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High-resolution C 1s photoelectron spectra of methane, ethene, propene, and 2-methylpropene
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Vibrational fine structure in the C sl photoelectron spectra of methane, ethene, propene, and
2-methylpropene has been observed using high-resolution synchrotron radiation. The degree of vibrational
excitation is found to increase with the number of hydrogens attached to the core-ionized carbon atom, and this
observation can be rationalized using a linear coupling intensity model. The vibrational structure can be
accounted for almost quantitatively with the assumption that the primary vibrational excitation is stretching of
the CH bond attached to the core-ionized carbon atom, using the results from methane to establish the
intensities of the CH stretching vibrations in the other molecudds.initio calculations of the geometrical
changes accompanying G ore ionization support this picture. The high resolution in these experiments
makes it possible to determine the core-ionization energies of the inequivalent carbons in propene and
2-methylpropene, as well as the difference between the adiabatic and vertical ionization energies in all four
molecules.Ab initio calculations of vertical binding-energy shifts using hole-state calculations show good
agreement with those determined experimentaB1.050-294{@7)08404-1

PACS numbg(s): 33.20-t, 33.60.Fy, 33.70.Ca, 33.15.Ry

[. INTRODUCTION chromator and still have intensity enough for core photoelec-
tron spectroscopy[2—-7]. Notably, the vibrational fine
Vibrational fine structure in core photoelectron spectrastructure of the C & photoelectron line in carbon monoxide
from molecules was first observed more than twenty year§3] and methang4] has been observed at the X1 beamline in
ago[1]. The C Is core photoelectron spectrum of methaneBrookhaven. Vibrational fine structure of core-ionized mol-
was then observed to be composed of at least three vibracules has also been observed in experiments at the beamline
tional lines and it was possible to observe both the verticain Wisconsin[5] and at the Daresbury Laboratory in the
and the adiabatic C slionization energy of the molecule. U.K. [6]. A very highly resolved C & spectrum of carbon
The observation of the vibrational fine structure wasmonoxide[7] has recently been presented from beamline 51
achieved by technological developments of the spectroscopit the MAX laboratory in Swedef8].
technique at that time. These included a rotating aluminum We present here high-resolution G fthotoelectron spec-
Ka anode source for excitation, monochromatization of thera of methane, ethene, propene, and 2-methylpropene, ob-
X rays using a spherically bent quartz crystal and enhancdained using beamline 51 at the MAX laboratory. A major
ment of the performance of the electrostatic electron analyzegoal of this work has been to determine the different core-
with a multichannel plate detector. The high resolution thusonization energies for the inequivalent carbons in propene
achieved revealed that vibrational excitation can contributeand 2-methylpropene. The differences in chemical reactivity
significantly to the line broadening in core photoelectronof the double bond between ethene, propene, and
spectra. 2-methylpropene as well as between the different carbons in
The quartz-crystal monochromator has, in practice, gropene and in 2-methylpropene provide a chemical incen-
resolution limited to about 0.25 eV and no monochromatizedive to investigate these core-ionization energies. Methane
Al Ka excited gas phase spectrum has been reported withand ethene are simple compounds that provide prototypes for
total full width at half maximum(FWHM) of less than 0.30 understanding the vibrational structure in the more complex
eV. As a consequence, one has not even partly resolved vinolecules.
brational fine structure in AK«a excited core photoelectron We have observed vibrational structure in all the € 1
spectra of any molecule other than methane. Only line prophotoelectron spectra and have been able to show that the
files have been observed. However, using synchrotron radi@lominant features of the vibrational profiles of these mol-
tion and grazing-incidence grating monochromators, it hagcules arise from stretching of the CH bonds of the core-
recently been possible to get a spectral linewidth substarienized carbon atoms. A linear coupling intensity model is
tially smaller than the one obtained with the crystal mono-found to account almost quantitatively for the vibrational
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TABLE |. Experimental adiabatic and vertical G lonization energies and comparison with calculated
vertical chemical shifts relative to ethene. All values are in eV.

