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Core-electron relaxation energies and valence-band formation of linear alkanes
studied in the gas phase by means of electron spectroscopy
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Core- and valence-electron spectra of the n-alkanes have been recorded under high resolu-
tion in the gas phase. The measured core-level binding energies decrease with an increasing
number of carbon atoms in the molecules. The whole shift ranges over 0.6 eV. These sman
shifts are ruled by the relaxation energy and are discussed with the aid of various theoretical
models. It is found that the transition-potential model together with CNDO/2 (complete neglect
of differential overlap) calculations describes satisfactorily the variation of the core-level
binding energies. The shakeup spectra of methane, ethane, and propane are presented and
tentatively interpreted. The valence-electron structures of methane, ethane, propane, n-bu-
tane, and u-pentane are studied. Hesults are correlated with ab initio calculations using an
extended basis set. The formation of a valence-electron band is discussed. For instance, it
appears that n-tridecane provides a convenient finite model for the band structure of an infi-
nite linear polymer.

I. INTRODUCTION

It is a general observation that core-electron
binding energies for free atoms or molecules are
larger than for the corresponding liquids or solids.
The same is true also going from free atoms to
their corresponding diatomic molecules. In all
these cases the effect is due to the fact that the
larger systems have available more degrees of
freedom for electronic reorganization upon the ion-
ization of a core orbital. This mill increase the
relaxation energy, which causes a corresponding
decrease in electron binding energy. The n-al-
kanes C„H,„„providea suitable series of mole-
cules for studying this effect since the molecular
size can be increased stepwise and the compounds
can be studied as free molecules even for quite
large values of n.

%hen two identical atoms are brought together
to form a molecule the electronic levels split.
This splitting will be more pronounced for the out-
ermost shells of the molecule, where the overlap
betmeen the orbitals is larger. Increasing the num-
ber of identical atoms (or groups of atoms) in the
molecule implies a corresponding increase in the
level density, and thus illustrates the formation of
a band structure. The alkane series is also suit-
able for studying this effect. The successive mole-
cules with an increasing n are considered as pro-
gressive steps in the construction of an ideal one-
dimensional solid.

As a first step it is preferable to work with gas-
es, thereby avoiding the disturbing influence of
intermolecular interactions. Several gas-phase
studies of the alkanes have appeared in the litera-

ture. However, electron spectra excited by x rays
have been obtained only for the first members of the
the series, "whereas uv-excited electron spec-
tra' ' are handicapped by a very low photoioniza-
tion cross section for s orbitals. ""Inthepresent
study ESCA (electron spectroscopy for chemical
analysis& spectra from methane to n-tridecane
(n= 1-13) were obtained in the gas phase using
monochromatized Al Kn excitation. Corresponding
spectra from the molecules n= 5 to ~ have pre-
viously been recorded in the solid phase. ' '

II. EXPERIMENTAL PROCEDURE

All the samples were obtained commercially and
used without further purification. Gases (methane
to n-butane, research grade 99.95/p} were obtained
from Phillips Petroleum Co. ; liquid samples (n-
pentane to n-tridecane) of at least 99% purity were
purchased from Aldrich Chemicals.

The spectra mere recorded with an ESCA spec-
lltometer previously described. Briefly it can be

characterized by monochromatization of the ex-
citing Al Ke radiation in the fine-focusing scheme
and by multichannel electron detection. The sam-
ples were studied at a typical pressure of 50 Pa.
Lower pressures (slOpa)were used to check the
possible influence of electro inelastic scattering
on the spectra. The core lines were calibrated by
mixing the alkane with CQ, and by recording si-
multaneously the two C 1s peaks (CQ, : C ls =297.69
eV"}. The molecular-orbital region was similar-
ly calibrated by mixing the gas with argon (Ar 3s
=29.23 eV and Ar3p =15.81 eV").
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Compound
Binding energy and chemical shift"
Peak position ' Centroid

CH4

C2H6

C3HB

n-C4H(0

n- C~H()

yg —CSH(4

n-C8

n-C, oH22

n-C&&H28

290.76
0.0

290.64
—0.12

290.52
—0.24

290.44
—0.32

290.36
—0.40

290.31
—0.45

290.23
—0.53

290.19
—0.57

290.15
—0.61

290.83
0.0

290.71
—0.12

290.57
—0.26

290.48
—0.35

290,42
—0.41

290.36
—0.47

290.31
—0.52

290.27
—0.56

290.26
—0.57

Literature results
Siegbahn Thomas Perry Shirley
(Ref. 1) (Ref. 13) (Ref. 14) (Ref. 15)

CH4

C,H6

C3H8

290.7 290.8
290.6

290.74
290.58

290.7
290 ~ 5
290 5

Calibrated with respect to CO& C ls at 297.69 +0.14
eV.

