The orientation of Langmuir-Blodgett monolayers using NEXAFS
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Carbon K-shell NEXAFS (near edge x-ray absorption fine structure) spectra of oriented
hydrocarbon chains in Langmuir-Blodgett (LB) monolayers were measured and used to study
the orientation of these molecules. The LB monolayers were assembled from arachidic acid or

cadmium or calcium arachidate on the oxidized Si(111) surface. The observed NEXAFS
resonances are assigned to transitions to excited states which are localized on individual CH,
groups or C-C bonds. From a detailed analysis using curve-fitting techniques of the angular
dependence of the various spectral peaks, the hydrocarbon chains of the cadmium arachidate
monolayer is estimated to lie within 15° of the surface normal, the hydrocarbon chains of the
calcium arachidate monolayer is estimated to be tilted by 33 4 5° from the surface normal,
while the arachidic acid monolayer is not ordered at all. The determined chain orientations are
discussed in terms of a microscopic model involving lateral interactions between the zig-zag

hydrocarbon chains.

I. INTRODUCTION

Ultrathin organic films can be deposited on solid sur-
faces by the Langmuir-Blodgett technique,’? a method
which allows the formation of well defined monomolecular
layers, each on the order of 3 nm thick. Typically these films
consist of long hydrocarbon chains ( 2 C,,) terminated at
one end by a carboxylic acid group (-CO,H) or the salt
(—=COj; ). Under appropriate conditions (pH and tempera-
ture) a monolayer or multilayer LB film can be transferred
to a solid surface by successive dipping of a substrate
through a compressed layer of molecules on a water surface.
These films are highly ordered with parallel hydrocarbon
chains. Numerous applications of these films have been dis-
cussed® including use in microlithography, electrooptics,
biochemical sensing, and tribology. Essential for a system
design, however, is a detailed characterization of the molec-
ular structure of the film. A range of techniques have been
adapted for this purpose from the early optical measure-
ments of the indices of refraction and interference patterns'
to more recent infrared* and Raman® spectroscopies; elec-
tron® and x-ray’ diffraction; and scanning tunneling micros-
copy.® Single monolayers are, however, still relatively diffi-
cult to examine. NEXAFS (near edge x-ray absorption fine
structure) is a nondestructive synchrotron radiation based
technique which has been shown to be useful in examining
the orientation and bonding of small chemisorbed mole-
cules”' and therefore should be ideally suited to study larg-
er molecules such as LB films.

In the NEXAFS technique, a K-shell electron is excited
to unoccupied orbitals near the ionization threshold. Since
the properties of these unoccupied orbitals, in molecules, are
determined to some extent by the bonding in the molecule,
NEXAFS is sensitive to certain molecular properties. For
example, NEXAFS can identify transitions to the following
empty states C-C o*, C=C o*, C=C 7*, C=C o*, C=C
2 Present address: Sandia National Laboratories, Division 8343, Liver-
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m*, C-0 o*, C=0 o*, C=0 7*,C=0 o*, and C=0 »*.
With this technique the presence of these groups and their
orientation relative to the surface can be determined.

In this study, the NEXAFS technique is extended be-
yond simple molecular adsorption systems and applied to
hydrocarbon chains in single layer LB films on an oxidized
Si(111) surface. The LB layers studied were arachidic acid
[CH;(CH,;),sCO,H] and cadmium and calcium arachi-
date. The latter two form films with oriented hydrocarbon
chains which NEXAFS is readily able to discern. The
NEXAFS spectra of all of these are found to be similar to
those of small hydrocarbon molecules and the peaks inter-
preted in terms of resonances with excited states localized on
individual CH,, groups or C~C bonds. From the angular de-
pendence of these NEXAFS peaks the orientations of the
hydrocarbon chains in the particular cadmium and calcium
arachidate films examined are determined to be tilted by 0°
and 33°, respectively.

One of the major foci of this work will be the develop-
ment of procedures for the quantitative analysis of NEXAFS
spectra. This includes least-squares fitting of the NEXAFS
spectra and a consideration of the line shapes of the various
near-edge features. When possible, physical interpretations
of the line shapes and the parameters derived from the fitting
procedure will be presented, but the overall approach of this
study is empirical. The hope is that this more quantitative
approach will provide a basis for future theoretical consider-
ation of the line shapes and parameters which describe
NEXAFS spectra.

The organization of this paper is as follows. The details
of the experimental apparatus and conditions are presented
in Sec. I1. In Sec. III the NEXAFS spectra of various hydro-
carbon containing molecules will be compared and the peaks
assigned to specific transitions. The analysis of NEXAFS
spectra is split into two sections with the first, Sec. IV A,
devoted to analyzing the angle-dependent components of the
NEXAFS spectra which are isolated by forming difference
spectra. This analysis consists of least-squares fits to the data
and interpretation of the angular dependence of x-ray ab-
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sorption by various physical models for the geometry of the
hydrocarbon chains on the surface. The second data analy-
sis, Sec. IV B, considers how the angle-dependent and iso-
tropic components of the NEXAFS spectra combine to form
the complete spectra. This is performed again by least-
squares fitting and comparison to various physical models.
In Sec. V the results are discussed in terms of a microscopic
model of surface-bonding and interchain interaction effects.
Our results are compared to that of other NEXAFS studies
on related molecules and to studies of LB films using other
techniques. Conclusions are drawn in Sec. V1.

Il. EXPERIMENTAL DETAILS

The experiments were performed on beam line I-1 at the
Stanford Synchrotron Radiation Laboratory with the use of
a grasshopper monochromator (1200 lines/mm holograph-
ic grating). Details of the beam line and data acquisition
technique have been previously published.®!' The NEXAFS
spectra were obtained by total electron yield detection. The
x-ray incidence angle was varied from 20° incidence (E near
surface normal) to normal incidence (E in surface plane).
The energy scale was calibrated using the carbon contamin-
ants on the optical surfaces of the monochromator which
have two major absorption peaks at 284.7 and 291.0 eV. The
spectra were divided by the signal from a gold grid reference
monitor in order to correct for the transmission function of
the monochromator.

