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Carbon 1s Excitation Spectroscopy of Propyne, Trifluoropropyne, and Propargyl Alcohol
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The C 1s excitation spectra of propyne (}Es), 3,3,3-trifluoropropyne (HECF;), and propargyl alcohol
(HC.CH,OH) have been studied using synchrotron radiation and ion time-of-flight mass spectrometry. Discrete
peaks below the carbon 1s ionization thresholds are compared and assigned, aided in part by ab-initio
calculations incorporating an explicit C 1s hole. Calculated C 1s ionization potentials are in good agreement
with previously reported experimental values. Calculated absolute excitation energies consistently underestimate
the transition term values, but calculated relative excitation energies and intensities are in good agreement
with the experimental results. The spectra are dominated by intense-€s'stransitions. In the case of
propyne, C 1s excitations from each of the three chemically inequivalent carbon atoms are observed. The
effect of electronegative substitution is found to be different for the C-1Rydberg transitions than for
transitions to unoccupied valence levels, with Rydberg transition energies shifting with changes in the C 1s
ionization potentials but valence transition energies showing only small changes with electronegative
substitution. The C 1s (3&a) — z* (6e) transitions of trifluoropropyne are shifted to lower energy relative

to propyne even though the electronegative fluorine atoms cause a significant shift to higher energy in the
corresponding C 1s IPs.

Introduction the isomerization and photodissociation of propyne in the vac-
uum ultraviolet, because of its role in the formation of simple

systems has been investigated extensively and proven to be daromatics and soot during the oxidation of aliphatic_ hyd_rocar-
useful tool to elucidate the electronic structure of free mol- bons?~® In contrast, there has been comparatively little inves-

eculest2 Inner-shell excitation energies exhibit chemical shifts tigation of the inner-shell ionization or excitation of propyne.
that reflect their electronic environment, hence the widespread N 1975, Cavell measured the carbon 1s photoelectron spectrum
use of inner-shell spectroscopy as an analytical tool to charac-Of Propyne, observing a single asymmetric péakithough
terize materials. Inner-shell excitation energies reflect the inner- assigned to the three inequivalent carbons in propyne, the modest
shell MO from which the electron is promoted, the upper valence resolution prevented a definitive assignment. More recently,
or Rydberg orbital that becomes singly occupied with inner- Seethre et al. obtained the high-resolution carbon 1s photoelec-
shell excitation, and the extent of interaction and relaxation that tron spectra of propyne, trifluoropropyne, and ethynylsulfur
occurs between the two. pentafluoride® In their ionization spectra, the three chemically
Unlike the valence electrons where the electron density is inequivalent carbons of propyne are clearly resolved and
delocalized among bonding atoms, the inner-shell electrons aredistinguished by distinct vibrational structure. The C 1s electron
usually highly localized around specific atoms. Thus inner-shell energy loss spectra (EELS) of propyne, trifluoropropyne, and
excitation spectroscopy can be used to investigate the chemicapropargy! alcohol recorded by Hitchcock et al. show only a
environment at specific atomic sites. Current synchrotron sourcessingle peak for C 1s~ * excitation from the ethynyl carbons
and X-ray optics make experimental differentiation of inner- and failed to resolve the Rydberg transitidi#? Ishii and
shell excitations from chemically similar but inequivalent atoms Hitchcock compared the C 1s EELS spectrum of propargyl
readily achievable. It is of interest to explore the relationship ajcohol with other alcohols to investigate the substitution effects
between the site of inner-shell excitation and the extent of 5nq were only able to assign the C %s valence orbital

interaction between the inner-shell hole and tr_]e singly (_)ccupied transitions® The EELS spectra of propyne and propargyl alcohol
upper level as well as the degree of electronic relaxation Upon 4ve peen discussed by ‘Bf®in the context of shifts in the

formation of the inner-shell hole. Site-selective inner-shell 4o i1o spectral features among related molecules, but com-
excitation spectroscopy should also serve as an excellent probeple,[e spectral assignments were not provided '

of the effects of chemical substitution and other local changes v th . il
not only at the site of the change but also throughout the Recently, the C 1s excitation spectrum of trifluoropropyne