Chemical shift relative to CH4 Cls line.
Estimated error: +0.04 eV.
Estimated error: +0.02 eV.

TABLE I. Experimental binding energies of the C ls
level of the alkanes (eV).

core lines"" causes asymmetry in the recorded
peaks, resulting in a difference between peak and
centroid positions. The vertical ionization ener-
gies are best deduced from the centroids. '" The
chemical shifts, included in Table I for conven-
ience, are very small, less than 0.6 eV. Never-
theless, as the centroids have been determined to
within +0.02 eV, we are able to observe a very
smooth variation of binding energies versus the
number of carbon atoms in the molecules (Fig. 1).

B. Theoretical correlations

ESCA chemical shifts are understood"' c,uite
well a.nd can be correlated with data from various
models ranging from simple charge correlations
to accurate &b initio calculations on ground and
hole states. Below we will discuss the shifts of
the alkanes in terms of some of these models.
Since the measured energy range of the shifts in
this series of molecules is very small one cannot
a Pro~i expect to find the normal trend of increas-
ing binding energy with increasing positive charge
on the atom considered. In fact, it is interesting
to note that both simple electronegativity argu-
ments and ab initio calculations predict an in-
creasing average charge on the carbon atoms with
increasing n, whereas the C ls binding energy de-
creases as seen from Fig. 1.

As a next step of refinement, the electrostatic
interaction from the other atoms in the molecule
can be accounted for in the ground-state potential
model' (CPM):

A kAqA+ VA+ L,

III. CORE LEVELS

A. Chemical shifts

The experimental alkane C 1s binding energies
relative to the vacuum level are shown in Table I
together with som. e previously published data. Two
sets of values are given, peak positions and cen-
troids. The centroids were calculated by computer
fitting of Gaussians. Vibrational broadening of the

0.0-
CV

1I)

+
CH

+
C H

The comparison between experimental shifts and

values calculated by the potential model, using
CNDO/2 (complete neglect of differential overlaps)
charges and k„=-22.1 eV/(unit charge), is shown in

Fig. 2. The GPM does not significantly improve
the simple charge correlation. Both the signs and

Or
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FIG. 1. Carbon ls binding energies (centroid of the
peak) of the alkanes: C„H,„,2.

FIG. 2. Correlation between ESCA binding energies
of the alkane C 1s peal. s and the ground-state potential
model (GPM) .
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TABLE II. CNDO/2 analysis of the alkanes: Populations and potentials in ground-state (G)

and transition-potential (T) models, together with estimation of the relaxation energy for C ls
ionization.

Compound (eV)

CH4- C)

C)H6-C )

CgH8- C)
C2

n- C4H)0- Cg

C2

n- CgH(2-C (

C2

Cg

n-CGH(4-C)
C2
C3

C IOH22

C2

C3
C4

C)

4.050
4.006

3.976
4.009
3.978
4.010

3.978
3.978
4.005

3.980
3.977
4.004

3.983
3.983
3.980
3.978
4.004

4.461
4.505

4.469
4.507

4.475
4.469
4.504

4.478
4.468
4.504

4.481
(4.47)
(4.47)
4.470
(4.503)

0.485
0.496
0.491
0.497

0.497
0.491
0.499

0.497
0.491
0.499

0.498
(0.487)
(0.492)
0.492

(0.499)

4.549 0.500

4.497 0.492

0.654

0.058
—0.269

0.147
-0.161

0.143

-0.058
—0.146

0.078
—0.029
-0.167

0.060

-0.040
—0.042
—0.064
—0.187

0.045

4.429
5.431

4.407
4.341
5.298

4.371
4,286
5.259

4.228
(4.22)
(4.279)
4.233
(5.22)

0.0 14.1' 1.09

4.719
5.399
4.596
5.288

4.465
4.487
5.220

4.400
4.453
5.199
4.268
(4.26)
(4.343)
4.420
(5,176)

—1.00

15.4 1.48
15.1 1.32

15.7 1.54
15.2 1.35

16,0 1.60
15.8 1.57
15.4 1.38

16.1 1.63
15.9 1.58
15.4 1.38

16.2 1.68
16.0 1.64
16.0 1.63
15.9 1.60
15,4 1.38

5.514 —0.40 14.9 1.28

Binding energy [Eq. (3)]; C 1s shifts, referred to CH4 C ls line. The value is the arithmetic

average over shifts on all the carbon atoms in the molecule.
"Relaxation energy according to Eq. (5) with methane as a reference.
'Ab initio result from Bef. 25.
x, t& is the effective radius; see text for definition.

the trends of these calculated binding-energy shifts
are incorrect. Treating k„asan adjustable pa-
rarneter leads to a least-squares value of 3.76 eV/
{unit charge). Besides being unacceptably small
from a theoretical point of view, this value also
gives a very poor correlation.

