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Abstract

Reactions of low energy (500 eV) beams of CClj, O3 and PCI; on hydrocarbon and fluorocarbon self-assembled monolayer
surfaces are shown to produce chemically modified monolayers. The surfaces before and after the reaction have been char-
acterised by X-ray photoelectron spectroscopy. It is suggested that the surface modification involves the substitution of the ion/
surface reaction sites with the appropriate reagent. It appears that the ion beam penetration is minimal and the extent of
modification is limited to the top layers of the surface. It is found that the hydrocarbon surface is more reactive than the
fluorocarbon surface towards oxygen ions. Upon prolonged bombardment, the alkyl chains desorb and the exposed substrate
reacts with the ion beam. It is proposed that extremely thin molecular surfaces of distinct functionality can be made by low

energy reactive ion beam bombardment on SAM surfaces.
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1. Introduction

Controlled chemical transformation of sur-
faces has been of interest to science and tech-
nology. Methods to achieve this objective vary
from the direct exposure of the surface to a
chemical reagent to more sophisticated methods
such as ion beam implantation [1-3], molecular
beam scattering [4,5] and plasma etching [6,7].
Atomic and molecular beams can also be used to
effect transformation at appropriate collision
energies. The chemistry that occurs at the sur-
face depends on the collision energy, and
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consequently by changing this parameter it
should be possible to effect specific transfor-
mation at the surface. There have been a num-
ber of studies in the recent past using ion [§]
and molecular [9] beams to effect transformation
at surfaces. Almost all of these studies were per-
formed on metals, inorganic compounds and less
frequently on polymers. The primary method of
characterization involves the analysis of the
scattered ion beam.The effect of the transforma-
tion on the surface itself was only of secondary
concern.

The use of self-assembled monolayers (SAMs)
as model surfaces [10] to study chemical pro-
cesses is currently an active area of research.
An important process that occurs when an ion
of a few tens of electronvolts collides on such a
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surface is called ion/surface reaction [11]. When
appropriate surfaces with various functionalities
are used, a number of reactions including hydro-
gen, halogen and alkyl group abstractions are
observed [12]. In addition to atomic ions, poly-
atomic projectiles have also been used to effect
reactions. Most of these reactions appear to pro-
ceed through electron transfer in which the sur-
face species gets ionised and the inelastic
collision leads to the ejection of a part of the
surface which becomes attached to the neutra-
lised projectile in an ion/molecule reaction [11].
After the reaction, it is likely that a radical site is
left behind at the surface which may get stabi-
lised by one of the following possibilities: (i)
elimination of an atom or group leading to the
formation of an unsaturated bond; (ii) reaction
with an adsorbate molecule; (iii) reaction with a
nearby surface group or molecule [13]. In addi-
tion to these possibilities, if a reactive species is
available close to the surface site as a result of
dissociation of the projectile [14], the radical site
can become stabilised by reaction with it [15].
This is a likely process since the reaction and
fragmentation occur very close in time or in con-
cert [16]. Ion/surface reaction can also proceed
without electron transfer; surface modification
occurs via this pathway as well. Recently, one
of us has shown that ion/surface reactions can
indeed be used to effect transformation of the
surfaces [15]. In that study, a fluorocarbon self-
assembled monolayer was chemically trans-
formed by reaction with polyatomic projectiles
such as SiCly, at 60 eV collision energy. While
the collision leads to the formation of ion/surface
reaction products SiF*, SiCF" etc., the fragmen-
tation product of the projectile, namely Cl gets
attached to the radical site left behind at the sur-
face, causing chemical transformation. However,
it is also possible that the ion/surface reaction and
the surface modification occur in concert without
a prior fragmentation of the projectile.

At collision energies of the order of a few
hundred electronvolts, the ion beam is sensitive
only to the first few layers of the surface.

Molecular dynamics studies [17] have shown
that at 1 keV, 90% of the ejected material in
secondary ion mass spectrometry (SIMS) comes
from the first layer. At 20 keV, this number is
changed only slightly. Therefore the chemical
transformations effected on the surface, induced
by a low energy reactive ion beam, would be
limited to the very top of the surface. By control-
ling the ion beam, the modification can be later-
ally resolved. Although the technological
importance of spatially resolved transformation
is tremendous, there have not been significant
efforts in this direction. Among the reasons for
the lack of activity are the difficulty in producing
intense beams at low energies of a few electron-
volts and the relatively poor understanding of the
processes which occur upon low energy ion
impact on surfaces.

