3 for
anatase), l is the optical path length (1.0 cm), and c is
the concentration of TiO2 (0.326 g dm-3).20
According to a recent report by Serpone et al. this

would suggest a particle diameter greater than 21 ( 2
Å.21 This suggestion is supported by the transmission
electron micrograph shown in Figure 1b, from which the
average particle diameter is determined to be 22 ( 4
Å. On this basis, the particle concentration was calcu-

(11) Allara, D.; Nuzzo, R. Langmuir 1985, 1, 52-65.
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n̂ ) n + ik (1)

T/T0 ) exp(-4πk′dzνj) (2)

k′(νj) ) k(νj)C/C0 (3)

n(νji) ) n∞ + 1
π∫νj1νj2k(νj)νj dνj

(νj2 - νi
2)

(4)

R ) Bi(hν - Eg)
2/hν (5)

R ) 2.303 × 103AF/lc (6)
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lated to be 3 × 10-5 mol dm-3. The corresponding
electron diffraction pattern confirms the particles shown
in Figure 1b are nanocrystallites of TiO2 (anatase). The
following dhkl values were obtained in angstroms: 3.5
(3.52); 2.4 (2.43); 2.4 (2.37); 2.3 (2.32); 1.9 (1.89); 1.7
(1.70); 1.7 (1.67). The expected values are those in
brackets.22

Similar results were obtained for nanocrystallites
prepared in the presence of II. Specifically, Eg and the
average diameter were determined to be 3.1 ( 0.1 eV
and 20 ( 4 Å, respectively, and these nanocrystallites
were shown to be anatase. Using the above average
particle diameter, the particle concentration was cal-
culated to be 2 × 10-5 mol dm-3. This implies there
are 20 molecules of II per nanocrystallite and that the
surface area available for adsorption of each is an ample
64 Å2/molecule. We note the smaller size of the above
nanocrystallites is likely due to their being capped.
Characterization of Gold Substrate. X-ray dif-

fraction confirms that the Si substrate and deposited
Au layer have (100) and (111) orientations, respectively,
and that the crystallinity of the deposited Au layer
increases upon annealing; see Figure 2a.22 Character-

ization by transmission electron microscopy and scan-
ning tunneling microscopy shows the annealed films
consist of submicron domains and that these domains
possess atomically flat terraces extending over some
tens of nm; see Figure 2b. These findings are largely
consistent with those recently reported by Golan et al.23
Characterization of Self-AssembledMonolayers

of Functionalized Thiols. The monolayers of I and
II self-assembled at the annealed Au surface, whose
preparation and characterization are described above,
were characterized by ellipsometry and reflection-
absorption infrared spectroscopy.
The average thickness of the deposited layers, as

determined from ellipsometric studies, is 20 ( 2 and
23 ( 2 Å for I and II, respectively. It is noted these
values are in good agreement with those predicted for
monolayers of I and II normal to the Au substrate of
19.9 and 19.5 Å, respectively.24 These values also agree
well with those previously reported for I (21 ( 3 Å) and
closely related molecules.25 Together these results
suggest a monolayer of I and II is present in each case.
To more completely characterize the monolayers of I

and II formed on the Au substrate the surface reflec-

(22) Holzer, J.; McCarthy, G. North Dakota State University,
JCPDS Grant-in-Aid Report. 1990.

(23) Golan, Y.; Margulis, L.; Matlis, S.; Rubinstein, I. J. Electro-
chem. Soc. 1995, 142, 1629.

(24) Energy minimised structures of the thiols I and II were
obtained using SPARTAN (AM-1). The distances given were deter-
mined from the above.

(25) Porter, M.; Bright, T.; Allara, D.; Chidsey, C. J. Am. Chem.
Soc. 1987, 109, 3559.

Figure 1. (a) Determination of the energy of lowest energy
indirect transition of TiO2 (anatase) nanocrystallites constitut-
ing a typical ethanolic colloid prepared in the absence of HS-
(CH2)10-COOH. (b) A transmission electron micrograph of the
TiO2 nanocrystallites (average diameter 46 ( 4 Å) constituting
the colloid in (a).