As has previously been discussed, "the cheInical
shift is determined not only by the ground-state
charge distribution. The final-state influence is
genelRlly Recounted fol Rs R lelRKRtlon term. In
this picture the charge distribution is rearranged
upon ionization. This can be described as two ef-
fects, nRIQely, R conti Rctlon of the olbltRls around

the localized core hole and a flow of electron den-

sity to the corresponding atom:

pcontr

The contraction part is, to a first approximation„
proportional to the charge on the atom before ioni-
zation. "'" The flow part can be accounted for in
terms similar to those in the potential model [Eq.
(1)), i.e. , in terms of the amount of charge flow
to the atom considered and a molecular potential
from the other atoms caused by the charge re-
distribution. The first term is to be multiplied by
an electrostatic integral for the core-valence elec-

it
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FIG. 3. Correlation between ESCA binding energies
of the alkane C 1s lines and the transition-potential pre-
dictions .
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FIG. 4. Relaxation energy for the C 1s level of the

alkanes, as calculated in the transition-potential model.
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FIG, 5. Charge flow Aq (difference in charge before
and after ionization of the atom Inarked by a black dot).
The percentage value given under each molecule gives
the amount of charge flow from the nearest neighbors
(shaded area) relative to the total charge flow.

tron interaction.
The effects of relaxation are implicitly included

in the transition-potential model" "for ESCA
shifts:

~EB ~A'VA+ +A+ ~

where the charge on atom g, q~, and the molecular
potential V„arecalculated for a transition state
obtained for a transition operator, "which is an
intermediate of the Fock operators of the ground
and of the final states. The relaxation energy is
given by" the difference between Eq. (l) and Eq.
(3):

—E = (k„—k„)q„+k„(q„—q„)+ (U„—U„)+I"—I.

are the potential terms set up by the electron flow.
The first of these will be called the screening po-
tential and the second term will be called the mo-
lecular relaxation potential. It should be noticed
that, with the above sign conventions, i.e. , having
a positive total relaxation energy, the molecular
relaxatlon potential ls always negative, so that lt
counteracts the screening potential. Using the
CNDO/2 values 0„=24.3 and k„=22.1 eVj (unit
charge), "we can adjust I.—I.r to reproduce the
methane relaxation energy 14.10 eV, which has
been accurately determined by PNO-CI (pseudo-
natural orbitals-configurations interactions) cal-
culations. " In this way we obtain C = —0.40 ep
for carbon atoms.

Table II reports the populations and molecular
potentials deduced from CNDO/2 calculations. The
atoms are labeled from the center of the molecule
to one end. Figures between brackets were ob-
tained by interpolation. The correlation between
experimental shifts and values calculated using the
transition-potential model is shown in Fig. 3. The
scattering of the data from the fitted straight line
is of the order of 0.1 eV, which is in the limit of

TABLE III. Carbon 18 binding energies (BE) of the
alkanes (eV) by ab initio (extended basis ST0-4.31G)
calculations in the Koopmans approximation.

This is conveniently rewritten in terms of valence-
electron populations P„instead of charges:

E~ =(k„—k„)P~+k„(P„—P„)+U~ —H+ C, (5)

C= I. —I. —Z(k~ —k„)—k (Z —Z).

Molecule

ethane C&

Cg

304 44

304.67
304.67

304.71
304.46
304.46

304.44

304.67

C ls BE Average BE
(eV) (eV) C charge

—0.4478
-0.4478

—0.3120
—0.4393
-0.4393

Here, Z and Z~ stand for the nuclear charge minus
the number of core electrons in the ground state
and in the transition state, respectively. The first
term in Eq. (5) is recognized as the contraction
term E "" in Eg. (2). The second and third terms

n-butane C&

C2

C4

304.76
304.59
304.76
304.59

304.68 -0.3002
—0,4416
-0.3002
—0.4416
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TABLE IV. Ab initio (STO-3G) total energies and Cls chemical shifts of the alkanes in eV.