Most of the available reports on low energy ion
beam bombardment on surfaces are with atomic
beams [8]. The collisions have been performed
on metallic or inorganic surfaces in most cases.
The use of organic surfaces, also monolayers, in
studying reactions induced by molecular ion
beams is a very recent area of activity [11-13].
The use of monolayers gives an independent
control of the depth of transformation. Moreover,
the use of a self-assembled monolayer (SAM)
surface having two different chemical species
along the alkyl chain, makes it possible to
evaluate the effect of ion beam penetration.

In the following, we present a study of the
chemical transformations effected on self-
assembled monolayers by low energy reactive
ion beam bombardment. The surfaces after the
reaction were characterised by X-ray photo-
electron spectroscopy. Although the low
concentrations of the species of interest and the
X-ray-induced damage of SAMs at high fluxes
impose certain restrictions, the study shows that
covalent chemical bonds can be created at the
surface by low energy ion beam bombardment.
We show that the extent of ion beam penetration
is small and the transformations are limited to the
very top of the monolayer. It is likely that the
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observed surface transformations proceed
through ion/surface reactions. The fluorocarbon
surface was more resistant to reaction with
oxygen ions than the hydrocarbon SAM. The
results are in general agreement with the thermo-
chemical data.

2. Experimental

Octadecanethiol used for the preparation of
the H-SAM was from Aldrich and was used
as such. 1,1,1,2,2,3.3.4,4,5,5,6,6,7,7,8,8-Hepta-
decafluoro-10-decanethiol was prepared from the
corresponding heptadecafluoro-iododecane using
literature procedures [18]. The iododecane was
obtained from Aldrich.The purity of heptadeca-
fluorodecanethiol was ascertained by FTIR and
TLC. Gold substrates were prepared by sputtering
gold of 1000 A on to (100) polished Si wafers in
an Edwards sputter coater. The Si wafers were
pre-cleaned by sonication with trichloroethylene,
acetone, concentrated HNOs, and HF in the order
stated. The surfaces were stored in vacuum and
were washed with CCl,; and air dried before
immersing in the thiol solutions. One mM solu-
tions of the thiols were prepared in CCl, and were
used immediately. The surfaces were kept in these
solutions overnight, washed in CCl, and charac-
terised by X-ray photoelectron spectroscopy
(XPS). The SAMs were then removed from the
X-ray photoelectron spectrometer chamber,
placed in the ion irradiation chamber maintained
at high vacuum and reacted with CCl,, PCl; and
O, ion beams. The ions were produced by a cold
discharge of the respective compounds at a
pressure of 10 Torr and were collided
with the surface at 500 eV kinetic energy. A
beam current of ~0.1 mA was exposed to
the surface of 1 cm” area for 1 min to cause the
modification. All the products of the discharge
were collided with the surface and under the
pressure conditions, neutrals may also be involved
in the reactions observed. The SAMs were then
removed from the apparatus and introduced into

the X-ray photoelectron spectrometer for analysis.
Samples were stored in a nitrogen atmosphere if
there was any delay between the irradiation and
the introduction into the X-ray photoelectron spec-
trometer chamber.

Monolayers were characterised by X-ray
photoelectron spectroscopy using a VG ESCA
LAB MKII spectrometer. The spectrometer
base pressure was 8 x 107 Torr. The photo-
electron spectra were measured with Mg Ko
radiation at an X-ray flux of 80 W with a pass
energy of 20 eV. The X-ray flux was kept low to
avoid beam-induced damage to SAMs. The
samples were washed in CCl, immediately
before admitting into the spectrometer. No
degassing was observed upon X-ray exposure to
monolayers and it was concluded that no signifi-
cant desorption occurred during the measure-
ment. Also, the intensities of the various peaks
remained the same during a day long measure-
ment. All the spectra were average of 10 scans of
60 s duration. The energy scale was calibrated
relative to the Au 4f;, peak at 84 eV. The extent
of charging on the monolayer and the gold
surfaces varied slightly and as a result the
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Fig. 1. X-ray photoelectron spectra of the Cls regions of the
unreacted octadecanethiolate SAM. S2p is shown in the inset.
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binding energies reported have an uncertainty of
~0.6 eV. For S2p and Cl2p, the spectra were
recorded at a pass energy of 50 eV since the
signal quality was poor owing to the low concen-
tration of the species.

