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orations are due to intermolecular vibrations. These intermolecular 
vibrations should be sought in the regions of 50-700 cm"1 and 
20-500 cm-' for CH3F-HF and CH3Cl-HCl, respectively. 

Finally, there is a real possibility of recording low-temperature 
vibrational spectra of the radical cation dimers of methane (V) 
and methyl fluoride (XII) in rigid inert matrices and to study 
gas-phase vibrational spectra of the CH3F-HF(XI) complex.16 

Computed vibrational frequencies and IR intensities are sum­
marized for these species in Table VII. These frequencies have 
not been scaled, and therefore they are likely to be higher than 
the experimental values by 5-10%.29 

(29) Hess, B. A., Jr.; Schaad, L. J.; Crsky, P.; Zahradnik, R. Chem. Rev. 
1986, 86, 709. 
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Abstract: Penning ionization electron spectra (PIES) were measured for evaporated ultrathin films [4 (monolayer) to 200 
A thick] of long-chain n-alkanes. The electron distributions as well as the energies of three types of MOs (pseudo-ir, <T2P, 
and (T2,), obtained by ab initio MO calculations, could be surveyed experimentally by PIES; the agreement between the calculated 
and experimental results was fairly good. The valence electronic structure of long-chain n-alkanes is characterized by the 
high density of states of the pseudo-r and (T2, MOs, which were predominantly detected for monolayer films made up of flat-lying 
molecules. For crystalline films comprised of molecules standing upright, MOs with large distribution on the terminal hydrogen 
atom were exclusively detected. These data serve for the PIES characterization of various molecular aggregates of alkane 
derivatives, including Langmuir-Blodgett films. Ultraviolet photoelectron spectra were also measured, but unlike PIES, they 
were severely influenced by substrate signals and/or conduction band structures. It was demonstrated that Penning spectroscopy 
probes occupied orbitals selectively. 

Introduction 
n-Alkanes are among the most fundamental organic compounds, 

and their fragments, alkyl groups, are contained in many chemical 
substances. Furthermore, Langmuir-Blodgett (LB) films1,2 and 
some polymers mainly consist of alkyl chains. To develop a 
molecular organism of an alkane derivative with a new function, 
the electronic structures of the constituent molecule must be 
elucidated. The electronic structure of long-chain n-alkanes has 
been studied as a model to simulate that of polyethylene.3-9 Since 
the n-alkane having 13 carbons, tridecane, gave an X-ray pho­
toelectron spectrum similar to that of polyethylene, 10 carbons 
or so were considered to be sufficient to simulate the infinite chain 
of polyethylene.3,4 Therefore, the results of electron spectroscopic 
measurements for n-alkanes have been interpreted on the basis 
of band calculations for polyethylene.5""8 We plan here, however, 
to show that the valence electronic structure of n-alkanes viewed 
with the molecular orbital picture can be explored experimentally 
by Penning ionization electron spectroscopy. 

The kinetic energy analysis of electrons ejected by collisions 
between target molecules M and metastable rare gas atoms, e.g., 
He* (23S) with excitation energy 19.82 eV, (M + He* — M+ 

+ He + e") provides a Penning ionization electron spectrum 
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(PIES).10 In this ionization process, an electron in an MO of 
M transfers to the vacant Is AO of He*, and an electron in the 
2s AO of He* is ejected simultaneously to an orbital of the 
continuum state.11 The process is illustrated for solid-phase 
molecules in Figure 1. Since metastables do not permeate into 
the solid and the transition probability is governed by the spatial 
overlap of the relevant MO and the helium Is AO, an MO 
spreading outside the repulsive (van der Waals) surface of 
molecules in the outermost layer provides a stronger band in the 
PIES than an MO distributed inside the surface. Accordingly, 
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Figure 1. Penning ionization of a solid-phase molecule by a helium 
metastable atom He* (23S). An electron in an MO of a molecule in the 
outermost surface layer transfers to the vacant Is AO of He*, and an 
electron in the 2s AO of He* is ejected simultaneously. MO <p2 pro­
truding outside interacts with He* more effectively and, hence, provides 
a more enhanced band in the PIES than MO 0, with little distribution 
outside the surface. The thick solid line indicates the molecular van der 
Waals surface. 