Molecule
Total energies

Ground state Hole state ~

C ls chemical shifts
Koopmans' MCF
energies energies

methane
ethane
propane C

&

C2
n-butane C&

C2

-1080.9578
—2130 ~ 6627
-3180.4648

—4230.1690

—1519.9461
—2569.9738
—3620.0778
—3620.0312
-4669.9562
-4669.7099

0.00
0.14
0 32

0 140.05
0.22 „b
0.08

0.00
—0.32

-0.60 b
—0.58

0 80
0—0.55

~ Equivalent- core approximation.
"Arithmetic average.

I-e METHANE

?
cps

the model accuracy. ' "'""" The slope of the line
(0.5), however, is far from the unit slope obtained
on other molecules. ''-

The C ls relaxation energies deduced from Eq.
(5) are given in the ninth column in Table II and

plotted also in Fig. 4. A comparison with Fig. 1
suggests that the relaxation energy is the major
contribution to the Cls chemical shifts in the al-
kane series. A closer inspection of the terms in-
volved in the expression for the relaxation energy
shows that the variation in the relaxation energy

throughout the alkane series is almost entirely
given by the molecular relaxation potential. Thus,
the contraction term and the screening potential
are practically constant, actually both decreasing
by 0.15 eV, whereas the total relaxation energy in-
creases with increasing n. It is interesting to note
that the screening, amounting to 0.50 electrons, is
complete already for methane despite the fact that
the carbon atom in this case is surrounded by hy-
drogens only. With increasing molecular size, the
electron flow can be taken from more and more
distant atoms and hence the counteracting molecu-
lar relaxation potential decreases, resulting in an
increasing total relaxation. In order to illustrate
this molecular size effect we have introduced an
effective radius r,«, defined by the molecular re-
laxation expression

~v„=v„'-v'„=(p'„p'„)Ir„„.-
Vl

0,?
? n

~20

ETHANE

PROPANE

0
' Cls

10 0

(

C1~

x,.« is given in Table II, column 10, and is seen
to increase with the size of the molecule to an
asymptotic value which is only slightly larger than
the C-C interatomic distance. The charge flow is
also illustrated in Fig. 5. As can be seen all the
atoms effectively participate in the screening of
the core hole and the contribution from the first
neighbors decreases with increasing size of the
molecule. It is also interesting to note the alter-
nating pattern of the charge flow for the carbon
atoms.

Our results for n-hexane can be compared to

TABLE V. Excitation energies for the C ls shake up
in methane, ethane, and propane (eV).

+2
Io(: i, '~

30 20 10 0
RELATIVE BINDING ENERGY (cV)

FIG. 7. Shakeup spectra of methane, ethane, and pro-
pane.

Mol

methane
ethane
propane

I.S.

9.9 -15 19.23 22.7 26.5
14.7 18.48 22.5 26.5
15 17.9 21.5 26.3
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FIG. S. Valence-electron spectrum of methane.

those obtained earlier for a, g-electron system like
benzene. -" Almost identical relaxation energies
are obtained (15.9 and 16.2 eV, respectively), but
they are caused by different AV„terms (4.68 and
4.02 eV, respectively).

The group-shift model-"'" partitions the shift on
an atom A into partial shifts related to each group
of atoms attached to it:

~ group

Originally derived from the potential model' it can
be used in the presence of relaxation. In fact,
since the group shifts are determined in a least-
squares fit, they will include a group relaxation
effect. The groups to be considered for an alkane
with n carbon atoms are typically: -H and
-C H., CH.„O=&&&- n —2.

One obvious application would be to put, e.g. , all
group shifts for m ~ 1 equal and so reproduce all
the chemical shifts in a model containing only three
parameters. However, in this work, we will use
our known experimental shifts and solve the cor-

responding sets of equations for the -C H, CH,,
group shifts. In this way we may study the relaxa-
tion dependence of the group size. The group shift
for -H was takento be 0.01 eV,"thereby defining
the reference-level parameter I,. In Fig. 6 the
calculated -C H., CH, group shift is plotted as a
function of m. As can be seen the group shift is
practically constant for m ~ 3. In consequence, a
model as discussed above, using only three param-
eters, is justified. The approximate value of —0.3
eV for the -CH, C group shift obtained from Fig. 6
is in disagreement with an earlier result of —0.06
eV." However, this latter value was determined
from one single chemical-shift value only.

In order to estimate to what extent the CNDO
approximation affects the results discussed above
we performed ab initio calculations on methane,
ethane, propane, and n-butane. Table III shows
that the Koopmans orbital energies, using an ex-
tended basis set (STD-4.31G), are practically con-
stant for these molecules, and are increasing
rather than decreasing. This trend is also found in
the minimal-basis-set calculations (Table IV, col-
umn 3). As a further step of refinement aiI initio
ASCF (self-consistent field) energies were calcu-
lated using the equivalent-core approximation,
i.e. , the shifts relative to methane were deduced
from the thermodynamic model" applied to the
"reaction":

C,,H, + NH, H,N+CH, , + CH, .

