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Abstract: Trends in carbon 1s ionization energies for the linear alkanes have been investigated using
third-generation synchrotron radiation. The study comprises CHa, CzHg, C3Hs, C4H10, CsHi2, CeHis, and
CsHis. Both inter- and intramolecular shifts in ionization energy have been determined from gas-phase
spectra and ab initio calculations. The shifts are decomposed into initial-state and final-state contributions
and are shown to relate to the fundamental chemical properties of group electronegativity and polarizability.
By extrapolation, we predict Cls spectra of larger n-alkanes, converging toward isolated strands of
polyethylene.

1. Introduction may be obtained from least-squares fits to the recorded spectra.
The subspectra have asymmetric line shapes caused by the decay
process of the hole states and, more importantly, because of

realct|V|:y tc:]ward d‘?'e‘?goPh"'C ;e_ager;ls_, are related 10 the \;p aiional excitation of the ion. We have recently described a
molecular charge distribution and its ability to reorganize Upon .. ational procedure for obtaining such site-specific line

IOCE;: perturbatlor\s_. To ufn(?erstan((jj ant:j preglctl the Oultcome_Ofshapes on the basis of ab initio calculatiér®uch calculations
such reactions, it Is useful to study the underlying electronic .6 heen shown to provide accurate representations of the line

properties, to which end X-ray photoelectron spectroscopy shapes in Cls photoelectron spectra of ethaamed other
(XPS) is an excellent technique. First, core electrons are largely hydrocarbong

localized to specific atoms. Second, the binding energy of inner- . . S .
shell electrons depends on the charge distribution in the molecule Arather extensive §tudy of trendg In Cls |on|;at|on energies
and the ability of the neighboring atoms to screen the positive was performed by Plrea_lux. et f‘aUsmg cgnvenhonal Al
charge introduced through ionization. Hence, core-ionization X-rays, they fou_nd the ionization energies to range over 0.6
energies express the ability of a molecule to accept charge at aeV among t_he first 131—a|kane_s, depreasmg with increasing
specific site. Third, state-of-the-art synchrotrons facilitate inner- molecular size. From calculations, it was concluded that the

shell photoelectron spectra with an energy resolution much opserved shifts in '0”'23“9” ene_rggAI() were largely deter-_
higher than the width defined by the lifetime of the core hole. mined by electronic relaxation. With the instrumental resolution

In the case of C1s ionization, this means a combined instry- 2vailable at that time, the reportetil’s represent average

mental and lifetime broadening just above 0.1 eV, and combined ionization energies of the carbon atoms present in each molecule.

with deconvolution methods, XPS spectra can provide energy However, technological advances allow us to resolve for the
shifts of chemical accuracy (1 kcal/me! 0.05 eV). first time also intramolecular shifts for a number of linear

L . . L alkanes, in addition to intermolecular shifts of unprecedented
The alkane series is well suited for investigating how the P

. . " accuracy.
electronic properties develop within a saturated molecular o . . Lo
system of increasing size, in that these molecules show Furtherinsight may be obtained by separating the ionization
substantial vapor pressure at experimental conditions for a€Nergy of a particular site into a contributidhpertaining to

considerable number of carbon atoms. The observed spectrurﬁhe charge distribution in the neutral molecule, and a contribution
for each n-alkane may be regarded as a superposition of R because of electronic and geometric relaxation in the ionized

subspectra originating from ionization of each symmetry-unique Molecule, according fo
carbon atom in the molecule. With a priori knowledge of the
line shape of each subspectrum, intramolecular chemical shifts

Chemical properties such as acidity, proton affinity, and
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I=V—R Q) molecular spectrum of polyethylene by extrapolation of site-
specific C1s ionization data for-alkanes.
To a first approximationy is determined by the electrostatic ) )

potential at the site of ionization (multiplied by a unit positive 2- Experimental Section
charge to convert from potential to potential energy). To take  carbon 1s photoelectron spectra were acquired at beamlinét|411
into account both the wave nature of core electrons and theat the MAX-2 laboratory in Lund, Sweden. The measurements were
influence of valence-electron correlation on the electrostatic made using a photon energy of 330 eV. This is some 39 eV above the
potential, Barve and Thom&developed the following expres-  ionization threshold, and the interaction between electrons from the

sion for a shift in the initial-state contribution: Auger decay process and the outgoing photoelectron (postcollision
interaction, or PCI) is relatively weak. The energy scale of each

spectrum was calibrated by mixing the sample gas with, @ad
measuring the two C1s spectra simultaneously. In the calibration, the
adiabatic ionization energy of G@297.664 eV) was taken from ref
Ac¢ is the difference in initial-state core-orbital energies, and 12. The spectrometer was aligned at an angle of°su#.The electric-