the relative intensity of PIES bands indicates the local electron 
distribution of individual MOs (LEDMO) at the externally ex­
posed portion of the molecular surface.12"15 Applying this unique 
characteristic of PIES to vapor-deposited ultrathin films of planar 
organic compounds, we have investigated the electronic structure 
of the molecules13"15 and also have obtained information on the 
aggregation of surface molecules: the process of epitaxial growth 
was observed layer by layer;16 a thermally induced structural 
change in a monolayer was sensitively detected;17 different mo­
lecular arrangements in films prepared under different conditions 
were discriminated.13 

Another important characteristic of solid-phase PIES is that 
it reflects the valence electronic structure rather faithfully. This 
is not always the case for an ultraviolet photoelectron spectrum 
(UPS), which has been conventionally used to study the electronic 
structure of organic solids. The UPS of long-chain n-alkanes are 
known to be influenced severely by secondary electrons.5 Pho-
toelectrons produced in the solid suffer inelastic scattering during 
travel to the surface before they are emitted, which results in 
secondary electrons. They accumulate in unoccupied states having 
high densities to exhibit predominant features in the UPS. On 
the other hand, Penning electrons are directly excited to the 
continuum state at the surface (see Figure 1). Therefore, it is 
expected that more genuine features due to occupied MOs of 
long-chain n-alkanes are reflected in the PIES. 

Recently, we initiated the characterization of LB films by 
PIES.1819 Though a knowledge of MOs (energy and shape) is 
necessary to study molecular orientation in such films, the MOs 
of a long-chain n-alkane (as a substitute for the alkyl chain) have 
not been well studied. There are no available data based on ab 
initio MO calculations for n-alkanes longer than nonane (C9H2O)-3 

Moreover, the character or the shape of each MO has not been 
given except in the case of very short chains.20 In this paper, 
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we present basic data for the characterization of alkyl-chain 
aggregates: the PIES and UPS of long-chain n-alkanes vapor-
deposited onto a graphite substrate at low temperature and onto 
a metal substrate at room temperature. From our previous 
studies,13"17 the molecules are expected to lie in the former case, 
but they are known to stand in the latter case,5,9 which will be 
useful for probing the LEDMO by PIES at different molecular 
areas (the chain side and terminal). The results of ab initio MO 
calculations for several n-alkanes containing 10-19 carbons are 
also given. Comparing the experimental and calculated results, 
we examine the valence electronic structure from the LEDMO 
and provide the overall view of n-alkane MOs. 

Experimental Section 
The preparation of evaporated films and the measurement of PIES 

and UPS were carried out with an ultrahigh vacuum (base pressure less 
than 4 X IfT8 Pa) apparatus reported previously.13 Three n-alkanes, 
hexacosane (C26H54), hexatriacontane (C36H74), and tetratetracontane 
(C44H90), were obtained commercially; only tetratetracontane was pu­
rified by recrystallization from benzene solution. Impurities with lower 
vapor pressure, however, were eliminated in the sample preparation 
chamber of the apparatus by heating the quartz sample boat to higher 
temperature than that used for film preparation. Two kinds of substrates 
were used: one is made of copper and the other is a piece of grafoil (10 
X 14 mm2,0.4 mm thick) fastened with a copper wire to a stainless steel 
substrate. We will identify the latter as the graphite substrate, because 
grafoil consists of graphite crystallites with their cleavage planes oriented 
parallel to the foil plane.21 The graphite substrate was cleaned by 
heating it to 570 K for 48 h and to 670 K for 48 h under ultrahigh 
vacuum. The copper substrate was also heated to 550 K for 36 h, but 
this substrate does not have a "clean", crystallographic surface. Both 
C36H74 and C44H90 were deposited onto the substrates after the prepa­
ration chamber was evacuated to 10"8 Pa by baking it as usual, but 
C26H54 was deposited at 10"6 Pa without baking because of the high vapor 
pressure of this alkane. 