Because of limited computer resources, these
calculations were performed only with the minimal
basis set. The chemical shifts obtained from the
MCF calculations are seen to reproduce the de-
creasing behavior of the experimental shifts. How-
ever, as was found for the TPM calculations on
the CNDO/2 level, the shifts are overestimated by
approximately a factor of 2. This indicates that
the nonunit slope (0.50) in Fig. 3 for the correla-
tion of experimental versus TPM chemical shifts
is due to the limitations of a minimal-basis de-

TABLE VI. Experimental and calculated binding energies for the valence-electron lines of methane (in eV).

Line
This work

energy ~

Potts Price"
(Bef. 6) (Bet.. 4)

He II He II

Experimental results
Ham rin Hanna
(Bef. 2) (Bef. 42)
Al Ke Y M(

Mayer"
(Bef. 25)

Theoretical results
This work

Ab initio ' Ext.
STO-4.316 Huckel

22.93
14.45

23.1
13.6

23.05
14.5

22.91
14.35

23.02
14.4

25.66
14.75

24.68
15.39

23.38
14.29

~ Computer- fitted value.
"Measured on published spectra. .
'Total energy 40e139 34 aalu ~

"Total energy: -40.472 32 a.u. (CI calculation).
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FIG. 9. Valence-electron spectrum of ethane.

scription rather than to the approximations behind
the transition-potential model.

C. Shakeup spectra

To complete the study of the core levels we have
recorded the shakeup' spectra of methane, ethane,
and propane (Fig. 7). All the spectra exhibit broad
structures at about 15, 22, and 26 eV and a more
narrow line at about 19 eV from the main line. One
observes a systematic variation in the series. The
intensity and the shakeup energy of the latter line
is decreasing when the number of carbon atoms is
increasing (see Table V).

Each spectrum was also recorded at a lower
pressure in order to check the inelastic scattering
contribution, which is estimated by the shadowed
parts of Fig. 7. The small structure (marked I.S.)
in the methane spectrum at 9.9 eV relative to the
main line is in good agreement with the 1t,-3s and
1t,,-4s excitations to Rydberg orbitals observed in
the electron-impact spectrum reported by Harsh-
barger et al.

The assignment of shakeup spectra from mole-

cules is a rather complex multiplet problem. " "
It involves the interaction of the two doublets that
can be formed out of the three open shells taking
part in the excitation process. ' From the results
of Faegri and Manne" it is reasonable to assume
that lines 2 and 3 in the methane spectrum origi-
nate from shakeup transitions of the type 1t2-2t, ,

and 1t,-3t.„respectively. The 1t,-nt, , shakeoff con-
tinuum is then likely to start under peak 4. I,ine
1 might be due to a lg, -nal shakeup process. (In
this notation, 1g, refers to the valence C 2s level;
see Fig. 8.) Following the arguments in Refs. 33
and 35 this assignment is also supported by the
large width of line 1. The 1a, orbital is strongly
C-H bonding and consequently a 1&,-na, excitation
should involve a substantial vibration or dissocia-
tion broadening of the corresponding shakeup line.

From the resemblance and the systematic varia-
tion between the three recordings of Fig. 7 we then
conclude that structures 1 and 2 in the ethane and
propane spectra involve transitions from orbitals
of C2s and C2p character, respectively. It can
be noted that the measurements presented here are
quite structureless when compared to the shakeup
spectra of, e.g. , ethene and acetylene. ""' This
can be explained by vibrational and dissociative
broadening. The effect corresponds to the fact
that the optical absorption spectrum of C,H, is con-
tinuous while several discrete optical absorption
bands are reported for C.,H, and C,H, "

IV. VALENCE LEVELS

Valence-electron spectra from the first five mol-
ecules in the alkane series are shown in Figs.
8-12. The valence-electron lines are numbered
from the left ot the right in the spectra, and their
binding energies are given in Tables VI—X. When

not explicitly indicated within parentheses, the
estimated uncertainty of the experimental values
is less than 0.03 eV. The tables also list a se-

TABLE VII. Experimental and calculated binding energies for the valence-electron lines of ethane (in eV) ~

Line
This work
energy ~

Experimental results
Ham rin Potts
(Ref. 2) (Ref. 6)
Al Ko He II

Price"
(Ref. 4)

He II

Theoretical results
This work

Ab initio ' Ext.
STO-4.31G Hilckel

Buenker d

(Ref. 44)

23.91
20.42
15.35
12.69

23.9
20.3
14.7
10.7

23.9
20.42

24.17
20.48
15.28

12.53—13.52

27.66
22.74
16.24

13.48—13.16

26.53
21.71
16.06

14.54—14.17

27.56
22.68
16.13

13.30—12.96

~Computer-fitted value.
Measured on published spectra.' Total energy: —79.11369 a.u.