Molecule Atom | (adiabatig? I (vertica)® Al (vertical) Al (calc. vertica)®
Methane C1 290.71 290.91 0.09 0.01
Ethene C1 290.75 290.82 0.00 0.00
Propene C1 290.18 290.25 -0.57 —-0.59

Cc2 290.69 290.73 -0.09 -0.14

C3 290.67 290.81 -0.01 -0.02
2-methylpropene C1 289.76 289.83 —0.99 —1.06

Cc2 290.65 290.65 -0.17 -0.27

C3 290.54 290.69 -0.13 -0.19

3Peak top position of the first member of the progresgion0).
®Center of gravity of the intensity distribution.

‘Core-hole state calculation.

dFrom Asplundet al, Ref.[19].

®From Seethreet al, Ref.[14].

structure and makes it possible to obtain both the “adiasince it was discovered that shape resonance effects gave
batic” and the vertical ionization energies for larger mol- enhanced vibrational broadening at the photon energy em-
ecules. These are important for the comparison of core phgloyed[13], thus influencing the vertical ionization energy of
toelectron shifts with chemical properties of molecules. the calibrant. Instead, we refer all energies of ethene, pro-
pene, and 2-methylpropene to the vertical energy of ethene at
290.82 eV[14].

The numerical treatment of the data used the program
The x rays at beamline 51 at the MAX laboratory are package from Scientgl5]. With this, the spectra can be fit
produced by a short undulator, which is constructed to allowvith pseudo-Voigt functions to represent the combined ef-
for very small magnetic gaps, down to 8 niei. A modified  fects of lifetime width and experimental resolution, and a tail
SX-700 plane grating monochromatdrO] produces a pho- to low kinetic energies can be included to model the effects
ton beam with a very narrow bandpass. The beam is refoef postcollision interaction and unresolved, low-frequency
cused by a toroidal mirror in order to give high intensity in vibrations. Special features of the fitting procedure for each

the sample compartment. The refocusing stage is also usedolecule are described in more detail below.

for differential pumping, and the vacuum in the experimental The measured spectra are shown in Figs. 1-4. The lines,
chamber is effectively isolated from the monochromator.which represent fits to the data, are discussed in a subsequent
The electrons were energy analyzed using a hemisphericakction. The carbon sl ionization energies derived from
sector analyzef1l]. There is also an efficient differential these spectra are given in Table I.

pumping system in the analyzer itself. The pressure in the

sample compartment can thus be kept as high as about 0.1

Il. EXPERIMENTAL DETAILS

mbar, while still maintaining a base pressure below >0 [ll. THEORETICAL CONSIDERATIONS
mbar in the spectrometer. . ,

Methane (99.95%, ethene(99.95%, propene(99.499, A. Ab initio calculations
2-methylpropene(99.5%, and carbon dioxidg99.995% Ab initio calculations of equilibrium geometry for the
were obtained from the ALFAX company and introducedneutral molecules and the core-ionized species were per-
into the inlet system without further purification. formed using thesAUSSIAN-94 program packagEL6] and the

For intensity reasons the spectra have been obtained95(d,p) basis. This is the Dunning-Huzinaga double-zeta
12-20 eV above the Cslionization thresholdh»=303 eV  basis se{17] augmented wittp polarization functions, i.e.,
for methane and 310 eV for the other molecilest these  (9s5pld)/[4s2pld] for C and N, and (41p)/[2s1p] for
energies some postcollision effedtk2] are present in our H. For the core-ionized species, the equivalent d@re 1)
spectra. However, the influences from postcollision can bapproximation[18] was used. The geometries were opti-
modeled empirically using suitable line profiles. mized at the restricted Hartree-Fock level for both the initial