3. Results and discussion

In Fig. 1 we show the photoelectron spectra of
the Cls and S2p regions of the unreacted octade-
cane thiolate SAM. The spectra resemble quite
closely those reported [19]. The Cls region
shows a sharp peak at 285 eV showing that
only alkyl carbon atoms are present. The S2p
region manifests as a weak feature at 162 eV,
which is the same as the expected value for
metalthiolate (RS-M) or (RS™") species
[20,21]. The low surface coverage of sulphur
(in the monolayer structure, not every surface
gold atom is covered by sulphur; (3 x 3)
R30° adlayer [22]) and the low X-ray flux
(80 W) used to avoid surface damage are the
causes for the poor intensity in the sulphur
region. The attenuation lengths of photoelectrons
of this kinetic energy are in the range of 30-50 A
in Langmuir—Blodgett films [23] and therefore it
is not a factor limiting the PE intensity. Although
there is a recent report [24] that different sulphur
sites are present in the self-assembled monolayer,
our spectrometer with an unmonochromatised
source is not capable of distinguishing these
chemical forms. The SAM shows no oxygen sig-
nal as reported before in the case of monolayers
grown on gold [19]. No impurities or solvent
were detected in X-ray photolectron spectra.
Since the binding energies and peak shapes com-
pare well with those reported [20,21], we believe
that the monolayer is ordered. It may be noted
that the use of XPS in the characterization of
monolayers is well documented [10].

Upon exposure to CCIlj, the spectra show
visible change (Fig. 2). The Cls region is broader
compared with the unreacted SAM. It can be seen
that the peak maximum appears at 285 eV, and
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Fig. 2. X-ray photoelectron spectra of Cls and CI2p regions of the
H-SAM reacted with the 500 eV CCl; beam. Note that the CI2p
region shows a maximum at 200 eV binding energy.

the structure has a visible high binding energy
tail. Clearly, the spectrum has contributions
from different types of carbon atoms. The Cl2p
region appears as a broad peak centred around
200 eV, corresponding to organic chloride as in
polyethylene [25]. The peak suggests that there
could be different surface aliphatic chloride
species. Another important aspect is that the
CI2p spectrum does not show the presence of
any inorganic chloride which would have been
observed had the ions interacted with the gold
surface. In an independent experiment, it was
found that after colliding CCl; with a clean Au
surface, a peak at a binding energy of 198 eV
appears due to the inorganic chloride, i.e.
AuCl;. The total Cls intensity is marginally
reduced compared with the unreacted SAM, sug-
gesting a decrease in surface concentration due to
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monolayer desorption. In fact, on further expo-
sure to the ion beam for a period of 5 min, the Cls
intensity decreased significantly and subsequent
exposure resulted in the formation of AuCl; on
the surface. In all these reactions, there was no
evidence for the presence of unreacted CCl, or its
fragments on the surface. The pure Au surface
also showed no decomposition products of CCl,
upon ion exposure. Although in the present
experiment an analysis of the scattered ions is
not possible, it is reasonable to believe that the
surface modification other than that due to sput-
tering occurred through ion/surface reaction
involving hydrogen abstraction of the projectile
from the surface and the subsequent transfer of
halogen atoms to the surface.

Reaction with O3 has also been performed
under identical conditions (Fig. 3). The Cl1s spec-
trum of the reacted SAM shows a high binding
energy feature at 286.8 eV in addition to the ori-
ginal peak at about 285 eV. This high binding
energy peak is close to the reported values [25]

of RCH,-OH (286.5) and R,CO (287.5) func-
tionalities. The Ols region shows a peak at 531
eV, in agreement with the Cls spectrum. As
before, the S2p region remains the same showing
that the monolayer structure is essentially undis-
turbed. XPS does not indicate the presence of any
other species on the surface. Taken together, XPS
suggests that the monolayer functionality has
been modified to Au-S—(CH,),OH or Au-S-
(CH»),.;CHO. There can also be a mixture of
both.