AU is the difference in electrostatic energy of a unit positive field vector of the light and at SGo its propagation direction. Beamline
charge at the two nuclei that are being compared. Superscripts411 receives its radiation from a 58.8-mm-period undulator and a Zeiss
HF and VCI denote HartreeFock and valence-correlated levels  SX-700 plane grating monochromator that is, in principle, capable of
of theory, respectively. Equation 2 is valid in the case of well- & resolving powerE/AE) of about 6000 (at a photon energy of 400
localized or close-to-degenerate inner-shell orbitals. eV). The kinetic energy of the photoelectrons was analyzed using a
Generation of a core hole induces both intra- and extra-atomic SCi€ta SES-200 hemispherical electron energy analyzer.

electronic relaxation effects. The former is dominated by The measurements were performed during three different periods
contraction of valence orbitals toward the core hole and is (May, June, and September 1999), with similar beamline settings and
) . : instrumental resolution. The instrumental contribution to the total line
expected to be fairly constant within the alkane series. The width was determined to be about 65 meV (fwhm) from the Cls

second and more important contribution AR reflects the  spectrum of methane, for which the Lorentzian width has been
screening of the core hole by means of electron transfer anddetermined to be 95(5) me¥.
polarization of the substituents at the ionized atom. This part  Methane (99.95%), propane (99.5%j)butane (99.5%)n-pentane
measures how readily the electron distribution of a group adapts(99%), n-hexane (99%), andh-octane (99%) were obtained from
to a change in the electrostatic field set up by its surroundings. commercial sources. The gases were introduced into the inlet system
Shifts in the electronic relaxation energyR, can be estimated without further purification. Data acquisitions were made as series of
by different approaches (see, e.g., ref 5); here, we combine theshort runs, with the data from each run being inspected and the energy
experimental values fokl with AV computed according to eq ~ Scale adjusted to account for small drifts in energy.
2, to obtainAR = AV(calc) — Al(exp). 3. Models Used in the Analysis of the Spectra

In the present study, we have measured the C1s photoelectron
spectra of CH, CaHg, C4H1o, CsHi1z, CeHis, and GHig using In a linear GHxn42 alkane, there aren/2 (n even) or
third-generation synchrotron radiation. The extracted shifts in (0 + 1)/2 (0 odd) symmetry-unique carbon atoms that provide
ionization energy are resolved into initial- and final-state individual contributions to the Cls spectrum. Hence, the
contributions, and their dependence on the position of the carbonobservable spectrum is a superposition of site-specific subspec-
atoms and the size of the molecules is used to explore thetra, each of which are broadened into a site-specific line shape
electronic properties of alkyl moieties in general. Our findings by vibrational excitation in the core-ionized molecule. In this
confirm the notion of methyl groups as being electron with- work, site-specific vibrational profiles have been generated in
drawing when engaged in saturated hydrocarBamtrary to the Franck-Condon approximation as described in ref 14,
their donating nature when bonded to unsaturated grdups. ~ €mploying equilibrium geometries, normal modes, and vibra-

In addition to forming a prominent class of compounds in tional energies for the ground and core-ionized states as obtained
their own right, the linear alkanes are interesting in that they in density functional (DFT) calculations; see Appendix for
converge to polyethylene. Polyethylene exists in crystalline or details. Each profile is named according to the position of the
amorphous forms, and the Cls spectra undergo additionalcorresponding carbon atom numbered from the end of the
broadening because of intermolecular interference, effectively Mmolecule; that is, C1 corresponds to methyl carbons in all
making it impossible to extract the spectrum of a single strand compounds.
of polymer from the solid-state spectra. On the other hand, The experimental spectra were analyzed by fitting the
access to such a single-strand spectrum is potentially useful fortheoretical profiles to the spectra using least-squares tech-
comparison with spectra of solid-state samples. Earlier at- niquest® Relative intensities of the site-specific profiles were
tempt$?° to explain the asymmetry of the Cis line in solid- restricted to ratios in total area given by stoichiometry; the only
state polyethylene have relied on an analogy to the gas-phasditting parameters were constant background, overall intensity,
spectrum of methan¥.Here, we construct a highly resolved —and position of the lines. Each vibrational line in the spectrum