The resolution of the monochromator and electron specand final states. There is good agreement between calculated
trometer was set in order to reveal the finest possible detailand experimental initial-state geometries for these molecules.
of the spectra, while keeping the recording times reasonabl&he calculated differences in bond lengths and bond angles
For methane we used a 20w monochromator slit and are summarized in Tables II-IV.
20-eV pass energy of the electron analyzer. In the case of Looking first at methane, in Table Il, we note that core
ethene, propene, and 2-methylpropene, auf0monochro- ionization is accompanied by a shrinkage of the CH bond by
mator slit and 50-eV pass energy were sufficient, since thabout 0.07 A. This value is noticeably greater than that of
inherent structures are broader in these cases. The spectiaout 0.05 A, which has been found experimentally from fits
were internally calibrated by mixing the sample gas withto the vibrational structure in core-ionized methane
CO,. The CQ gas could not be used as an absolute standardi1,4,19,2Q. Our experience is that this prediction of too
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TABLE Il. Calculated changes in bond lengths (A)] and TABLE V. Calculated changes in bond lengths(A)], angles
angles[ ¢ (deg] upon carbon & core ionization for methane and [¢ (degree}|, and dihedral anglgs (degree¥| upon carbon & core
ethene. ionization for 2-methylpropene. See drawing in text for numbering

of the atoms.
Molecule r Ar @ Ag
Calculated lonization at
Methane ClH1 —0.073 parameter c1 c2 c3
Ethené ClH1 —0.073 C1C2H2 -1.71
C2H2 0.001 C2C1H1 -0.08 r Ar Ar Ar
cic2 —0.057 cic2 —0.042 —0.066 —-0.011
c2C3 -0.015 —0.032 -0.017
4n ethene C1 is the core-ionized atom. H1 refers to either of theCl H1 ~0.076 —0.002 ~0.003
two hydrogens attached to C1. C1H2 —0.076 —0.002 —0.001
C3H3 —0.003 —0.005 —0.074
much bond shrinkage is a common failure of such calculagz g ~0.003 —0.007 ~0.076
tions. Consequently, we can use these results only for qualix, -3 —0.015 —0.032 —0.008
tative guidance. Ad A Ad

With this reservation in mind, we note a common feature¢

. - Cl1C2C3 —-2.18 -0.02 4.50
of the calculated changes in bond length. This is that the., ~ ., 0.003 133 _1.89
bonds attached to the core-ionized carbon atom shrink b 5 C1 H2 0003 _133 _175

0.03-0.07 A, but other bond lengths change very little. The

changes in bond angles are small. Thus, we expect that coﬁ'a2 C3H3 0.76 —191 0.08
ionization will produce vibrational excitation primarily in % ©3H4 -181 —214 0.48
modes that are local to the core-ionized atom. cicz2cs —2.18 —0.02 7.11
In order to obtain theoretical values of the core-ionization©2 €3 H3’ 0.76 —-1.92 —-2.23
energies, calculations of the energies of the neutral and coré2 C3 H4’ —-181 —2.14 0.70
ionized moleculegat the optimized geometry of the neujral @ As Ao Ao
were done at the restricted Hartree-Fock level with theCl C2C3H4 0.83 —-0.38 —-0.45
MOLECULE-ALCHEMY programg21] using the same basis set C1 C2 C3 H4' 0.83 —0.38 -1.31

as above. The hole-state calculations for the core-ionized
molecules were performed within the restricted open-shell

Hartree-Fock approximation using the maximum overlap cri-These so-calledSCF ionization energies take into account
terion[22]. Calculated vertical core-ionization energies werethe redistribution of electrons after ionization. For present

then obtained as the difference between the total energies gf;poses, we are concerned only with the shifts of tse 1
the final core-hole state and the initial closed-shell stat€jonization energies relative to ethene. These are listed in

Table I. For propene and 2-methylpropene, these results have

TABLE Il Calculated changes in bond lengtfrs(A)], angles  peen used to assist in the assignment of the spectra.
[¢ (degree}s, and dihedral angles (degree}s upon carbon & core

ionization for propene. See drawing in text for numbering of the . . .
prop 9 9 B. Analysis of vibrational structure

atoms.

