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Rydberg—Valence Mixing in the Carbon 1s Near-Edge X-ray Absorption Fine Structure
Spectra of Gaseous Alkanes
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We have acquired high-resolution carbon 1s near-edge X-ray absorption fine structure (NEXAFS) spectra of
methane, ethane, propane, isobutane, and neopentane. These experimental measurements are complementec
by high-quality ab initio calculations, performed with the improved virtual orbital approximation. The degree

and character of Rydbergalence mixing in the preedge of the NEXAFS spectra of these species is explored.
Significant Rydberg-valence mixing only occurs when there are excited states of vatéifCe-H) character

that have the appropriate symmetry to interact with excited states of Rydberg character. Our results show that
this mixing is only present when there are-B bonds to the core excited carbon atom.

1. Introduction component in carbon 1s> Rydberg transitions that have a
magnitude as 35 3d > 3p! Jahn-Teller effects observed in
the methane carbon 1gfa— 3pt Rydberg transition are
described by Kosugi as originating from the interaction of the
3pt Rydberg state with the 2tvalence states in the distorted
{noleculel.8 Even though the features in the NEXAFS spectra
of methane have strikingly obvious Rydberg character, the role
of valence contributions is clearly important. The nature of
Rydberg-valence mixing in alkane molecules that are small

broad features have traditionally been assigned as carben 1s but nevertheless larger than methane is the focus of this paper.
0*(C—H) valence transition%1°However, Bagus and Widave In this paper, we present the high-resolution carbon 1s
argued that these states are predominately of Rydberg charactel EXAFS spectra of methane, e_thane, propane, _|sobutane_, and
in the condensed alkanes, even though Rydberg states ard€opentane an_d the resu_lts ofhlgh-ql_Jallty_ab Initio calc_ulat|on§
expected to be attenuated in the solid pH&d@We wish to on these species. We discuss the vibronic and chemical shift
obtain a precise understanding of the nature of F.{ydbmgence contributions to the distinctive 3s and 3p Rydberg bands in these
mixing in condensed alkanes, in part to improve the analytical n;‘olecules. Tt;le (;esults ofdab Initio fcslc;llaatlons are _u_sed to
utility of NEXAFS spectra for chemical microanalysis of organic characterize the degree and nature of Ry eegenc_e mixing
materials by X-ray microscopy. The first step in this effort is in these spectra ano! Fo identify the §tructyra} reqwrements and
an improved understanding of the nature of Rydberglence the symmetry conditions under which significant Rydberg
mixing in the simplest situation, for gaseous alkanes. valence mixing occurs.

In the early NEXAFS and inner shell electron energy loss ] .
spectroscopy (ISEELS) literature of simple alkanes, the preedge2- Experimental Section

transitions were assigned as Rydberg tran_s!tiérﬂs", €.g., Methane (99.97%), ethane (99%), and propane (99.5%) were
carbon ls—>_3s ".md c_arpon s~ 3p transitions. While purchased from Matheson, isobutane (99%) was purchased from
unresolyed, V|bror!|c excitation was used o justify th.e. PrESENCE Aldrich, and neopentane was purchased from Quality Standards
of the dipole forbidden carbon 1sfa— 33(.61) transition In & Research Gases, Inc. (99.9% purity). All gases were used as
methané’ Later, and because of comparisons to condensed received

alkanes, the strong preedge features in the spectra of simple . '
alkanes were assigned as excitations taz®@Hs) mixed All near-edge X-ray absorption fine structure (NEXAFS)
spectra were recorded using the high-resolution Spherical

:XSE:;%}:S I;r(]giar)bL’gﬁl;,alcntegg|cWhitLhem\é£;1(Iaerr]g§egtr,bl;tﬁéhflas Grat.ing Monophromator (SGM) of the Canadian .Synchrotron
resolution spectra of gaseous alkanes, a clear Rydberg seriegad'at'on_F""C'I_Ity (CSR_F) at t_hg Synchrotron Radlat|or_1 Ce_nter
with vibronic structure is obvious?# High-quality ab initio of the University of Wisconsi#? The entrance and exit slits
calculations, such as those by Ueda et ahd Bagus et al? for thgse measurements were bothy50, corresponding to a
show that features in the preedge spectra of methane anores'olvmg power of 2600. The monochromatorenerg'y.sca.le was
calibrated based on the carbon-+s3p(¥ = 0) transition in

propane, respectively, are predominantly Rydberg character. .
Furthermore, resonant Auger spectroscopy measurements 010(22 (9), which was set to the value of 294.96 eV, after Ma et

methane by Ueda at al. show a weakly mixed valence al: )
The gas-phase NEXAFS spectra were recorded using the

* Author to whom correspondence should be addressed. Fax: (306) 966- MCMaster time-of-flight (TOF) mass spectrometer endstation
4730. E-mail: stephen.urquhart@usask.ca. in total ion yield (TIY) mode. A Ti window (typically 150 nm
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The high-resolution carbon 1s near-edge X-ray absorption
fine structure (NEXAFS) spectra of gaseous alkanes are
dominated by a distinct series of carbon 1s Rydberg
transitions that converge to the ionization potential.In
contrast, preedge features in the carbon 1s NEXAFS spectra o
condensedalkanes such as LangmuiBlodgetf and self-
assembleti® monolayers and polyethyleélare much broader
than preedge features in the spectrga$eousalkanes. These
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thick) was placed in the beam path in order to suppress higher- C ' i ' i
order photon contamination from the SGM beamline.

3. Computational Studies

To aid the spectral assignments and to understand the nature
of the core excited states, ab initio calculations have been
performed using Kosugi's GSCF3 pack&§eSince the elec-
tronic relaxation of the core excited states induces significant
alterations to the electronic structure, high-level calculations are
necessary in order to reliably assign inner shell spééffhese
calculations are based on the improved virtual orbital ap-
proximation (IVO), which explicitly takes into account the core
hole in the HartreeFock approximation, and are highly
optimized for calculation of core excited stafés.