molecule. at good resolution was reported by Okada ét dhey assigned
Propyne, one of the simplest hydrocarbons with three the C 1s— s* and C 1s— o* transitions on the basis of the
inequivalent carbon atoms, is an ideal candidate to be used to@Nisotropy parameters of fragment ions obtained by an angle-
investigate the electronic structure of the three carbons by corefesolved mass spectrometer. The C-tRydberg transitions
excitation spectroscopy. There has been much work investigatingwere assigned on the basis of the experimental term values and
guantum defects. However, the ionization potentials used to
* Corresponding author. E-mail: jneville@unb.ca. obtain the term values differ from the most recent experimental
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IPs8 Furthermore, the energy scale differs 9.7 eV from AR AR LA R AR R AR
Hitchcock’s EELS spectrum.

Here we present C 1s excitation spectra of propyne, 3,3,3-
trifluoropropyne, and propargy! alcohol to explore electroneg-
ative substitution effects on the chemical shifts of the core
excitation transitions. Of particular interest is how substitution
at one site in a molecule affects not only the excitation
spectroscopy from the site of substitution, but excitations
throughout the molecule. Ab-initio calculations are used to aid
in the assignment of the spectra and to provide a picture of
how the electronic structure of the target molecules changes
with substitution and with creatiorf a C 1shole at the various
carbon centers in the molecule.

Total ion yield (arbitrary units)

Methods

Experimental. The total-ion-yield (TIY) spectra of the gas-
phase samples were recorded using a time-of-flight mass 280 285 290 295 300 305 310 315 320
spectrometer (TOF) with a 20-cm drift tube for ion detection. Photon energy (eV)

Tunable, monochromatic synchrotron radiation was provided Figure 1. TIY spectra of propargyl alcohol (top), trifluoropropyne
by the spherical grating monochromator bending magnet beam-(middle), and propyne (bottom), in the 28820 eV photon energy
line (063)2 of the Canadian Synchrotron Radiation Facility region_. The hatched lines indicate the experimental C 1s IPs of propyne
(CSRF), Synchrotron Radiation Center (SRC), University of and trifluoropropyngand the calculated IPs of propargyl alcohol.
Wisconsin-Madison. Trial measurements with entrance and exit ) ]

slit settings of 10, 30, 50, and 1@®n were performed. Entrance QSCFS program? The calculations proceeded in three steps:
and exit slit settings measuring 3@n were found to give the  first, @ HF calculation of the ground state was performed;
best compromise between energy resolution and photon flux seco!nd, th_e C 1s ionized states were calculated with expllcn
and were therefore used throughout this work. Measurementsconsideration of the core hole; and finally, the C 1s excited
of the C 1s— z* band of CO indicate that the energy resolution States were obtained by the improved virtual orbital (IVO)
is about 60 meV at the C 1s edge with these slit settings. method?® This approach accounts for the significant alterations

The experimental chamber consisted of a time-of-flight mass N the electronic structure that occur due to relaxation of the

spectrometer for cation detection, an electron detector, and anv@/énce shell MOs in the presence of the core hole. The
ifferences in the total energy between the core ionized states

effusive gas jet. Details of the apparatus have been described? T -
previously!314 The individual components were mounted on a and the ground state are the core ionization potentials (IPs).

six-way cross main chamber with the TOF and electron detector 1 "€ final step yields the transition energies and intensities of
mounted opposite to each other and perpendicular to the the C 1s excitations. For the GSCF3 calculations, primitive basis
direction of the photon beam. The effusive gas jet was mutually functions were taken from (73/7) contracted Gaussian-type

orthogonal to the TOF and the photon beam. An electric field functions lfor carbon, fluorine, and oxygen, and (411) for
of 500 V/cm was applied to the ionization region to extract nydrogen: I_30Iar|z_at|on functions were added to carbga<
electrons and ions to their corresponding detectors. The remain-0:626). fluorine {q = 1.75), oxygen{y = 1.292), and hydrogen

ing voltages of the TOF were set to satisfy the WidyicLaren (6o = 0.75)? The contraction schemes, indicating (s/p/d) .
space-focusing conditiol. The TIY detected in a fixed dwell functions, were (4111111/ 31111/1) for the C 1s excited carbon;