In Fig. 4, we show the various XPS regions of
the unreacted fluorocarbon SAM. This is the first
reported spectrum of the fluorocarbon SAM sur-
face. The Cls peaks are observed at 285 and
291.2 eV, corresponding to the CH, and CF,
functionalities in the unreacted SAM. The inte-
grated intensities of the two peaks are roughly in
the ratio 1:4, in agreement with the molecular
structure of the SAM, ie. Au-S—(CH,),-
(CF»),CF;. There was no intensity in the oxygen
and iodine regions, indicating that no impurities
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Fig. 3. The Cls and Ols regions of H-SAM after reaction with O} beam. Note the shoulder at 286.8 eV in the Cls spectrum.
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Fig. 4. The X-ray photoelectron spectra of the C1s and F1s regions of the heptadecafluorodecanethiolate SAM.

are present on the surface. The S2p peak appears
at 162 eV, at the same value of an alkyl SAM,
indicating a similar bonding environment
between Au and S. The Fls appears at 689 eV,
characteristic of fluorocarbons.

Upon exposure to CClj, the spectra show dis-
tinct change (Fig. 5). The Cls structure is
affected the most. The peak maxima still appear
at the same values, but there are considerable
differences in the peak shape and relative peak
heights. The two peaks are almost similar in
intensities, suggesting that it is the CF, not the
CH, carbons that have undergone modification. It
may be noted that there is some intensity
enhancement at the high binding energy side of
the CH, peak. The possible species is CCl, which
has a binding energy of about 287.4 ¢V [26]. The

other chlorine-for-fluorine substitution product,
namely CFCl, is less likely since it has a binding
energy of 290.8 eV [27], where there is no inten-
sity enhancement. The total intensities in the Cls
and Fls regions are lower compared to the
unreacted SAM, suggesting that some alkyl
chains have desorbed upon ion bombardment.
The CI2p structure indeed has some intensity
below 200 eV, suggesting the presence of inor-
ganic chloride on the surface. This implies that
the ions have reacted with the gold surface
exposed as a result of monolayer desorption.
The thiolate structure is, however, preserved as
evidenced by the S2p feature which still occurs
at 162 eV (not shown). It may be noted that the
CH, functionality is preserved on the surface.
This may be taken as evidence for the lack of
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Fig. 5. The X-ray photoelectron spectra of the C1s, F1s and CI2p regions of the F-SAM after reaction with CCI; beam. Note that the C12p region

is broad having multiple contributions.

significant ion beam penetration through the
monolayer. Since the CH, functionality is pre-
served, it may be suggested that the upper limit
for the ion beam penetration in the F-SAM is of
the order of 12 A, the thickness of the fluorocar-
bon layer. Electrochemical experiments have
also shown that the monolayers are resistant to
ion penetration [28].

Upon reaction with O3 beams, no significant
change in the surface chemistry is observed
(Fig. 6), except that the intensities of the features
have decreased. The Cls features are very weak
but still appear at the same values as in the
unreacted SAM. The F1s structure also appears at
the original value. No significant amount of oxygen

is observed at the surface. The results indicate that a
substantial fraction of the monolayer has under-
gone desorption. This is evidenced by the lack of
any detectable signal for sulphur. We tried decreas-
ing the exposure time to avoid monolayer deso-
rption; even under this condition, no increase in
oxygen signal was observed.

We have also performed reactions with PCI3
beams. The transformations observed were
comparable to those observed with CCl;. XPS
investigation did not reveal the presence of phos-
phorus or its halides on the surface.

The results suggest that the SAMs can be
chemically transformed by reactive ion beams.
Previous studies of low energy ion beam
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Fig. 6. The X-ray photoelectron spectra of the C1s, F1s and O1s regions of the F-SAM after reaction with O3 beam. Note that the intensity of the
Cls and F1s regions are significantly less than the unreacted SAM. Since part of the monolayer has been desorbed due to ion bombardment,
concentration of sulphur was low, below the detection limit of the instrument.

bombardment of SAMs have shown that an
important event during the ion/surface scattering
is reaction. There can be two pathways for reac-
tion, either through electron transfer or through
direct oxidative addition. The latter process does
not involve electron transfer; the incoming ion
gets attached to the surface site and the charge
is localised. The ion/surface reaction occurs,
resulting in the gas phase ionic species and the
neutral modified surface [11]. In both the cases,
the surface after reaction is left with a radical site
which subsequently undergoes stabilisation. Our
results suggest that the surface modifications we