The geometries for the isolated molecule calculations (meth-
ane through neopentane) were taken from geometry optimization
performed using the program GAUSSIAN-88at the 6/31/*
level of theory. GSCF3 calculations were performed using the
same basis set as used by Ueda et al. for their high-quality
calculations of the carbon 1s NEXAFS spectrum of metHane.
This basis set consists of primitive basis functions that were
taken from (73/7), (73/5), and (6) contracted Gaussian-type
functions of Huzinaga et &f for the core excited carbon atom,
the other carbon atoms, and hydrogen, respectably. This
contraction scheme was (411121/31111/1*/1*) on the core
excited carbon atom, (621/41/1*/1*) on the other carbon atoms,
and (51/1*) on hydrogen atoms, where the polarization functions
were {g = 1.335 and 0.288 for carbon ang) = 1.0 for . : - - —
hydrogen. Additional polarization functions to describe Rydberg 287 288 289 290
transitions were added to the core excited atdfm:= 0.075, Energy (eV)

0.0253, 0.01141, 0.00589, 0.00334, O'OOZQ&’_ 0.0440, Figure 1. High-resolution carbon 1s near-edge X-ray absorption fine

0.0197, 0.01013, 0.00573, 0.00349, 0.00224;= 0'0,282’ structure (NEXAFS) spectra of gas-phase methane, ethane, propane,

performed for both singlet and triplet core excited states.

Assignments of the character of each optical orbital are 4. Results and Discussion
obtained from these calculations. Qualitatively, we expect that . ] ]
spatially compact basis functions will contribute to valence ~ Figure 1 presents the high-resolution carbon 1s NEXAFS gas-
orbitals while spatially diffuse functions will contribute to ~Phase spectra of methane, ethane, propane, isobutane, and
Rydberg orbitals. We estimate the relative contribution of these Neopentane, recorded using total ion yield (TIY). The energies,
basis functions to each type of orbital by considering the squareterm values, and assignments for these spectra are presented in
of that basis function’s coefficient and report these contributions Table 1. The results of high-quality ab initio calculations for
as a percentage (e.g., normalized by the sum of squares of thdhese species are presented in Table§.2
coefficients). We only consider basis functions centered onthe The carbon 1s NEXAFS spectra of all five species was
core excited atom. We have classified the basis functions derivedpreviously examined by Hitchcock and Ishii by inner shell
from Huzinaga Gaussian-type functions and the tight d- electron energy loss spectroscopy with an energy resolution of
polarization functionsdy = 1.335 and 0.288) asalenceand ~0.6 eV full width at half-maximun3.Higher-resolution studies
the remaining polarization functiongs( &, and&q) asRydberg with particularly detailed assignments have been published for
The differentiation of Rydberg and valence basis functions is methane by Ueda et &l.Kosugi;® and Schirmer et af$ for
quite subjective, because one might expect the diffuse Huzinaga€thane by Y. Ma et af and for methane, ethane, and propane
Gaussian-type functions to have some Rydberg character anddy Remmers et @.This is the first time that this complete set
perhaps the tighter polarization functions to have some valenceof molecules has been studied at a common and relatively high-
character. We acknowledge that this approach is subjective andenergy resolution.
we intend that it be a guide. We are in no way attempting to  Our assignments of methane, ethane, and propane are similar
determine an absolute “percentage” of Rydberg or valence to those of Ueda et dland Remmers et l0Our assignments
character to these states but rather to provide a comparativefor isobutane and neopentane are original. We focus our
guide to character. discussion on the 3s and 3p Rydberg bands that dominate these

The energies of the vibrational modes in methane, ethane, NEXAFS spectra. While the 3d and higher transitions are clearly
propane, isobutane, and neopentane are important for theresolved in methangit is difficult to identify these features in
discussion of vibronic effects in the NEXAFS spectra of these larger alkanes where the molecular field lifts the degeneracy of
molecules. To complement experimental IR values from the the Rydberg orbitals and significant 3s/3p/3d hybridization
literature, we performed a calculation of the energies of Occurs.
vibrational modes for methane, ethane, propane, isobutane, and 4.1. Carbon 1s— 3s Band.4.1.1. MethaneThe carbon
neopentane, using the B3LYP density functional method at the 1s(a) — 3s(a) transition is dipole forbidden in methaney(T
6-311-G** level, using the program Spartan ‘Ga. symmetry). The carbon lgja— 3s(a) features observed in

Arbitrary Units

CH,CH,CH,

HC(CH,),
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TABLE 1: Experimental Energies, Term Values, and Assignments for the Carbon 1s NEXAFS Spectra of Methane, Ethane,
Propane, Isobutane, and Neopentane

methane ethane propane isobutane neopentane
energy Energy Assign Energy Assign. Assign Energy Assign Assign Energy Assign. Assign.
(eV) assign  (eV) CHs; (eV) CHs; CH, (eV) CHs; CH (eV) CHs; C
3s A (286.61) v=0 28679 v=0 28679 v=0 - 286.76 v=0 286.72 v=0
B 286.83(3) va=1 286.94(3) v,=1 286.95 =1 =0 286.95(3) =1 286.85 1,=1
C 287.00 wv;=1 28714 wv;=1 28711 wv,=1 wp=1 28711 wv,=1 »v=0 287.07 wn=1
D 287.39(3) vz3=2 287.31(3) 287.28(3) va=1 287.28 w=1 287.25(3)
E 287.45 ) =1
3p F 28796 v=0 28783 v=0 287.683) v=0 28756 v=0 28768 v=0
F 287.73 v=0
G 288.17(3) va=1 28798 wv,=1 287.773) =1 wv»=0 287.89 28783 wv,=1
H 288.35(3) v1=1 288.17 wv;=1 288.02 wv,=1 288.08 288.03 n=1
3d | 288.66(3) 3d 288.63 v=0

@ Hypothetical position of adiabatic transition (see text).