The amount of the deposited sample was monitored with a quartz 
oscillator, calibrated in advance, and was estimated as follows. On 
Pt(111)22 and Ag(111) surfaces,23 some short n-alkanes, C4H10-C8H18, 
form monolayer films in which molecules all in trans conformation pack 
closely with their planes of carbon skeleton parallel to the substrate 
surfaces. On the Pt(111) surface, the monolayer of an odd-numbered 
alkane contains one molecule per surface unit cell, while that of an 
even-numbered alkane contains two molecules per unit cell. Though the 
shapes of the unit cells differ between them, the formula giving the area 
of the substrate surface occupied by a molecule with carbon number N, 
S(N), is the same for both cases and is given by 

5(AO = 6.65(/V + 1) (A2/molecuIe) 

Monolayers formed on the Ag(111) surface have almost the same values 
of S(AO- Assuming that the equation holds for larger N such as 26, 36, 
and 44, we estimated the amount of alkane required to form a close-
packed monolayer with flat molecular orientation, i.e., one monolayer 
equivalence (MLE). 

Ultrathin films were prepared by depositing 1 MLE of alkanes onto 
the graphite substrate held at 213 K (films I) and several dozen MLE 
onto the copper substrate at room temperature (films II). The deposition 
rates for films I and II were 0.5 and 1 MLE/min, respectively. The film 
of C26H54, however, could not be formed on the copper substrate under 
these conditions. Thus, we obtained five specimens: films I26 (C26H54; 
1 MLE), I36 (C36H74; 1 MLE), I44 (C44H90; 1 MLE), H36 (C36H74; 68 
MLE), and H44 (C44H90; 34 MLE).24 After the sample preparation, the 
substrate was transferred into the analyzer chamber and the PIES and 
UPS were measured. He* (23S, 19.82 eV) metastable atoms were used 
for PIES and the He I (21.22 eV) resonance line was used for UPS as 

(21) Kjems, J. K.; Passell, L.; Taub, H.; Dash, J. G.; Navaco, A. D. Phys. 
Rev. 1976, B13, 1446-1462. 

(22) Firment, L. E.; Somorjai, G. A. J. Chem. Phys. 1977,66, 2901-2913. 
(23) Firment, L. E.; Somorjai, G. A. J. Chem. Phys. 1978, 69, 3940-3952. 
(24) Upon evaporation onto an "unclean" metal substrate at room tem­

perature, long-chain n-alkanes form polycrystalline films in which molecules 
stand upright (see below). With this molecular orientation, at least 17 MLE 
of n-alkane is needed to cover the substrate, provided that it has a smooth 
surface. Since this is not the case and the film does not necessarily grow layer 
by layer,13 more sample must be deposited to eliminate the substrate signals 
in the PIES and UPS. As the film becomes thicker, however, its charging 
affects the spectra. The deposited amounts of alkanes for films II were chosen 
so as to reduce the substrate features in the spectra and also to avoid the film 
charging. 
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Figure 2. He* (23S, 19.82 eV) PIES of /i-alkane evaporated films. Films 
I26, I36, and I44 were prepared by depositing 1 MLE (monolayer equiv­
alence, the amount of the sample required to form a close-packed mon­
olayer with flat molecular orientation) of hexacosane (C2SH54), hexa-
triacontane (C36H14), and tetratetracontane (C44H90) on a graphite 
substrate at 213 K, respectively. Films H36 and H44 were formed by 
depositing 68 MLE of hexatriacontane and 34 MLE of tetratetracontane 
on a copper substrate at room temperature, respectively. The spectra of 
the graphite and copper substrates are also shown. 

the excitation sources. The incidence angle of the He* metastable beam 
or the ultraviolet ray was 30° relative to the substrate surface normal, 
and the emission angle of electrons was 60°. 

Calculation. Ab initio MO calculations were performed with an 
STO-3G basis set for all trans n-alkanes, decane (C10H22), tridecane 
(Ci3H28), hexadecane (Ci6Hj4), and nonadecane (C19H40). •* The bond 
lengths and bond angles of hexadecane obtained by electron diffraction 
were used for the four compounds: C-C, 1.542 A; C-H, 1.130 A; l 
C-C-C, 114.6°, l C-C-H, 110.40.2' 

Results and Discussion 
The PIES of the «-alkane ultrathin films are shown in Figure 

2 together with the substrate spectra. Every film gives a PIES 
completely different from the spectrum of the substrate on which 
it was formed. Since helium metastables do not penetrate into 
solid, this indicates that the substrate surface is covered with 
n-alkane molecules and that metastables interact with the out­
ermost surface molecules selectively. Furthermore, the fact that 
features due to graphite are almost missing in the PIES of 1 MLE 
films 126, 136> and I44 means that these films are monolayers in 
which molecules lie flat, because the molecules would not cover 
the graphite surface in 1 MLE films if they stood or tilted on it. 
As will be discussed below, the flat molecular orientation in films 

(25) Hehre, W. J.; Stewart, R. F.; Pople, J. A. J. Chem. Phys. 1969, 51, 
2657-2664. 