Figure 2. (a) X-ray diffraction spectrograph of a Si (100) wafer
coated with a 600 Å thick Au (111) film prior to and following
annealing at 250 °C for 3 h. (b) Transmission electron (left)
and scanning tunneling (right) micrographs of the annealed
sample in (a).
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tion-absorption infrared spectra shown in Figure 3
were recorded using p-polarized light. The principal
feature in the 3000-2800 cm-1 region of the measured
spectra is the asymmetric -CH2- stretch at 2918 ( 1
cm-1 (0.0006 ( 1 au) and 2920 ( 1 cm-1 (0.0005 ( 1
au) for I and II, respectively.16,25
Porter et al. have previously reported that for a close-

packed crystalline monolayer of I adsorbed at a Au
surface, the measured absorbance at 2919 cm-1 under
the same conditions is 0.0006 au.25 These values, being
in excellent agreement with those determined from
Figure 3a and summarized in Table 1, confirm that a
crystalline-like monolayer of I is adsorbed at the Au
substrate. Since II contains one less -CH2- unit than
I, it would be expected, as observed in Figure 3b, that
the measured absorbance is proportionately smaller
than that observed for a monolayer of I. Further, the
frequency of the asymmetric stretch also lies, as ex-
pected, between that observed for I (2919 cm-1) and the
corresponding n-alkylthiol containing nine -CH2- units
(2920 cm-1). In short, these findings also confirm that
a crystalline monolayer of II is adsorbed at the Au
substrate.
More quantitatively, it is possible to simulate the

surface reflection-absorption infrared spectra in Figure
3 as outlined in the Experimental Section. The results
of these simulations are shown in Figure 3, summarized
in Table 1 and represented diagramatically in Scheme
4. In particular, these simulations predict that the
molecules constituting a crystalline monolayer of I are

tilted and twisted at angles of 22 ( 1° and -49 ( 2°,
respectively. Similarly, those constituting a monolayer
of II are tilted and twisted at angles of 18 ( 1° and 47
( 2°, respectively. It is noted that the values reported
here are in good agreement with those previously
reported by Parikh and Allara for I and closely related
molecules.15
Preparation and Characterization of Monolayer

of TiO2 Nanocrystallites Self-Assembled at a Modi-
fied Gold Substrate Using a Two-StepMethod. The
samples in Figure 3 were immersed in an ethanolic
colloid of TiO2 nanocrystallites for 4 h, washed thor-
oughly with ethanol, and dried in a stream of dry
nitrogen. Initial characterization of these samples was
by ellipsometry, surface reflection-absorption infrared
spectroscopy and XPS spectroscopy.
The ellipsometric studies indicate that there is no

change in the average thickness of the organic layer of
I (20 ( 2 Å) deposited on Au following exposure to the
ethanolic colloid; see Table 2. On the other hand, the
average thickness of the organic layer of II increases
by 4 Å (27 ( 2 Å); see Table 2. This apparent increase
is likely due, as discussed below, to adsorption of TiO2
nanocrystallites at this surface and limitations in the
model used to fit the measured data.
The corresponding surface reflection-absorption in-

frared spectra, measured using p-polarized light, also
indicate that there is no significant change in the
average thickness or in the degree of crystallinity of the
deposited monolayer; see Figure 4 and Table 2. In
support of these findings, simulations of the measured
spectra indicate only small changes in the measured
twist or tilt angles; see also Figure 4. In short, there
appears to be no significant change in the thickness or
structure of the crystalline organic monolayers of I or
II on Au following their immersion in an ethanolic
colloid of TiO2 nanocrystallites.
It is well established that a strong Lewis base,

particularly one containing oxygen atoms, may be
chemisorbed at the surface of colloidal TiO2 nanocrys-
tallites in ethanol.26 Consequently, it was expected that
immersion of a crystalline monolayer of I on Au in an
ethanolic colloid of TiO2 nanocrystallites would not be
accompanied by adsorption of nanocrystallites. Equally,

(26) (a) Frei, H.; Fitzmaurice, D.; Grätzel, M. Langmuir 1990, 6,
198. (b) Moser, J.; Punchihewa, S.; Infelta, P.; Grätzel, M. Langmuir
1991, 7, 3012.

Figure 3. (a) Surface reflection-absorption infrared spec-
trum, measured using p-polarized light at an incident angle
of 85°, of a crystalline monolayer of HS-(CH2)11-CH3 adsorbed
at an annealed Au substrate similar to that in Figure 2. Also
shown is the simulated spectrum. (b) As in (a) for a crystalline
monolayer of HS-(CH2)10-COOH adsorbed at an annealed Au
substrate similar to that in Figure 2.

Table 1. Characterization of Monolayers of Alkylthiols
Adsorbed at a Crystalline Gold Substrate

I
(HS-(CH2)11CH3)

II
(HS-(CH2)10COOH)

Ellipsometry
av film thickness, Å 20 ( 2 23 ( 2
calcd film thickness, Å 19.9 19.5

Surface Polarized Reflectance Infrared Spectrometry
νas (-CH3), cm-1 2964 ( 1
νas (-CH2-), cm-1 2918 ( 1 2920 ( 1

