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Structural study of self-assembled monolayers 
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An angle-resolved X-ray photoelectron spectro- 
scopic study has been performed on structures of 
self-assembling systems, viz ferrocenylthiols on a 
gold (111) crystal. The angular dependence of the 
intensities of photoemission reveals that ferrocenyl 
groups are on the outermost layer, separated from 
the gold substrate by hydrocarbon chains of the 
thiol groups 
Keywords: Photoelectron spectroscopy, gold sub- 
strate, ferrocenylthiol, self-assembling system 

1 INTRODUCTION 

Recently, much attention has been paid to the 
preparation and characterization of organized 
mono- and multi-molecular layers on solid sur- 
faces because these systems provide surfaces with 
special functionalities. The distance between par- 
ticular functional groups and a solid surface can 
be controlled in these systems, which may thus be 
considered as building blocks of molecular elec- 
tronics devices. 

Although the Langmuir-Blodgett method has 
been the most popular technique for forming the 
molecular layers, the layers formed by this 
method adsorb only physically on a solid sub- 
strate and, therefore, are usually unstable. On the 
other hand, in the case of the self-assembling 
method of organometallic compounds, molecules 
with a reactive functional group and a long hydro- 
carbon chain chemisorb on a solid surface by 
forming covalent bonds with atoms of the surface, 
and a highly organized siructure is established 
due to the intermolecular cohesion interaction 
between alkyl  chain^.^-^ 

One of the most interesting self-assembling 
systems investigated so far is a ferrocenyl- 
alkanethiol monolayer on gold."'" In this system, 
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the thiol group reacts with the gold atoms forming 
covalent bonds, while the ferrocene groups are 
supposed to act as an electron donor. Actually it 
was proved that the electron transfer between a 
ferrocene group and a gold electrode takes place 
in solution, even when a long methylene group 
separates the ferrocene group from the gold elec- 
trode. Although the methylene group inhibits the 
direct electron transfer between Fe(II)/Fe(III) in 
solution and the gold electrode, the ferrocene 
group of the monolayer mediates the electron 
transfer only from the gold electrode to Fe(III), 
achieving unidirectional electron transfer.' 

To understand these electron transfer proper- 
ties quantitatively, information on the distance 
between a ferrocene group and a gold electrode is 
essential. We have applied angle-resolved X-ray 
photoemission spectroscopy to studying struc- 
tures of self-assembled monolayers of 6- 
ferrocenylhexanethiol (C,Fc) and 1 l-ferrocenyl- 
undecanethiol (CI,Fc) on gold substrates in 
vacuum. In this paper, we confirm that the ferro- 
cene group is situated on the outer side of the 
layer and the distance between Fe and Au is 
larger in CI,Fc than that in C,Fc. 

2 EXPERIMENTAL 

Synthesized ferrocenylalkanethiols in hexane 
solution were adsorbed onto an Au (111) sub- 
strate that was prepared by vacuum deposition on 
cleaned glass. Details have been described 
previously.8 In brief, a ferrocene group of an 
as-adsorbed molecule is in a reduced state 
[Fe(II)]. The oxidized form [Fe(III)] was 
obtained by electrochemical oxidation in 
1 mol dm-3 perchloric acid (HC104) solution. 

Angle-resolved X-ray photoelectron spectra 
were measured with a spectrometer (Vacuum 
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Figure 1 X-ray photoelectron spectrum of 6-ferrocenyl- 
hexanethiol on a gold ( 1 1 1 )  substrate with resolution of 
3.0 eV. Insets show Au,,, C,, , and Fe,, signals with a resolu- 
tion of 2.1 eV. Accumulation numbers are 3 for A u , ~  and C,, , 
and 20 for Fez,, . Polar emission angle 6 = 40 '. 