TABLE 2: Calculated Energies, Term Values, Oscillator Strengths, Orbital Size, Single Triplet Energy Separation,
Assignment, and Orbital Contribution from ab Inito Calculations of the Carbon 1s NEXAFS Spectrum of Methane

CHjy lonization Potentiaf= 290.892 (eV)

assignmeist
valance contribution Rydberg contribution
energy (eV) TV (eV) oscillator strength size (&) AE(S—T) (eV) s p d S p d

287.269 3.623 0.0000000 3.267 0.222 342.4% 87.6%

x3 288.395 2.497 0.0017300 4.204 0.069 3p 5.8% 92.8%  1.4%

x3 289.219 1.673 0.0012705 4.972 0.027 3d 41.4% 0.3% 14.7% 43.6%
289.330 1.562 0.0000000 7.393 0.065 4s  2.3% 97.7%

x2 289.377 1.515 0.0000000 5.931 0.000 3d 0.1% 0.2% 99.7%

aTerm Value= lonization Potential- Energy.? Oscillator strength is given per degenerate transitidtercentage contribution is based on the
square of the basis function coefficient to the orbital wave function. Differentiation of valence and Rydberg is subjective; see text.

TABLE 3: Calculated Energies, Term Values, Oscillator Strengths, Orbital Size, Single Triplet Energy Separation,
Assignment, and Orbital Contribution from ab Initio Calculations of the Carbon 1s NEXAFS Spectrum of Ethane

CHjs lonization Potentia=290.678 (eV)

assignmerit
valance contribution Rydberg contribution
energy (eV) TV (eV) oscillator strength size (A) AE(S—T) (eV) S p d s p d

287.437 3.241 0.0009147 3.727 0.163 3s 10.6% 1.2% 83.2% 4.6% 0.4%

x2 288.300 2.378 0.00186%5 4.476 0.060 3p 8.1% 86.2% 5.7%
288.363 2.315 0.0000110 4.570 0.013 Bp 27% 23% 0.1% 21.0% 63.0% 11.0%
289.084 1.594 0.0000403 6.470 0.041 4s/3d  35%  0.8% 78.3% 4.2% 13.1%

x2 289.112 1.566 0.00056%8 5.594 0.013 3d 15.0% 0.1% 1.7%83.2%
x2 289.246 1.432 0.0001598 6.506 0.005 3d 0.7% 10.1% 89.2%
289.298 1.380 0.0001954 7.774 0.020 4s/3d  0.1% 77.9% 11.2% 10.8%

aTerm Value= lonization Potential- Energy.? Oscillator strength is given per degenerate transitidtercentage contribution is based on the
square of the basis function coefficient to the orbital wave function. Differentiation of valence and Rydberg is subjective; see text.

the spectrum of methane are dipole allowed because they areThese (C 1s!; 3s) vibrational energies are slightly larger than
accompanied by the excitation of vibrations gfsymmetry. the IR values {3z = 0.37 eV,v4 = 0.16 eV)?’

There are 4 symmetry vibrational modes in methane @nd 4.1.2. Ethaneln ethane (Bp symmetry), the carbon 1s@

vg) with IR energies ofvs = 0.37 eV andv, = 0.16 eV#’ — 3s(ay) and the carbon 143 — 3s(a) transitions are dipole
respectively (Table 8). The first strong feature in the NEXAFS allowed, and the adiabatic transition is therefore observed at
spectrum of methane at 287.00 eV (Figure 1, peak C) is assigned286.79 eV (A). Three totally symmetric @ modes can also

as the carbon 1s{p— 3s (a; vz = 1) transition, and a weak  couple to this dipole allowed transition. While nontotally
shoulder at slightly lower energy, 286.83 eV (Figure 1, peak symmetric vibrational modes undoubtedly couple to the dipole
B), is assigned as the carbon L3ta 3s(a; v4 = 1) transition. forbidden carbon 1s> 3s transitions (g — aig au — au),

A third, weaker feature at 287.39 eV (Figure 1, peak D) is such as those observed above for the 3s band of methane, these
assigned as the carbon 13(a> 3s(a; vz = 2) transition, in transitions will be much weaker than the excitation of totally
agreement with Remmers et?lVe can estimate thes energy symmetric vibrational modes coupled to electric dipole allowed
as 0.39 eV for the (C 13; 3s) core excited state in methane transitions. Therefore, we shall neglect vibronic coupling to
and, from this, estimate the energy of the dipole forbidden electronically forbidden transitions in favor of the stronger
(adiabatic) carbon 1s{p— 3s(a; v = 0) transition as 286.61  €lectronic dipole allowed transitions.

eV (Figure 1, peak A). The, vibrational energy for the (C We have so far discussed the symmetry of core excited ethane
1s7%; 3s) core excited state in methane is estimated as 0.22 eV.within the delocalized core hole viewpoint. However, a com-
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TABLE 4: Calculated Energies, Term Values, Oscillator Strengths, Orbital Size, Single Triplet Energy Separation,
Assignment, and Orbital Contribution from ab Initio Calculations of the Carbon 1s NEXAFS Spectrum of Propane

CHjs lonization Potentiai 290.494 (eV)

assignmerst
valance contribution Rydberg contribution
energy (eV) TW(eV) oscillator strength size (A) AE(S—T) (eV) S p d s p d
287.427 3.067 0.0010901 4.157 0.152 3s 7.5% 1.1% 84.8% 5.4% 1.2%
288.187 2.307 0.0015933 4715 0.051 3p 5.4% 86.5% 8.1%
288.194 2.300 0.0014989 4.761 0.049 3p 0.2% 8.0% 2.084.1% 5.7%
288.397 2.097 0.0003715 5.024 0.015 Bp 0.8% 3.6% 19.4% 59.3% 16.9%
288.935 1.559 0.0004082 6.256 0.024 4s/4d  1.5% 52% 61.0% 4.4% 27.9%
289.026 1.468 0.0001741 6.607 0.014 4s/3d  0.3% 3.1% 484% 1.0% 47.2%
289.026 1.468 0.0005679 6.223 0.014 3d 16.5% 4.0%0.5%
289.072 1.422 0.0002827 6.596 0.010 3d/3p  0.1% 1.6% 3.7% 19.3%.3%
289.093 1.401 0.0000377 6.715 0.002 3d 0.8% 12.1%7.1%
289.137 1.357 0.0002042 8.114 0.025 s  1.5% 0.2% 72.0% 14.3% 12.0%
CHg: lonization Potentiai 290.543 (eV)
assignmerit
valance contribution Rydberg contribution
energy (eV) TW(eV) oscillator strength size (A) AE(S—T) (eV) S p d s p d