time was recorded as a function of photon energy and normal- (721/511/1) for the other carbon atoms, fluorine, and oxygen;
ized to sample pressure and incident photon flux. The photon @1d (411/1) for hydrogen. The diffuse functions proposed by
flux was monitored using a Cu mesh. The signal was corrected Kaufmann et af® were added to the C 1s excited carbon atom
for the variable response of the Cu with photon energy using {0 describe 3s4s, 3p-4p, and 3e-4d Rydberg orbitals s =
the Ne TIY spectrum measured under identical conditions and 0.075, 0.02530, 0.01141, 0.00589, and 0.00334+- 0.0440,
the published Ne photoabsorption cross sectfofhe energy ~ 0:01970, 0.01013, 0.00573, and 0.00349; gac= 0.02820,
calibration was performed with the CO C 1s TIY spectrum by 0.01447, 0.00817, and 0.00496.
comparison to the peak positions reported by Saito &t Bhe
accuracy of the energy calibration is estimated taH0e10 eV.
The samples, propyne, propyBe3,3-@, 3,3,3-trifluoropro- Total lon Yields.
pyne, and propargyl alcohol were all commercially available  The TIY spectra near the C 1s ionization thresholds of
and used without further purification. The base pressure of the propyne, trifluoropropyne, and propargy! alcohol are shown in
main chamber was 4 108 Torr. When sample gas was Figure 1. The hatched lines above the propyne and trifluoro-
admitted from the sample line to the ionization cell, the pressure propyne spectra are the reported experimental ionization po-
of the main chamber was maintained at about 407 Torr. tentials® and those of propargyl alcohol are our calculated
Computational. Ab-initio molecular orbital (MO) calcula- results. To simplify the discussion throughout this paper, for
tions were carried out to estimate the transition energies andeach molecule the terminal HEethynyl carbon is referred to
intensities of the core hole states. First, the ground-stateas C1; the centra&=C— carbon is C2; and the terminal sp
equilibrium geometries of propyne, trifluoropropyne, and pro- hybridized carbon is referred to as C3, as shown in Figure 1.
pargyl alcohol were determined at the HF/6-311G(d,p) level The C 1s spectra of the three target molecules are dominated
using GAMESS'® These geometries were used for all subse- by strong C 1s—~ z* transitions, followed by a series of weaker
quent calculations. The C 1s excitation energies and intensitiesRydberg transitions. In trifluoropropyne, discrete excitations
(oscillator strengths) were then determined using Kosugi's from the fluorinated carbon C3 are also relatively intense and

Results and Discussion
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0.4 - although transitions to s, p, and d Rydberg-like orbitals are
T 128,(6%¢ 0" cac) allowed within the symmetry of these molecules, consideration
0.3 16a(r") of these processes as quasi-atomic excitations generally provides
S oo __3e@) —‘1‘2;,((1;1) ) a good qualitative prediction of the relative transition intensities.
9; : :221(((;*(:»—1)) —_6e(@) f1 4a'(<;*CH3 Therefore, among the Rydberg-like transitions, we expect C
2 o1tk o Ma(e’e) 13a'(o*z:) 1s— 3p to be most intense. The relative ground-state MO
S 449 __3a(Cl1s 481 1 energies indicated in Figure 2 are expected to provide only a
2 =2, gg]gi ___4a(c21s) =% 13 first-order estimate of the relative C 1s excitation energies,
S 1.3 4 ! T 3a,(C11s) —2a(C3 15) because electronic relaxation in the presence of the core hole is
% typically significant and will vary depending upon the extent
5 14 of interaction between the core holes and the unoccupied valence
= 115 or Rydberg orbitals. For example, the LUM@*¢n, (8a) ) of
' —2a(C315) propyne has lower energy thafici=c2 (3e) in the gro_und state.
116 However,7* ci=c2 (3e) will have a larger overlap with the C1,
Propyne  Trifluoropropyne  Propargyl alcohol C2 1s (2a, 3a) orbitals; when the C1, C2 core holes are formed,

; i
Figure 2. Energies of carbon 1s MOs and low-lying unoccupied the enel'gy Ofr* c1=c2 (3€) will be lowered more than the energy
valence MOs of propyne, trifluoropropyne, and propargyl alcohol in Of theo* ci; (8a) orbitals. Therefore, we expect that C1, C2 1s
the ground state, from HF/6-311G(d,p) calculations. (22, 3a) — a* will occur at lower energy and with greater

. ] . . ] o intensity, followed by a series of C ts valence and Rydberg
shifted to higher photon energy in comparison with excitations transitions.

from C1 and C2 in trifluoropropyne and with excitations from
all three carbon centers in propyne and propargy! alcohol. This
is attributable to the high electronegativity of fluorine, as will
be discussed in more detail below.