AV ~ AUV — (Ae, + AUT) 2)
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(6) Barve, K. J.; Thomas, T. Ol. Electron Spectrosc. Relat. Phend200Q P.; Kivimaki, A.; Sundin, S.; Sorensen, S. L.; Nyholm, R.;"Bjeholm,
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was broadened to a line shape that includes instrumental Table 1. Site-Specific Shifts? in Adiabatic lonization Energies (A/,
resolution, lifetime broadening, and interaction between pho- Relative to /= 290.703 eV for Methane) for the n-Alkanes (eV)

toelectrons and the faster Auger electrons (PCl). To model the cr c2 e c4
effect of PCI, we have used the approach by van der Straten et CyH¢® —0.158

al. 18 with a Lorentzian lifetime width of 100 me¥/and a CsHsg —0.344 —0.216

Gaussian width of 65 meV for the instrumental resolution. The g‘;:ig :8:3%3 :g:i;; 0565

PCI effect is included in the line shape as defined from an  cgH,, —0.486 —0.443 —0.616
asymmetry parameter of J2E, — 1/,/2E,, whereEs is the CeHis —0.506 —0.457 —0.626 —0.709

kinetic energy of the phOto.eIeCtron’ aBgis the kinetic energy aEstimated relative uncertainty 0.02 eVC1 denotes terminal carbon
of the Auger electron (in au). The Auger spectra of the 4ioms.cFrom ref 2.
compounds under investigation all have their most pronounced

7 i Table 2. Calculated Site-Specific Shifts? in Initial-State Energy
feature at 249 eV corresponding to an asymmetry parameter (AV, Relative to CHy) for the n-Alkanes (eV)

of 0.36.
Adiabatic ionization energies)(are directly available from cr c2 3 c4
the fitting procedure as outlined, whereas vertical ionization CoHe 0.12
energies are obtained as centers of gravity of the vibrational gjﬂfo 8:8; 8:2
profiles. These profiles are based on all vibrational lines that  c.H;, 0.07 0.24 0.17
receive more than 0.1% of the total intensity associated with ~ CeHia 0.07 0.24 0.17
each carbon atom. For the larger molecules, this criterion implies  CsHe 0.07 0.24 0.17 0.18

the “eg'e‘%t of a large numbe_r of very \_Neak V'brat'or?al Ilnes, a Estimated relative uncertainty 0.02 e¥C1 denotes terminal carbon
and for this reason, the vertical energies are associated withatoms.
larger uncertainties than is the correspondirigor this reason,
our shift analysis is based on adiabatic energies, implying that  Within eachn-alkane, the ionization energy drops from the
the associated relaxation energiBsiiclude contributions from end toward the center of the chain, cf. Figure 2. Numbering the
electronic as well as geometric relaxation of the molecule. carbon atoms according to their position from the end of the
Within the harmonic-oscillator approximation, the mean vibra- chain, we found that C2 forms an exception to this trend, in
tional excitation energy is computed to 0.16 eV in core-ionized that C2 has a higher binding energy than that of C1. Decom-
methane and increases slowly with chain length from 0.18 eV position ofAl into initial- and final-state contributions according
in ethane to 0.20 eV in-octane. From these numbers, geometric to Al = AV — AR shows that the relaxation tern\R) is
relaxation contributes only 0.62.04 eV to AR computed responsible for the trend of lower ionization energies toward
relative to methane. the center of each chain. The high ionization energy for C2
The computational models were restricted to the all-trans may, on the other hand, be attributed to the potential term as
conformers, even though the number of thermodynamically AV shows an oscillatory behavior with the highest value for
accessible conformations increases as the alkanes grow longerC2.
For butane, the gauche conformation is about 4.0 kJ/mol less When comparing differemt-alkanes, the relaxation energy
stable as compared with trans (antiputane'® and at 25C is seen to increase with the length of the chain and to be
about 15% of the molecules will be in the gauche conformation. responsible for the observed decrease in ionization energy with
To test the accuracy of our single-conformation model, the molecular size.
vibrational profiles of trans and gauche butane were combined 4.2, Analysis ofAl in Terms of Group Electronegativity
with weights according to the Boltzmann distribution. This and Polarizability. In this section, we link the computed trends
resulted in only minute changes in the overall accuracy of the in AV and AR to the concepts of electronegativity and
fit and an unchanged intramolecular shift in ionization energy. polarizability, respectively, and thus gain insight into the
4. Results and Discussion chemical origin of the observed trends in the ionization energies.
We start out by looking at the shift in initial-state potential,
AV, as it appears from Table 2 and Figure 2. The dominating
feature is that the potential increases with the number of alkyl
groups directly attached to the ionized carbon; that is, the