The three LB films which were analyzed were chosen
because they represented a variety of orientations for mono-
layer LB films ranging from the hydrocarbon chain being
normal to the surface, tilted, or disordered. These differ-
ences in orientation are likely the result of the conditions
during film preparation and do not represent the only orien-
tation possible for these assemblies. That is, a different com-
bination of pH, concentration, or just a better transfer from
solution (in the case of the arachidic acid film) may result in
a different orientation for these assemblies. Single layer LB
films were prepared in air on silicon substrates. The silicon
wafers were first dipped in Buffered Oxide Etch (J. T. Baker,
Phillipsburg, NJ) in order to remove the native oxide along
with contaminants. Since the LB films were prepared in air,
however, the oxide growth is expected to have partially re-
grown. Immediately preceding the transfer of the LB mono-
layer, the wafer was further cleaned with a solution of No
Chro Mix Water (Barnstead, Nanopure grade) and dried in
nitrogen flow. Arachidic acid (Lachat Chemicals, Mequon,
WI) was used as received. The LB monolayers were pre-
pared on a commercially available film balance (Joyce
Loebl) with a solid Teflon trough instead of the originally
supplied glass tank. The solutions used to prepare the LB
films were: Nanopure water at a pH of 5.8 for the arachidic
acid film; 2.5X 10™* mol ¢~' CdCl, maintained at a pH
between 7 and 8 with a Na,CO; buffer for the cadmium
arachidate film; and 1 X 10~ *mol ¢~ ! CaCO, maintained at
a pH between 7 and 8 for the calcium arachidate film. The
transfer pressure used was 30 mN m ™.

For the NEXAFS measurement the samples were
placed in a stainless steel vacuum chamber which was evacu-

ated (without baking) to 1X107® Torr. The Langmuir—
Blodgett films were quite stable since measurements on some
of the samples repeated 6 months later showed little change.
Also, no radiation damage effects were observed at the pho-
ton fluxes (~2X 10° photons s~ ') used in the present ex-
periments.

. EXPERIMENTAL RESULTS

The carbon core-level excitation spectrum of a molecule
containing a hydrocarbon chain exhibits several features
which are characteristic of hydrocarbons and which do not
greatly depend upon the precise environment in which the
hydrocarbon chain is located. For example, the carbon core-
level excitation spectra of a variety of molecules containing
hydrocarbon chains including gas phase hexane,'? several
LB films on oxidized Si(111) surfaces, and a thin polyethyl-
ene film on Si(111), are presented in Fig. 1, and in each case,
three pronounced resonances are observed which are char-
acteristic of hydrocarbon chains. The first and lowest energy
resonance occurs at 287-289 eV and is attributed to a transi-
tion to antibonding orbitals involving the C-H bonds. This
assignment is based upon comparison to the core excitation
spectra of cyclic'® and linear'? hydrocarbons where such an
assignment was originally proposed, and from studies of ori-
ented polyethylene and chemisorbed hydrocarbons.!* This
assignment is further supported by the angular dependence
of this peak for the oriented chains examined in this study
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FIG. 1. The carbon K-edge excitation spectra of various molecules contain-
ing hydrocarbon chains are similar despite differences in environment. All
of the spectra show three peaks characteristic of hydrocarbons. The top
spectrum is the electron impact excitation spectrum of gaseous n-hexane
(Ref. 12). The remaining are NEXAFS spectra from this study. To mini-
mize angular effects, the NEXAFS spectra were taken at an x-ray incidence
angle of 50°. The polyethylene sample consisted of a thin polyethylene film
on a silicon wafer which showed preferential orientation of the chains per-
pendicular to the surface.
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which is discussed in detail below. The second resonance
characteristic of hydrocarbons occurs at 291-293 eV and is
assigned to a transition to the o* orbital of the C-C bonds.
The position and width of this resonance is typical of C-C
single bonds.'? The origin of the third resonance which oc-
curs at 300-302 eV is presently not understood, but as shown
in Fig. 1, has been observed before in the carbon K-edge
spectra of gaseous alkanes. We assign it to C—-C antibonding
orbitals based upon its angular dependence as discussed in
detail below and label it as a C~C’c* resonance. The similar-
ity between the NEXAFS spectra of the LB films and of
polyethylene (Fig. 1) indicate that the spectra of the LB
films is dominated by resonances associated with the hydro-
carbon chain with little contribution from the terminal car-
boxylate group. This is expected from the number of carbon
atoms contained in the hydrocarbon chain (19) vs the single
carbon atom contained in the carboxylate group. Thus, the
carboxylate resonances should be approximately 5% of the
size of the hydrocarbon resonances. In addition, there is a
minor feature in the spectra of the LB films at 284.7 eV
which is due to incomplete correction for the transmission
function of the monochromator. There is also a minor peak
at approximately 285.5 eV in the spectra of polyethylene and
the arachidic acid film which is attributed to a graphitic car-
bon contaminant.

When the hydrocarbon chains are oriented, the intensi-
ties of the three principal resonances depend strongly upon
the angle of x-ray incidence. This occurs because the x rays
produced by the storage ring are approximately 85% polar-
ized in the plane of the orbit,” therefore, the intensity of a
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FIG. 2. The carbon K-edge NEXAFS spectra of a cadmium arachidate film
onaSi(111) surface at x-ray incidence angles of 20°, 45°, and 90°. The strong
angular dependence of the C-H*, C-C o*, and C-C’ o* resonances indicate
that the hydrocarbon chains of this film are oriented near the surface nor-
mal.

NEXAFS resonance depends upon the angle between E of
the light and the p-orbital component of the final state.!’
This is demonstrated in Fig. 2 for the LB film of cadmium
arachidate on Si(111). The C—-H* resonance is strong under
normal x-ray incidence (E parallel to the surface) while the
C-C o* and C-C’ o* resonances are strongest under glanc-
ing x-ray incidence (E normal to the surface). For these
types of resonances, the NEXAFS peaks are expected to be
strongest when E is parallel to the respective bonds, so this
angular dependence already indicates that the hydrocarbon
chains of the Cd arachidate are roughly oriented with the C-
H bonds parallel to the surface and the C~C bonds perpen-

dicular to the surface.
Not all of the samples exhibit the same degree of angular