The TIY spectra reported here are consistent with the previous
EELS spectra of these molecufegs®However, the much better
energy resolution of the present data (60 me\V~&)0 meV)
reveals considerably more spectral detail. In particular, indi-
vidual Rydberg transitions are resolved, and the Cs*
bands in propyne and propargyl alcohol reveal structure not
evident in the previous work. The C 1s TIY spectrum of
trifluoropropyne is consistent with the photoabsorption spectrum
recorded with similar energy resolution, recently reported by
Okada et alll with the exception that the energy scale of the
photoabsorption spectrum is shiftedD.8 eV to lower energy
in comparison with both the present data and the EELS
spectrumt® Our proposed assignments of the trifluoropropyne

In the electronic configuration of trifluoropropyne, the lowest-
energy orbitals are F 1s (1e,Jawhich are much lower in
energy than the carbon 1s (28a 4&) orbitals and are not
shown in Figure 2. From Figure 2, we can see that the C3 1s
MO is much lower in energy than the other two carbon core
orbitals. This results in the significant shift to higher energy
observed in the TIY spectrum for excitations from the fluori-
nated carbon. The C1 and C2 MOs are very close in energy,
and the sequence of these two orbitals is reversed compared to
that of propyne. In addition, unlike the highly localized C1, C2
1s orbitals in propyne, there is a small amount of mixing
' between the C1 and C2 1s orbitals in trifluoropropyne.
Nevertheless, it remains reasonable to describe thar8a4a
MOs of trifluoropropyne as primarily localized on C1 and C2,
respectively. In contrast to propyne, the unoccupigd6e) in
trifluoropropyne has no significand*cg, character. This de-

. - creased mixing between C1 and C2 on one hand and C3 and F
spectrum also differ in some respects from those of Okada et . .
on the other can be attributed to the larger energy difference

al., as is discussed below. ~ ~ % S ~ % .
Prior to examining the spectra of these molecules in detail, bstween ©Ca*and C-F 0" than between €C 7 and C-H

it is helpful to consider their respective ground-state electronic .
configurations. The HF/6-311G(d,p) energies of the ground- N propargyl alcohol, the lowest-energy MO is O 1s'fla
state C 1s and low-lying unoccupied valence molecular orbitals followed by C3, C2, and C1 1s (2284, and 48 MOs. As in
involved in C 1s-to-valence excitation in these molecules are trifluoropropyne, the addition of an electronegative substituent
shown in Figure 2. Propyne and trifluoropropyne have on C3 results in a lowering of this MO energy relative to t_hat
symmetry, while propargyl alcohol ha8s symmetry. The of propyne, although as would be expectec_i the effect of a single
ground-state molecular orbital configuration of propyne ig)da ~ ©Xygen is less than that of three fluorines. The loviar
(2a)%(3a)Y(4a)(5a)X(6a)XTa)X(1e)(2e)(8a)%(9a)%(3e). The symmetry of propargyl alcohol causes a .spllttlng of the
three lowest-energy orbitals are C3, C2, Cl 1s orbitals, degenerate e-symmetrsy MOs of propyne and trifluoropropyne
respectively, as shown in Figure 2. The HF/6-311G(d,p) 'Nto an out-of-plane '&symmetry MO. (44) and an in-plane
calculations indicate the C 1s MOs are highly localized on &-Symmetry MO (163. The unoccupiedr™ (4a”, 16¢) MOs
individual carbon atoms. The three lowest-energy unoccupied are otherwise similar to the* orbitals of propyne, withrca-c3