Generator, ADES-400), in which a 150 " spherical 
sector analyzer with a 50mm mean radius is 
moved in one plane around a specimen. The 
angular resolution of the analyzer is about 2 ". A1 
K, radiation (1486.6 eV) was used for excitation. 
The energy resolution of the analyzer was 3.0 eV 
for a wide energy scan and 2.1 eV for a narrow 
energy scan. Measurements of the weak Fe, 
signal were performed by repeating the scan 
approximately 20 times. The polar emission angle 
8 is defined as the taking-off angle of photoelec- 
trons from a surface. Polar angle rotations are 
about an axis perpendicular to the plane of X-ray 
incidence and electron emission. The polar angle 
scanning was performed from 10" to 80" by 
rotation of the analyzer and the sample holder. 
Base pressure in the analyzer chamber was 3X 

Torr. 

3 RESULTS 

Figure 1 shows an example of the XPS spectrum 
(0 = 40 ") for C,Fc adsorbed on Au (111). Au, Fe, 
S and C were observed. Among the several peaks 
of Au, Au, at a binding energy (BE) of 82-89 eV 
was measured with a narrow energy scan as 
shown in the inset. The Fe, signal at BE  = 708 eV 
was so weak that the inset shows the profile after 

20 repetitions of the narrow energy scan. The 
ratios of intensities thus obtained were calibrated 
for atomic sensitivities of 3.8 for Fez,, 0.25 for 
CIS, 0.35 for S, and 1.9 for Auy." The [S]/[Fe] 
ratio was 1.3 k 0.3, which was in fair agreement 
with the expected value, 1. The [Fe]/[Au] ratios 
are plotted as a function of l/sin0 in Fig. 2. 

For the strong carbon signal the [C]/[Fe] ratio 
was found to be 35 & 16 for the C,Fc/Au sample, 
which is much larger than the expected value, 6. 
This was also the case for the C,,Fc on Au. The 
ratio was 35+6 for the C,,Fc/Au sample. 
Although the substrate was in the high-vacuum 
chamber, the outermost layer was already conta- 
minated by hydrocarbons during the sample prep- 
aration procedure. The ratio [C]/[Au] was mea- 
sured as a function of angle t?. With t? increasing 
from 10" to 70°, the value decreased typically 
from 4 to 1.7. This angular dependence of the [C]/ 
[Au] ratio shows the carbon species are on the 
surface of the Au substrate. The surface layers 
are shown schematically in Fig. 3. 

4 DISCUSSION 

The basic mechanism of surface sensitivity enhan- 
cement at grazing emission angles has been given 
by Fadley." In brief, the mean free path for 
inelastic scattering of photoelectrons Ae is taken 
to be a constant and independent of emission 
angle. In this case, the mean depth of no-loss 
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Figure 2 Angle dependence of the [Fe]/[Au] intensity ratio 
for (left) oxidative species of 6-ferrocenylhexanethiol (0) and 
11-ferrocenylhexanethiol ( X )  on a gold (111) substrate and 
(right) reductive species on Au. Solid lines are optimized 
curves of Eqn [4] with the parameters of Table 1 .  
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Figure 3 Schematic diagram of surface layers on Au: t ,  and t, 
denote thicknesses of carbon overlayer and ferrocene carbon 
layers, respectively. Wavy lines represent incident X-rays and 
e -  is an ejected photoelectron. 

photoelectron emission as measured perpendicu- 
lar to the surface is exactly equal to A, for the 
normal emission, or 8 = 90 O ,  but it decreases as 
&sin 8 for the non-normal emission. Polar scans 
of photoelectron intensity are thus expected to 
exhibit varying degrees of surface sensitivity. The 
photoelectrons travel to the surface, during which 
time they can be inelastically attenuated accord- 
ing to exp(-z/A,sinO), where 8 is the internal 
propagation angle and z/sinO is the path length to 
the surface. 