4.1. Experimental Spectra and Chemical Shifts.The
experimental spectra in Figure 1 reveal ionization energies that
decrease with the length of the alkane, irrespective of whether
the leading nge or the_ cen_tr0|d of each spectrum is Cons.'deredelectrostatic potential of a methylene carbon is higher than that
.At the same time, the vibrational features that are so d°m"?a“”9 of a methyl carbon, which in turn is higher than the potential
in the spectra of methane and ethane become less distinct in

. . ) of carbon in methane. This finding may be understood with
the longer chains because of chemically shifted subspectra. Thereference to the documented difference in group electronega-
rich vibrational structures are remarkably well fit by the

) Lo A ) tivity between hydrogen and alky!8.To a first approximation,
thedore]n_cal pTOf"es m_rf:_lud(_atc)i as SOI'ld “n?f m(lj:lgure 1’. \glﬁ‘h the every CH moiety in a saturated hydrocarbon constitutes a
IL,m er_l)_/;]r?g S|te-speC|h|c r\]/,' t:atlona pro :(er? rawn W't_f_ mﬁ':‘t neutral entity, with all hydrogens carrying the same net charge,
INes. 1his V\{arr.ant.st € high accuracy o the sne-spgu Ic Shifts g > 0. This model predicts the net charge on the carbon to
in adiabatic ionization energieAl) given in Table 1, withAl's

) X IRV I be ionized as-4q4, —3gu, and —2qy for methane, methyl,
?;:?ertilggge to an adiabatic ionization energy of 290.703 eV and methylene, respectively, in good agreement with net

charges from Mulliken population analysigjc = —0.51e,
(16) van der Straten, P.; Morgenstern, R.; NiehausZ APhys. D1988§ 8, 35.
(17) Rye, R. R.; Jennison, D. R.; Houston, JJEChem. Physl98Q 73, 4867. (19) Bergmann, D.; Hinze, J. I8tructure and BondingSen, K. D., Jgrgensen,
(18) Verma, A.; Murphy, W.; Bernstein, H. Chem. Physl974 60, 1540. C. K., Eds.; Springer-Verlag: Berlin, 1987; Vol. 66, pp H4B0.
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Figure 1. Experimental ©) and theoretical€) C1s photoelectron spectra of GHC,Hg,2 CsHs, C4H1o, CsHiz, CeH14, and GHys. The individual vibrational

profiles for each site of ionization are also shown.
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Figure 2. Al as analyzed in terms &R and AV contributions for each
symmetry-unique carbon atom in the low-to-medium length alkanes.

—(0.35-0.38%, and—(0.20-0.25¢ for carbon in CH, CHs, and
CH, moieties, respectively. The sequence A\Ve; < AVes»
then follows from the net atomic charge on carbon by reference
to the potential modeX

At the more detailed level, when comparing two carbon atoms
that have the same number of alkyl substituents, the potential
is seen to increase with the number of methyl substituents. An
example is the higher potential in ethane as compared to terminal
carbon atoms in the longer hydrocarbons. The electronegativity
of an alkyl substituent is often considered to increase with its
length®® and, combined with the potential model, this would
lead to a trend opposite to what is computed here. However,
electronegativity reflects the typical or average ability of a
functional group to withdraw electrons when engaged in a
molecule. There is considerable evidence that methyl acts as
an electron acceptor when bonded to a saturated moiety. Taking
propane as an example, both theory and experiment show that
the methyl moieties constitute the negative part of the mol-
ecule’21.22Partitioning the molecule into a methyl and an ethyl
group, the ethyl part is then positively charged, contrary to
expectations based on group electronegatiity. the present
context, methyl substituents withdraw electrons and thus act to
increase the net charge and hence the potential at the site of

(20) Maksic Z. B. In Theoretical Models of Chemical Bondingaksic, Z. B.,
Ed.; Springer-Verlag: Berlin, 1991; Vol. 3, p 289.