observe are via ion/surface reactions. The pri-
mary reason for this conclusion is that the sur-
faces do not show the presence of any unreacted
projectile or its fragment after the ion beam expo-
sure. It may be noted that ion beam scattering
experiments also showed no evidence for the
accumulation of unreacted projectiles [13,14].
The study shows that the hydrocarbon surface
is more reactive towards O3 than the fluorocarbon
SAM. The XPS intensities, which are a good
measure of the extent of reaction, clearly mani-
fest this. The Ols intensity is especially impor-
tant since oxygen cannot adsorb on gold and all
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the Ols intensity is due to SAM reaction product.
It has to be mentioned that the efficiency of
charge exchange is higher when O3 collides on
H-SAM compared to the collision on F-SAM,
due to the lower ionization potential of the for-
mer; therefore, while the first process is exother-
mic or nearly thermoneutral, the Ilatter is
endothermic. Note that reaction and charge
exchange are two processes, although the former
may proceed through the latter (vide supra). The
ionised surface that is left behind after charge
exchange could be excited (most likely vibration-
ally) which may be one of the reasons for mono-
layer desorption. Since the F-SAM exhibits more
desorption, it may be inferred that the desorption
is primarily due to excitation of the surface due to
inelastic collision (previous studies show that
nearly 70% of the ion collision energy is depos-
ited on the surface [16]) rather than due to a
simple charge exchange. However, it is important
to point out that both of these desorption path-
ways need not necessarily require ion penetra-
tion. More oxygen intensity for H-SAM may be
indicative of reactions and subsequent modifica-
tions involving electron transfer. The variation in
reactivity can be explained on the basis of ther-
mochemistry also. The ion/surface reactions
leading to chemical modification are endother-
mic in most instances, taking the gas phase ther-
mochemical values [29]. For example, let us
consider the gas phase reactions,

AH = 64.7 kcal mol”’
AH = 130.5 kcal mol”
AH = -35.9 keal mol ™!
AH = 99.9 kcal mol™

CH,;+0; — CH;0H+O"
CFU‘OE d CF3OF+O+
CH,;+0; — CH,0+H,0"
CF,+0; — CF,0+F,0"*

Here, the neutral species are assumed to represent
the surface. The use of gas phase values are
justified because the differences in heat of forma-
tion in the condensed phase tend to cancel (since
both the reactants and products involve gas phase
species). The reaction of O; with F-SAM is con-
siderably more endothermic than the reaction
with H-SAM. The corresponding reactions with
neutrals are also endothermic. This correlation

between reactivity and thermochemistry is
added evidence for the role of ion/surface reac-
tions in the observed chemical transformations. It
may be noted that such correlations are observed
in ion/surface reactions.

The reaction of H-SAM with CCIlj leading to
the formation of surface-bound chloroalkane
involves the formation of a C—Cl bond and the
cleavage of a C—H bond, which is energetically
not too unfavourable. The corresponding reaction
with F-SAM is significantly endothermic due to
the differences in the bond energies of the C-Cl
and C-F bonds. Thermochemical data suggest
that the reactions with the projectile fragments
such as CCl3, C1* and the corresponding neutrals
are more endothermic. Thus it is likely that the
reactions observed are primarily due to the
molecular ions themselves and are driven by
the translational energy of the ion.

The fact that the CH, functionality is not
affected in ion/fluorocarbon surface collisions
may be taken to suggest that the ion beam is
not sensitive to the deeper atomic layers of the
surface. This is also expected from the sputtering
yield in SIMS and also from previous studies of
surface modification of polymers by reactive ion
beams [30]. By controlling the reaction time and
the collision energy, it should be possible to
effect transformation on the very top atomic
layer of the surface.

An immediate extension of the study is to
understand the collision energy effects of the
transformations. We are also interested in study-
ing the surface by secondary ion mass spectro-
metry to characterise independently the nature of
the transformation. Characterisation of the func-
tional groups by optical spectroscopies and a
detailed understanding of the mechanism of the
process are also our objectives.

Acknowledgements

The authors thank the Regional Sophisticated
Instrumentation Centre for the XPS instrument



78 B. Varghese et al./International Journal of Mass Spectrometry and lon Processes 155 (1996) 6978

time. Thanks are due to the Department of
Science and Technology, Government of India,
for financial support. Authors thank Professor R.
Graham Cooks for a critical review of the
manuscript.

References

[1] J.W. Rabalais and S. Kasi, Science, 239 (1988) 623-625.

[2] F.A. Smidt, Chemtech, 19 (1989) 309-314.

[3] R.G. Wilson and G.R. Brewer, Ion Beams with Application to
Ion Implantation, Robert E. Krieger Publishing Company,
Inc., Florida, 1979.

[4] A. Amirav and A. Danon, Int. J. Mass Spectrom. lon Pro-
cesses, 97 (1990) 107-113.