MOs of propyne in the ground state arecy, (8ay), o* cr (9a), bonding an@r*cg_OH, o* ca3-n antibonding character in addition
and 7*ci=c2 (3e). The * orbitals also have somercs—c3 to the dominantr* ci=c2 character.
bonding and* ¢y, antibonding character. 183, symmetry, the Propyne. The TIY spectrum of propyne in the region below

Rydberg-like orbitals are split into two sets: s, gnd g2 have the C 1s ionization threshold is shown in Figure 3, along with
a symmetry, whereas,ppy, Ok, Ge-y2, Ok, and g, have e our assignments. Both isotopically unmodified propyne and
symmetry. Transitions from the-@ymmetry C 1s orbitals to = methyl-deuterated propyne were studied, with the primary
both a and e symmetry orbitals are dipole allowed. However, motivation for the isotopic substitution being to allow dif-
because of the highly localized nature of the C 1s orbitals, ferentiation between the methyl hydrogens and ethynyl hydrogen
transition intensities will only be significant to those valence in a parallel study of the ionic fragmentation of propyne. No
orbitals with significant density on the core excited atom. For differences in the C 1s TIY spectra of the two samples were
example, C 1s transitions from C1 and C2ttci=c» (3€) are observed, indicating that none of the observed structure is
expected to be much more intense than transitions from C3 1s,attributable to excitation of €H vibrational modes. The
while the reverse is expected for transitionsten, (8ay). Also, transition energies and term values of the features identified in
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term value, both experimental and calculated, for the C2-1s
* (3e) transition than for the C1 s 7* (3e) transition. This

is also consistent with the greater calculated oscillator strength
for the transition from C2 than from C1 (0.064 compared with
0.052). The larger oscillator strength indicates greater overlap
between the C 1s hole and the upp&i(3e) MO, which would

also result in a larger energy lowering of th& (3e) MO in

the presence of the C 1s hole. Following the strong €-18*
transitions are a series of Rydberg transitions, which are much
weaker because they are associated with excitation to more
diffuse Rydberg orbitals. The p-type Rydberg orbitals split into
two groups: p(a) along the symmetry axis andyp (e)
perpendicular to the symmetry axis. The d-type Rydberg orbitals
can split into three groups: Ad(a1), dyy, -2 (), and g, dy,

(e). Our calculations indicate that the oscillator strengths of the
d-Rydberg transitions of propyne increase by the sequence of
d22 < dXZy dyz < dxyy dxzfyz-

If we think of propyne as methyl-substituted ethyne, then it
Figure 3 are listed in Table 1, along with the calculated term is expected that the propyne spectrum should resemble the
values and oscillator strengths and our assignments. The termspectra of methane and ethyne according tdh&douilding-
values have been calculated using the experimental verticalblock principlé€. In ethyne, the two carbons are equivalent.
ionization potentials reported by Seethre et @lur calculated Substitution of one of the hydrogen atoms with a methyl group
IPs, also listed in Table 1, are in good agreement with the will destroy the equivalency. The lower symmetry causes the
experimental values, with the greatest difference 0.08 eV for splitting of the C 1s— #* transition into two peaks, and the
C1l. The assignments are based upon a combination of themethyl-substituted carbon has the bigger chemical shift com-
experimental term values, our calculations, and comparison with pared with ethyne. A comparison between the EBLBigh-
the spectra of related molecules. resolution photoabsorptiéh?6and angle-resolved ion yielt28

As shown in Figure 3, a strong band at about 286 eV, which spectra of GH, and our spectrum of propyne supports this
is split into two peaks, dominates the C 1s TIY spectrum of qualitative interpretation. In £1,, the spectrum is dominated
propyne. These two peaks are attributed to C1, C2- & (3e) by a single strong C 1s> z* transition at 285.9 eV, followed
transitions. The splitting between these two transitions is about by a series of Rydberg transitions. In the present spectrum of
0.3 eV. This contrasts with the 0.56-eV splitting between the C propyne, the C1 1s> x* transition of the terminal ethynyl
1s ionization potentials of C1 and C2 observed by Seethre etcarbon has the transition energy of 285.87 eV, unchanged from
al® The difference in energy splitting for C 1s excitation versus that of GH, The C2 1ls— x* transition of the methyl-

C 1sionization reflects the greater relaxation ofti€3e) MO substituted carbon is shifted to the higher photon energy: 286.17
in the presence of a core hole at C2 than at C1, partially eV. It is interesting to note that, although the C1-*sa*
offsetting the difference in the IPs. This is reflected in the greater transition energy in propyne is unchanged from that in ethyne,

w| B e

s, |

3= Yap 3d 3d

Total ion yield (a.u.)