287.617 2.926 0.0015433 4.025 0.11 3s 8.0% 24% 80.5% 8.3% 0.8%
288.25 2.293 0.0019389 4.592 0.052 3p 14.2% 85.2% 0.6%
288.358 2.185 0.0000457 4.866 0.019 Bp 2.5% 0.4% 345% 47.9% 14.6%
288.453 2.090 0.0001099 5.199 0.003 3p 2.2% 84.4% 12.4%
288.968 1.575 0.0001198 6.092 0.029 4s/3d = 2.7% 47% 451% 0.3% 47.1%
289.096 1.447 0.0004979 6.357 0.015 3d/3p 11.0% 18.7% 70.3%
289.114 1.429 0.0000161 6.699 0.010 Bd 3.2% 2.2% 24.0% 11.5% 59.1%
289.119 1.424 0.0000769 6.580 0.005 3d/3p 0.6% 10.9% 88.5%
289.145 1.397 0.0000000 6.726 0.000 3d 100%
289.234 1.309 0.0003009 8.339 0.014 s 0.6% 0.1% 83.8% 45% 11.0%

aTerm Value= lonization Potential- Energy.” Oscillator strength is given per degenerate transitidtercentage contribution is based on the
square of the basis function coefficient to the orbital wave function. Differentiation of valence and Rydberg is subjective; $&ecgane is
oriented with theC; axis along thez axis and G-C—C in theyz plane; isobutane is oriented with tig axis alongz.

bined theoretical and experimental analysis of the vibrational in the vibronic structure with deuteration. If this normal mode

fine structure observed in the carbon 1s X-ray photoelectron was dominated by a-€C stretch, then only a very modest effect

spectrum of ethane indicates that a localized core hole descrip-would be observed with deuteration. We therefore assign the

tion is appropriat@8 second feature at 286.94 eV (Figure 1, peak B) as the carbon
From the IR spectroscopy of ethatighe vibrational energies  1s— 3s (2 = 1) transition, where; is the label of the €H

of the totally symmetria;, v,, andvsz modes (g symmetry in deformation. The third feature at 287.14 eV (Figure 1, peak C)

the D3q point group) are 0.36, 0.17, and 0.12 eV and are assignedis assigned as the C 13 3s(; = 1) transition.

as the C-H stretch, C-H deformation, and the €C stretch, The intensities of the vibrational bands, with the strongest
respectively. When a localized carbon 1s core hole is created,transition forv = 0 and progressively weaker transitions for
the molecular symmetry will be reduced to B¢, point group, higher values ofv, are consistent with the interpretation of

and there are now five totally symmetrig)aibrational modes. predominantly Rydberg character for these core excited states.
Two modes are derived fromy, and two modes are derived In contrast, a highly antibonding core excited state, such as the
from vy, but the C-C stretch () is not affected by the descent (N 1s™%; 7*) state of N,, would lead to a different Franek

in symmetry. The doubling of the; andv, transitions will not Condon profile where the adiabatic transition would not be the
necessarily lead to more vibrational features. As an approxima-most intense. Superficially, the Franc€ondon profile in the
tion, we can consider only vibrational modes that have a NEXAFS spectrum of ethane is similar to that observed in the
displacement in bonds to the core excited carbon &dmthe XPS spectrum of ethane, where analysis indicates a small
X-ray photoelectron spectroscopy (XPS) spectrum of ethane, decrease in the €H bond length with the creation of the core
the two C-H stretch modes (derived from in Dz symmetry) hole28 However, in core excitation, we must consider the effect
are strongly localized to each carbon atom, one on the coreof the electron in the optical orbital on the molecule’s bonding.
excited atom and the other on the un-ionized atom, and the twolf a particular excited state had some valence/antibonding
C—H deformation modes (derived fromm in D3y Symmetry) character, then this antibonding character would lead to an
are only partially localized® Therefore, only one €H stretch increase in bond length and a decrease in the energy of the
mode will contribute to the spectrum, but contributions are stretching vibrational modes. The XPS spectrum of ethane shows
expected from each -€H deformation mode. In the high-  an energy of 404.9 meV for theg mode® while our NEXAFS
resolution carbon 1s XPS spectra of ethane, no excitation of spectrum shows a value of 345 meV for this mode, slightly
the C-C stretching mode is observé8lEven so, we do not  smaller than the ground state (IR) energy of 361 meV. This
expect to resolve the, (C—H deformation) andvs (C—C implies some €-H antibonding character to this 3s excited state,
stretch) vibrational bands as these are only slightly different in which would weaken the €H bond relative to the ground state
energy. A comparison of the high-resolution carbon 1s NEXAFS and overcome the bond shortening expected from photoioniza-
spectra of ethane and deuterated etkasbows strong shifts  tion. Similar effects are observed for the 3s Rydberg transitions
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TABLE 5: Calculated Energies, Term Values, Oscillator Strengths, Orbital Size, Single Triplet Energy Separation,
Assignment, and Orbital Contribution from ab Initio Calculations of the Carbon 1s NEXAFS Spectrum of Isobutane

CHjs lonization Potentiai= 290.349 (eV)

assignmerst
valance contribution Rydberg contribution
energy (eV) TW(eV) oscillator strength size (A) AE(S—T) (eV) S p d s p d
287.413 2.936 0.0011938 4.413 0.142 3s 52%  0.9% 85.7%  7.0% 1.1%
288.099 2.250 0.0013142 4.865 0.042 3p 01% 4.8% 1.098.7% 5.4%
288.219 2.130 0.0016360 5.190 0.050 3p 9.9% 85.2%  4.9%
288.400 1.949 0.0001430 5.438 0.007 Bp 04% 1.0% 39.4% 50.2% 9.0%
288.859 1.490 0.0005369 6.608 0.024 4s/3d  0.4% 3.7% 711% 4.9% 20.0%
288.915 1.434 0.0004769 6.484 0.010 3d/3p 141% 0.1% 13.878.1%
288.932 1.417 0.0002666 6.722 0.012 8d 0.1% 3.2% 39.4% 7.5% 49.8%
288.964 1.385 0.0002215 6.888 0.005 3d/3p 0.3% 26.598.2%
288.967 1.382 0.0000311 6.886 0.003 8d 0.1% 15% 16.1% 8.0% 74.3%
289.004 1.345 0.0002592 8.404 0.031 s 1.7% 0.2% 74.3% 16.2% 7.6%
CH lonization PotentiaE 290.467 (eV)
assignmerit
valance contribution Rydberg contribution
energy (eV) TW(eV) oscillator strength size (&) AE(S—T) (eV) S p d s p d