"Total energy: —79.182 26 a.u. (CI calculation).
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FIG. 10. Valence-electron spectrum of propane.

2530

A. Methane (Fig. 8, Table VI)

ane ave previous-The molecular orbitals of methane h

ly been studied by x-ray and uv excited electron
spectroscopy'~ and by theoretical calculations "

lection of binding-energy data, determined from
x-ray (Al R'n, Y Mg) and uv(He tt) excited spectra.
To interprete the spectra ab initio calculations
were performed using an STO-4.310 basis set for
all molecules except for n-pentane, where an STO-
0 basis set was used. " The results of the calcu-

lations are given in the second part of Tables VI-X.
All e

8-10 sh
e alkane valence-electron spectr ' F

s ow distinct C2s and C2p regions separated
by a pronounced energy gap. In contrast to the
core-level spectra the valence-orbital regions
show little shakeup structure. It should be men-
tioned that this is not the case f - 1 tse or n-e ectron sys-
ems like ethene, 36(a), 36(b) the chloro th (a)

and acetylene. "

The two lines in Fig. 8 correspond to the lal (C2s
and Hls character) and lt, (C2p and Hls character)
orbitals. They are populated by two and six elec-
trons, respectively. The intensity ratio in the

ference in the photoionization cross section fo C 2r s
C 2P atomic orbitals. Although the electron

line corresponding to the 1t,, orbital has a very low
in ensity, a splitting is clearly observed for this
degenerate lev el. This is also seen in uv and Y "i.f(
excited electroectron spectra, and is explained by the
Jahn-Teller effect. " The final state of the 1t.,
photoioniz ation ro
th

p cess has a lower symmetry than
e ground state of the molecule. Therefore, the

degenerac of the 1 ' '
yy 1t. T, ionic state is removed by

proceeding to an ionic state of either C,,„,D,. ~, or
C,„symmetry.

8. Ethane (Fig. 9, Table VII}

Accordin~ to e~ensive ab initio calculations" the
five outermost orbitals in ethane are ordered

(ia„)'(la,.)'(ie.)'(2a~)'(ls, )'.

Four peaks can easily be distinguish d
' F ~ 9.e in ig.

e two intense lines at 22.91 eV(la~) and 20.42eV
(la,„)are of C-C bondmg and antibonding C 2s char-
acter, respectively. The full width at half-maxi-
mum (FWHM) is 1.64 eV for the la, line and 1.46
eV for the 1the 1g,g line, which is broader than the 1g,
level in methane, 1.30 eV. Vibrational and dis-
sociative broadening are responsible for these
large linewidths. In methane the C-H vibrations

4are important, whereas in ethane also the C-C
stretching frequencies contribute to the line pro-
ile.
The remaining structures in Fig. 9 are the well-

separated peak at 15.35 eV corresponding to the

TABLE VIII. Experimental and calculated bindin ener~'c cu a e inding energies for the valence-electron l'ron snes o propane (in eV).

Line
This work
energy

Experimental results
Potts Price" Steichen

(Ref. 6) (Ref. 4) (Ref. 48)
He II He II He II

Ab initio
Sm 4.310

Theoretical results
This wolk

Ext.
Hue kel

Murrel
(Ref. 49)

24.60

22.08

19.57

15.64

13.70

12.04

24.5

19.15

24.55

22.16

19.59

15.48

13.76

12.00

24.3 28.75

25.25

21.84

17.01—16.26

14.97-14.42

12.87-12.82-12.61

27.59

23.78

20.42

16.47—15.91

15.22-15.08

14.20—13.96-13.57

27.55

24.49

21.38

17.01—15.99

14.67—14.32

12.69—12.37—11.83

RComputer- fitted value.
"Measured on published spectra.
~ Total energy: —118.093 55 a.u.
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ergy, respectively. Their corresponding FWHM
are 1.86, 1.57, and 1.46 eV. These differences in
FTHM are explained by the vibrational broadening
of the electron lines.