dependence which makes this a useful criterion for detecting
the presence and orientation of oriented hydrocarbon chains.
For example, Fig. 3 compares the angular dependence of the
Cd arachidate, Ca arachidate, and arachidic acid films. The
top row of Fig. 3 compares the spectra under normal x-ray
incidence, the second row compares the spectra under glanc-
ing x-ray incidence, and the bottom row compares the result
of subtracting the glancing from the normal incidence spec-
tra. This comparison shows that the Cd arachidate exhibits
the greatest dependence upon x-ray incidence angle, the Ca
arachidate exhibits a somewhat weaker dependence, while
the free arachidic acid exhibits almost no angular depen-
dence. These results indicate that the Cd and Ca arachidate
films studied have oriented hydrocarbon chains. Further-
more, quantitative analysis in the next section will show that
the weaker angular dependence of the Ca arachidate is due to
a tilting of its hydrocarbon chain by approximately 33° rela-
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FIG. 3. Comparison of the angular dependence of the NEXAFS spectra of
films of cadmium arachidate, calcium arachidate and arachidic acid on a
Si(111) surface. The top row shows the spectra near normal x-ray inci-
dence, the second row shows the spectra near a glancing incidence angle,
and the bottom row shows the result of subtracting the glancing incidence
spectra from the normal incidence spectra. Cadmium arachidate in the first
column shows the strongest angular dependence indicating its hydrocarbon
chains are nearest the surface normal. The angular dependence of calcium
arachidate (second column) is reduced indicating a more tilted geometry.
The arachidic acid film (third column) has almost no angular dependence
indicating formation of a disordered layer.
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tive to the surface normal, whereas the hydrocarbon chain of
Cd arachidate is nearly normal to the surface. The absence of
an angular dependence for the arachidic acid chain could be
due to two possibilities. Either the chains are disordered with
no net orientation of the bonds or all of the bonds are fortu-
itously oriented at the magic angle of 54.7° away from the
surface normal.’® Arguments presented later suggest the for-
mer.

IV. NEXAFS SPECTRAL ANALYSIS

A. Analysis of difference spectra

In order to investigate quantitatively the angular depen-
dence of these resonances and thus more precisely deduce
the orientations of these LB films, a detailed investigation of
the angular dependence of the NEXAFS spectra was under-
taken and a mathematical fitting procedure developed to
quantify the results. To begin this, a series of NEXAFS spec-
tra of the LB films were measured as a function of the E
orientation angle in 10° intervals from 20° to 90° (Figs. 4 and
5). These figures clearly show the pronounced angular de-
pendence of the three principal resonances already men-
tioned. These figures also show, however, that there is signif-
icant structure in the background which must be separated
from the angular dependent structure in order to interpret
the results quantitatively.

One method of isolating the angular dependent struc-
ture in the NEXAFS spectra is to examine the result of sub-
tracting the spectra from each other. These “difference spec-
tra” remove all of the isotropic components of the NEXAFS
spectra including the effects of incomplete x-ray polariza-
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FIG. 4. The carbon K-edge NEXAFS spectra of a cadmium arachidate film
onaSi(111) surface at x-ray incidence angles of 20° to 90°in 10° increments.
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FIG. 5. The carbon K-edge NEXAFS spectra of a calcium arachidate film
on a Si(111) surface at x-ray incidence angles of 20° to 80°in 10° increments.

tion, the constant background due to transitions to contin-
uum states, and any other isotropic structure, thereby isolat-
ing the angle dependent features. For example, Fig. 6
illustrates the result of subtracting the Cd arachidate spec-
trum at 6 = 50° from each of the other angles of incidence.
Before subtraction, the spectra were scaled to match their
values at 275 and 320 eV. The result is the three clearly
defined angle-dependent resonances identified earlier which
can now be studied in more detail.

Several aspects of the angular dependent resonances are
apparent from an inspection of this series of difference spec-
tra. First, while the intensity of each of these peaks depends
strongly upon x-ray incidence angle, the positions and
widths do not vary with x-ray incidence angle. Second, the
line shapes of each peak do not depend upon the x-ray inci-
dence angle but do differ among the three resonances. For
example, the two lowest-energy peaks are nearly symmetri-
cal while the third resonance at 301 eV is noticeably asym-
metric with a high energy tail.

In order to quantify these observations the difference
spectra were subject to a least-squares fitting procedure as
illustrated in Fig. 7. From this procedure a general trend can
be identified, which is, the width and a symmetry of a
NEXAFS peak increase as its position increases in energy.
In general, the resonances below or near the C 1s ionization
limit (approximately 291 eV) are well described by a Gaus-
sian line shape while higher energy peaks require an increas-
ingly asymmetric function. For example, Fig. 7 shows that
the two lowest energy peaks are well described by a Gaussian
line shape. The narrowest peak at 288.0 eV is expected to
have a nearly perfect Gaussian line shape because is FWHM
(full-width at half-maximum) of 1.6 ¢V is only slightly larg-
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FIG. 6. Difference spectra for a cadmium arachidate film on a Si(111) sur-
face at x-ray incidence angles of 20° to 90° in 10° increments. These differ-
ence spectra were obtained by subtracting the original spectrum at a 50°
incidence angle from each of the original spectra at the other angles of inci-
dence. This series of difference spectra indicates the three angular depen-
dent NEXAFS peaks.
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FIG. 7. Difference spectrum for cadmium arachidate film resulting from
the subtraction of the spectrum at an x-ray incidence angle of 50° from the
spectrum at an x-ray incidence angle of 90°. Superimposed and shown as a
dotted line is the least-squares fit of this difference spectrum. The two peaks
at lowest energy were fit with normal Gaussian functions while the highest
energy peak was fit with an asymmetric Gaussian function.

er than the resolution of monochromator (approximately
1.2 eV). The second resonance at 293.5 eV has a FWHM of
2.9 eV, however, which is considerably larger than the mon-
ochromator resolution, yet, it is also well described by a
Gaussian function. A slight asymmetry is apparent upon
careful inspection, however which is expected from the gen-
eralization above. This asymmetry becomes quite obvious
for the third resonance located at 301 eV so that an asymme-
tric function is required to describe it well. Since the source
of this asymmetry is not yet understood well enough to de-
scribe in mathematical terms based upon a physical model,
the third peak was fit to a simple empirically determined
function which served the purposes of this study. The func-
tion chosen was a modified Gaussian with an energy depen-
dent width. A normal Gaussian peak has the formula

—_ _ 2
I=HexP[ 2l (EW/f) ] (1)

where H is the maximum value of the function; W is the
FWHM of the peak; P is the position of the peak; E is the
independent variable which in this case is the energy; and c is

a constant defined by ¢ = 2y/In(4). The modified Gaussian
used to describe the third asymmetric NEXAFS resonance
differs in that W is not constant but depends upon the energy
E in a linear manner: W= (E — 190)m 4 b where
m = 0.3414 and b = - 30.24 as determined by the least-
squares fit to the data. The functions and parameters just
described provide a good fit to all of the difference spectra of
Cd arachidate—independent of angle—which justifies the
generalization made above that the width and positions of
these peaks are independent of E orientation. Furthermore,
these same functions and parameters fit the difference spec-
tra of Ca arachidate as well, demonstrating that the
NEXAFS features of a hydrocarbon chain do not depend
upon the details of its environment.