(0.0007 au) (0.0006 au)
νs (-CH3), cm-1 2878 ( 1
νs (-CH2-), cm-1 2851 ( 1 2849 ( 1
tilt (R), deg +22 ( 1 +18 ( 1
twist (â), deg -49 ( 2 +47 ( 2
azimuth (ψ),a deg 0 0

a Under the reported experimental conditions the measured
spectrum is not sensitive to this (isotropic) parameter, and the
indicated value was assumed.
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it was expected that after adsorption of TiO2 nanocrys-
tallites would be observed a crystalline monolayer of II
on Au. To determine whether these expectations were
justified, XPS was used to analyze for the presence of
adsorbed TiO2 nanocrystallites.
The survey XPS spectra of a crystalline monolayer of

I on Au, measured both prior to and following its
immersion in an ethanolic colloid of TiO2 nanocrystal-
lites, are not significantly different and contain the
expected features.27 The survey spectrum of crystalline
monolayer of I on Au, following its immersion in an
ethanolic colloid of TiO2 nanocrystallites, is shown in
Figure 5a. The following features are observed: peaks
at 84, 88, 335, 353, and 547 eV assigned to the 4f7/2,
4f5/2, 4d5/2, 4d3/2, and 4p3/2 core levels of Au, respectively;
peaks at 165 and 228 eV assigned to the 2p and 2s cores
of S, respectively; a peak at 285 eV assigned to the 1s
core of C. It is noted that a peak at 531 eV assigned to
the 1s core of O is also observed. No peaks that would indicate the presence of adsorbed TiO2 nanocrystallites

are observed; see the higher resolution scan between
440 and 490 eV also in Figure 5a. On this basis it is
concluded that no TiO2 nanocrystallites are adsorbed
at this substrate.

(27) Moulder, J.; Stickle, W.; Sobol, P.; Bomben, K. Handbook of
X-ray Photoelectron Spectroscopy; Chastain, J., Ed.; Perkin-Elmer
Corp.: Eden Prairie, 1992.

Scheme 4

Table 2. Characterization of Monolayers of Alkylthiols
Adsorbed at a Crystalline Gold Substrate and Treated

with an Ethanolic TiO2 Colloid

I
(HS-(CH2)11CH3)

II
(HS-(CH2)10COOH)

Ellipsometry
av film thickness, Å 20 ( 2 27 ( 2
calcd film thickness, Å 19.9 19.4

Surface Polarized Reflectance Infrared Spectrometry
νas (-CH3), cm-1 2964 ( 1
νas (-CH2-), cm-1 2918 ( 1 2920 ( 1

(0.0006 au) (0.0006 au)
νs (-CH3), cm-1 2878 ( 1
νs (-CH2-), cm-1 2851 ( 1 2849 ( 1
tilt (R), deg +20 ( 1 +18 ( 1
twist (â), deg -49 ( 2 +47 ( 2
azimuth (ψ),a deg 0 0

a Under the reported experimental conditions the measured
spectrum is not sensitive to this (isotropic) parameter, and the
indicated value was assumed.

Figure 4. (a) Surface reflection-absorption infrared spec-
trum, measured using p-polarized light at an incident angle
of 85°, of a crystalline monolayer of HS-(CH2)11-CH3 adsorbed
at an annealed gold substrate similar to that in Figure 2
following immersion for 4 h in an ethanolic TiO2 colloid similar
to that in Figure 1. Also shown is the simulated spectrum. (b)
As in (a) for a crystalline monolayer of HS-(CH2)10-COOH
adsorbed at an annealed Au substrate similar to that in Figure
2.
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A survey XPS spectrum was also measured for a
crystalline monolayer of II on Au prior to immersion in
an ethanolic colloid containing TiO2 nanocrystal-
lites and agrees well with that measured for a mono-
layer of I on Au under the same conditions.27 The
spectrum measured for a crystalline monolayer of II on
Au following immersion in an ethanolic colloid con-
taining TiO2 nanocrystallites is shown in Figure 5b and
agrees well with that measured for a monolayer of I on
Au under the same conditions with the following ex-
ception: Additional peaks at 458 and 464 eV assigned
to the 2p3/2 and 2p1/2 core levels of Ti are observed;
see also the higher resolution scan between 440 and
490 eV in Figure 5b, on which basis it is concluded
that TiO2 nanocrystallites are adsorbed at this sub-
strate.
The above studies have been complemented by high-

resolution XPS studies, also at a takeoff angle of 15°.
These results of these studies for a monolayer of II on
Au following immersion in an ethanolic colloid of TiO2
nanocrystallites are summarized in Table 3 and Figure
6 and discussed below.
The peaks assigned to the 4f7/2 and 4f5/2 core levels of

the Au atoms of the substrate are shown in Figure 6a.
These are observed at 84.0 and 87.7 eV, respectively,
in excellent agreement with values reported in the
literature.27 On the basis of these results it is possible

to conclude that charging of this substrate is not
significant.7a
The peaks assigned to the unresolved 2p3/2,1/2 core

levels of the S atom of II adsorbed at the Au substrate
are shown in Figure 6b. The peak at 162.8 eV is
assigned to the 2p core of a metal sulfide, i.e., to the S
atom bonded directly to the Au atom. The peak at 169.4
eV is assigned to the 2p core of a sulfate or sulfonic acid
moiety.27,28 The presence of this latter peak, it has been
suggested, indicates that a fraction of the thiol present
has been oxidized as a result of exposure to air or the
spectrometer source.7a,28 The presence in the survey
spectrum of the crystalline monolayer of I on Au of a
peak that may be assigned to the 1s core of the O atom
is also consistent with this suggestion; see Figure 5a.

