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Core and valence electronic levels of normal alkanes have been studied in the solid phase by means of x-ray
photoelectron spectroscopy. By comparing the calibrated C 1s core-level binding energies with previous
measurements in the gas phase, one estimates the magnitude of the polarization or the extra-molecular
relaxation energy to be about 1.5 eV. The observed structures in the valence band from n-pentane to
polyethylene are discussed in terms of the evolution of an electronic level to a band structure in a quasi-one-
dimensional solid. Intermolecular interactions and crystal-field effect on solid-state electron energy distribution
are studied by comparing gas- and solid-phase spectra. Long-range interatomic interactions in a tridimensional
solid are analyzed through the comparison of the valence-band structures in polyethylene, graphite, and

diamond.

I. INTRODUCTION

X-ray photoelectron spectroscopy (XPS) allows
the study of the energy levels occupied by electrons
in atoms and molecules in gas, liquid, or solid
phases.® When these atoms are periodically ar-
ranged in a crystal, their electrons are distribu-
ted within energy bands, characteristic of the
solid. In this work, we propose to follow and
analyze the construction mechanism of an elec-
tronic energy band from a discrete electronic
level, during the progressive formation of a solid.
Indeed the spectrum of a free atom is gradually
modified as atoms are assembled to form a solid.

Let us take the following simple model. When
two identical atoms are brought near each other
to form a molecule, their electronic clouds over-
lap. As a result, the electronic levels doubly de-
generated in this system split during the formation
of the molecule. The energy splitting for an elec-
tronic level will be more pronounced for the outer-
most shells of the molecule where the overlap
between the atomic orbitals is larger. Outer
orbitals, which have larger radii and are loosely
bound to their own nuclei, will be more affected
by the perturbation. The Pauli exclusion rule
then acts as the aufbau principle, i.e., it governs
the distribution of the electrons on each molecular
level. The considerations may be generalized to
a polyatomic molecule containing an arbitrary
number of identical atoms or groups of atoms.

As the number of atoms in the molecules in-
creases, the electronic level density will increase
correspondingly, and gradually this will become a
band structure.

An illustration of such a band-structure forma-
tion was recently reported in the XPS analysis of
the 4d electronic band of small silver particles
with varying size.? Indeed, at high coverages,

i.e., for a larger size of the clusters, band struc-
tures characteristic of the solid are observed.

We found®* that the alkanes series (formula
C, Hy,uo0 1 Sn <) is suitable to study step by step
the formation of a band structure, the successive
molecules with increasing number » being in fact
considered as progressive steps in constructing a
quasi-one-dimensional solid. As a first approach,
it was chosen to work with gases, thereby avoiding
the disturbing influence of intermolecular inter-
actions. In a previous paper,® we have presented
the x-ray photoemission spectra of the n-alkanes
in the gas phase together with some ab inifio mole-
cular-orbital calculations.

In the present paper, we extend this study to the
solid phase. Some alkane molecules previously
studied® (n=5,9,13) are reconsidered in the con-
densed phase, together with a few new compounds
(alkanes withn=6,7,8,10,17,26).

Our work will be presented as follows. The ex-
perimental procedures are given in Sec. II. The
corresponding core-level results are gathered in
Sec. III, whereas valence-band spectra will then
be discussed in Sec. IV.

II. EXPERIMENTAL

The normal alkanes were obtained commercially
and used without further purification. Unless
otherwise mentioned, they were at least of 99+%
purity, and purchased from Aldrich chemicals
[n=5,6,8,10,13,17(99%), 36 (98%)], Merck (n="17,9),
and Eastman-Kodak Co. (#=26). In STP con-
ditions, these molecules are in the liquid phase
for 5 <sx <17, and in the solid one for » > 26.

In order to be studied as solids in ultrahigh
vacuum, most of these alkanes must be condensed
on a cooled substrate. Therefore a special gas
inlet system was adapted to the sample preparation
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chamber of the Hewlett-Packard 5950A ESCA
Spectrometer. During the condensation process the
gases were admitted én sifu at a pressure of 1075~
10* Torr and the residual gas pressure was esti-
mated to be in the 10™8-Torr region. After this
procedure the vacuum recovered rapidly the 107
Torr in the preparation chamber and the analysis
was performed at (1-3) X 10™° Torr in the main
chamber. The samples were irradiated with mo-
nochromatized Al Ka radiations (1486.6 eV) and
the photoejected electrons analyzed in energy in
the conventional way.5

The alkanes are organic insulators and conse-
quently the photoemission charges electro-
statically these samples. The use of thin films,

a few hundreds A thick, reduces the importance
of this effect. Charge neutralization can also be
minimized by flooding low-energy electrons on
the sample surface. We note that inthese operating
conditions, the charging shifts the measured binding
energies by a constant amount but it does not sig-
nificantly broaden the recorded structures.