Since the difference spectra can be fit so well, it is rea-
sonable to analyze the variation in intensity of the various
peaks in the difference spectra as a function of E angle, 6, to
try to deduce the orientation of the various bonds and hence
of the molecules. Unfortunately, examination of the equa-
tions covering the angular dependence of NEXAFS reson-
ances reveals that the absolute orientation of a single layer
cannot be determined from its difference spectra alone. The
difference spectra of two similar systems can be compared,
however, to discern relative differences in orientation. Since
there already exists considerable evidence from vibrational
spectroscopy and coverage measurements that the hydro-
carbon chain of Cd arachidate is oriented normal to many
substrate materials,*> we shall use the relative information
from the difference spectra to show that the hydrocarbon
chains of Ca arachidate are tilted by 33 4 5° from the surface
normal. The absolute orientation of Cd arachidate will be
considered later in the analysis of the original NEXAFS
spectra to show that the spectra are consistent with the hy-
drocarbon chain being normal to the surface.

The equations covering the angular dependence of
NEXAFS resonances will be examined first to show why the
information about the molecular orientation is lost from the
difference spectra of a single sample. The NEXAFS reson-
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ances obey dipole selection rules so their intensity depends
upon the angle between E of the light and the p component of
the antibonding orbital which is involved. Instead of analyz-
ing the angular dependence in this molecular coordinate sys-
tem, it is easier to make measurements using a laboratory
based coordinate system. The basic equations concerning
the angular dependence of 7* and o* resonances in such a
laboratory coordinate system have already been presented in
detail elsewhere.!> As an example, consider a single vector-
type orbital such as an isolated C—C o* or C-H* orbitals in
the molecules of this study. The indensity due to the princi-
pal or parallel-polarized component of the x rays for a sub-
strate with threefold or higher symmetry is'*

Il =4 [cos® 6 cos’ a + } sin® @ sin’ a], (2)

where @ is the angle between E and the surface normal, « is
the angle between the p component of the antibonding orbi-
tal and the surface normal, and 4 is a constant which de-
pends upon the bond involved and the detection geometry. '
This can be rewritten as

Il =4 [cos’ 8(1 —§sin’ @) +}sin’a] . (3)
Upon subtracting two spectra for the same orientation of a

vector-type orbital but measured at different angles of 8, the
final term of Eq. (3) falls out to give
I, (0) — I, (Br)

=4 [1—3sin’a][cos’ @ — cos’ O] (4a)
or

I, (0) — L. ()

4b
cos? @ — cos’ 6. (4b)

= § = const.

In Eq. (4a) the unknown information contained in @ and 4
is separated from the known information regarding the ex-
perimental arrangement contained in 6. This is a general
phenomenon. Indeed, plots of the intensities of difference
spectra peaks for any type of orbital, not just the simple vec-
tor-type orbitals considered so far, exhibit the same general
dependence on € shown in Eq. (4b). For example, Fig. 8
plots the areas of the three peaks from the difference spectra
of Cd and Ca arachidate as a function of E angle and in all
cases the experimental data can be reasonably fit to Eq. (4b)
with a difference of only a positive or negative scale factor S.
In general, S has two components

S=A X f(geometry), (5)

where f (geometry) is a molecular orientation term and A
depends upon instrumental parameters and the x-ray ab-
sorption cross section. For the single vector-type orbital con-
sidered so far, S is defined by Eqs. (4a) and (4b) such that
S (geometry) =1 — 3sin’ a.

While the orientation of a single sample cannot be de-
duced from its difference spectra without knowing 4, the
difference spectra of two similar systems can be compared to
obtain their relative orientation. For example, since Cd and
Ca arachidate are so similar and since the same detection
apparatus was used in both measurements, the factor 4 in
Eq. (5) for these molecules can be assumed to be the same. If
Scq is divided by S, , the factors of A cancel, and an expres-
sion relating the geometries of the two molecules is obtained:

10 § —*— Cd Arachidate
~-&-- Ca Arachidate
[ ]
o0
3 r
m 4
q"> -10} A C-H Resonance
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FIG. 8. These plots compare the intensities of the three peaks in the differ-
ence spectra of Cd arachidate vs the intensities of the same three peaks of Ca
arachidate. For all three peaks, the angular dependence is greater for Cd
arachidate than for Ca arachidate. Also shown are fits of the data points to
Eq. (4b) showing that all of these resonances exhibit the same functional
dependence upon E-vector angle, 6.

R =8.,/Scy =fca/fca- The ratio R derived by fitting the
experimental data to Eq. (4b) as shown in Fig. 8 are:
R = 0.710 for the C-H* resonance, R = 0.652 for the C-C
o* resonance, and R = 0.656 for the C-C' o* resonance.

The values for the C-C and C-C’ o* resonances are
quite similar indicating that the angular dependence for
these resonances are the same. This forms the basis for iden-
tifying the third resonance at 301 eV as related to the C-C
bonding. The ratio R for the C-H* resonance, however, is
significantly different. This is because the C-H orbitals
make a different angle with the surface normal than the C-C
orbitals. In order to interpret these R values in terms of rela-
tive geometries of the two LB films, Eq. (5) needs to be
adapted by a mode] which takes into account the details of
the geometry of the hydrocarbon chains and the polarization
dependence of x-ray absorption.