(28) (a) Nuzzo, R.; Zegarski, B.; Dubois, L. J. Am. Chem. Soc. 1987,
109, 733. (b) Laibinis, P.; Whitesides, G.; Allara. D.; Tao, Y.-T.; Parikh,
A.; Nuzzo, R. J. Am. Chem. Soc. 1991, 113, 7152.

Figure 5. (a) Survey X-ray photoelectron spectrum, measured
using the KR X-ray emission of aluminum at 1486.6 eV and
detected at a takeoff angle of 15°, of a crystalline monolayer
of HS-(CH2)11-CH3 adsorbed at an annealed gold substrate
similar to that in Figure 2 following immersion for 4 h in an
ethanolic TiO2 colloid similar to that in Figure 1. Also shown
is a higher resolution scan for the same sample between 440
and 490 eV. (b) As in (a) for a crystalline monolayer of HS-
(CH2)10-COOH adsorbed at an annealed Au substrate similar
to that in Figure 2 following immersion for 4 h in an ethanolic
TiO2 colloid similar to that in Figure 1.

Table 3. Characterization by High-Resolution XPS of
Monolayers of an Alkylthiol (HS-(CH2)10COOH)

Adsorbed at a Crystalline Gold Substrate and Treated
with an Ethanolic Colloid of TiO2 Nanocrystallites

atom core level binding energya (eV)

Au 4f 7/2 84.0 Au bulk
5/2 87.7 Au bulk

S 2p unresolved 162.5 -S-Au
169.4 -SO3H etc.

C 1s 285.0 -CH2-
285.8 -CH2-COOH
287.2 -CH2-S-Au
289.3 -COOH

Ti 2p 3/2 459.4 TiO2 bulk
1/2 465.6 TiO2 bulk

a The spectra from which the reported binding energies were
determined are plotted in Figure 6 and were recorded at a takeoff
angle of 15°.

Figure 6. High-resolution X-ray photoelectron spectra, meas-
ured using the KR X-ray emission of aluminum at 1486.6 eV
and detected at a takeoff angle of 15°, of a crystalline
monolayer of HS-(CH2)10-COOH adsorbed at an annealed
gold substrate similar to that in Figure 2 following immersion
for 4 h in an ethanolic TiO2 colloid similar to that in Figure 1.
Peaks assigned to the following atoms are shown: (a) Au 4f;
(b) S 2p; (c) C 1s; (d) Ti 2p; (e) O 1s (15° and 45°).
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The peak assigned to the 1s core of the C atoms of II
are shown in Figure 6c. This broad feature may be
decomposed into four discrete peaks assigned to the 1s
cores of the following C atoms: First, a peak at 285.0
eV assigned to the C atoms in the -CH2- groups of the
alkyl chain of II; second, a peak at 285.8 eV assigned
to the C atom in the -CH2- group R to the terminal
-COOH group; third, a peak at 289.3 eV assigned to
the C atom of the terminal -COOH group, denoted
-C(COOH); and finally, a peak at 287.2 eV assigned to
the C atom in the -CH2- group R to the terminal -S-
Au link, denoted C(S).8a,27

The peaks assigned to the 2p3/2 and 2p1/2 core levels
of the Ti atoms of the adsorbed TiO2 nanocrystallites
are shown in Figure 6d. The peak at 459.4 eV is
assigned to the 2p3/2 level of a Ti atom in TiO2. The
peak at 465.6 eV is assigned to the 2p1/2 level of a Ti
atom in TiO2. Both these values are in excellent
agreement with those expected for bulk TiO2.8,27

Finally, we consider the peaks assigned to the 1s core
of the O atom and shown in Figure 6e. As stated above,
some fraction of the thiol present may have been
oxidized, either by exposure to air or as a result of
exposure to the XPS source, and a component of this
signal is likely due to the presence of sulfate or sulfonic
acid moieties. In addition, there will be a component
of this signal that is due to the oxygen atoms present
in the -COOH group of II. Finally, there will be a
contribution due to the O atoms present in the TiO2
nanocrystallites. As a consequence a definitive assign-
ment of the observed peaks is not possible with the data
available. However, of the two peaks that are resolved
at 531.0 and 532.7 eV, the former is tentatively assigned
to O atoms in the TiO2 nanocrystallites,8b,c,27 while the
latter likely contains contributions from the O atoms
of the -COOH group and oxidized thiols.8,27,30 Further
support for the above assignments comes from the
observation that, as expected, the peak assigned to the
1s core of O atoms of TiO2 (531.0 eV) shows greater
sensitivity to the takeoff angle than the peak assigned
to the 1s core of the O atoms of the -COOH group and
oxidized thiols (532.7 eV); see Figure 6e.
It is clear from the above studies that TiO2 nano-