(21) Fort, R. C., Jr.; Schleyer, B. Am. Chem. S0d.964 86, 4194.

(22) Muenter, J. S.; Laurie, V. WI. Chem. Phys1966 45, 855.
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Table 3. Calculated Site-Specific Shifts? in Relaxation Energy 1.0
(AR, Relative to CHy) for the n-Alkanes (eV)
c1v C2 c3 C4 0.8
CoHs 0.27 Ny
CsHsg 0.41 0.52 L 06
CsH10 0.49 0.61 o
CsHi2 0.53 0.66 0.74 <4 o4
CsH1a 0.55 0.68 0.79 :
CgHa6 0.57 0.70 0.80 0.89
0.2
aEstimated relative uncertainty 0.03 eVC1 denotes terminal carbon
atoms.
1 2 3 4
ionization. Interestingly, a similar increase in the initial-state Connectivity number, No

potentlal is observed upon replacing one of the hydrogerl atomsFigure 3. Site-specific shifts in electronic relaxation energyR, relative

in H2S by CH;.23 However,AV decreases when proceeding to  to methane, plotted against the connectivity number for the CH and
dimethyl sulfide, as it does when comparing hydrogenated to CHs (2) carbon atoms. Linear regression lines are included.
methylated electronegative moieties such as chlorine and the

carboxyl group?3 The situation is well summarized by Aitken  effective polarizability at a specific site. Gasteiger and Hutch-
et al.24 Depending on the eifronment, alkyl groups act readily ~ ings’® demonstrated that for a molecule that is composed of

as either electron donors or electron acceptors. equally polarizable sub-units, the polarization energy associated
When considering how the potential varies within a single with a Iocalized. charge is linearly rglated to the. connectivity
n-alkane, the discussed trends translate into8Vc; < AVcs3 number, N, which may be determined by a simple bond-

< AVc. This implies an oscillatory behavior from the end counting procedure. Later, Nordfors and Adgieextended this
carbon atom toward the center of the chain, as confirmed in model to take into account units of different polarizability. In
Table 2 for all the investigated-alkanes. The oscillations are ~ particular, they demonstrated that chemical shifts in Cls
quickly attenuated toward the center of the chain. ionization energy among alkanes are linearly related to differ-
Next, we turn to shifts in relaxation energiésR. According ences in the average connectivity number.
to Figure 2 and Table 3\Rincreases smoothly with increasing Taking only carbor-carbon bonds into account, the con-
molecular size of the alkane. Moreover, considering different nectivity number pertaining to positiom in an n-membered
sites of ionization within a single-alkane, the contribution from  linear alkane is simplyN, = 2[2 — 2™ — 2™ The
final-state relaxation to the ionization energy increases from the connectivity number associated with carbdrydrogen
end toward the center of the molecule. Earlier studfighave bonds is given by 4+ NJ/2. Shifts in relaxation energy
shown that the difference in ionization energy and, more relative to methane, for whicN; = 0, then become\Rr?! =
specifically, the difference in relaxation energy amoraglkanes (ac + an/2)N;. The constantac anday are related to the atomic
are mainly determined by polarization effects. In the following, polarizability of carbon and hydrogen, respectively. Taking also
we aim to investigate whether this statement holds true also AR and AR into account, we found that the model needs

for site-specific ionization energies. to be generalized to
In general, final-state relaxation may be discussed in terms
of intra- and extra-atomic contributiod$.Intra-atomic relax- AR=A+B x N, )