285 286 287 288 289 200 291 292
Photon energy (eV)

Figure 3. TIY spectrum ofds-propyne near the C 1s ionization
threshold. The hatched lines indicate the C 1s8IPs.

TABLE 1: Energies, Term Values, Effective Principal Quantum Numbers @*), and Assignments of the C 1s
Spectrum of Propyne

experimental term vallign*) eV calculated term valuélj and oscillator strengtH)( assignment
energy (eV) C1 Cc2 C3 T1(n*) fi x 100  Tp(n*) f, x 100 Ts(n*) fz3 x 100 C1 c2 C3
285.87 4.50(1.74) 2.67(2.26) 5.179 *
286.17 4.76(1.69) 3.16(2.07) 6.362 *
287.05 3.32(2.02) 2.89(2.17) 0.002 3s
287.65 2.72(2.23) 3.28(2.04) 4.11(1.82) 2.25(2.46) 0.039 2.88(2.17) 0.000 2 3p 3s
287.97 2.40(2.38) 2.96(2.14) 3.79(1.90) 2.06(2.57) 0.563 xP3P
288.26 2.11(2.54) 2.67(2.26) 3.50(1.97) 2.26(2.45) 0.003 2 3p
288.47 1.90(2.67) 2.46(2.35) 3.29(2.04) 1.63(2.89) 0.014 1.91(2.67) 0.546 2 3d  3p.py
288.57 1.80(2.75) 2.36(2.40) 3.19(2.07) 1.38(3.15) 0.067 x» G4
288.67 1.70(2.83) 2.26(2.45) 3.09(2.10) 1.34(3.19) 0.117 3.34(2.02) 0.036 xy,dx3g2 3s
1.32(3.21) 0.003 4s
289.15 1.22(3.33) 1.78(2.77) 2.61(2.29) 1.08(3.54) 0.011 1.64(2.88) 0.001 2.38(2.39) 0.449, 4p 3d» 3pa By
1.07(3.57) 0.042 4ppy
289.34 1.03(3.63) 1.59(2.93) 2.42(2.37) 1.40(3.12) 0.031 2.13(2.53) 0.005 w3d  3p,
1.37(3.15) 0.110 3¢ dho-y2
1.32(3.21) 0.000 4s
289.89 0.48(5.30) 1.04(3.62) 1.87(2.70) 1.10(3.52) 0.001 1.59(2.92) 0.014 : 4p 3dp
1.04(3.62) 0.041 1.55(2.96) 0.145 ] 3dky, o-y2
290.374 IP
290.38 0.55(4.98) 1.38(3.15) 1.41(3.11) o0.001 4s
1.40(3.12) 0.029 3d dy,
290.29 IP
290.62 1.14(3.46) 1.17(3.40) 0.159 Y
1.07(3.56) 0.003 4p
290.929 P
290.88
291.75% P
291.72

a Estimated absolute uncertaingy0.1 eV.? Using the IPs reported in ref 8 Calculated IPs.
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the C1 vertical IP in propyne is 0.88 eV lower than the C 1s IP
in ethyne, while the C2 1s IP differs from that in ethyne by
only 0.32 eV8