It is rather difficult to calibrate the binding
energy scale for these compounds. For instance
any evaporation onto the sample surface, and gold
especially, destroyed completely the volatil con-
densed alkane films. Mixing the alkane with
another reference substance was not possible. We
have therefore evaporated a very thin alkane film
onto a gold substrate. Inthis case, we may suppose
that a good electrical contact exists between the
two layers, and calibrate the alkane C 1s signal
relatively to the underlying Au 4f,,, line, taken
at 83.8 eV.°

III. CORE LEVELS

The experimental alkane (=5 to 26) C 1s binding
energies, relative to the Fermi level of the spect-
rometer, were measured to be all around the
mean value of 284.6 eV with a deviation of 0.1
eV (90% confidence level).? These measurements
are consistent with the binding energy of 284.6 eV
calibrated for n-hexatricontane and polyethylene
by the gold-decoration technique.” No significant
chemical shift can then be assigned to the alkanes
of increasing length in the solid phase. This situa-
tion contrasts with the gas-phase results where a
very smooth variation of binding energies versus
the number of C atoms in the molecules was
recorded.3* )

The binding energy of an electron on a given
level is always lower in the solid phase than in
the gas phase. We measured this difference to
be as much as 5.7 eV for the alkanes studied in
both phases, i.e., molecules with»n=5,6,8,10,
and 13. This effect can be explained by two add-

itive contributions: an extramolecular relaxation
or polarization of the solid, and the difference
between the reference levels used for the binding
energies in each type of measurements.

Indeed, the ejection of an electron from a core
level occurs simultaneously with a charge re-
distribution in the molecule: in the solid phase
this reorganization is not limited to the neigh-
boring atoms in this molecule,® but extends to a
larger elementary volume in the solid. This new
contribution, lowering the electron binding en-
ergy, corresponds to a polarization of the neigh-
boring molecules in the solid.® This dielectric
polarization energy of the solid can be evaluated
within the hypothesis of a continuous matter and
of a polarization simultaneous to the photoelectron
emission. Then, if a spherical hole has an iden-
tical charge distribution to that of the free ion,
the energy difference between this hole, screened
by the solid medium and the free ion is

P=(e?/4ne,) (1-1/€) (1/7),

with € the dielectric constant of the solid, and »
the averaged distance between the nearest neigh-
bors.

Values for this energy P has been calculated for
some alkanes to be close to 1.5 eV.° As the di-
electric constant'® and atomic interdistance, 7
are practically identical for all the alkanes we can
suppose with a good accuracy that this energy of
1.5 eV is valid for all the studied molecules.

A comparison of the alkanes core binding en-
ergy in the gas (reference energy equal to vacuum
level) and solid (reference energy equal to Fermi
level) phases furthermore requires an evaluation
of the work function & of the solid. Indeed,

E, =Epemi+ ®.

vacuum

The work function of polyethylene (the alkane of in-
finite chain) has been measured to be between

4.5 and 4.7 eV.” ' On the other hand, uv absorp-
tion measurements have shown that & is >4.2 eV
for pentane and hexane.’ Then taking 4.5 eV as a
mean value of ® for the alkanes, we obtain that
relation

Egig = Egas— P— @
is verified to within 0.3 eV.

IV. VALENCE LEVELS
A. Alkane molecular orbitals

The alkane molecular orbitals (MO) are simple,
being composed of C 2s, C 2p, and H 1s atomic
functions. The corresponding valence electrons
are located within two energy bands of C 2s and
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TABLE I. Experimental solid phase [(a) binding energy calibrated against the C 1s core
level at 284.6 eV; the spectrometer Fermi level is used as an absolute reference] and theoret-
ical [(b) @b initio (minimal basis) binding energies, calculated from the vacuum level of the
molecule] binding energies of the alkanes electronic levels in the C 2s band. Units in eV.

n-pentane n-hexane n-heptane n-octane n-nonane

Peak a b a b a b a b a b
19.5 28.22 20.0 28.40 19.1 {28.50 19.4 28.57 18.62
18.2 26.35 19.3 26.99 27.41 27.71 19.6 27.92
16.6 23.63 18.0 24.82 17.9 25.69 17.5 26.31 26.77

24.49 18.1 25.24
22.43 16.8 23.44

O 0 N U WN

14.2 20.89 15.8 22.26 16.3 23.51
20.19 14.4 {20.30 14.7 21.28 15.8
20.18 13.7 {

PN N

20.20 20.64 15.2 21.58

20.07 14.0 {20.21 20.34
20.00 14.2 20.15
20.00

C 2p dominant character, respectively. These
bands are separated by a large energy gap.>*?
We shall orientate our analysis onto the MO of
dominant C 2s character.