287.809 2.658 0.0016136 4.352 0.060 3s/3p  3.9% 41% 80.7% 10.4% 0.8%
288.335 2.132 0.0003702 5.034 0.025 3s/l3p  1.7% 42% 47.7% 46.1% 0.4%

x2 288.495 1.972 0.0000795 5.533 0.003 3p 1.2% 88.1% 10.7%
289.002 1.465 0.0002651 6.564 0.028 4s/3d  5.1% 1.6% 446% 8.6% 40.1%

x2 289.053 1.41% 0.0000859 6.602 0.004 3d 1.2% 3.3%95.5%

x2 289.087 1.380 0.0000275 6.844 0.000 3d 2.0% 3.3%94.7%
289.215 1.252 0.0003136 8.880 0.010 4s 0.7% 0.2%  88.6% 5.5% 5.0%

aTerm Value= lonization Potential- Energy.? Oscillator strength is given per degenerate transitidtercentage contribution is based on the
square of the basis function coefficient to the orbital wave function. Differentiation of valence and Rydberg is subjective; see text.

TABLE 6: Calculated Energies, Term Values, Oscillator Strengths, Orbital Size, Singlet Triplet Energy Separation,
Assignment, and Orbital Contribution from ab Initio Calculations of the Carbon 1s NEXAFS Spectrum of Neopentane

CHjs lonization Potentiaf= 290.346 (eV)

assignmeist

valance contribution Rydberg contribution

energy (eV) TV (eV) oscillator strength size (A) AE(S—T) (eV) s p d s p d
287.510 2.836 0.0012499 4.588 0.135 3s 5.1% 0.9% 85.0% 81% 0.9%
x2 288.290 2.056 0.0013981 5.375 0.045 3p 8.0% 86.2% 5.8%
288.487 1.859 0.0000047 5.756 0.003 4s/3p 0.1% 56.7% 41.8% 1.3%
288.927 1.419 0.0002254 6.882 0.013 s 0.8% 70.4% 11.2% 17.5%
x2 288.937 1.409 0.0005917 6.711 0.014 3d/3p 10.7% 23.8% 65.4%
x2 288.989 1.357 0.0000926 7.061 0.003 3d/3p 0.5% 20.0% 79.5%
289.009 1.337 0.0003397 8.696 0.043 4s/3p  2.0% 0.1% 81.5% 13.9% 2.5%
C lonization Potentiat= 290.530 (eV)

assignmeist

valance contribution

Rydberg contribution

energy (€V) TWV(eV) oscillator strength size () AE(S—T) (eV) S p d S p d
288.147 2.383 0.0000000 4.967 0.003 3s  0.1% 99.9%
x3 288.642 1.888 0.0000583 5.800 0.005 3p 0.3% 98.0% 1.7%
x3 289.129 1.401 0.0001272 6.680 0.004 3d 0.5% 4.8% 94.6%
x2 289.174 1.356 0.0000000 6.994 0.001 3d 100%
289.347 1.183 0.0000000 9.659 0.000 4s  0.2% 99.8%

aTerm Value= lonization Potential- Energy.? Oscillator strength is given per degenerate transitidtercentage contribution is based on the
square of the basis function coefficient to the orbital wave function. Differentiation of valence and Rydberg is subjective; see text.

of propane, isobutane, and neopentane and the 3p Rydbergight totally symmetric vibrational modes in isobutane (ground

transitions in ethane.
4.1.3. Propane and Isobutandhe carbon 1s NEXAFS

stateCs, symmetry).
We can estimate the magnitude of the shift between the two

spectra of propane and isobutane will be complex, because thesehemically inequivalent carbon atoms from our ab initio
molecules have two chemically inequivalent carbon atoms and calculations (Tables-26). These calculations predict that the
the relatively lower symmetry will lead to nine totally symmetric energy of the carbon 1s- 3s = 0) transition will shift by

vibratonal modes in propane (ground st@e symmetry) and

+0.190 eV between the GHand the CH group in propane
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TABLE 7: Summary of Singlet—Triplet Energy Differences
and Orbital Size for Carbon 1s — 3s and 3p Transitions in
Methane, Ethane, Propane, Isobutane, and Neopentane

Urquhart and Gillies

= 1) band, as the carbon 1s(@H— 3s@ = 0) transition is
shifted to a higher energy. The second feature is weaker in
isobutane than in propane because of this shift. The third feature