Following the C1, C2 1s~ x* transitions is a weak peak
located at 287.65 eV, with a C1 term value of 2.72 eV £
2.23). The quantum defeat, of this transition is 0.77, which
is reasonable for a p-type Rydberg transition. Hitchcock and
Brion assigned the first weak peak in the ethyne ISEELS
spectrum to the C 1s- 3s transition (TV=3.1eV,0 = 0.81)%*
According to our calculations, the oscillator strength of the C1
1s— 3s (@) transition in propyne is very weak, only 0.00002;
we give this assignment to the very weak peak at 287.05 eV,
which has a term value relative to the 287.65 eV transition that
is consistent with the calculated relative term values of the C1
1s— 3s and 1s— 3p;, transitions. The quantum defect of 0.98
is consistent with that of the C s 3s transition of ethyne
observed in the photoabsorption and angle-resolved ion yiel
studies?® 28 Therefore, we assign the peak at 287.05 eV as C1
1s— 3s(a) and that at 287.65 eV as C1 1s3p, (a1), with a
calculated oscillator strength of 0.0004. Our calculations place
the C2 1s— 3s (a) transition at essentially the same energy as
the C1 1s— 3p, (&) transition, but with such a low oscillator
strength (0.0000002) that experimental observation is not likely.
The next most intense transitions after the C-ist* are the
C1, C2 1s (8@ — 3p.y (e) transitions with calculated oscillator

strengths of 0.0056 and 0.0055, respectively. The calculated

relative position and relative intensity are consistent with the
experimental peaks at 287.97 and 288.47 eV, although th

guantum defects are underestimated in the calculation. The peal

at 287.97 eV is assigned as C1 1g (& 3p.y (e). The broader
band centered at 288.6 eV is assigned to overlapping C2)Ls (a
— 3py(e) and C1 1s (@ — 3d transitions, with the weak
shoulder on the low-energy side assigned as C2 ;}sfa
3p; (a1). On the basis of the quantum defects, the remaining
transitions are assigned as indicated in Figure 3 and Table 1
The experimental quantum defects of the p Rydberg series ar
thus 0.62-0.77, while the experimental quantum defects of the
d Rydberg series are 0.810.33. Our calculations consistently
underestimate the term values and quantum defects of th

Rydberg excitations; the quantum defects of the p-type Rydberg

states are too low by 0-20.3, while those of the d-type Rydberg
states are too low by 0:20.4. However, the relative energy
spacing and intensities are consistent between experiment an
theory.

Comparison of the spectrum of propyne with that of
methané® further supports our assignments. The C 1s IP of CH
has been reported as 290.707°¢%nd 290.689 eVl and the
C3 1s IP of propyne is 291.717 éVThe substitution of
hydrogen with an ethynyl group causes the IP to shift to a higher
energy by~1 eV. Therefore, as a first approximation, we expect
the C3 transitions would also shift to higher photon energies
by ~1 eV. The first two peaks in the spectrum of Citere
assigned to 3kvib transitions with transition energies of 287.05
and 287.40 e\#? which correspond to the peak at 288.6 eV in
propyne. The peak at 289.15 eV (T¥ 2.61,6 = 0.71) in
propyne corresponds to peak 3 in £ldssigned as 3p (e) (TV
= 2.72,0 = 0.76). The last three peaks are also shifted about
1 eV to higher photon energy in propyne compared with the
corresponding transitions in GH

Trifluoropropyne. Expanded views of the C 1s TIY spectra

e

e

e.
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P :ss” |13d" ]4(1 | c1,c2
3p, 3p, 4p

g#(a)

Total ion yield (a.u.)

T I Ll I T | T | T I T I T l T I
284 286 288 290 292 294 296 298 300
Photon energy (eV)

Figure 4. TIY spectrum of trifluoropropyne near the C 1s ionization

dthresholds. The hatched lines represent the reported C £s IPs.

similar to the experimental ones, although the ordering of our
calculated C1 and C2 IPs of trifluoropropyne (292.23 and 292.10
eV) is the reverse of that reported by Seethre et al. (292.025
and 292.144 eV§ determined by fitting of calculated vibrational
profiles to the observed broad and relatively featureless band
in the experimental photoelectron spectrum. Regardless of the
correct ordering of these two IPs, the two studies are in general
agreement both as to the magnitude of the IPs and that the
difference between them is quite small. In both cases, these small
differences in ionization energies cannot be unambiguously
igistinguished in the experimental spectrum. In the present work,

ecause the C1 and C2 IPs are very similar, their transitions
are expected to overlap each other. Because of the high
electronegativity of fluorine, the IPs of C1 and C2 of trifluo-
ropropyne are shifted to higher photon energy by about 1.65
and 1.22 eV, respectively, compared with those of propyne
(290.374 and 290.929 eV¥)However, the C1, C2 1s> x*
‘transition energies of trifluoropropyne do not show chemical
shifts to higher energy as do the IPs. In contrast, the transition
energies of C1, C2 1s{p— x* (6e) in trifluoropropyne shift
to slightly lower energies compared with those of propyne. It
is mentioned above that the calculated unoccupit1O of
trifluoropropyne differs from that of propyne. In propyne, the
* (3e) MO is somewhat delocalized onto the methyl carbon