Understanding of the vibrational structure can be greatly
Calculated lonization at simplified with two approximations. These af® that we
parameter C1 c2 c3 can consider vibrational modes that are localized to the
r Ar Ar Ar bonds attached to the core-ionized carbon, é)dhat the
c1C2 —0.049 0.062 _0.011 Franck-Condon vibrational intensities can be calculated us-
c2C3 0021 0.028 0025 ing a linear coupling modd23,24.
C1lH1 —-0.074 —0.001 —0.002 Local modes
C1H2 —-0.074 —0.002 —0.001
C2H3 —0.002 —0.075 —0.008 A full analysis of the vibrational structure would take into
C3 H4 —0.003 —0.005 —0.074 consideration the multidimensional problem of all of the nor-
C3H5 —0.001 —0.007 —0.075 mal modes of the core-ionized molecule. However, the the-
) Ad Ad A¢ oretical calculations show that the major changes in geom-
cicz2cs -1.21 0.88 —4.12 etry upon core ionization are in the bond lengths of the atoms
C2C1lH1 0.24 —1.39 -2.20 attached to the core-ionized carbon—the carbon-hydrogen
C2 C1H2 -0.27 —1.66 1.77 bonds and the carbon-carbon bonds. Moreover, they show
C1C2H3 —2.09 -0.92 7.20 that the CH stretching modes of the core-ionized molecules
C2 C3 H4 1.18 —231 0.12 involve modes that are local either to the core-ionized carbon
C2 C3H5 -2.33 -2.26 0.57 or to the unionized carbons. A simplification that is adequate
) AS AS AS for the present purposes is to treat the core-ionized center
C1C2C3H5 1.38 —0.44 —0.57 and its immediate neighbors as an isolated molecule. We

then consider only the normal modes of this isolated mol-
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ecule, which represent the actual localized normal modes aformal coordinate for this mode can be expressed in terms of
the whole molecule. Because of the large difference betweethe changeAr; of the CH bond lengths:
CH and CC stretching frequencies, we can treat these modes

separately. For the CH stretching, only the fully symmetric 1 "
mode,A,, is excited. Inspection of the experimental spectra o= ? 2 Ary= VnAr, ©)
shows that the vibrational envelope is dominated by a struc- ni=t

ture with a spacing characteristic of CH stretching frequen- . o
cies. As a result, to a first approximation, we can consider th¥heren is the number of CH bonds around the core-ionized
vibrational structure as being due to a singleCH stretch- atom. Combining this expression with E@) gives
ing mode.
NAr?pw
Linear coupling model S= 2% ’ S

A second simplification is introduced by noting that the . .
CH vibrational frequencies for the core-ionized species ard Nus,S is proportional to the number of CH bonds, we ex-
calculated to be within about 10% of those for the neutraiP€ct(and find that the Franck-Condon distribution broadens
molecules. In the case where these frequencies are identic& We increase the number of hydrogen atoms attached to the
the Franck-Condon factors(0—uv), for excitation from the ~ COre-ionized carbon. The relative intensity of the1 tran-
ground vibrational state of the molecule to thevibrational ~ Sition increases linearly witf and, therefore, linearly with
state of the ion are given exactly in the harmonic oscillatof- The relative intensities of the transitions for higher values

approximation by a Poisson function: of v also increase witm, as can be readily calculated from
Eq. (1.
Y An alternate approach to the same result can be obtained
I(0—v)=¢e ol 1) by considering the average vibrational excitation energy for

the mode. The theoretical calculations show that the equilib-
From harmonic-oscillator wave functions one can show thatium bond length for each hydrogen atom connected to a
core-ionized carbon atom is about 0.07 A shorter than it is in
Ppow the neutral molecule, and is the same regardless of how
S= 2% 2 many hydrogen atoms there are. Core ionization, a vertical
process, therefore produces an ion with stretched CH bonds.
where § equals the change in the equilibrium normal coordi-The total energy associated with this stretching, which is
nate, u the appropriate reduced mass for the normal modegqual to the average vibrational energy, increases, therefore,
and w the vibrational frequency of the normal mode. Thesein proportion to the number of hydrogen atoms attached to
equations can be obtained from the analytic expressions fdhe core-ionized carbon. Since this energy is also equal to
harmonic-oscillator Franck-Condon factors given by Hutch-Stw, S must also be proportional to the number of H atoms,
isson[25] or from the linear coupling model developed by just as we have seen in the simplified picture presented ear-
Cederbaum and DomcKe3] (which includes the approxi- lier.
mations of no change in frequency upon core ionization and This approach provides a convenient way to analyze the
no coupling between normal modes vibrational structure in the molecules we have studied. The
Sis related to the physical parameters of the molecule byalue ofS can be taken from the methane data and then used
Eq. (2). However, it has additional significance. Fir§,s to determine the Franck-Condon factors to be used in fitting
the average value of for the Poisson distribution and is, the other spectra. We will see below that this procedure al-
therefore, the average quantum number for the vibrationdbws us to represent the spectra well with a minimum num-
excitation. Correspondinglyi wS is the average vibrational ber of free parameters.
energy of the Franck-Condon envelope and is equal to the
mean vibrational excitation produced in the vertical core ion-
ization. Seconds reflects the width of the vibrational distri-
bution; the large§ is, the broader the distribution. Finallg, A. The methane C Is photoelectron spectrum