In a quantitative discussion of such variations 
of peak intensities with polar angle 8, we consider 
a case for a semi-infinite substrate with an atte- 
nuating overlayer of thickness t. As first discussed 
by Fraser et a1.,13 the intensity of the substrate 
with photoelectron energy Ek is angle-dependent: 

Nk(8) = NF exp( -t/A,(Ek)sin8) [I1 

N r  =ASA,/d 

where NF is the total intensity without the atte- 
nuating overlayer, A a slit function of the XPS 
instrument, S the mean surface density of atoms, 
d the mean separation between layers of density 
S, and Ae(Ek) an attenuation length in the 
substrate. 

Note that there is no 8 dependence in N r  
within this simple model. Its origin lies in the fact 
that the effective emitting depth is A,sin8, while 
the effective specimen surface area is A,,/sin8 
where A. is an aperture area. The effective speci- 
men volume at any 8 is thus the product of the 
two, in which the sin8 factors cancel. This beha- 
vior is expected to hold as long as 8 is not made so 
small that the edges of the specimen lie within the 
aperture A". 

If we assume the sandwich structure of Fig. 3 ,  
i.e. (Au substrate with infinite thickness) + (ferro- 
cenyl compound with thickness t,) + (carbon con- 
tamination overlayer with thickness t2), then the 
intensity of the monolayered Fe atoms is also 
attenuated by the outermost carbon contamina- 
tion layer with thickness t2: 

N F e ( e )  = N~(8)exp(-t2/A:(EF~)sine), [21 

N;,(e) =AsFe/sine, 

where is an attenuation length in the carbon 
overlayer. NF, is angle-dependent because Fe 
atoms are monolayered. 

Since the intensity of the Au substrate is also 
attenuated by the carbon layers of both ferrocenyl 
compound (tl) and contamination compound (t2), 

The best-fit procedures for NFe/NAu are shown 
by the curves in Fig. 2. The parameters a and T 
thus obtained are tabulated in Table 1. These 
parameters are almost the same for the oxidative 
and reductive molecules. This fact suggests that 
the iron-gold distance in the oxidative type is not 
so different from that in the reductive one. 

Figure 3 shows a schematic diagram of the 
surface-adsorbed species. When t2 due to the 

Table 1 Optimized parameters of Eqn [4] for angular distri- 
butions of photoelectron signals 

Coefficients of Eqn (41 

Oxidative Reductive 

Molecule T U T U 

CfFC -0.148 0.0047 -0.144 0.0065 
C,Fc  -0.042 0.012 -0.090 0.025 
a( C, ,Fc)/u( C,Fc) 2.6 3.8 
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carbon-contaminated layer is taken as the same 
for both C,Fc and C1,Fc, one can calculate the 
difference oft, values for C,,Fc and C,Fc from the 
coefficient T of Table 1: 

where t,(C,,) and tl(C,) are the effective thickness 
of the hydrocarbon chains of C,,Fc and C6Fc, 
respectively. T(C,,) and T(C,) are T values of 
Eqn [4] for C,,Fc and C,Fc. 

According to the universal curve of the escape 
depth for solid samples, ALv(EAu = 1403 eV) is 
estimated to be 18 A (1.8 nm). However, electro- 
chemical measurements showed that the ratio of 
the number of adsorbed molecules to that of 
surface gold atoms is ca 1 : 3.' One terminal sulfur 
atom of C6;c is bonded to three Au atoms when a 
monolayer of C,Fc is formed, and hence the 
effective escape depth A: should be much larger 
than that of the universal curve for a solid speci- 
men. One may estimateo the effecJive A:(EAU) 
would be three times 18 A, i.e. 54 A. Using this 
value and T from Table 1, the difference 
tl(Cl,)-tl(C,) is obtained to be 2.9-5.7 A for oxi- 
dative and reductive species. These values are in 
reasonable agreement with the difference of the 
chain lengths of CI1 and Cb hydrocarbons, i.e. the 
thickness t, of C,Fc (CI1Fc) IS estimated to be 7 A 
(13 A) by using the tetrahedral angle and all-trans 
structure of the hydrocarbon chains. 
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