The model which we propose for the LB chains on sili-
con is referred to as the “tilted-chain” model (Fig. 9). This
model averages over various domains so there is no net azi-
muthal orientation. Each individual hydrocarbon chain in
this model is assumed to tilt only in the plane containing the
C-C—Cbonds and have an all trans geometry. Furthermore,
the C-C bonds are treated as isolated vector-type orbitals as
in Eq. (4a), but each hydrocarbon chain has zwo C~C bonds
which make two different angles with E. Of course, if the
chain is normal to the surface and the C-C-C bond angles
are 115° '® then both C-C bonds make an angle of 32.5° with
the surface normal (a = 32.5°) and Eq. (4a) could be used
directly. If the chain is tilted, however, then the two C-C
bonds make different angles with the surface normal and Eq.
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(4a) cannot be used directly. Since there is a geometric rela-
tionship between the two C-C bonds, however, the equation
for a single orbital (4a) can be adapted to the case of a hydro-
carbon chain with an arbitrary tilt angle. First, the contribu-
tions of the two C-C bonds described by Eq. (4a) are added
together. Then the molecular geometry factors can be fac-
tored out so the geometric dependence is of the form

Fal @cers @ccs) =f@ce) + f(@ee)
= [1 —%SinzaCCl]
+ [l -3sin*ac ], (6a)
where a.c, and @, are the angles between the two individ-
ual C-C bonds and the surface normal. Changing to more

convenient coordinates yields

Cc-C

we (7)) =1—=3[14 cos 8¢ce cos 27], (6b)

where 7 is the tilt angle of the chain from the surface normal
and 8¢ is the C-C~-C bond angle. Note, that this equation
predicts the C-C o* resonance to be isotropic only if the
hydrocarbon chain is tilted by approximately 71°.

Combining the experimental observations with the tilt-
ed-chain model, Eq. (6b), implies that the Ca arachidate
hydrocarbon chain is tilted significantly more than the Cd
arachidate chain. This is deduced from the average ratio,
Sca/Scq = 0.654 measured for the C-C and C-C’ o* reson-
ances. Assuming that the hydrocarbon chain of Cd arachi-
date is oriented normal to the surface and that .. = 115°,
implies that the hydrocarbon chain of Ca arachidate is tilted
by 33.8°.

The C-H* resonances can also be analyzed using the
tilted-chain geometry to yield a tilt angle of 32.8° for the
hydrocarbon chain of Ca arachidate. Because the geometry
of the C-H bonds differs from the C-C bonds, the C-H*
resonance gives a measure of the relative tilting of the Ca and
Cd arachidate chains which is independent of the C-C re-
sonances. In this analysis we shall assume that the p compo-
nent of the two C-H antibonding orbitals is directed along
the C~H bonds. This geometry for the C~-H* orbitals is also
valid for linear combinations of the two C-H* orbitals which
have been invoked in certain cases,'* provided the two com-
ponents of C-H* orbitals have the same energy. This ap-
pears to be satisfied in this case since the position of the C-
H* resonance does not vary with changes in the orientation
of E. The starting point for describing the C-H orbitals is the
vector-type orbital whose NEXAFS angular dependence is
given in Eq. (4a). In the limiting case of the hydrocarbon
chains being normal to the surface, the C-H bonds are paral-
lel to the surface and ™ = 90°. As the chain tilts o™
decreases, but not identically with the tilt angle. Using the
same tilted-chain geometry as above, the relationship
between the tilt of the hydrocarbon chain, 7, and a“™* (the
angle the C~H bonds make with the surface normal) is

sin 7 ) 7
JT+tan? Buen /) )

where dycy is the HCH bond angle. Combining this equa-
tion with Eq. (4a) yields a relationship between the intensity
of the C-H* resonance in the difference spectra and the tilt
of hydrocarbon chain:

aSH(r) = arccos (

(1) =1—3[1—cos 27 + c08 Sy

— 08 27 08 Sycu | » (3

where 7 is the tilt angle of the chain from the surface normal.
Using Sycy = 110° and the experimental observation that
SSH/S EH = 0.710 yields a tilt of 32.8° for the Ca arachi-
date assuming the Cd arachidate is normal to the surface.
This differs by only a degree from the 33.8° value obtained
from the C-~C and C—-C'o* resonances with the tilted-chain
model so the data from the C~H, C-C, and C-C’ resonances
are remarkably consistent.

Although the tilted-chain model is the favored model
for the LB films for reasons discussed later, several other
models were considered and each predicts the Ca arachidate
chain to be more tilted than the Cd arachidate chain. For
example, another geometric mode] for the hydrocarbon
chainsis called the “spinning-chain” model and is illustrated
in Fig. 9. This model is so-called because the hydrocarbon
chains are allowed to spin about their axis rather than just
tilt in the CCC plane. In this case the C-H* orbitals can be
treated like a plane’® and the equation for f (geometry) be-
comes rather simple:

S =[1—3sin’ ), 9)
where ¥ is the tilt angle of the C-H plane as measured by the
angle between the normal to the C-H plane and the surface
normal. In this case ¥ = 7. Using Eq. (9) the tilt of Ca ara-
chidate becomes 25.4° assuming that the Cd arachidate
chain is normal to the surface and §.cc = 115°.

A similar tilt is determined from the C-C and C-C'c*
resonances using the spinning-chain model. The C-C bonds
transcribe a cone as the chain spins so the equation for f g;f
of the C-C and C-C’o* resonances is

cciry = =1 3 oefoo — f‘ﬁ-‘_) 2

spin (T) 5 + 5 €OS (90 5 cos’ 7. (10)
From the average measured ratio of 0.654, the tilt of the Ca
arachidate becomes 24.7° assuming that the chain of the Cd
arachidate is normal to the surface. This value is consistent
with the chain tilt of 25.4° obtained from the C-H orbitals
using the same spinning-chain model, but is about 8° less
than the tilted-chain model.

Finally, we considered a second possible model for x-ray
absorption by the C—C bonds which we call the “C~C inter-
action model”. This model assumes that interaction among

Tilted Chain Model Spinning Chain Model

FIG. 9. Comparison of the tilted-chain geometry with the spinning-chain
model. The tilted-chain model allows the hydrocarbon chains to tilt only in
the C—C-C plane. Individual chains are immobile, but because of different
domains there is no net azimuthal orientation. The spinning-chain model is
similar but the chains are allowed to rotate about the axis.
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two adjacent C—C antibonding orbitals forms two new anti-
bonding orbitals which are directed parallel and perpendicu-
lar to the chain direction. The reason this model was origin-
ally considered, and later rejected, will be discussed in detail
later, but basically it was because the strong angular depen-
dence of the C-C o* resonance in Cd arachidate (Fig. 2)
suggested that the C—-C antibonding orbital had to be direct-
ed exactly along the chain direction rather than along the
individual C-C bonds. If this model were followed and only
the contribution of the antibonding orbital parallel to the
chain is considered, the angular dependence of the C-C reso-
nance is like a simple vector orbital described in Eq. (4a)
where « is the same as the tilt angle 7. The tilt of the Ca
arachidate is then estimated to be 28.7°, assuming that the
Cd arachidate is normal to the surface. In this model the C-
H* resonance intensities could lead to either 25.4° by use of
the spinning chain or 32.8° by use of the tilted-chain model.
Therefore, there is an inconsistency of the tilt angles derived
from the C-C o* and C-H* resonances in this model.