3sS-T size 3pST size 3p in isobutane, at 287.11 eV (Figure 1, peak C), is assigned as an
) A (eV) (A)  character overlap of the carbon 1s(GH— 3s@a=1) and carbon 1s(CHH
CH; methane 0.222 3.267 0.069 (3x) 4.204 —-& — 3s( = 0) transitions. The fourth feature (287.28 eV, Figure
CH: ethane 0163 3.727 0.060(2x) 4.476 —B 1, peak D) .ig tentatively assigned as the carbon 1s(€EH3s(y
0.013 4570 €C = 1) transition.
propane 0.152 4.157 0.051 4715 -8 4.1.4. Neopentan&leopentane has a much simpler NEXAFS
0.049 4761 CH spectrum than that isobutane or propane. As neopentane has
isobutane 0.142 4_4130'%1842 5'(21?365 %g h_igh (Td) symmetry, ther_e are only 'Fhree totally symmetric
0.050 5190 GCH vibrations with the following IR energiesv; = 0.375 eV,v;
0.007 5438 EC = 0.178 eV,v3 = 0.090 eV3° The NEXAFS spectrum of
neopentane 0.135 4.588 0.046)) 5.375 GC-H neopentane is superficially similar to ethane, which is expected
0.003 5.756  €C as neopentane is dominated by thes@rbup contribution. The
CH, propane 0.110 4.025 0.052 4592 -8 first peak in the carbon 1s NEXAFS spectrum of neopentane
0.019 4866 CGC (Figure 1, peak A) is assigned as the dipole allowed carbon
0.003 5199 €cC 1s(CHp) — 3s = 0) transition. A weak shoulder at 286.85
CH isobutane  0.060 4.352 0.025 5034 -8 eV (Figure 1, peak B) is assigned as the carbon 1g(CH
0.003 x2) 5.533 GC-C 3s@2 = 1) transition, and the strong feature at 287.07 eV (Figure
c neopentane  0.003 4.967 0.0083%) 5800 GC-C 1, peak C) is assigned as the carbon 1{CH 3s@pi = 1)

and by +0.396 eV between the GHand the CH group in
isobutane. This shift is demonstrated in Figure 2, which presents
a line spectrum based on the ab initio calculations (circle;;CH
square, Cl triangle, CH for 3s and 3p transitions). As the

transition. We can calculate thg vibrational energy for core
excited neopentane a9.34 eV, which is slightly smaller than
the IR energy of 0.361 eV.

Can we resolve the carbon 1s(€) 3s( = 0) transition in
neopentane? There are several reasons why this feature will be

energy of the vibrational modes ranges between 0.05 and 0.368xtremely weak. Our ab initio calculations (Table 6) predict
eV, we expect significant overlap between vibrational excitation that the carbon carbon 1s 3s transition energy for the central
and chemical shifts in propane but less overlap in isobutane. arbon will occur+0.637 eV higher than the methyl group
The calculated and experimental (IR) vibrational mode C&rbon 1s— 3s transition energy (Figure 2). This should place
energies are presented in Table 8. While there are many totallythis transition just below the strong 3p Rydberg manifold for
symmetric vibrational modes in these molecules, we can group € Ch groups. Second, the carbon 1s3s transition for the
these modes into two bands as the energy separation betweefentral carbon atom will be dipole forbidden, as this transition
most modes is less than the core hole lifetime broadening. The!S & — @ in the Tq point group of neopentane. Therefore, this

first band consists of the three most energetic vibrational modes
(C—H stretchesys, v, andvs), with an energy around0.375

eV. For simplicity, we will refer to this as the, band. The
vibrational energies for the second bamg, s, ve, €tc.) range
from 0.18 to 0.05 eV, a separation that would be difficult to
resolve. The band formed from these unresolved vibrations is
referred to as the, band. We will use the), and vy, labeling

for propane and isobutane only and the conventional numbering
scheme for the higher-symmetry alkane molecules.

The first transition in the spectra of propane and isobutane
is assigned as the dipole allowed carbon 1{)CH 3s@ = 0)
transition (Figure 1, peak A). The broad second peak in propane
(Figure 1, peak B) is assigned as an overlap of the chemically
shifted carbon 1s (CHl — 3s@ = 0) transition and the carbon
1s(CH) — 3s(p = 1) bands. Herey, = 1 is meant to imply
excitation of one of the overlapping lower-energy vibrational
modes (e.g.p4, vs, vs, €tc.). From the ab initio calculations,
we expect the carbon 1s(GH— 3s@ = 0) transition in ethane
to occur 0.19 eV above the carbon 1s@H> 3s@ = 0)
transition (Figure 2). This second peak (Figure 1, peak B) in
propane is quite broad as expected for an overlap of several
features. The third band (287.11 eV, Figure 1, peak C) is
assigned as an overlap of the carbon 1s{CH 3s@p, = 1)
and carbon 1s(CHl — 3s(p = 1) transitions. The fourth band
(287.31 eV, Figure 1, peak D) is tentatively assigned as the
carbon 1s(Ch) — 3s(, = 1) transition.

In isobutane, the chemical shift between the;Gfrbup and
the CH group is larger, predicted by calculations toti®2396
eV (Figure 2). Therefore, the second transition in this spectrum
(Figure 1, peak B) is assigned as the carbon 1s{CH3s(y,

transition must couple to vibrations of appropriat$ $ymmetry

to occur. In neopentane, there are 2hormal modes (seven
sets of 3-fold degenerate normal modes), with only the lower-
energy modes showing significant-C atomic displacement
involving the central carbon atom. Finally, this feature should
be weak because there is only one central carbon and a
background from the four CHyroups. Where would this feature
appear? The calculated chemical shift for the carbor~13s
transition, between the GHjroup and the central carbon atom,

is 0.637 eV. This would place this feature around 287.36 eV,
plus some additional energy for the requiredvibrational
normal mode. We tentatively assign the weak shoulder at 287.45
eV (Figure 1, peak E) as this central carbon carbor-18s

(v, = 1) transition.

4.2. 3p Band: Experimental Observations4.2.1. Methane
The carbon 1s~ 3p( = 0) (Figure 1, peak F) transition in
methane is extremely intense, relative to the other molecules
in this series. In methane, the 3p Rydberg orbitals are degenerate,
while in the other species the molecular field lifts the degeneracy
and the 3p Rydberg transition is broader.