crystallites are adsorbed at a monolayer of II, itself
adsorbed at a Au substrate. Further, since it has been
established that the structure of the crystalline mono-
layer of II on Au is unaltered following exposure to an
ethanolic TiO2 colloid, it is reasonable to assume that
these nanocrystallites are adsorbed at the surface of the
adsorbed monolayer of II.
Direct confirmation of the above has proved possible

by high-resolution angle-dependent XPS studies at
takeoff angles of 45°, 15°, 5°, 3°, and 1°. The findings
of these studies are discussed below and summarized
in Table 4 and Figure 7.
Plotted in Figure 7a is the angle dependence of the

ratios of the percentage atomic concentrations of Au,
S, C, Ti, and O in relevant combinations for a monolayer
of II on a crystalline Au substrate following immersion
in an ethanolic colloid of TiO2 nanocrystallites. In
general, as the takeoff angle, or the angle between the

surface and the electrons accepted by the analyzer, is
decreased, the surface sensitivity of XPS increases. On
this basis,31 it would be predicted that if the monolayer
is formed by adsorption of the thiol moiety at the Au
substrate and adsorption of TiO2 nanocrystallites at the
carboxylate moiety that the ratio of Ti/Au and Ti/S
would increase as the takeoff angle deceased. However,
it would also be predicted that while the ratio of Ti/O
would be largely independent of the takeoff angle, the
ratio of S/Au would increase at lower takeoff angles.
Finally, it would also be predicted that while the ratio
of C/O would be largely independent of the takeoff angle,
the ratio of C/S would increase at lower takeoff angles.
All of these predictions are confirmed by the data plotted
in Figure 7a.
In a more detailed analysis of these data, the angle

dependence of the ratios of the percentage atomic
concentrations of C(S), C(COOH), Au, and Ti were
plotted in relevant combinations for the sample in
Figure 7a; see Figure 7b. It would be predicted that if
the monolayer is formed by adsorption of the thiol
moiety at the Au substrate and adsorption of TiO2
nanocrystallites at the carboxylic acid moiety that the
ratio of C(S)/Au and C(S)/Ti would increase and decrease
respectively as the takeoff angle deceased. However,
it would also be predicted that the ratio of C(COOH)/
Au and C(COOH)/Ti would increase and decrease,
respectively. All of these predictions are confirmed by
the data plotted in Figure 7b.
The final question to be addressed in this section is

the extent of coverage of the sample by the adsorbed
TiO2 nanocrystallites. To this end, samples similar to
those described above were prepared and studied, both
prior to and following immersion in an ethanolic colloid
of TiO2 nanocrystallites, by RBS. It should be noted

(29) Evans, S.; Ulman, A.; Goppert-Berarducci, K.; Gerenser, L. J.
Am. Chem. Soc. 1991, 113, 5866.

(30) Herdt, G.; Jung, D.; Czanderna, A. Prog. Surf. Sci. 1995, 50,
103.

(31) (a) Bain, C.; Troughton, E.; Tao, Y.-T.; Evall, J.; Whitesides,
G.; Nuzzo, R. J. Am. Chem. Soc. 1989, 111, 321. (b) Briggs, D.; Riviere,
J. In Practical Surface Analysis; Briggs, D., Seah, M., Ed.; Wiley:
Chichester, 1990; Vol. I, pp 134-136.

Table 4. Characterization by High-Resolution
Angle-Dependent XPS of a Monolayer of an Alkylthiol
(HS-(CH2)10COOH) Adsorbed at a Crystalline Gold

Substrate and Treated with an Ethanolic Colloid of TiO2
Nanocrystallites

atomic concentration (%)takeoff
angle (deg) Au4f S2p C1s O1s Ti2p

45 21.92 4.07 51.22 18.18 4.60
15 13.21 3.17 55.48 21.83 6.31
5 8.87 2.86 56.58 23.67 8.03
3 7.44 2.91 58.97 22.65 8.04
1 6.48 2.83 56.28 26.30 8.12

takeoff angle (deg)ratio of atomic
concentrationsa 45 15 5 3 1

Ti/Au 0.21 0.48 0.90 1.07 1.25
Ti/S 1.13 1.99 2.81 2.76 2.87
Ti/O 0.25 0.29 0.34 0.36 0.31
S/Au (×2.0) 0.36 0.48 0.64 0.78 0.88b
C/O 2.81 2.54 2.39 2.60 2.14
C/S (×0.2) 2.52 3.50 3.95 4.05 3.98b