B. Analysis of original spectra

From the difference spectra only the orientation of a
molecule relative to a similar molecule can be obtained. For
example, the previous section showed that the hydrocarbon
chain of the Ca arachidate was tilted by 25.4° to 33.8° (de-
pending upon the model used) relative to Cd arachidate as-
suming the chain of the latter was oriented normal to the
surface. In order to determine the absolute orientations of
either Ca or Cd arachidate, however, one must analyze the
original spectra. In this section the original NEXAFS spec-
tra for the Cd arachidate film will be analyzed using a fitting
procedure. The results indicate that the hydrocarbon chain
of Cd arachidate is, indeed, oriented normal to the surface.

The second reason to analyze the original NEXAFS
spectra is to show that the angular dependence of the C-C o*
resonance can be explained by noninteracting C-C anti-
bonding orbitals. This is contrasted with the C-Cinteraction
model mentioned above in which there is interaction
between adjacent C-C antibonding orbitals to form two new
orbitals which are parallel and perpendicular to the hydro-
carbon chain direction. The reason why it was ever consid-
ered in the first place is that in the series of original spectra
for Cd arachidate in Fig. 4, the C—C o* resonance appears to
disappear entirely at normal x-ray incidence (see also Fig.
2). This is not possible, however, for x-ray absorption by
noninteracting C—-C bonds of a hydrocarbon chain because
the 115° C—C-C bond angle means there is always a projec-
tion of E onto one of the C-C bonds. Thus it seemed from the
NEXAFS spectra that interaction of the C-C antibonding
orbitals must have occurred to form new antibonding orbi-
tals which are parallel and perpendicular to the hydrocarbon
chain. This was entirely plausible since such interaction does
occur in excitations of the valence orbitals of hydrocar-
bons.'”!® The analysis of the original NEXAFS spectra in
this section will demonstrate that, with reasonable assump-
tions regarding the background and despite the appearance
of the spectra, the angular dependence of the C-C o* reso-
nance is consistent with noninteracting C-C antibonding or-
bitals. Furthermore, the C-C interaction model was defi-

cient in that no resonance could be found to correspond to
the antibonding orbital perpendicular to the chain.

The original spectra are composed of several features,
some of which depend upon angle some of which do not. The
angle-dependent features have already been identified from
the difference spectra as regards their position and widths.
Their absolute intensities are not known, however. The iso-
tropic features, of course, fall out of the difference spectra so
are not yet characterized. They can be divided into two
groups, however, one final state which represents transitions
to the continuum and a group of states which represent tran-
sitions to discrete states. The approach in this paper will be to
provide a mathematical function for transitions to the first
type of final state, the continuum, and then use a subtraction
procedure to eliminate the remaining discrete final states.

The first step is to insert the mathematical functions for
the angular dependent peaks and create a function to de-
scribe the step in the spectrum which occurs because of tran-
sitions to the continuum states. Figure 10 illustrates the re-
sult of this process by showing the normal x-ray incidence
Cd arachidate spectrum with the selected mathematical
functions superimposed. The positions and widths of the
three peaks in the top graph were exactly those obtained
from the difference spectra. Also shown is a step-like func-
tion which represents the transitions to the continuum.
There have been previous attempts to functionalize this step,

Cd Arachidate/Si(111) NEXAFS
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FIG. 10. This diagram shows how the original spectrum for cadmium ara-
chidate at normal x-ray incidence [solid line in (a)] is composed of three
angular dependent peaks and the x-ray absorption step [individual features
are dashed and the sum is dotted in (a)] and an isotropic background
[shown in (b)]. The size of the C-C o* resonance shown here is just large
enough to be consistent with a hydrocarbon chain normal to the surface and
with noninteracting C-C antibonding orbitals.
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for example, in the study of the C 1s edge of diamond by
Morar et al.'® and in the study of the L, , near-edge region of
Pt and Ir compounds by Horsley.?° In these studies the step
was represented by the integral of a Lorentzion function
which is an arctan function. The error function was chosen
in this work to represent the transitions to the continuum
because this function is the result of a convolution of a verti-
cal step with the Gaussian output of the monochromator. A
linearly decaying background was also added to represent
the decay which is normally observed in x-ray absorption
spectra above the edge:

Ly, =H['l‘+iel’f(E—P

)] E<P+ W, (11a)

2 2 W/c

1 1 E—P
L. =H|— —rf( )] d(E—P—W),
toP [2+2e W /c +d W)

E>P+ W, (11b)

where H is the height of the function immediately above the
step, P is the position of the inflection point of the step, E is
the independent variable which in this case is energy, W is
the FWHM of the step, ¢ is a constant defined by

¢ = 2y/In(4), and dis the linear decay in the region above the
step. The linear decay was established by a fit to the flattest
region above the step which occurs between 315 to 325 ¢V in
the glancing incidence spectra.

Although the positions and widths of angle-dependent
NEXAFS peaks can be obtained from the difference spectra,
their intensities cannot be so easily derived and, indeed, ob-
taining the intensities is the principal difficulty in analyzing
the original spectra. The reason the intensities are so hard to
determine is that the exact shape of the background is un-
known. For example, examination of the outlines formed by
the series of original spectra of Cd and Ca arachidate in Figs.
4 and 5 suggests a background with considerable structure.
Since one of the purposes of analyzing the original spectra is
to show that the C—C o* resonance is consistent with nonin-
teracting C—C antibonding orbitals, the height of the C-C o*
resonance will be set so that it tests this assumption. This is
accomplished if the C—C o* resonance at 293.5 eV is maxi-
mized under normal x-ray incidence using a linear back-
ground as shown in Fig. 10.