ation is dominated by contraction of valence orbitals at the core-

ionized atom AR"™) and depends on the net charge of the whereA and B are constants only for carbon sites that show
ionized atom. On the basis of the Mulliken charges listed above, the same value AR and AR©W. On this background, the
we expect the intra-atomic relaxation to differ slightly between sijte-specific relaxation energies were grouped into two sets,
methane, methyl, and methylene carbon atoms, respectively, bupertaining to methylene and methyl carbon atoms, respectively,
not within each set. The extra-atomic relaxation energy is partly and plotted againshl; in Figure 3.AR has a close-to-linear
because of the flow of electrons from substituents to screen thedependence oN,, with correlation coefficients 2= 0.998 and
core hole AR, and partly because of polarization of the said 2= 0.98 for CH; and CH, respectively. The lower correlation
substituentsARP®'. Following ionization, we found the valence  coefficients for the methylene set probably reflect the greater
Mulliken population to increase by 0.8®.88 electrons for the  spread observed in the final-state Mulliken charges for these
ionized carbon at Ckites, as compared to 0:.90.97 electrons  atoms. However, the important conclusion is that within each
at CH; sites. These numbers suggest a small but systematicclass of carbon atoms, the shift in relaxation energy is
difference in AR between CH and Ch carbon atoms.  proportional to the connectivity number and thus the polariz-
Moreover, whereas there is almost no variationR'°~ among ability of the substituents.

methyl carbon atoms, there is some variation among methylene 4 3 1he Vibrationally Resolved Spectrum of Free Poly-
carbons. o _ _ _ ethylene.One of the objects for measuring the spectra of the
~ To model polarization of substituents in the field from the , gikanes was to construct the spectrum of an isolated, extended
ionized atom, we rely on an empirical representation of the ganq of polyethylene by extrapolation. To the end of preparing
(23) Siggel. M. R. F.. Thomas, T. . Am. Chem. S0d992, 114 5795, such a reference spectrum, a set of vibrational profiles and

(24) Aitken, E. J.; Dahl, M. K.; Bomben, K. D.; Gimzewski, J. K.; Nolan, G.  corresponding ionization energies is needed.
S.; Thomas, T. DJ. Am. Chem. Sod.98Q 102, 4873.

(25) Nordfors, D.; Agren, HJ. Electron Spectrosc. Relat. Phenab§91, 56,
1.

(26) Gasteiger, J.; Hutchings, M. Getrahedron Lett1983 24, 2537.
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Of the molecules studied here, octane is expected to have T T T y T
line shapes most similar to those of the extended polymer. To
investigate the convergence of the vibrational profiles, the L C/Hg i
spectrum of octane was fit using line shapes calculated for the
smaller alkanes. The quality of the fits indicates that the C1
line shape of butane, C2 line shape from pentane, and C3 line - .
shape from hexane are essentially equal to the line shapes
computed for octane. This shows that the site-specific line
shapes in octane are converged with respect to molecular size.
Thus, three neighboring carbon atoms on one side of the
ionization site seem to be sufficient for converging the
vibrational profile. Furthermore, the C3 and C4 line shapes of
octane are essentially equal, indicating inward convergence and
that the line shapes of bulk atoms may be expected to be well
described using either of these. On the basis of these observa-
tions, the site-specific line shapes of octane were used in the
extrapolation scheme, and vibrational profiles of the bulk carbon
atoms of the free polymer were represented by the C4 profile.

lonization energies may be obtained from extrapolated values
for AV andAR, combined according to eq 1. When extrapolating r .
the site-specific values foAV given in Table Z7 we obtain L i
asymptotic values for each of the €C4 sites that are L
essentially identical to the corresponding values for octane.
Hence, the latter were used for €C4 sites in the extended
polymer. To obtain initial-state shifts for carbon atoms farther
from the end, a second extrapolation was carried out, this time

Counts (arb. units)

T T T T T

in the carbon position and on the basis of the-CY values L C1000H2002 ]

for octane. The resulting value afV = 0.18 eV was used for

the bulk carbon atoms in polyethylene. Turning to the relaxation I ’

term, we are in position to exploit the linear relationships L 4

betweenAR and the connectivity numbeé¥,, detailed in the . . .

preceding section. For an infinitely long strand of polyethylene, 2900 2905 2910 2915 2920

the relevant shift in relaxation energy is found from Figure 3 Ionization energy (eV)

asAR = 0.95 eV (usingN\; = 4 for an infinitely long chain). Figure 4. Extrapolated C1s spectra ofl@is CaHzs, CodHan and GoodHaoos
The spectra of @His, CgHis, CooHaz, and GoodH2002 as The experimental spectrum of octane is include)l for comparison.