(26) Kosugi, N. Program GSCF2, Program Library, The Computer Cen­
ter, The University of Tokyo, 1981. 

(27) Fitzwater, S.; Bartell, L. S. /. Am. Chem. Soc. 1976, 98, 8338-8344. 
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Figure 3. He I (21.22 eV) UPS of tetratetracontane films I44 and H44 
together with those of the substrates. Features ascribed to the substrates 
are indicated by arrows in the film spectra. 

<C,.-DERIVED) (C2S-DERIVED) 
A 

"-C18H34 

R-C19H40 

10 12 14 16 18 20 22 24 26 
CALCD IP / eV 

Figure 4. Calculated ionization potentials (IP) of n-alkanes, decane 
(C10H22), tridecane (C13H28), hexadecane (C16H34), and nonadecane 
(C19H40). Bars labeled with open circles and triangles correspond to 
pseudo-ir (px) and <72p MOs, respectively, the other bars to (T2, MOs. 

I is also supported by the relative band intensity in the PIES. 
Another observation to note is that the PIES of different w-alkanes 
on the same substrate are almost the same: C26H54, C36H74, and 
C44H90 on graphite (films I); C36H74 and C44H90 on copper (films 
II). In contrast, the two films of the same compound formed on 
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Figure 5. MO drawings of hexadecane. The constituent AOs of each MO are projected onto the plane of the carbon skeleton (xy plane). The sizes 
of AOs are proportional to the coefficients of the MO wave functions. The carbon 2p, and 2py AOs are shown as their sums. The carbon 2p, AOs 
are drawn as broken (or closed) circles, whereas the hydrogen Is and carbon 2s AOs are drawn as full (or closed) circles. The 65, 63, and 32 MOs 
are the highest occupied <r2p (also HOMO), pir, and (T2,, respectively; 58 and 56 are S2. MOs with little distribution on the terminal hydrogen atom, 
whereas 39 and 37 are those with a large contribution from the terminal hydrogen Is AO. In the first column, the molecular framework of hexadecane 
is shown. 

different substrates give PIES entirely different from each other: 
films I36 and H36; films I44 and H44. 

The UPS of the C44H90 films, I44 and H44, and the substrates 
are shown in Figure 3. The UPS of other films were essentially 
the same as those of the C44H90 films formed on the same sub­
strate, as in the case of the PIES. In the UPS of the films, features 
ascribed to the substrates (indicated by arrows) are observed, 
which means that photons pass through the ultrathin organic layers 
and interact with the substrates.28 In particular, the UPS of the 
monolayer film I44 is influenced severely by electrons originating 
in graphite to exhibit the features characteristic of the n-alkane. 

Figure 4 shows the calculated ionization potentials (IP) of the 
four /t-alkanes via Koopmans' approximation. Some MOs of 
C16H34 are drawn in Figure 5. The constituent AOs of each MO 
are projected onto the plane of the carbon skeleton (xy plane); 
the sizes of the AOs are proportional to the coefficients of the 
MO wave functions. Carbon 2p* and 2py AOs are shown as their 
sums. Carbon 2pr AOs are drawn as broken (or closed) circles, 
whereas hydrogen Is and carbon 2s AOs are drawn as full (or 
closed) circles. We can classify the MOs of n-alkane into three 
types, pir, <r2p, and CT2S. The pir MOs (such as 63, 50, and 33 in 
Figure 5) consist of carbon 2p2 and hydrogen Is AOs and, hence, 
have pseudo-ir character, spreading almost perpendicularly to the 
carbon skeleton plane. The <r2p MOs (e.g., 65, 58, 56, 39, and 
37) are made up of carbon 2px, 2py and hydrogen Is AOs, while 
the CT2S MOs (e.g., 32) are mainly composed of carbon 2s AOs. 
In Figure 4, the pir and CT2P MOs are labeled with open circles 
and triangles, respectively. 