The C2p region presents only three resolved
structures. It is still possible to assign symme-
tries to these peaks. Indeed, according to the
ab initio calculations and uv excited electron spec-
tra, '"~d the binding energies of these molecular
orbitals fall into three groups.

0 i

30 20 10

B)NDING ENERGY (eVj

FIG. 11. Valence-electron spectrum of n-butane.

C. Propane (Fig. 10, Table VIII)

The valence electrons in propane are distributed
over ten molecular orbitals. In the spectrum of
Fig. 10, however, only six structures can be re-
solved. The innermost three orbitals of C2s char-
acter are easily assigned to the 1g„lb„and 2g,
orbitals at 24.60, 22.08, and 19.57 eV binding en-

1e„electron level and the peak at 12.7 eV, which
seems to be split in two structures at approxima-
tely 13.3 and 12.3 eV. This splitting is in good
agreement with data from uv excited electron spec-
tra.""This structure involves the 2a~ and the
1e, molecular orbitals but their assignment is still
an open question. Moreover, the Jahn- Teller ef-
fect should split the 1e, orbital into two compon-
ents, ' which makes the orbital assignment rather
complicated. This problem has recently been re-
viewed" and the ordering given above seems to be
the one agreed upon by most authors. '"

D. n-butane (Fig. 11,Table IX)

In the inner valence region in Fig. 11, four dis-
tinct structures are found, and are due to the cor-
responding orbitals of C2s character. Theoretical
calculations predict nine orbitals in the C2p re-
gion. Only two broad structures appear in the re-
corded spectrum. The experimental valence-elec-
tron binding energies from methane to n-butane
are plotted versus the ab initio STO-4.316 results
in Fig. 13. The correlation is satisfying, which
indicates an overall consistency of the assign-
ments.

E. n-pentane (Fig. 12, Table X) and n-nonane (Fig. 14)

For n~ 5 even the C2s orbitals become unre-
solved. Only three peaks can clearly be seen in the
C 2s region of n-pentane (Fig. 12). The electron
lines corresponding to the five molecular orbitals
are vibrationally broadened and overlap in energy.
In the C2p region as many as 11 orbitals are theo-
retically expected. It is not any more possible to
resolve by computer fitting the structure between
10- and 15-eV binding energy. Therefore no as-
signment of the molecular orbitals is attempted.
Also for n-nonane the C2p region is completely
smeared out. In the C2s region nine orbitals are

TABLE IX. Experimental and calculated binding energies for the valence-electron lines of n-butane (in eV}.

Line
This work
energy ~

Experimental results
Potts Price"

(Ref. 6) (Ref. 4)
He II He II

Steic hen
(Ref. 48)

He II
Ab initio '
8 TO-4.31G

Ext.
Huckel

Theoretical results
This work

24.73(5)
23.00(5)
20.81
19.11

15.0

12.1

24.7
23.0
20.7
18.80

24.63
22.99
20.74
18.98
15.72
14.46
12.67
11.36

24.60
23.00
20.70
18.94

29.06
26.63
23.37
21.53
17.17

15.91-15.52-15.35
13.96-13.32

12.78-12.30-12.22

27.90
25.28
22.01
20.15
16.58

15.69—15.62—15.42
14.59—14.52

14.23-13.87—13.23

Computer- fitted value.
~Measured on published spectra.
'Total energy: -157.06880 a.u.
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FIG. 12. Valence-electron spectrum of n-pentane.

theoretically located, but only five structures are
resolved in the spectrum. The lines are now so
densely packed that the spectrum starts to resem-
ble a band structure, rather than a collection of
distinct lines.

F. Formation of a band structure

The linear alkanes have been extensively studied
by different theoretical methods. " The results are
consistent with the ab initio STD-3G calculations
presented in Fig. 15, which will illustrate our dis-
cussions.

For a hydrocarbon of formula C„H,
„„

the va-
lence-electron region contains 6n+2 electrons dis-
tributed among 3n+1 energy levels. These are
divided into two groups, each of which contains
2n+ 1 and n molecular orbitals, respectively. The
first g roup, centered around 13—14-eV binding
energy, is mainly composed of orbitals of C 2p and
Hls character, which form the C-H bonds. How-

ever, with increasing n this band will also contain
a small amount of C2s character. The higher

cross section for this atomic symmetry causes a
noticeable increase of the C2p band intensity. An

energy gap (at least 3 eV) separates this first group
of energy levels from the second one, which ex-
tends from -20- to -29-eV binding energy. The
molecular orbitals in the latter group are mainly
composed of C-C bonding and antibonding combina-
tions of C2s atomic orbitals. The number of levels
in the C2s region is equal to the number of carbon
atoms in the alkane chain. The la, level in methane
splits into two levels in ethane, three levels in pro-
pane, etc. Since the energy levels are spread out
over a limited energy range of a few electron volts
the spacing between each level decreases with an

increasing number of carbon atoms. For large n

this leads to the formation of a band structure. As
can be seen in Fig. 15 the increase of the theoreti-
ca.l C2s bandwidth is small for n~ 6.