C(COOH)/Ti 0.90 0.39 0.38 0.34 0.42
C(COOH)/Au 0.19 0.19 0.36 0.32 0.57
C(S)/Ti 1.01 0.58 0.43 0.72 0.52
C(S)/Au 0.21 0.28 0.41 0.68 0.70
a The error in the reported values is less than 5%. b These data

were scaled as indicated to aid clarity of presentation in Figure 7.
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that the samples studied were washed thoroughly with
ethanol and dried in a stream of dry nitrogen following
immersion in the ethanolic colloid.
Shown in Figure 8 is the RBS of an annealed Au

substrate modified by a monolayer of II following
immersion in an ethanolic colloid of TiO2 nanocrystal-
lites for 4 h. From this spectrum the surface coverage

of Ti atoms was calculated to be 2 × 1015 cm-2. This
finding is consistent with a coverage of 0.7 of a mono-
layer of 22 Å diameter TiO2 nanocrystallites.
In short it is possible to conclude that the structure

of the assembled monolayer is as represented in Scheme
5.
Preparation and Characterization of Monolayer

of Modified TiO2 Nanocrystallites Self-Assembled
at a Gold Substrate Using a One-Step Method. A
closely related approach to the preparation of mono-
layers of nanocrystallites on a crystalline Au substrate
is the following:7 An ethanolic colloid of TiO2 nanocrys-
tallites is prepared in the presence of II, the latter being
adsorbed at the surface of the nanocrystallite via the
carboxylic acid moiety.26 These nanocrystallites are
then adsorbed at the crystalline Au substrate via the
thiol moiety of II. In practice a Au substrate is
immersed in an ethanolic colloid of TiO2 nanocrystallites
prepared in the presence of II for 4 h, washed thor-
oughly with ethanol, and dried in a stream of dry
nitrogen. Initially these samples were characterized by
surface reflection-absorption infrared spectroscopy and
by XPS spectroscopy. It should be noted that charac-
terization of these samples by ellipsometry on the basis
of a multilayer model did not yield reliable results.
Shown in Figure 9a is the surface reflection-absorp-

tion infrared spectrum, measured using p-polarized
light, of the modified substrate prepared as described
above. It is noted, that the frequency of the asymmetric
(2926 cm-1, 0.0010 au) and symmetric (2858 cm-1,
0.0005 au) stretches are characteristic of the liquid
state, while the corresponding absorbances are ap-
proximately twice those expected for a monolayer.24 In
short, it is clear that the molecules of II adsorbed at
the crystalline Au substrate are not present as an
organized monolayer.
Shown in Figure 9b is the corresponding survey XPS

spectrum. It is noted, that peaks confirming the pres-
ence of Au, S, C, Ti, and O are observed.27 Further, from
a higher resolution scan between 440 and 490 eV shown
in Figure 9b, peaks at 458 and 464 eV are assigned to
the 2p3/2 and 2p1/2 core levels of Ti, respectively.8,27 On

Figure 7. (a) Dependence of the ratios of the percentage
atomic concentration of the indicated elements on takeoff angle
as determined from a high-resolution X-ray photoelectron
spectrum, measured using the KR X-ray emission of aluminum
at 1486.6 eV, of a crystalline monolayer of HS-(CH2)10-COOH
adsorbed at an annealed gold substrate similar to that in
Figure 2 following immersion for 4 h in an ethanolic TiO2

colloid similar to that in Figure 1. (b) As in (a) for the C(S)
and C(COOH), Ti and Au atoms of a crystalline monolayer of
HS-(CH2)10-COOH adsorbed at an annealed gold substrate
similar to that in Figure 2 following immersion for 4 h in an
ethanolic TiO2 colloid similar to that in Figure 1.

Figure 8. Rutherford backscattering spectrum, recorded
using He+ (2 MeV) for a sample whose surface is at 50° to the
incident beam, of a crystalline monolayer of HS-(CH2)10-
COOH adsorbed at an annealed Au substrate following im-
mersion for 4 h in an ethanolic TiO2 colloid similar to that in
Figure 1.

Scheme 5
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the basis of the above findings, it is concluded that the
modified TiO2 nanocrystallites are adsorbed at the
crystalline Au substrate but in a manner that does not
result in formation of an organized monolayer of II.
To further characterize the Au substrate at which the

modified nanocrystallites had been adsorbed, high-
resolution XPS studies were undertaken at a takeoff
angle of 15°. The findings of these studies, summarized
in Table 5 and Figure 10, agree well with the findings
of similar studies reported above for the sample pre-
pared using the two-step method.