[5] G. Scoles, Atomic and Molecular Beam Methods, Oxford Uni-
versity Press, Oxford, 1988.

[6] J.W. Coburn, Pure Appl. Chem., 64 (1992) 709-713.

[7] J.-C. Lou, W.G. Oldham, H. Kawayoshi and P. Ling, J. Appl.
Phys., 71 (1992) 3225-3230.

[8] S.R. Kasi, H. Kang, C.S. Sass and J.W. Rabalais, Surf. Sci.
Rep., 10 (1989) 1-104.

[9] S.T. Ceyer, Science, 249 (1990) 133-139.

[10] A. Ulman, An Introduction to Ultrathin Molecular Films: from
Langmuir-Blodgett to Self Assembly, Wiley, New York,
1989.

[11] An account of the research activities in this area is given in
R.G. Cooks, T. Ast, T. Pradeep and W.H. Wysocki, Acc.
Chem. Res., 27 (1994) 316—323 and references cited therein.

[12] See for a review of ion/surface reactions, T. Pradeep, R.G.
Cooks and T. Ast, in preparation.

[13] T. Pradeep, R.G. Cooks, and T. Ast, J. Phy. Chem., 98 (1994)
9301-9311.

[14] T. Pradeep, T. Ast and R.G. Cooks, J. Am. Chem. Soc., 116
(1994) 8658-8665.

[15] T. Pradeep, B. Feng, T. Ast, J.S. Patrick, R.G. Cooks and

S.J. Pachuta, J. Am. Soc. Mass Spectrom., 6 (1995) 187-
194.

[16] R.G. Cooks, T. Ast and Md. A. Mabud, Int. J. Mass Spectrom.
Ton Processes, 100 (1990) 209-265.

[17] R. Smith, D.E. Harrison, Jr., and B.J. Garrison, in A. Bennin-
ghoven, C.A. Evans, K.D. McKeegan, H.A. Storms and H.-W.
Werner (Eds.), Secondary Ion Mass Spectrometry SIMS VII,
Wiley, New York, 1989.

[18] G.G. Urquhart, J.W. Gates, Jr., and R. Cornor, Organic Synth-
esis, Wiley, New York, 1955, Collect. Vol. III, p. 363.

[19] P.E. Laibinis, G.M. Whitesides, D.L. Allara, Y.-T. Tao, A.N.
Parikh and R.G. Nuzzo, J. Am. Chem. Soc., 113 (1991) 7152~
7167.

[20] R.G. Nuzzo, B.R. Zegarski and L.H. Dubois, J. Am. Chem.
Soc., 109 (1987) 733-740.

[21] C.D. Bain, H.A. Biebuyck and G.M. Whitesides, Langmuir, 5
(1989) 723-727.

[22] C.A. Widrig, C.A. Alves and M.D. Porter, J. Am. Chem. Soc.,
113 (1991) 2805-2810.

[23] C.R. Brundle, H. Hopster and J.D. Swalen, J. Chem. Phys., 70
(1979) 5190-5196; T. Kajiyama, N. Morotomi, S. Hiracka
and A. Takahara, Chem. Lett., (1987) 1737-1740; M. Sastry,
P. Ganguly, S. Badrinarayanan, A.B. Mandale, S.R. Sainkar,
D.V. Paranjape, K.R. Patil and S.K. Chaudhary, J. Chem.
Phys., 95 (1991) 8631-8635.

[24] Ch. Zubragel, C. Deuper, F. Schneider, M. Neumann, M.
Grunze, A. Schertel and Ch. Woll, Chem. Phys. Lett., 238
(1995) 308-312.

[25] Handbook of X-ray Photoelectron Spectroscopy, Perkin—
Elmer Physical Electronics.

[26] D.T. Clark and H.R. Thomas, J. Polym. Sci., 16 (1978) 791.

[27] D.T. Clark, W.J. Feast, D. Kilcast and W.K.R. Musgrave, J.
Polym. Sci., 11 (1973) 389.

[28] C.E.D. Chidsey and D.N. Loiacono, Langmuir, 6 (1990) 682—
691.

[29] S.G. Lais, J.E. Bartmess, J.F. Liebman, J.L. Holmes, R.D.
Levin and W.G. Mallard, J. Phys. Chem. Ref. Data, 17
(1988) Suppl. No. 1.

[30] H.-K. Hu, J.A. Schultz and J.W. Rabalais, J. Phys. Chem., 86
(1982) 3364-3367.