presented in Figure 4, were generated by the interpolation/
extrapolation scheme just outlined. The experimental spectrumThe vibrational structure of the single-molecule polymer is
of octane is included for comparison, and the deviations betweendominated by &H stretching modes of the bulk atoms. This
the experimental and the synthetic spectrum illustrate the explains the success of a previous assignment of the solid-phase
uncertainties to be expected in the extrapolated relaxation spectrum of polyethylenbased on a vibrationally resolved
energies. The spectrum of heptane has not been measured anglas-phase spectrum of methdfén addition to C-H stretch,
was therefore synthesized, showing great resemblance to thehere are several low-energy modes being excited, corresponding
spectra of hexane and octane. to CCH and CCC bending and-€C stretching modes. Excita-
Turning to the model polymer spectrum on the bottom of tion of CCH bending modes is the origin of the shoulder on
Figure 4, we found that the general features are as expectedhe high-energy side of the main peak. Adding a vibrational
from inspection of the spectra of the small alkanes. The low energy of 0.20 eV (vide supra) to the asymptotic adiabatic
energy features are amplified, as previously seen in Figure 1,jonization energy (289.93 eV) leads to a value of 290.13 eV

when going from pentane to octane and dominate the spectrumor the vertical ionization energy of an infinitely long strand of
of the gas-phase extended polymer. The terminal carbon atomspolyethylene.

have a notably higher binding energy than that of the interior
atoms. This is manifested in the intermediate spectrumgi
showing significant broadening on account of contributions from
the carbon atoms close to the end of the chain. The spectrum
of the extended polymer is completely dominated by carbon
atoms in the deep interior of the chain, and therefore chemical
shift does not act as a source of broadening in this case.

The spectrum of free polyethylene puts us in a position to
address the question of vibrational structures in the polymer.

Finally, to facilitate a comparison between our synthetic
spectrum and an experimental XPS spectrum of solid-state
polyethylené, a less-resolved spectrum with postcollision effects
neglected was prepared. Mainly because of differences in work
function between the solid and gaseous phase, the ionization
energy is significantly lower in the solid than in the gas phase.
To circumvent this problem, the energy, as well as the intensity
and Gaussian broadening (0.65 eV), of the free-molecule
spectrum was determined in a fit to the spectrum in ref 9. From

(27) Bender, C. M.; Orszag, S. Advanced Mathematical Methods for Scientists Figure 5, _the agreement between our _Symhetlc spectrum and
and EngineersMcGraw-Hill: Singapore, 1984; pp 36%870. the experimental, solid-state spectrum is very good.
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Figure 5. Carbon 1s photoelectron spectrum of solid-state polyeth§lene
(O) as fit by a broadened free-molecule spectrum afol2002 (—)-

5. Conclusions

The excellent agreement between theoretical line shapes an
our experimental spectra demonstrates the accuracy and adva
tages of using ab initio calculations for analyzing C1s spectra.

The carbon 1s ionization energies of thalkanes generally

decrease with molecular size and inward in each chain. The
outermost methylene carbon atom, C2, displays an exception

to the latter trend, in that it consistently shows the highest
ionization energy in the molecule. The reason for this is the
electron-withdrawing ability of its methyl substituent, which
leaves C2 at a high initial-state potential.

Observed shifts in Cls ionization energy are strongly cor-
related to the electronegativity (via the initial-state contribution,
AV) and polarizability (via final-state relaxatiod\R) of the
alkyl groups. In particularAR turns out more important than

AV in these molecules, and shifts in Cls ionization energies

are therefore mainly determined by the polarizability of the alkyl
substituents.

From the synthetic spectrum of an extended, linear alkane,

the vibrational structure in the carbon 1s spectrum of poly-
ethylene is found to be dominated by-@& stretching modes,
with additional contributions from CCH and CCC bending and
C—C stretching modes.
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Appendix: Computational Details

Equilibrium geometries, harmonic vibrational frequencies, and

normal mode vectors were calculated by the hybrid density-

functional theory method B3LY® as implemented in the
Gaussian 98 set of prograrffsin this functional, exchange
effects are modeled both by explicit Hartreleock exchange

(28) Becke, A. D.J. Chem. Phys1993 98, 5648.

(29) Stevens, P. J.; Devlin, F. J.; Chablowski, C. F.; Frisch, M.9®4 98,
11623.