is equal to the ratio of intensities of the=1 to v =0 peaks. The methane C 4 core photoelectron spectrum is shown
As a result, a value db can be easily estimated empirically i, Fig 1. One vibrational progression with three or more
from the spectrum. components is well resolved in this spectrum. Since the pho-
ton energy was only 12 eV above threshold, the line profiles
are influenced by the postcollision effects. The line shapes

From the measured spectra, Figs. 1-4, it can be seen theannot be modeled by a symmetric Voigt line profile and, as
the vibrational progression is much more pronounced iran approximation, we have used a pseudo-Voigt function
methane than in ethene. Consideration of the simplificationwith asymmetric tail, as available in tr&cIENTA program
discussed above shows that this difference arises directlyackagd15]. In Fig. 1 we have used four lines with the same
from the different numbers of hydrogen atoms attached t@symmetry, Gaussian-Lorentzian mixing, and width
the core-ionized carbon. As noted, the only vibrational modéFWHM) and a constant background. The heights of the four
of importance is the localh; mode, which involves equal peaks were free parameters. The position of the main peak
changesAr, in the bond lengths of all of the hydrogen at- and a single vibrational frequency were also free. In all, there
oms attached to the core-ionized carbon. The change in thare ten free parameters to fit this spectrum.

IV. DISCUSSION

Intensities of theCH stretching frequencies



2752 L. J. SETHREet al. 55

1200 | 2 2500
Methane .
1000 2000 Ethene
CH, CH,=CH,
800 2 1500 -
=y 2
7] ] (]
g o E 1000 -
S
400
500
200 ]
0 T T T T T —|J
0 2025 2920 2915 2910 2905  290.0
T T T T T . .
292.0 291.5 291.0 290.5 290.0 Ionization energy (eV)

Ionization energy (eV)
FIG. 2. The C & photoelectron spectrum of ethene. The spec-
FIG. 1. The C & core photoelectron spectrum of methane ob-trum was obtained with 310 eV excitation energy. The lines show
tained with synchrotron radiation at the MAX laboratory. The ex- the results of a least-squares fit to the data using results from meth-
citation energy was 303 eV. ane to constrain the vibrational profiles. See text for details of the
fitting procedure.

The FWHM was found to be 2120) meV. Both the elec-
tron spectrometer and the monochromator resolution at this
setting are approximately 70 meV, giving a total instrument In Fig. 2 we present the Cslphotoelectron spectrum of
resolution of about 100 meV. The Doppler broadening isthe ethene molecule. It is apparent that there is vibrational
negligible at this low kinetic energy and therefore inherentstructure on the high-ionization-energy side of this peak.
effects(postcollision and lifetime broadening, etdominate As in the case of methane, we have used the pseudo-Voigt
the line profiles. function with an asymmetric tail to fit the spectrum. As