Additional, high-resolution angle-dependent XPS stud-
ies were undertaken at takeoff angles of 45°, 15°, 5°,
3°, and 1°. The findings of these studies, summarized
in Table 6 and Figure 11, are discussed in detail below.
Plotted in Figure 11a are the ratios of the percentage

atomic concentrations of Au, S, C, Ti, and O in relevant
combinations for a range of takeoff angles. As stated,
decreasing the takeoff angle increases the surface
sensitivity of XPS. On this basis,31 it would be predicted

Figure 9. (a) Surface reflection-absorption infrared spec-
trum, measured using p-polarized light at an incident angle
of 85°, of TiO2 nanocrystallites modified by chelated HS-
(CH2)10-COOH and adsorbed at an annealed gold substrate
similar to that in Figure 2 from an ethanolic colloid during 4
h. (b) Survey X-ray photoelectron spectrum, measured using
the KR X-ray emission of aluminum at 1486.6 eV and detected
at a takeoff angle of 15°, of sample in (a). Also shown is a
higher resolution scan for the same sample between 440 and
490 eV.

Table 5. Characterization by High-Resolution XPS of a
Crystalline Gold Substrate Treated with an Ethanolic

Colloid of TiO2 Nanocrystallites Modified by an
Adsorbed Alkylthiol (HS-(CH2)10COOH)

atom core level binding energya (eV)

Au 4f 7/2 84.0 Au bulk
5/2 87.7 Au bulk

S 2p unresolved 162.6 -S-Au
169.1 -SO3H etc.

C 1s 285.0 -CH2-
285.7 -CH2-COOH
287.0 -CH2-S-Au
289.2 -COOH

Ti 2p 3/2 459.3 TiO2 bulk
1/2 465.4 TiO2 bulk

a The spectra from which the reported binding energies were
determined are plotted in Figure 10 and were recorded at a takeoff
angle of 15°.

Figure 10. High-resolution X-ray photoelectron spectra,
measured using the KR X-ray emission of aluminum at 1486.6
eV and detected at a takeoff angle of 15°, of TiO2 nanocrys-
tallites modified by chelated HS-(CH2)10-COOH and adsorbed
at an annealed gold substrate similar to that in Figure 2 from
an ethanolic colloid during 4 h. Peaks assigned to the following
atoms are shown: (a) Au 4f; (b) S 2p; (c) C 1s; (d) Ti 2p; (e) O
1s (15° and 45°).

Table 6. Characterization by High-Resolution
Angle-Dependent XPS of a Crystalline Gold Substrate

Treated with an Ethanolic Colloid of TiO2
Nanocrystallites Modified by an Adsorbed Alkylthiol

(HS-(CH2)10COOH)

atomic concentration (%)takeoff
angle (deg) Au4f S2p C1s O1s Ti2p

45 16.64 4.89 49.41 20.15 6.54
15 7.02 2.56 59.96 22.50 6.24
5 3.29 3.28 67.77 20.63 5.02
3 3.32 3.24 67.66 22.21 4.57
1 2.91 4.07 66.65 20.83 5.44

takeoff angle (deg)ratio of atomic
concentrationsa 45 15 5 3 1

Ti/Au 0.39 0.89 1.53 1.38 1.87
Ti/S 1.33 3.77 1.53 1.41 1.14
Ti/O 0.32 0.28 0.28 0.21 0.26
S/Au (×2.0) 0.59 0.73 1.99 1.95 2.80b
C/O 2.45 2.66 3.28 3.05 3.20
C/S (×0.2) 2.02 4.68 4.13 4.17 3.27b

C(COOH)/Ti 0.47 0.38 0.35 0.54 0.45
C(COOH)/Au 0.18 0.52 1.35 2.63 2.67
C(S)/Ti 0.43 0.58 0.43 0.72 0.52
C(S)/Au 0.04 0.22 0.61 0.65 1.40
a The error in the reported values is less than 5%. b These data

were scaled as indicated to aid clarity of presentation in Figure
11.
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that for modified TiO2 nanocrystallites adsorbed at a
crystalline Au substrate the ratio of Ti/Au would
increase as the takeoff angle deceased. This is observed
to be the case. In the case of TiO2 nanocrystallites
adsorbed at a crystalline monolayer of II, it was
predicted that the Ti/S ratio would also increase as the
takeoff angle decreased and was observed to be the case.
However, here it would be predicted that since the
functionalized thiols linked to the surface of the nano-
crystallite may be oriented both into and away from the
Au substrate that a more complex relationship would
be observed. Consistent with this expectation, it is
observed that initially the Ti/S ratio increases and then
decreases, i.e., photoelectrons from the S atoms at the
Au surface are detected initially while those from the S
atoms oriented into the bulk solution are detected
subsequently. On this basis, it would also be predicted
that while the ratio of Ti/O would be largely independ-
ent of the takeoff angle, the ratio of S/Au would increase
at lower takeoff angles. Finally, it would also be
predicted that while the ratio of C/O would be largely
independent of the takeoff angle, the ratio of C/S would
initially increase and subsequently decrease at lower
takeoff angles. All of these predictions are confirmed
by the data plotted in Figure 11a.