Each n-alkane in Figure 4 has an energy gap between IP 16.5 
and 20.1 eV; pir and CT2P M O S are present above this energy gap 
and CT2, MOs below it. In addition, some MO energies tend to 

(28) The appearance of the substrate features in the UPS of film U44 is 
due to the nonuniformity of this film. See: Footnote 24. 

gather around IPs of 11 and 20 eV as the alkyl chain becomes 
longer. Though Pireaux et al. showed a similar tendency in their 
MO energy diagram obtained for shorter alkanes, methane to 
nonane, they did not distinguish between the pir and <r2p MOs, 
but labeled them together as MOs of the C 2p and H Is character 
(or C 2p-derived MOs).3 Figure 4, however, is more appropriate 
to interpret the spectra, because we can see the distributions of 
pir and a MO energies of longer n-alkanes separately. In par­
ticular, it is of note that the high density of states (DOS) around 
IP 11 eV is due to pir MOs. On the other hand, the high DOS 
around 20 eV is ascribed to CT28 M O S , which can be known from 
the diagram by Pireaux et al. as well. Another point to note is 
that there is no cr2p MO but there are only pir MOs near the 
bottom of the C 2p-derived MO region (just above the energy gap); 
the position of the lowest CT2P MO is higher than the bottom of 
the C 2p-derived region by more than 1 eV for all the alkanes 
in Figure 4. Moreover, the IP values of the highest and lowest 
pir, the lowest CT2„ and the highest CT25 M O S remain almost constant 
irrespective of the number of carbons more than nine, although 
the highest occupied MO, which is of CT2P character, tends to be 
more unstable. Consequently, it is reasonable to utilize these 
calculated results to assign the spectra of longer alkanes. 

We now return to the experimental results and discuss them 
on the basis of the calculations. As mentioned before, films of 
different n-alkanes prepared under the same conditions give almost 
the same PIES as in Figure 2. Accordingly, it is confirmed 
experimentally by PIES that the valence electronic structure of 
a long-chain n-alkane is essentially unchanged regardless of chain 
length. Note that not only the electronic structure but also the 
orientation of surface molecules must be almost the same so that 
they are attacked by metastables at the same places and give the 
same PIES (see below). 

Let us focus our attention on the spectra of C44H90 films, I44 

and H44. It will be shown below that the MO energy diagram 
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Figure 6. He* (23S, 19.82 eV) PIES of tetratetracontane films I44 
(monolayer) and H44 (crystal). The calculated IP values for hexadecane 
are shown at the top of the figure. The IP scale is shifted so as to show 
a good agreement with the spectra. Bars labeled with open circles and 
triangles correspond to pir and <r2p MOs, respectively, the other bars to 
(T2, MOs. The (T2p MOs with large distribution on the terminal hydrogen 
atom are indicated by "H" in the energy diagram. 

in Figure 4 well describes the spectral features and that the 
difference between the two spectra reflects different types of 
molecular aggregation. Since the angular distribution of Penning 
electrons is small compared to that of UPS,29 it does not influence 
the following discussion. The PIES of the C44H90 films and the 
calculated IP values of C16H34 are compared in Figure 6. The 
IP scale is shifted so as to show a good agreement with the spectra. 
In the monolayer I44 spectrum, four bands A-D are observed; 
bands A and D are markedly enhanced and there is a deep hollow 
between bands C and D. Referring to the calculation, bands A 
and D are assigned to the high DOS of pir and o-̂  MOs, re­
spectively, whereas the hollow is ascribed to the energy gap. 
However, the high DOS of these MOs alone does not seem to be 
sufficient to explain the enhancement of the corresponding PIES 
bands. The enhancement of bands A and D is also attributable 
to the flat molecular orientation, because in this case metastables 
interact with pir and au MOs extending perpendicularly to the 
carbon skeleton plane more effectively than with <r2p MOs 
spreading along the plane (see Figure 7a). If the alkyl chain stood 
upright on the substrate surface (the case of film H44; see below), 
pir and (T2S MOs would not be detected in the PIES, because 
metastables could not interact with the "sides" (methylene groups) 
of molecules, where pir and a^ MOs are distributed (see Figure 
7b). Though the enhancement of the band due to O25 MOs may 
seem rather strange at first sight since the constituent C 2s AOs 
are isotropic, the <r2s MOs responsible for band D (those around 
IP 20 eV in the energy diagram) have a considerable contribution 
of H Is AOs (see Figure 5) unlike the more stable MOs of the 
same type, which makes their shapes more favorable to be attacked 
by metastables effectively. On a graphite cleavage plane, planar 
molecules such as benzene,30 pentacene,16 and phthalocyanines15'17 

(29) Conrad, H.; Ertl, G.; KOppers, J.; Sesselmann, W.; Haberland, H. 
Surf. Sci. 1982, 121, 161-180. 