We obtain the relative intensities of 1, 0.49, 0.13, andnoted, the profile is determined by three free parameters, but
0.03 for the transitions to the=0,1,2,3 components in the these are different for ethene than for methane because of
progression. These values are in good agreement with earliéifferent experimental conditions. The spectrum of Fig. 2 has
x-ray photoelectron spectrosco¥PS) values[19,20. To  been fit by using two such functions of identidblut vari-
some extent, this result is surprising, since it is known thagble shape, allowing for an optimization of the energy po-
for the C 1s photoionization in CO, the Franck-Condon fac- sitions and the intensity of the main peak. The intensity of
tors may vary with the excitation energy near the thresholdhe second peak is not a free parameter, but is determined
[3], and one should therefore not expect a perfect agreemensing the linear coupling intensity model and t8evalue
between XPS and synchrotron radiation results near the iorfrom methanesS for ethene is taken to be half the value®f
ization threshold. The vibrational progression seen in Fig. for methane, since there are only two hydrogen atoms at-
has been discussed earlier; it corresponds to the fully syntached to the core-ionized carbon in ethene, but four in meth-
metric CH stretch mode in methan&,19]. The observed ane. A constant background is also included in the fitting
energy difference between vibrational components igrocess. There are, thus, 7 free parameters to fit this spec-
400(10) meV. We do not see any evidence of anharmonicity trum. The resulting FWHM of the lines is 36®) meV. The

The value of 0.49 for the relative value of the=1 tran-  energy difference between the lines is G883 meV.
sition is used to determine a value $ffor the CH stretch; The total instrumental resolution in the experiment is
this is then used to fix the value &in the subsequent fits about 150 meV. Since the ethene data were obtained at a
for the other molecules. Usin§=0.49 and the linear cou- higher kinetic energy than was used for methane, the post-
pling intensity model, we predict for methane 0.12 and 0.0Zollision broadening is expected to be smaller than in the
for the relative intensities of the=2 andv =3 transitions, case of the methane. The large width of the fitted lines in
respectively, in good agreement with the observed values. Fig. 2 is therefore attributed to excitation of other vibrational

From the centroid of the vibrational spectrum and themodds).
value of 290.707 e\[19], we obtain a vertical ionization In ethene there are three totally symmetric modes for the
energy of 290.91 eV, which is in excellent agreement withground-state molecule: the totally symmetric C-H stretch
the value reported by Thomas and Shi#6]. These values mode, a CC mode, and a symmetric HCH bending mode. In
are listed in Table I. the core-ionized molecule the corresponding modes are a lo-

For the other molecules in this study, we can also find aal CH stretch, a CC stretch, and a local HCH bend. The
difference between the vertical energy and the energy of thiatter two are at about half the frequency of the first. Bhe
v=0 component in a CH stretch mode. We will call this initio calculations, summarized in Table IlI, indicate that all
latter energy adiabatic, although we are aware that othehree of these modes are likely to be excited in core ioniza-
modes may contribute to the peak shape, with the result thaion. Because of its higher energy, the CH stretching mode is
the true adiabatic energy is at a lower ionization energyapparent in the spectrum as an obvious shoulder, but the
However, the CH stretch frequency is much larger than otheother two modes are unresolved and are seen only in the
frequencies, so our notation is to some extent justifiedadditional width of the spectrum.

B. The ethene C & photoelectron spectrum
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FIG. 3. The C & photoelectron spectrum of propene. The spec- FIG. 4. The C 5 photoelectron spectrum of 2-methylpropene.
trum was obtained with 310 eV excitation energy. The lines showThe spectrum was obtained with 310 eV excitation energy. The
the results of a least-squares fit to the data using results from metlines show the results of a least-squares fit to the data using results
ane and ethene to constrain the vibrational profiles. See text fdrom methane and ethene to constrain the vibrational profiles. See
details of the fitting procedure. text for details of the fitting procedure.