The XPS spectra from methane to n-tridecane
(n=1 to 13) in the gas phase have already been
analyzed.® The valence-electron spectra of the
alkanes with » =5 recorded in the solid phase are
shown in Figs. 1-6, and will be discussed indi-
vidually. The valence lines are numbered from
the left to the right in the spectra. Their binding
energies are given in Table I with an estimated
uncertainty of 0.2 eV.

The lighter alkanes (=5, 6,7) were studied at
low temperature in the range of 110-150°K. In
these conditions, after long runs of data accumu-
lation over the valence-band region, an extra
structure appears at a binding energy of about 26
eV. This peak originates from the O 2s level of
water, which condenses onto the sample surface,
from the residual gases in the analysis chamber.
Fortunately, this structure does not interfere
with those of the alkane molecular orbitals.

In order to interpret the experimental results in
terms of MO energy levels, ab initio calculations
were performed using a minimal basis set. These
theoretical values are given in the second part of
Table I. They also served to simulate the shape
of the alkane C 2s band inthe insets of Figs. 1-4.
Therefore, 6 functions located at the ab initio MO
binding energies have been convoluted with a
Gaussian function. An equal intensity weight was
given to each component, neglecting the photo-
ionization cross-section variation through the
different MO. These synthesized spectra will be
used to test the overall consistency of the assign-
ments.

I. n-Pentane (Fig. 1)

In the C 2s band, the molecular-orbital energy
levels of n-pentane appear as three intense
structures. These peaks can be correlated to the
five ab initio MO binding energies (inset Fig. 1
and Table I). The (sharper) central peak is the
photoelectron image of a single MO, whereas
each of the extreme ones corresponds to the sum
of two MO. The two components (labeled 1 and 2)
of the leftmost structure have been resolved by a
graphical method"® using Gaussian profiles and
the full width at half-maximum of the central peak
(No. 3) as a standard. The corresponding deduced
energy gap between these maxima is 1.31+£0.05 eV
(Table I). The correlation obtained between the
experimental and theoretical binding energies is
then satisfactory, as it is given by a straight line
with a correlation coefficient 7%=0.992.

n-PENTANE

INTENSITY
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a0, 30. 20.

FIG. 1. Valence-electron spectrum of n-pentane. The
inset shows a simulation of the C 2s band using ab nitio
calculations. Theoretical and experimental binding en-
ergies of the alkane molecular orbitals are reported in
Table I.
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FIG. 2. Valence-electron spectrum of n-hexane. The
inset shows a simulation of the C 2s band using ab initio
calculations. Theoretical and experimental binding er-
ergies of the alkane molecular orbitals are reported in
Table I.

2. n-Hexane (Fig. 2)

According to the ab initio calculations (Table I)
the C 2s electrons of n-hexane are distributed
between six MO. The convolution of this theoreti-
cal spectrum shows four major structures (inset
Fig. 2) which are clearly resolved on the XPS
spectrum (Fig. 2). The leftmost peak has been
deconvoluted by the method mentioned above and
gives a energy gap of 0.7 eV between the com-
ponents 1 and 2. Again, by comparing these ex-
perimental and theoretical results, one finds that
the linear correlation between the calculated and
measured MO binding energies (Table I) is good
(r%=0.995).

3. n-Heptane (Fig. 3)

The C 2s valence electrons of n-heptane are
distributed between seven MO. In the spectrum of
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FIG. 3. Valence-electron spectrum of n~-heptane. The
inset shows a simulation of the C 2s band using ab initio
calculations. Theoretical and experimental binding
energies of the alkane molecular orbitals are reported
in Table I.
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FIG. 4. Valence-electron spectrum of z-octane. The
inset shows a simulation of the C 2s band using ab initio
calculations. Theoretical and experimental (measured
on the second derivative of the spectrum as shown on
the lower curve) binding energies of the alkane mole-
cular orbitals are reported in Table I.

Fig. 3, however, only three structures can be re-
solved. Still, comparing this measurement with
the spectrum synthesized from the ab initio data
(inset of Fig. 3), one concludes that three, one and
three energy levels are contained, respectively,
in each successive experimental peak. The
second derivative of the spectrum has been calcu-
lated (lower curve in Fig. 3) to measure accu-
rately these peak energies and to point out the
fine structures.!®* In that manner, the binding
energies obtained for the n-heptane MO are re-
ported in Table I. Once more, the linear corre-
lation with the theoretical binding energies is sat-
isfactory (»%=0.987).