Figure 7. n-Alkane molecules interacting with metastable atoms in 
different molecular arrangements, (a) Flat-lying molecules in a mono­
layer, projected onto a plane perpendicular to the direction of the trans 
zigzag chain. Methyl groups are omitted, (b) Molecules standing up­
right in crystalline phase. From left to right, the van der Waals enve­
lopes, pir, <r2p, and (T2, MOs are schematically shown. 

lie flat on account of interaction between the ir electrons of 
graphite and those of the molecules. Similarly, ir (graphite)-pir 
(alkane) interaction seems to orient the carbon skeleton plane of 
a «-alkane molecule parallel to the graphite surface. When the 
flat molecular orientation and the calculated energy of pir MOs 
are taken into account, bands B and C are also assigned to pir 
MOs. At present, however, we cannot explain why band B is 
observed in the energy region where no maximum of the DOS 
seems to exist, judging from the MO energy diagram. The relative 
intensity of bands B and C changes, depending on the amount 
of deposited n-alkane and also on the substrate temperature, 
although the intensities of bands A and D remain unchanged.31'32 

In contrast, in the PIES of film H44 prepared on the copper 
substrate at room temperature (Figure 6), features corresponding 
to bands A-D of the monolayer are missing, which indicates pir 
and (T25 MOs are scarcely detected. Between electron energies 
(£k) 6.5 and 5 eV, where the peaks of pir bands B and C are 
located in the I44 spectrum, respectively, we can find a peak at 
£k 6 eV. According to the calculation, the Is AO of the terminal 
hydrogen atom within the carbon skeleton plane contributes ap­
preciably to all the CT2. MOs of C16H34 except for 58 and 56, shown 
in Figure 5. In particular, er2p MOs such as 54, 48, 43, 39, and 
37 (indicated by "H" in the energy diagram of Figure 6) have 
very large distributions on the terminal hydrogen atom (see Figure 
5). The last two of them exist near the bottom of the <r2p MO 
region, with IPs smaller than that of the lowest pir MO responsible 
for band C, by more than 1 eV. As a consequence, these MOs 
seem to be related to the 6-eV peak. If this is the case, other <x2p 

MOs must also be responsible for the features in the spectrum 
of film H44. When evaporated onto a metal substrate without a 
"clean" surface at room temperature, long-chain n-alkanes are 
known to form noncrystalline films with the trans zigzag chains 
perpendicular to the substrate surface.5'9 In such films, <r2p MOs 
protruding from the terminal hydrogen atom should be exclusively 
probed by metastables because the methyl end of a surface 
molecule is exposed outside. Therefore, the PIES features of film 
H44 are consistent with the molecular orientation in the crystalline 
film. From this fact together with another observation concerning 

(30) Kubota, H.; Munakata, T.; Hirooka, T.; Kondow, T.; Kuchitsu, K.; 
Ohno, K.; Harada, Y. Chem. Phys. 1984, 87, 399-403. 

(31) Ozaki, H.; Harada, Y., unpublished results. 
(32) Nevertheless, the PIES of multilayers on graphite resemble those of 

the monolayers (films I) and are completely different from those of films II; 
n-alkanes do not form crystalline films on the graphite substrate as is the case 
for other organic compounds.13 
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Figure 8. He* (23S, 19.82 eV) PIES and He I (21.22 eV) UPS of film 
H 4 4 . 