(30) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
Komaromi, |.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W_;
Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.;
Head-Gordon, M.; Replogle, E. S.; Pople, JGaussian 98revision A.9;
Gaussian, Inc.: Pittsburgh, PA, 1998.
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and by effective local and nonlocal density functionals. All
calculations use atom-centered Gaussian-type functions con-
tracted to tripleZ quality® and augmented by polarization
functions?? leading to C [5s, 3p, 1d] and H [3s, 1p]. For the
core-ionized atom, the corresponding nitrogen basis was used
with all exponents scaled by a common factor of 0.9293,
obtained by minimizing the energy of core-ionized methane.
The core of the ionized carbon atom was represented by Stevens
and co-workers’ effective core potential (ECP)scaled to
account for only one electron in the 1s sHell.

lonization of Cls levels is accompanied by vibrational
excitations, and the intensity of each vibrational line was
computed* according to the FranekCondon principlé? The

’:Eresent level of theory exaggerates the contraction +rHC

onds that takes place during ionization, by 0.3 pm as judged
from very accurate calculations for methhaad ethané Hence,
when computing FranckCondon factors, €H bonds at the
ionized carbon atoms were lengthened accordingly.

Harmonic frequencies are calculated slightly too high as
compared with experimental frequencté$:35The vibrational
energies were therefore scaled by a factor of 0.99, except for
the symmetric €& H stretching mode on the core-ionized carbon
atom which was scaled by 0.95. Furthermore, the symmetric
C—H stretching mode at the core-ionized carbon atom was
described as a Morse oscillator, with the anharmonicity constant
(X11) taken from methan&A more detailed account is given
in ref 2 for the case of ethane.

As an approximation, we have considered the C1s orbitals
to be fully localized to individual atoms. While this works well
for the smaller alkaneswith increasing chain length, core
orbitals in the interior tend to interact and form a very narrow,
inner-shell band structure. According to first-order degenerate
perturbation theory®37the energy distribution of delocalized,
coupled hole states in their vibrational ground states is given

by

rmw

— 0,0
E = E, + 285°% cos——,

r=1,2,..n (4)

Here,E; is the energy of leval, Ei.c is the energy of a localized
hole statef is the electronic coupling integral between final
states having the core hole localized to neighboring carbon
atoms, respectively, an8%% is the overlap integral between
the associated vibrational functions (alE= 0). The latter was
calculated as suggested by Malmqvist and ForsBad found

to decrease with increasing molecular size: 0.39 in octane as
compared with 0.58 for ethane. By extrapolatfé& %% ~ 0.29

in an infinitely extended polymer. Orbital energies for the short

(31) Dunning, T. H., JrJ. Chem. Physl971, 55, 716.

32) Raghavachari, K.; Binkley, J. S.; Seeger, R.; Pople, J. £hem. Phys.

198Q 72, 650.

(33) Stevens, W. J.; Basch, H.; Krauss, 3.Chem. Phys1984 81, 6026.

(34) Barve, K. Jg2fg University of Bergen, 2000.

(35) Shimanouchi, T. INIST Chemistry WebBook, NIST Standard Reference
Database (http://webbook.nist.go Mallard, W. G., Linstrom, P. J., Eds.;
National Institute of Standards and Technology: Gaithersburg, MD,
February 2000; Vol. 69.

(36) Murrell, J. N.; Kettle, S. F. A.; Tedder, J. NThe Chemical Bon®nd ed.;
John Wiley: New York, 1992; p 181.

(37) Barve, K. J.; Seethre, L. J.; Thomas, T. D.; Carroll, T. X.; Berrah, N.; Bozek,
J. D.; Kukk, E.Phys. Re. A 2001, 63, 012506.

(38) Malmaqyist, P.-A.; Forsberg, NChem. Phys199§ 228 227.

(39) S%% was extrapolated from data for short-chatalkanes, using a second-
order polynomial in I, n being the number of carbon atoms in the
molecule.
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n-alkanes indicate a constarft &f 0.016 eV, increasing to 0.023  the extended polyethylene. In conclusion, interactions between
eV when final-state relaxation is taken into accotirfhe localized core holes constitute a negligible source of line
decrease iI8%% is offset by an increasing number of interacting broadening in polyethylene.

states as the number of carbons atoms increases, leading to a

narrow bandwidth of about 0.013 eV both for ethane and for JA010649J
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