4. n-Octane (Fig. 4)

In the C 2s valence region of #-octane only four
distinct structures are found, whereas theoretical
calculations predict eight MO in this band. The
second derivative of the spectrum determines
precisely the energies of the four observed peaks,
which correlate reasonably with the ad initio
values of Table I (»2=0.969).

5. n-Nonane (Fig. 5)

Increasing further the size of the alkane chain
results in spectra where the C 2s MO energy
levels become progressively less and less re-
solved. Only few structures can be seen in the
C 2s region of n-nonane, where nine orbitals are
theoretically located. These peaks are more
easily identified on the high- resolution recording
and its corresponding 2d derivative presented in
the inset of Fig. 5. The correlation coefficient
obtained by comparing the experimental and the-
oretical binding energies is »2=0.978, which sup-
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FIG. 5. Valence-electron spectrum of z-nonane. The
inset shows a high-resolution spectrum of the C 2s band
and its second derivative. Theoretical and experimental
binding energies of the alkane molecular orbitals are
reported in Table I.

ports favorably our MO assignment of the ob-
served structures.

6. n-Decane, n-tridecane, n-heptadecane, n-hexacosane, and
n-hexatriacontane (Fig. 6)

For longer molecules the electronic levels be-
come more numerous in the C 2s band, and the
experimental resolution does not allow one to re-
solve them any further. The XPS spectra of the
alkanes with »=10,13,17,26, 36 look very similar
to each other as one can see on Fig. 6. The C 2s

INTENSITY
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FIG. 6. Valence-electron spectra of n-decane, n-
tridecane, n-heptadecane, n-hexacosane, and n-hexa-
triacontane.

band contains two peaks: a quite sharp one on the
right, and a broader and more asymmetric one on
the left. The energy gap between these two struc-
tures varies smoothly from 5.4 eV for n=10, to
5.6 eV for n=36; the C 2s bandwidth increases
also slightly from 7.5 to 7.6 eV.

7. Polyethylene

The XPS study of the valence-band structures of
polyethylene (the alkane with practically infinite
chain) has already been published.”!®

B. Formation of a band structure

The number of electronic levels in the alkane
C 2s region is equal to the number of carbon
atoms in the molecule chain. Since the C 2s band
extends over a limited energy range of about 7.6
eV, the spacing between the individual energy
levels decreases with increasing number of C
atoms. Progressively, it becomes impossible to
distinguish the isolated levels and, for larger =,
the peaks overlap and form a band structure. By
this process, the alkanes can be considered as
progressive steps in the formation of a quasilinear
one-dimensional infinite solid, polyethylene.

Considering Figs. 1-6, it is possible to evaluate
the smallest number #, from which the ESCA
(electron spectroscopy for chemical analysis)
spectrum of any alkane will become essentially
similar to the one of polyethylene. This gives the
minimal system length necessary to successfully
simulate the real band structure of an infinite
solid. Figure 6 shows that for the alkanes almost
all the fine structures disappeared in the C 2s
band when »>10. Moreover, the displayed spec-
tra are quite similar to each other, and conse-
quently to the spectrum of polyethylene.”'® There-
fore we conclude that a dozen carbon atoms in the
alkane chain is sufficient to simulate the elec-
tronic properties of polyethylene.>*

This conclusion cannot be compared quantita-
tively to the results of Mason? who studied silver
particles. In this case the sample preparation
yields a statistical distribution of particle sizes,
thus preventing any precise specification of the
number of silver atoms in each cluster. Still, it
seems that for a coverage of 5 X 10'° atoms/cm?
the density of states of metallic silver particles
is almost similar to the silver bulk metal. This
would correspond to silver grains containing an
average of an half-dozen atoms.

Recently, Messmer et al.'® presented self-
consistent-field Xa calculations on the MO of
metallic (Cu,Ni, Pd, Pt) clusters with increasing
size. Their results suggest strongly that much
of the bulk valence-band width and the principal
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FIG. 7. Valence-electron spectra of z-nonane, re-
corded in the gas and solid phases.

features of the density-of-state structures can
already be obtained with the short-range order of

a particle containing approximately a dozen atoms.

Let us point out also the extended study on the
electronic structure of selenium aggregates by
Hoareau et al.'” which leads essentially to the
same conclusion.