UPS (see below), we consider film U44 as crystalline, composed 
of n-alkane molecules standing upright. Similar PIES were ob­
tained for other films with a "methyl surface": LB monolayer 
films formed on hydrophilic substrates18'19 and zinc stearate films 
vapor-deposited on a stainless steel substrate at room tempera­
ture.31 

As described before, the agreement between the electronic 
structure of long-chain n-alkane molecules reflected in the PIES 
and that obtained from MO calculations is fairly good. In other 
words, the DOS of each type MO shown in the energy diagram, 
modulated by its local electron distribution at the exposed mo­
lecular portion, can be surveyed experimentally by PIES. Con­
versely, it is noteworthy that the features of the valence electronic 
structure, especially the width of the C 2p-derived MO region and 
the relative position of the high DOS of the pir MO, were re­
produced qualitatively by the calculation even with the minimal 
basis. 

In the UPS of the monolayer film I44 (Figure 3), where features 
due to the substrate are dominant, we can find neither a a^ band 
nor a hollow due to the energy gap, although three weak bands 
are observed in the C 2p-derived MO region (£k > ca. 6 eV). The 
UPS of the crystalline film H44 is completely different from that 
of the monolayer even if the contribution of the substrate is 
subtracted from each spectrum. The difference is mainly ascribed 
to the features produced by secondary electrons in the crystalline 
film spectrum.JJ3 Among five bands I-5, only band 1 is attributed 
to occupied MOs, while the others are ascribed to secondary 
electrons and are related to the electronic structure of unoccupied 
states (conduction bands). Secondary electrons produced by 
inelastic scattering of photoelectrons in the film accumulate at 
the high DOS of conduction bands to smear out spectral features 
due to occupied states ("valence bands").' As a matter of fact, 
conduction band features ("conduction bands") can be found also 

(33) Seki, K.; Ueno, N.; Sakamoto, K.; Hashimoto, S.; Sugita, K.; Ino-
kuchi, H. Rep. Prog. Polym. Phys. Jpn. 1982, 25, 581-584. 

in the PIES, in which bands are essentially ascribed to occupied 
MOs. 

The PIES and UPS of the crystalline film H44 are compared 
in Figure 8 in the £k scale. Weak shoulders at 4.5 and 2 eV and 
a band at 0.5 eV of the PIES correspond to bands 3-5 of the UPS, 
respectively. The faint appearance of the "conduction bands" in 
the PIES is explained as follows. Since Penning ionization takes 
place at the outermost surface, and it is not an electron in an MO 
of a solid-phase molecule but an electron in the helium 2s AO 
that is ejected upon ionization (see Figure 1), the electronic 
structure of conduction bands should not be reflected directly in 
the PIES. Nonetheless, Penning electrons ejected on the surface 
with momenta directed to the inside of the surface penetrate into 
the film and undergo inelastic scattering to produce secondary 
electrons. When some of them are emitted, "conduction bands" 
will appear weakly in the PIES. 

When the PIES of films I44 and H44 are compared in Figure 
2, and the corresponding UPS of these films as well in Figure 3, 
no features due to secondary electrons are found in the PIES and 
UPS of film I44. Namely, both spectra of the monolayer on 
graphite are almost free from the influence of secondary electrons. 
This effect is ascribable to little chance of scattering of photo-
electrons or Penning electrons "in" the extremely thin film, the 
monolayer of flat-lying molecules, because these features appear 
as the film on graphite becomes thicker, as will be described in 
detail elsewhere. In previous work, "thick" polycrystalline films 
have been used as specimens for the photoelectron spectra of 
n-alkanes in solid phase and no "valence bands" except the first 
one have been observed with the He I resonance line, the other 
valence bands being obscured by secondary electrons.5,33 In this 
case, higher energy light sources (He II resonance line34 or syn­
chrotron radiation6) are needed to obtain primary electron features 
in the UPS. 

Conclusion 
In the present work, the valence electronic structure of long-

chain n-alkanes viewed with the MO picture was elucidated and 
the relation between the orientation of n-alkane molecules and 
the PIES was presented. The electronic structure is characterized 
by the high DOS of pir and (T28 MOs, which can be predominantly 
probed in the PIES of flat-lying molecules. In the PIES of 
molecules standing upright, on the contrary, a2p MOs with ap­
preciable distribution on the terminal hydrogen atom are detected 
exclusively. In addition, in an ultrathin film of an organic com­
pound such as a long-chain n-alkane forming a band structure 
in itself, Penning spectroscopy probes occupied orbitals selectively 
and, hence, unlike UPS, provides a spectrum almost free from 
the influence of conduction bands, making the interpretation of 
the spectrum simpler. 
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