This test of the original NEXAFS spectra demonstrates
that they are consistent with noninteracting C-C antibond-
ing orbitals. With the intensity of the C-C o* resonance set
as shown in Fig. 10, the intensities of the C-C o* resonance
at 301 eV and the C-H* resonance at 288.2 eV were then
fixed in this normal incidence spectrum so that they were
consistent with the angular dependence of the 293.5 eV peak
(Fig. 10). While the angular-dependent resonances and the
continuum states can be easily fit to a mathematical model,
the remaining isotropic discrete states cannot. Instead of try-
ing to parametrize the remaining isotropic states they will
simply be obtained by subtracting the mathematically de-
scribed states from the original spectra. This “constant back-
ground” obtained by subtracting the calculated dotted curve
in Fig. 10 from the experimental spectrum is shown at the
bottom of Fig. 10 and resembles the background outlined by
the curves in Figs. 4 and 5. This constant background was
subtracted from each of the spectra at the other angles of x-

ray incidence and the result least-squares fit to the remaining
mathematical functions. The resultant intensity variation of
the three angle dependent peaks are shown in Fig. 11 which
plots the absolute intensity of the C~-H*, C-C o*, and C-C’
o* resonances vs the polar angle between E and the surface
normal. Also shown is the calculated intensity of these peaks
using the assumptions of the tilted-chain model described
above as the hydrocarbon chain tilts by 0°, 10°, 20°, and 30°
from the surface normal. The calculated intensities of the
C-C and C-C’ o* resonances are obtained by summing the
result of Eq. (2) for the two C~Cbonds as the chain tilts. The
effects of 85% x-ray polarization® are also accounted for as
described elsewhere.'’ The calculated intensity of the C-H*
resonances also uses Eq. (2) combined with Eq. (7) to con-
vert from ac_y coordinates to 7 which is the more conven-
ient tilt of the hydrocarbon chain. The plot of Fig. 11 shows
that the angular variation of the C-C o* resonance is just
great enough for the hydrocarbon chain of Cd arachidate to
be normal to the surface, and shows that the C-C’ o* and
C-H* resonances can also be made consistent with this mod-
el. The importance of Fig. 11 is that it shows that the angular
dependence of the three variable NEXAFS peaks can be
made consistent with noninteracting C-C antibonding orbi-
tals using reasonable assumptions regarding the background
and other parameters.

Although the constant background which was subtract-
ed out of the spectrum of Fig. 10 cannot be assigned defini-
tively to specific final states, there are a number of possibili-
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FIG. 11. Plots of the areas of the C-H*, C-C o*, and C—C’ ¢* resonances
obtained from fits of the original Cd arachidate spectra after subtracting the
isotropic background of Fig. 10 from each spectrum. The angular depen-
dence of the C-C o* resonance, in particular, is just great enough to be
consistent with a hydrocarbon chain oriented normal to the surface assum-
ing that the tilted-chain model applies with its noninteracting C—C orbitals.
The angular dependences of the C-H* and C-C’ o* resonances are also
consistent with this model.
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ties for the source of this structure. For example, part of the
peak stretching from 296 to 303 eV is certainly due to the
carboxylate group of the arachidate. In particular, reson-
ances of the C-O and C—0 o* bonds are expected in this
region by comparison to formic acid which has such features
at 297.5 and 301.4 eV.?! Note, that if the carboxylate groups
are ordered then their NEXAFS features might exhibit an
angular dependence. The carboxylate group contributes
only 1 out of 20 of the carbon atoms of the arachidic acid
molecule, however, so the overall intensity of these features
are expected to be relatively small, therefore, the angular
dependence of them has been ignored. Since the LB films
were prepared in air there may also be some contamination
of carbon or organics adsorbed on the silicon surface or on
top of the LB layer which would contribute to this constant

background. Finally, some of this constant background may.

be due to final states resulting from the electronic band
structure of these long hydrocarbon chain molecules. This is
supported by the close resemblance of the LB film spectra
and those for polyethylene.??

V. DISCUSSION

This study finds a distinct difference in the orientations
of the hydrocarbon chains of Cd and Ca arachidate on the
Si(111) surface. In particular, the tilt angles are estimated to
be 0° and 33° from the surface normal, respectively, as illus-
trated in Fig. 12. There is a simple geometric argument
which can account for the stability of these two orientations.
Referring to the bottom of Fig. 12, adjacent hydrocarbon
chains have the tightest packing in an all trans geometry
when the C-C-C angles of adjacent chains are directly
across from each other. That is, when a perpendicular line
drawn from an atom on one chain intersects the correspond-

Cd Arachidate

FIG. 12. Packing of hydro-
carbon chains and quan-
tum tilt model. Proposed
models for the hydrocar-
bon chain orientation of
films of cadmium and cal-
cium arachidate. The cad-
mium arachidate chains are
nearly normal to the sur-
face (top), while the cal-
cium arachidate chains are
tilted by 33°. At the bottom
is shown how efficient
packing of the chains de-
pends upon the tilt angle
and separation between
chains.

=

7777

Ca Arachidate

R [
T
B

ing atom on the adjacent chain. Only certain discrete tilt
angles fulfill this condition. From the right-angle triangle
which is shown at the bottom of Fig. 12, the condition is
satisfied when

nR

tanr="2 n=012,..., (12)
D

where 7 is the tilt of the hydrocarbon chain from the surface
normal, R is the distance between second nearest-neighbor
carbon atoms along the chain (typically R = 2.52A), and D
is the minimum separation between hydrocarbon chains
which is typically D = 3.6 to 4.0 A.?® Clearly, if the chains
are vertical (7 = 0°and n = 0) then any separation between
chains satisfies Eq. (12). Cd arachidate is an example of this
type of packing. If the chains are tilted, however, then
crowding between the chains becomes important and only
certain angles are allowed. For example, Eq. (12) predicts a
tilt angle of 32° to 35° with n = 1, a tilt of 51° to 54° with
n =2, a tilt of 62° to 64° with n = 3, a tilt of 68° to 70° with
n=4,and atilt of 72°to 74’ with n = 5. The caseof n = 1 is
in good agreement with the 33° tilt angle determined for Ca
arachidate. Thus Cd and Ca arachidate satisfy Eq. (12) with
values of n = 0 and 1, respectively.

This microscopic model further predicts that the cover-
ages of the LB film should decrease as the tilt of the hydro-
carbon chains increase which is qualitative agreement with
observations. From the bottom of Fig. 12, it is apparent that
if the perpendicular distance between chains D is fixed, the
base B of the right angled triangle which is parallel to the
surface increases as the tilt of the hydrocarbon chain in-
creases. This implies that as the hydrocarbon chains tilt the
separation between chains along the surface increases or that
the coverage decreases. Also, for tilted chains the coverage is
expected to be lower because at domain boundaries there is a
reduced density. Experimentally this is observed since the
relative coverages of Cd arachidate, Ca arachidate, and ara-
chidic acid are 1.0, 0.65, and 0.15, respectively, as measured
from the heights of the edge jumps after the spectra are nor-
malized to the same value immediately below the edge. Thus
it is seen that the coverages of Cd and Ca arachidate as well
as the detailed angular dependence study above, indicate
that the hydrocarbon chains of Ca arachidate are tilted more
than that of Cd arachidate.