Valence-band spectra of some alkanes (#
=5, 9,13) have been recorded in both the gas and
solid phases. These results can be used to eval-
uate the magnitude of the intermolecular inter-
actions and crystal-field effect in the solid phase,
which will modify the photoelectron energy dis-
tribution from the isolated molecules. Taking
n-nonane as an example shows (Fig. 7) that the
spectra are essentially similar in the two phases,
presenting the same two structures in the C 2s
band. Besides the inelastic background contribu-
tion, characteristic of the solid phase, and the
arbitrary shift of the binding energy scale, the
most significant difference between the two spec-
tra is a slight increase of the peak widths re-
corded in the solid phase, although both spectro-
meters used for this study have practically the
same line resolution. The only detectable phase-
transition effect for the alkanes is thus a broad-
ening of the lines.!* If we remember that the
alkane molecules do not contain any polar group
or dipole moment, it is easy to understand that
the intermolecular interactions do not affect the
solid-state spectra significantly.

Finally, it is interesting to extend part of our
conclusions to a classical solid with a three-
dimensional lattice. For this purpose we com-
pare in Fig. 8 the valence-band structures of
one-, two-, and three-dimensional arrays of
carbon atoms, i.e., polyethylene,” graphite, and
diamond,'® respectively. These three spectra
present essentially the same features: (i) a large
peak (I) between 17 and 19 eV, (ii) a sharper
structure (II) with different relative intensities

POLYETHYLENE

DIAMOND .
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£ ¥y
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| m\_
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40 20 0

FIG. 8. Valence-electron spectra of polyethylene,
graphite, and diamond (from Ref. 18), respectively,
one-, two-, and three-dimensional arrays of carbon
atoms.

on the spectra at 13-14 eV, and (iii) a wide and
less intense band, below 10 eV of binding energy.
As differences between these recordings one
notices that peak I becomes dominating when
going from polyethylene to diamond and to
graphite whereas the intensity of peak II is
strongly reduced; simultaneously, peak III be-
comes more diffuse and wider. The study of the
electronic structure of the polyethylene valence
band’ has shown that structures I and II constitute
a band with dominant C 2s atomic character,
whereas structure III corresponds to a band with
C 2p atomic symmetry. A theoretical analysis of
the influence of photoionization cross section on
the polyethylene electron-energy-distribution
curve indicates a more pronounced C 2s char-
acter in peak I than in peak IL.'° The comparison
of the XPS and x-ray emission spectra of dia-
mond!® leads toa similar conclusion, i.e., that
peak II contains an appreciable mixing of s and

p symmetries. The same distribution of electron
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symmetry has been calculated and measured with-
in the graphite valence band.’® But in this crys-
talline form, the poorer C 2s contribution in
structure II explains that peak I appears wider
and more intense on the spectrum. Indeed, the
valence band of graphite contains a stronger 2s
admixture (sp?) relatively to diamond and polyeth-
ylene where C atoms are tetrahedrally bonded.
This explains why the graphite spectrum is more
differentiated than the two others. The slighter
differences subsisting between diamond and poly-
ethylene are due to the fact that, although they
both have a tetrahedral coordination, in the for-
mer case each carbon has four identical neigh-
bors and in the latter case two carbon and two
hydrogen atoms. The overall resemblance be-
tween the recordings of Fig. 8 proves that the
modifications in the electronic density of states
are not so drastic when passing from a quasi-
linear solid to a three-dimensional crystal. We
conclude therefore that the dominant character-
istic of a density of states depends mainly on the
atomic properties and on the short-range order
in the crystal, whereas long-range order will
account for the fine structures.

V. CONCLUSIONS

The comparison of the C 1s binding energies
with the gas-phase data results in the estimation
of 1.5 eV for the solid dielectric polarization or
extramolecular relaxation energy.

Molecular-orbital energies from abd initio (mini-

mal basis) calculations correlate successfully
with the experimental valence-electron binding
energies, supporting our discussion on the C 2s
valence structures. The alkanes with increasing
chain length have been considered as successive
steps in the formation from an energy level to a
valence band during the construction of an infinite
quasilinear crystal, polyethylene. The C 2s re-
gion in the spectrum has nicely illustrated this
evolution. As a consequence we have shown that
a molecule containing a dozen carbon atoms pre-
sents a density of states essentially similar to
the one of the infinite polymer.

Intermolecular interactions and crystal-field
effects result mainly in the broadening of the va-
lence structures in the solid phase. Finally, the
study of the similar valence spectra of polyeth-
ylene, graphite, and diamond reveals that the
density of states is not appreciably affected by
long-range order in the crystal, the fundamental
structures of the valence band being determined
by the atomic properties and the short-range
symmetry of the crystal.
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