Figure 16 illustrates schematically the buildup
of a band structure, as it is recorded on the al-
kanes valence-band spectra. These molecules can
be considered as progressive steps in the forma-
tion of a quasilinear one-dimensional infinite solid,
polyethylene. From the successive valence bands
one can also observe when the ESCA spectrum of a
finite linear molecule will be indistinguishable
from that of polyethylene. This tells us how large
the system must be to approximate the band struc-
ture of an infinite solid. Already for n-tridecane
(n = &3) no fine substructure can be resolved, as was
still the case for n-nonane. Moreover, from Fig.
17, it is obvious that this valence band of gaseous
n-C»H„ is very similar to the solid-phase spec-
trum of n-C„H„(hexatriacontane). The only dif-
ference is the high background in the solid spec-
trum on the low-kinetic-energy side of the lines.
This is explained by inelastic scattering of the out-
going photoelectrons. As has previously been
shown, ' the n-C, „H74spectrum is essentially the
same as that of polyethylene. We conclude that 13

TABLE X. Experimental and calculated binding energies for the inner-valence-electron lines
of n-pentane (in eV) .

Line
This work
energy ~

Experimental results
Potts Price "

(Ref. 6) (Ref. 4)
He II He II

Steic hen
(Ref. 48)

He II

Theoretical results
This work

Ab initio ' Ext.
STO-3G Huckel

25.0 (2)
23.6(l)
21.79
19.87 (5)
18.70 (5)

24.8
23.7
21.7
19.9
18.74

24.72
23.96
22.08
20 ~ 05
18.89

24.7
24.00
21.10
19.76
18.68

28.22
26.35
23.63
20.88
20.19

28.20
26.47
23.42
20.88
19.95

~Computer-fitted value.
"Measured on published spectra.' Total energy. —194.034 Ol a.u.
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atoms in the chain are certainly sufficient to ap-
proximate an infinite solid. An addition of more
carbon atoms mill not affect the spectrum sig-
nifics tly.

V. CONCLUSIONS

The alkanes have been shomn to provide a con-
venient series for the study of the influence of the
molecular size on the electron relaxation energy.
The binding energy was found to be monotonically
decreasing with an increasing number of carbon
atoms, whereas simple electronegativity argu-
ments and the ground-state potential model pre-
dict the opposite trend. Including relaxation by

n-NONANE

n-C~H2O

FIG. 13. Correlation diagram of the alkane molecular
energy levels: ab initio calculated values versus experi-
mental ESCA data.

means of the transition-potential model gives a
more satisfactory description of the orbital ener-
gies. The analysis of the TPM populations indi-
cates that the screening of the core hole is practi-
cally constant; i.e. , the electron flow onto the ion-
ized atom always amounts to 1.0 electron. Conse-
quently, the potential set up by the redistributed
charge on the other atoms rules the variation of
the relaxation energy. The effective screening
radius increases with the size of the molecule and
reaches an asymptotic value of only 1.7 4. It is also
found that the molecular size-effect on the group
relaxation is fully developed alrea. dy for the -C,H,
gl oup.

Systematic changes in the shakeup spectra of
methane, ethane, and propane mere observed. The
most prominent peak in these spectra was tenta-
tively assigned to a transition from a C2p-Hls
bonding orbital.

Orbital energies from ab initio calculations on
the first five n-alkanes using an extended basis set
mere found to correlate successfully with the ex-
perimental valence-electron binding energies. The
molecules of the series were discussed in terms of
successive steps in the formation of the valence-

500-

e +
CV g0+

Cl

ALKANES — VALENCE ELECTRON LEVELS

CL

lez
@20
Z

25 20 15
BINDINQ ENERGY (eV)

FIG. 14. Valence-electron spectrum of n-nonane.

CH& C2HS C&H nC H nC H24 1Q 5 12

FIG. 16. Diagram of the formation of valence-band
structures in the alkanes, as observed by ESCA.
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@see n-c H

bitals, which still can be partly resolved in the C 2s
region of g-nonane are completely smeared out in
the spectrum of n-tridecane. In this respect n-
tridecane can serve as a finite-system model for
the infinite linea, r polymer.
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