The shoulder immediately above the intense carbona~1ls
3p(v = 0) transition may originate from some degree of Jahn
Teller distortion. Tronc et &' and Wight et af? have assigned
the 288.66 eV feature (Figure 1, peak I) as originating from
Jahn-Teller splitting of the carbon 1s> 3p transition, although
Ueda et al have shown that this 288.66 eV feature is a carbon
1s— 3d transition. Kosugf 33 has argued that an atomic-like
(pure) 3p Rydberg state should only have a very small Jahn
Teller distortion but that the presence of strong nontotally
symmetric vibrational contributions (Figure 1, peak G) to the
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TABLE 8: Energies for the Totally Symmetric Vibrational Modes for Methane, Ethane, Propane, Isobutane, and Neopentane
methane (§)? ethane (Bp) propane (&) isobutane Cs,) neopentane ()
caled  expt’ calcd  expt’ caled  expt calcd exp® calcd exp®

vi(t)  0.388  0.374
vi(a) 0375 0361 v, 0375 0359 v, 0382 0369 v; 0382 0368 v, 0375 0361 CH
v, 0374 0367 v, 0374 0.360
vs 0373 0358 ws 0.371 0.360
v, 0187  0.183
vs 0184 0181 v, 0.188 0.182
va(t) 0167 0.162 v, 0.176 0170 vs 0176 0173 wvs 0.177 0.172 v, 0178 -
v; 0146 0.144 vs 0.150  0.147
v; 0123 0123 vs 0.108 0.108 wv; 0.100 0.099 wv; 0.090 0.091
ve 0046 0046 vs 0.053 0.054

aEnergies for thestmodes, which couple to the dipole forbidden C 1sfa 3s(a) transition, are included for methane.

' " " ' " nents in this shouldé® The second shoulder at 288.35 eV
(Figure 1, peak H) is assigned as a vibronic excitation to the
0.012 | ] totally symmetricv; vibrational mode. The sharp feature at
288.66 eV (Figure 1, peak I) is assigned as the carborr Bsl
transition, in agreement with Ueda et'al.
0.010 - i 4.2.2. EthaneThe C 1s— 3p(v = 0) transition in ethane
’ should be split into several components because of the reduction
CH, of symmetry relative to methane. In Figure 2 and Table 3, we
see that doubly degenerate components of the carben3sy
= 0) transition shift to lower energy and that the third
component is vanishingly small. The weak component is along
the C-C bond, while the two strong components are perpen-
dicular to the C-C bond (e.g., €H character) and have some
3s and 3d character, more than that in methane. This “weak”
3p feature and the reduced symmetry decrease the overall
0.004 1 intensity of the carbon 1s> 3p(v = 0) transition relative to
T 1 TTE l CH,CH,CH, methane. The two vibrational features above the carborr 1s
. L 3p(v = 0) transition, at 287.98 eV (Figure 1, peak G) and 288.17
0.002 | i eV (Figure 1, peak H), are assigned as the carborBp(@;
= 1) and carbon 1s> 3p(v1 = 1) transitions, respectively. The
T 1 T b HC(CH,), vy energy is similar to that observed for the (C %s3s) state
0.000 - i in ethane.

4.2.3. Propane and Isobutan&he 3p bands in propane and
isobutane are more complicated as chemical shifts, the nonde-
20,002 | T 1 C(CH,), generacy of the 3p Rydberg orbitals, and vibrational features

) al ga i all play significant roles. In Figure 2, Table 4, and Table 5, we

. " . : . can see that the 3p Rydberg orbitals are split into three
287 288 289 290 291 components in propane and isobutane.

Energy (eV) For the CH group contribution in propane and isobutane,

Figure 2. Representation of the 3s, 3p, and 3d/4s Rydberg componentsthe 3p component directed along theQ bond is the weakest,

in the carbon 1s near-edge X-ray absorption fine structure (NEXAFS) and the two 3p components perpendicular to theQCbond
spectra of gas-phase methane, ethane, propane, isobutane, and neée.d., stronger €H character) are much stronger. For the;.CH
pentane, as calculated by ab initio improved virtual orbital calculations. group of propane, we find that the 3p component directed along
The energy and oscillator strength for each transition is show as a line. the G-H bonds is the strongest éxis) and the two components
Lines that appear below 288 eV arise from carbor~13s transitions; in the C-C—C plane {2) are weaker. For the €H group of

the lines between 288 and 288.8 eV arise from carbor—18p . . :
transitions, and those above 288.8 eV are due to carbor 34 or isobutane, the component directed along the singi¢i®ond

carbon 1s— 4s transitions. A symbol represents the type of carbon 1S Stronger than those directed normal to this bond. By
atom: circle, CH; square, CHlgroup; triangle, Ckl CH, or C atom. symmetry, only 3p Rydberg orbitals directed along theHC
The lines without symbols are from carbon-+s3d or carbon 1s~ bond can mix witho*(C—H) valence states. Transitions to 3p
4s transitions (Tables 26). The intensities are weighted by the Rydberg orbitals that share the same directionality as thel C
molecular stoichiometry and are divided by the total number of carbon hond are more intense, although the intensity of the-FC

atoms in each molecule. carbon 1s— 3p transition in isobutane is weaker than that in
other molecules.

0.008

0.006 | CH,CH; |

Oscillator Strength (e\f1) per atom
=
1

3p Rydberg indicates a substantial interaction betwe€h,a In the NEXAFS spectrum of propane, the 3p peak is broader
distorted 3p{f) Rydberg excited state and a carbon Is(a than that in ethane or methane. The ab initio calculations predict
2t* valence excited state. that the CH group has two strong carbon s 3p transitions

Our assignments for the 3p band of methane are based orwith an energy separation of only 0.007 eV but that the,CH
those of Kosugi833 The first shoulder in this band, at 288.17 group has a carbon s 3p transition 0.093 eV higher in energy
eV (Figure 1, peak G), is assigned as the excitation of nontotally than the lowest-energy carbon 1s(§H> 3p transitions. The
symmetric vibrational modes. Kosugi resolves several compo- 287.77 eV shoulder (Figure 1, peak G) above the main carbon
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1s(CH) — 3p(v = 0) transition (Figure 1, peak F) is therefore valence character as the number of i€ bonds decreases. In
assigned as the carbon 1s(§H> 3p( = 0) transition, and particular, the carbon s 3s transition for the central atom in
the well-resolved feature at 288.02 eV (Figure 1, peak H) is neopentane, which has no—€l bonds, is entirely Rydberg
assigned as the carbon 1s(§H> 3p(v1 = 1) transition. character. This observation illustrates a key point; there can only
The 3p band in isobutane is very curious. A lower-energy be Rydberg valence mixing when there is a valence orbital of
shoulder (287.56 eV, Figure 1, peak F) only appears in the appropriate symmetry and energy. Here, this would be-#C
spectrum of isobutane. From our ab initio calculations (Figure valence orbital (e.gg*(C—H)). If we examine the core> 3s
2 and Table 5), we see that the C 1s¢FH- 3p Rydberg transitions for the methyl groups (e.g., ethane to neopentane),
transition is split into three components and that the lowest- then we also see that the valence character decreases in this
energy component is lower than any other 3p feature in this series of molecules but not to the same extent as wheh C
series. We assign the 287.56 eV shoulder (Figure 1, peak F) agyonds are added or removed. In addition, the oscillator strength

a carbon 1s(Ck) — 3p(v = 0) transition associated with this ¢ i core— 3s transition increases as its valence character
3p Rydberg, as split by the molecular field. The second feature yo.reases.