The angular dependence and coverage of the arachidic
acid suggest that the hydrocarbon chains are disordered. As
discussed with Eq. (6b) the isotropy of the C-C o* reso-
nance could be attributed to disorder chains or fortuitous
tilts of the hydrocarbon chain near 71°. In order for the
C-H* resonance to be isotropic, however, Eq. (8) indicates
that the tilt of the arachidic acid chain would have to be
nearly 90°. Thus the requirements for isotropy of the C-C o*
and C-H* resonances are different suggesting that the hy-
drocarbon chains of arachidic acid are actually disordered.
The low relative coverage of arachidic acid vs that of the
ordered layers of Ca and Cd arachidate also seems consistent
with disordered hydrocarbon chains. This disorder may be
the result of the difference in the carboxyl group which for
the salts is stripped of its hydrogen atom but is intact in the
acid. Therefore, for the salt both oxygens can contribute to
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the surface bond while in the acid hydrogen bonding to the
surface and/or, more likely, between the molecules is ex-
pected to be important.

Several other aspects of the structure of the LB chains
on Si(111) are apparent from the NEXAFS spectra. First,
while the differences in orientation of the hydrocarbon
chains observed for the various films is largely attributed to
conditions during transfer of the films, the cation involved
and the bonding of the arachidate chain to it may also be
important. Indeed, Fig. 12 suggests that Cd arachidate with
its vertical chain is bonded to the surface with only one oxy-
gen atom, while Ca arachidate with its tilted chain is almost
perfectly chelated with both oxygens on the surface. Of
course, kinks in the chain near the carboxylate group might
change this geometry somewhat. Thus, precisely how the
carboxylate group bonds to the surface and how it accomo-
dates differences in the orientation of the hydrocarbon chain
remain interesting questions. The second aspect of the geom-
etry indicated by these results is that the hydrocarbon chains
areimmobile and not able to freely spin about their axis. This
is, the tilted-chain model is favored over the spinning-chain
model in explaining the angular dependence of the three ma-
jor NEXAFS resonances. One reason against the spinning-
chain model is the small 24.7° to 25.4° tilt angle it predicts for
Ca arachidate which is about 8° less than that predicted by
the microscopic model above. It is also hard to understand
how the carboxylate group of Ca arachidate could be coordi-
nated to the surface if the chain is allowed to spin about its
axis (Fig. 12). )

The results of this NEXAFS study are in general agree-
ment with previous studies regarding the orientation of LB
films. For example, previous studies of the orientation of Cd
arachidate multilayers on silver and silver bromide sub-
strates found that the hydrocarbon chains were oriented
nearly normal to those surfaces just like on the Si(111) sur-
face of this study.* Also, on glass waveguides a perpendicu-
lar orientation of the hydrocarbon chains was found.® In-
deed, it seems as if these are not epitaxial films since the
orientation is considered to be independent of the sub-
strate.”*

The second major result of this study is the guidelines it
establishes for the quantitative analysis of NEXAFS spectra.
In particular, the descriptions of the line shapes of the var-
ious NEXAFS peaks and the description of the absorption
step caused by ionization to states in the continuum. In sev-
eral cases a physical reason can be given for the choice of the
particular function used or of the parameter derived. There
are several examples of this. (1) The C-H* resonance is
Gaussian in shape because its width is near that of the resolu-
tion of the monochromator. (2) The shape of the absorption
step to the continuum is based upon the convolution of a
Gaussian peak and a vertical step. (3) The position of the
inflection point of the step which was derived in this work so
that the angular dependence of the C-H* resonance was
consistent with that of the C—C o* resonance, was 287.6 eV.
This value suggests that the absorption step is due to transi-
tions from the C 1slevel to the CBM (conduction band mini-
mum) of a long hydrocarbon chain. For comparison, the
binding energy of the C 1s level relative to the CBM has been

measured by photoemission to be 288.5 + 0.3 eV for poly-
ethylene.?® This energy is 0.9 eV higher than the inflection
point which we measure, but we expect a difference because
of excitonic transitions just below the edge which could not
be resolved with our monochromator resolution. Such exci-
tonic levels have been resolved in the near-edge spectrum of
diamond."® These excitonic levels may also distort the width
of the step since a width of 2.83 ¢V had to be used to obtain a
reasonable fit whereas the monochromator resolution is
about 1.2 eV.

Finally, this work reinforces the principle that
NEXAFS spectra can generally be described as the superpo-
sition of the features from the constituent bonds of the sys-
tem being studied. In particular, the C-C o* resonance can
be described as due to resonances with noninteracting C-C
antibonding orbitals. This differs from the case of valence-
level excitation of hydrocarbons where extensive interaction
occurs which is apparent as a splitting of the valence levels
resulting in a series of transitions.'”'® In the core-level exci-
tation spectra observed here, however, there is no splitting of
the C—C o™ resonance position and the polarization depen-
dence follows that of the individual C-C o* orbitals. This is
also predicted by Xa multiple scattering calculations for
propane.'* This noninteracting model for antibonding orbi-
tals has generally been observed to be followed in the
NEXAPFS spectra of molecules containing different types of
bonds. For example, the NEXAFS spectra of polyfunctional
molecules can largely be explained as a superposition of fea-
tures of the individual functional groups.?' The only known
exception to this superposition principle is the case of conju-
gated 7 bonds.?!26

VI. CONCLUSIONS

In this study the orientations of arachidate LB films on
Si(111) are examined. Cd and Ca arachidate films form well
ordered layers where the hydrocarbon chains are estimated
to be tilted by 0° and 33°, respectively. These tilt angles are
the result of packing considerations for the hydrocarbon
chains which can be predicted from a simple geometric mod-
el. Arachidic acid, in contrast, forms disordered layers.

In addition, a quantitative approach toward the analysis
of NEXAFS spectra is developed using least-squares fitting
of difference spectra and the original NEXAFS spectra. This
approach demonstrates that the NEXAFS spectra of hydro-
carbon chains are similar with respect to the number, posi-
tions, widths, and line shapes of the NEXAFS features, re-
gardless of the type of molecule or environment in which the
hydrocarbon chain is located. Furthermore, the NEXAFS
spectra are well described by a noninteracting C-C bond
model in contrast to the case of valence level UV absorption
spectra.
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