The energy difference of 368 meV between the vibra-
tional fine structures is about the same as the energy of the H4
totally symmetric CH stretch mode in the neutral molecule, \

which has an energy of 374 meg7]. The calculations in- 3 H2
dicate a shortening of the CH bond by 0.07 A and of the CC H5/~'C

bond by 0.06 A upon C 4 photoionization. Shortening of \C2 —C1

the bond usually implies a stronger bond and we therefore H5 -

expect the vibrational energy to be larger than 374 meV in / \
the core-ionized molecule. The fact that our observed differ- H3 HA1

ence is not larger than this can be attributed to unresolved

contributions from the CC stretching and HCH bending

modes. They =1 contribution from these modes to the-0 The spectrum by itself does not give any clues as to how
CH stretch peak will distort the position of this peak to {0 @ssign the peaks. However, comparison with the spectrum
higher apparent ionization energy, whereas the2 contri- for 2-methylpropene, Fig. 4, provides a first step. For both

bution of these modes will have almost the same energy ggolecules the spectra are characterized by an almost re-
thev =1 CH stretching mode and will produce little effect on solved peak at low ionization energy and a larger peak at

this peak position somewhat higher ionization energy. We note that in the spec-
The adiabatic and vertical energies of ethene are summdum for Z—methylpropene, Wh'.Ch contains two methyl
rized in Table |. groups, the higher-energy peak is a more prominent feature

than it is for propene. We can, therefore, conclude that the
contribution from the methyl group is contained in this peak.
C. The propene C Is photoelectron spectrum From the overall areas we can also conclude that this peak
contains contributions from one of the other carbons. Beyond
The C 1s core photoelectron spectrum of propene isthis we must rely on the theoretical calculations, which show
shown in Fig. 3. The spectrum was obtained under the samat C1 has a lower ionization energy than C2. We therefore
conditions as for ethene. There are three structures visible iassign the peak at low ionization energy to C1. This assign-
the spectrum of Fig. 3. There is a resolved peak at a lownent is supported by comparison with similar measurements
binding energy of about 290.2 eV, a main structure with awe have made on the three monochloropropene isomers.
maximum at about 290.7 eV, and a shoulder at around 291.1 The propene molecule has low symmetBs and has 21
ev. nondegenerate normal vibrational modes. Several of these
Since the propene molecule contains three inequivalerdre active upon C 4 photoionization, and a strict analysis of
carbon atoms, it is tempting to make a simple assignment ahe vibrational fine structure would be very complex. If we
this spectrum in terms of three chemically shifted photoelecinstead adopt the idea that local vibrational modes around the
tron peaks. However, such an analysis would neglect theore-ionized atom are most important, especially the local
presence of the vibrational fine structure, and we will hereCH stretching modes, we can use the linear coupling model
show that the chemical binding-energy shifts must be oband the value o8 from the methane spectrum to predict the
tained with a consideration of the vibrational excitation of vibrational structure of the spectrum.
the core-hole states. We use the following labeling of the The propene spectrum has been fitted with the pseudo-
atoms: Voigt function with an asymmetric tail, with three
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adjustable-shape parameters. The three total areas for Che molecule. At the lowest binding energy, 289.8 eV, there
C2, and C3 are constrained by stoichiometry. However, iis a well separated peak, which we assign to C1, for the
has been shown that the intensities of the €lihes are reasons outlined above. The dominant structure peaks at
affected differently by shakeup; consequently, the relativeabout 290.6 eV, with a shoulder and tail on the high-energy
intensities have been set to the theoretically predicted valueside. One should notice that the energy splitting between the
C1, 31.2%; C2, 33.1%; C3, 35.7p28]. The relative heights structure at 289.8 eV and the peak maximum at 290.6 eV is
of the vibrational structures within each of these groups aresubstantially largetby 0.3 eV} than in the case of the pro-
determined by the linear coupling model using ®iwalue  pene molecule. Also, there is considerable spectral intensity
from methanegappropriately modified to reflect the number between these peaks.
of hydrogen atoms attached to the core-ionized atdrhe We have applied the same type of analysis to this spec-
vibrational spacings are taken to be the same as for methaieim as was done for the propene molecule, with the same
for the methyl carbon, C3, and the same as for ethene for theet of free parameters. The difference between the fits is
unsaturated carbons, C1 and C2. There are thus eight adjugtartly stoichiometric, two methyl group Cslprofiles being
able parameters, three for peak shape, one for backgroundsed instead of one. The stoichiometric ratios were corrected
one for overall intensity, and three for the adiabatic ionizato account for the influence of shakeup: C1, 22.4%; C2,
tion energies of each of the three carbons. 24.8%; C3, 52.9%28]. In addition, the C2 line profile now
The result of this fitting procedure is also shown in Fig. 3,consists of only one line, since this carbon no longer binds to
where it can be seen that the correspondence between thehydrogen atom and no local CH stretch progression exists
fitted line and the experimental spectrum is quite good. Thdor core ionization on this site. The resulting peak profile
FWHM of the lines obtained from this analysis is 380) parameters are almost identical to those of propene, with a
meV, almost the same as was found for ethene. FWHM of 37810) meV. As can be seen from Fig. 4, a
An important conclusion of the fitting procedure in Fig. 3 reasonable fit is obtained, and again the shoulder at higher
is that the shoulder at 291.1 eV is not directly due to theionization energy is not due to the peak maximum of the C3
vertical binding energy of the C3 carbon atom. This structurdine but originates from the =1 excited vibrational state in
is instead associated with excitation of thel CH stretch- the C3 ionized system. As in the case of propene, the adia-
ing modes from C2 and C3 ionization. The analysis showdatic C3 ionization energy lies very close to the C2 energy,
that the adiabatic ionization energies for C2 and C3 aravhich agrees with calculated energi€&ble ). From the
nearly the same. From these results, it is possible, for the firgesults of Fig. 4, we conclude that even for large molecules
time, to estimate both the adiabatic and the vertical ionizathe vibrational profile may be analyzed, and reliable core
tion energies for all the carbon atoms in this molecule. Thes@nization energy shifts obtained with high precision.
energies are listed in Table I.