at 287.73 eV (Figure 1, peak)Fcontains contributions from

the intermediate 3p Rydberg transition as well as vibronic lculated carb o Tables.26 b
features associated with the lower-energy 3p Rydberg transition, Sa/culated carbon Is- 3s transitions (Tables-%), we observe
that the role of “valence” 3s polarization functions decreases

Above these features, the spectrum is quite subtle, as there ¢
are chemical shifts due to the molecular field and the chemical O the CHi ChHs, CHp, CH, C series as the Rydberg 3p
differences between the Gind CH sites (Table 5) as well as Incréases. An exception to this trend is the carbon-18s
a wide manifold of vibronic features for the Gland CH sites.  transition in neopentane, which is forbidden and expected to

4.2.4. Neopentandhe 3p band in neopentane is quite simple P& entirely Rydberg due to the absence of KT valence
and similar to ethane. There are only three totally symmetric contributions.
vibrations in neopentane, and the chemical shift between carbon The trend in the character of the carbon-ts3s transition
1s— 3p(v = 0) transition for the Ckland the central carbon  for the CH; group in the series ethane, propane, isobutane, and
is predicted to be-0.352 eV by ab initio calculations. A weak  neopentane is subtle, a slight decrease in valence character can
shoulder is observed at 287.83 eV (Figure 1, peak G), and abe inferred from the decrease in the singigiplet energy
well-resolved feature is observed at 288.03 eV (Figure 1, peak difference (summarized in Table 7). This decrease is smaller
H). The second feature is assigned as the carben 3p(v, = than for the series CH CH;, CH,, CH, C and cannot be
1) transition, which gives a, vibratonal energy of 0.15 eV,  attributed to the number of €€H bonds to the core excited
slightly less than the IR value of the mode (0.178 eV). The  carbon atom. It is evident, from the basis function contributions
strong feature at 288.03 eV (Figure 1, peak H) is assigned astp the 3s orbitals (Tables-3), that the decrease in valence

If we examine the basis functions that contribute to the

the carbon 1s~ 3p(vy = 1) transition. character from the singletriplet energy difference can be
o ) N related to a decrease in valence s symmetry basis functions and
5(’:- ll?yclibt(_arg—VaIence Mixing: Insights from ab Initio an increase in 3p Rydberg symmetry basis functions. Increased
alculations

3s—3p hybridization appears to be responsible for this increased

As shown above, high-quality ab initio calculations are useful Rydberg character from methane (§#tb the lower symmetry
for interpreting molecular NEXAFS spectra. Here, we use these molecules.
calculations to examine the nature of Rydbevglence mixing. The situation for the carbon 1s- 3p transitions is more
The degree of Rydbergvalence mixing can be revealed by complex. The singlettriplet energy differences are smaller for
considering the difference between calculated singlet and triplet these 3p transitions than for the 3s transitions. This is expected
excitation energies for a transition, the contribution of Rydberg as the p-symmetry of the Rydberg orbital will have a smaller
and valence basis functions, and the size of the optical orbital. overlap with the core and other valence electrons, and therefore
If a core electron is excited to a pure Rydberg orbital, then the repulsion from the Pauli exclusion principle will be reduced.
its interaction with other valence electrons will be extremely \we see a decrease in valence character from methane to
small. In contrast, if the core electron is excited to a valence neopentane, for the central carbon and for the; @kbups,
orbital, then there will be a much stronger interaction with the mirroring the character of the carbon 4s3s transitions. We

other valence electrons. By the Pauli exclusion principle, the 5154 note that the valence character is increased for 3p Rydberg
excited electron will have less repulsion with the other electrons ;. wsitions aligned along €H bonds. Valence character is

if it is in a triplet excited state than in a singlet excited state.

Therefore, a greater difference in the singietplet excitation bonds. This demonstrates that Rydbevglence mixing can

energies is expected if the optical_ orbital has a larger valenceonly occur when there is a symmetry allowed overlap between
character. As an approximate guide, a singteplet energy o*(C—H) transitions and the 3p Rydberg orbitals.

difference greater than 0.05 eV implies some valence character. ) ) o
An evaluation of the orbital contributions for the carbon 1s

Table 7 presents a summary of singl&iplet energy N » .
differences and orbital sizes for the carbon—+s3s and the — 3p transitions shows that strong transitions (generally with

carbon 1s— 3p transitions. From the larger singl&iplet energy higher valence €H character) are dominated by 3p Rydberg
differences, we can see that the valence character is greater foPasis functions but with significant p-valence-{8%) and 3d

the 3s states relative to the 3p states. This result is consistenfRydberg (5-8%) character. The weaker carbon is 3p

with the interpretation of the participant Auger spectra of transitions (generally with higher Rydberg character) are
methane of Ueda at &lFor the carbon 1s> 3s transitions, the ~ exemplified by mixed 3s/3p/3d hybridization. An evaluation of
degree of valence character scales with the number of hydrogerthe size of the orbitals closely follows the trend in the Rydberg
atoms directly bonded to the core excited atom. If we examine valence character from the singtdtiplet energy differences:

the series Chl CHs, CH,, CH, C, e.g., from methane to the the greater the Rydberg character, the greater the size of the
central atom of neopentane, we observe a clear decrease in therbital.

nearly nonexistent for 3p Rydberg transitions aligned alorg¢C
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