In a more detailed consideration of these data, the
angle dependence of the ratios of the percentage atomic
concentrations of C(S), C(COOH), Au, and Ti were
plotted in relevant combinations for the sample in
Figure 11a; see Figure 11b. It would be predicted for
modified TiO2 nanocrystallites adsorbed at a crystalline
Au substrate that the ratio of C(S)/Au and C(S)/Ti would
increase and remain constant respectively as the takeoff
angle decreased. It would also be predicted that the
ratio of C(COOH)/Au and C(COOH)/Ti would increase
and remain constant as the takeoff angle decreased. All
these predictions are confirmed by the data plotted in
Figure 11b.
The final question to be addressed in this section is

the extent of coverage of the sample by the adsorbed
TiO2 nanocrystallites. To this end, samples similar to
those described above were prepared and studied, both
prior to an following immersion in an ethanolic colloid
of TiO2 nanocrystallites, by RBS. It should be noted
that the samples studied were washed thoroughly with
ethanol and dried in a stream of dry nitrogen following
immersion in the ethanolic colloid.
Shown in Figure 12 is the RBS of an annealed Au

substrate modified by immersion in an ethanolic colloid
of TiO2 nanocrystallites modified by adsorbed II for 4
h. From this spectrum the surface coverage of Ti atoms
was calculated to be 1 × 1015 cm-2. This finding is
consistent with a coverage of 0.4 of a monolayer of 20 Å
diameter TiO2 nanocrystallites. It is noted, that due to
the fact that the nanocrystallites adsorbed at the Au
substrate are modified by adsorbed II, their distance of
closest approach is limited and that the coverage will
be less than that observed for a similar sample prepared
using a two-step method.
In short it is possible to conclude that the structure

of the assembled monolayer is as represented in Scheme
6.

Conclusions

Two approaches have been described that may be
used to adsorb a monolayer of TiO2 nanocrystallites
from solution onto an annealed Au substrate. In the
first of these, a two-step method, a crystalline monolayer
of a functionalized thiol is first adsorbed at the annealed
Au substrate. The modified substrate is then immersed
in an ethanolic colloid of TiO2 nanocrystallites. As the

Figure 11. (a) Dependence of the ratios of the percentage
atomic concentration of the indicated elements on takeoff angle
for a high-resolution X-ray photoelectron spectrum, measured
using the KR X-ray emission of aluminum at 1486.6 eV, of TiO2

nanocrystallites modified by chelated HS-(CH2)10-COOH and
adsorbed at an annealed gold substrate similar to that in
Figure 2 from an ethanolic colloid during 4 h. (b) As in (a) for
the C(S) and C(COOH), Ti and Au atoms of a crystalline
monolayer of TiO2 nanocrystallites modified by chelated HS-
(CH2)10-COOH and adsorbed at an annealed gold substrate
similar to that in Figure 2 from an ethanolic colloid during 4
h.

Figure 12. Rutherford backscattering spectrum, recorded
using He+ (2 MeV) for a sample whose surface is at 50° to the
incident beam, of an annealed Au substrate following immer-
sion for 4 h in an ethanolic colloid of TiO2 nanocrystallites
modified by adsorbed HS-(CH2)10-COOH.
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functionalized thiol has been modified with a terminal
carboxylic acid group, known to be strongly adsorbed
at TiO2, the TiO2 nanocrystallites are adsorbed at the
modified Au substrate, see Schemes 2 and 5. In the
second of these approaches, a one-step method, an
annealed Au substrate is immersed in an ethanolic
colloid of TiO2 nanocrystallites modified by adsorption
of a functionalized thiol. These nanocrystallites are
subsequently adsorbed at the crystalline Au substrate;
see Schemes 2 and 6. In each case the resulting
monolayer possesses regions in which the adsorbed
nanocrystallites are ordered although, long-range order
is absent.

Current work is being directed toward the adsorption
of TiO2 nanocrystallites at patterned crystalline Au
substrates using both the one-step and two-step meth-
ods reported here, see Scheme 7.32 Adopting this
approach it is hoped it will prove possible to self-
assemble, from solution, complex patterns of TiO2
nanocrystallites at a crystalline Au substrate.
These, and related studies,33 are expected to facilitate

the preparation of nanostructured semiconductor elec-
trodes that are sufficiently well defined to the detailed

(32) Rizza, R.; Fitzmaurice, D., manuscript in preparation.
(33) Private communications.

Scheme 6

Scheme 7
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study of charge carrier accumulation and transport in
nanoporous-nanocrystalline materials. These studies
also represent, together with related studies in a
number of laboratories,34 initial steps directed toward
the self-assembly of solid-state devices in solution.
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