E. The ionization energies

D. The 2-methylpropene C % photoelectron spectrum There are several noticeable features of the ionization en-

The 2-methylpropene molecule also contains three chemergies we have measured. First, the adiabatic ionization en-
cally different carbon atoms. We use the following labeling: ergy for a methyl/carbon varies only slightly from methane
(290.71 eV, to propene(290.67 eV, to 2-methylpropene
(290.59. Such trend as there is can be accounted for by a

‘ larger relaxation energy associated with the larger molecules.
H4.... c3 H2 Second, addition of one or more methyl groups has only a
- \ / small effect on the ionization energy of the carbon to which
4 these are attached: for ethene we have ethene 290.75 eV,
propene(C2) 290.69 eV, and 2-methylpropert€2) 290.65
H4'\ / \ eV. These changes are again consistent with a larger relax-
.,..-'C3' H1 ation energy associated with the larger molecules.
H4' ‘ Third, and in contrast, the variation in the ionization en-
ergy for C1 in the unsaturated compounds is quite striking:
H3' ethene 290.75 eV, propene 290.18 eV, and 2-methylpropene
289.76 eV. This shift of about one eV is possibly associated
Figure 4 displays the Csdlcore photoelectron spectrum of with the existence of resonance forms such as

H HT
H\C/ N
1\ ! H/C\ !

C=—=¢C R C—(C - - etc.
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which shift charge from the methyl group to the C1 in pro-large molecules. This has allowed us to use data from the
pene. Similar but larger resonance effects will also be seen iphotoelectron spectrum of Cslin methane to predict accu-
2-methylpropene. Such effects and other connections bgxely the vibrational structure in the spectra of ethene, pro-
tween these ionization energies and chemical properties wi ene, and 2-methylpropene. This procedure has also allowed

be discussed elsewhef29]. . e . o
As has been noted. the theoretical calculations of ionizals to obtain accurate ionization energies for very similar but
' in propene and 2-methyl-

tion energies were used as an aid in assigning the peaks ffpnequivalent carbon atoms
the propene and 2-methylpropene spectra. However, only tH&OPEne.

information that C1 has the lowest ionization energy was 1€ New precision in the determination of chemical shifts
used. Comparison of the theoretical shifts with the experi provides possibilities to use core-electron spectroscopy for

ment values in Table | shows that theory predicts all of the¢n€ Study of chemical properties of organic molecules. It is
trends seen in the experimental resuits. The root-mearp€€n that the C1 ionization energies are strongly influenced
square disagreement between theory and experiment is onW resonance effects involving methyl substituents at the C2

0.06 eV. position.
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