3, with 7ics-c2 and o* ¢y, character. In contrast, the* (6e)

O of trifluoropropyne has no significawmt* cg, character, and
the electron density is therefore more closely localized around
C1 and C2. This decreased interaction between the ethynyl
carbons and the trifluoromethyl carbon is also reflected in the
C2—C3 bond length of trifluoropropyne (1.470 A), which is
slightly longer than that in propyne (1.466 A). Because the
7* c1=c2 MO is more localized around C1 and C2 in trifluoro-
propyne, the overlap between th&ci=c» MO and the C1, C2
1s MOs is larger than in propyne. Consequently, when the core
hole is formed, the energies of th&c,=c, orbitals are lowered
more in trifluoropropyne than in propyne. This is reflected in
the significantly larger C 1s> z* term values, both experi-
mental and calculated, in trifluoropropyne relative to propyne,
and in somewhat larger calculated oscillator strengths. Therefore,
the overall effect on the excitation energies is a small shift to
lower energy in trifluoropropyne. This illustrates the significant
difference between the excitation spectra and ionization spec-
tra: ionization spectra focus on the core-level orbital energy

of trifluoropropyne are shown in Figure 4. The experimental and relaxation of the core ionized molecule, whereas excitation
and calculated transitions are listed and compared in Table 2.spectra reflect not only the core orbital energy changes, but also
The experimental term values were calculated using the literaturethe unoccupied valence shell orbital energy changes during the
ionization potential§.The IPs calculated in this work are very excitation process resulting from interaction between the core
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TABLE 2: Energies, Term Values, Effective Principal Quantum Numbers g*), and Assignments of the C 1s Spectrum of
Trifluoropropyne

experimental term vallén*) eV calculated term valu€el and oscillator strength)( assignment
energy eV C1 Cc2 C3 Ty(n*) 1 x 100 Ty(n*) f» x 100 C1 Cc2 C3
285.76 6.26(1.47) 6.38(1.46) 4.58(1.72) 6.940 4.70(1.70) 6.463 * *
288.60  3.42(1.99) 3.54(1.96) 3.11(2.09) 0.015  3.22(2.06) 0.001 3s 3s
289.00  3.02(2.12) 3.14(2.08) 2.35(2.41) 0.073  2.35(2.41) 0.019 : 3p  3p
289.46 2.56(2.30) 2.68(2.25) 2.21(2.48) 0.166 X
289.63 2.40(2.38) 2.51(2.33) 2.16(2.51) 0.047 x Bp
290.27  1.76(2.78) 1.87(2.69) 1.54(2.97) 0.005  1.50(3.01) 0.006 2 3d  3dy
1.40(3.11) 0.004 1.39(3.13) 0.004 3oy 4s
1.38(3.13) 0.012 1.38(3.14) 0.003 4s xatlz-y2
290.73  1.30(3.24) 1.41(3.10) 1.33(3.20) 0.112  1.27(3.27) 0.073 «d3d  3ck, dy,
290.91  1.12(3.49) 1.23(3.32) 1.12(3.48) 0.020  1.12(3.48) 0.004 . 4p  4Ap
1.12(3.49) 0.043 1.11(3.50) 0.001 APy 4p, py
291.30 0.73(4.33) 0.84(4.01) 0.85(4.01) 0.003 0.83(4.05) 0.004 2 4d  4dp
291.47  0.56(4.95) 0.67(4.49) 0.79(4.16) 0.001  0.77(4.20) 0.002 w0ddyo 40 by
0.73(4.32) 0.072 0.69(4.45) 0.049 4dy; 40, dy,
292.028 IP
292.23
292.144 IP
292.10
29432 23 o*
296.18 3.37(2.01) 2.73(2.23) 0.179 3s
2.72(2.24) 2.766 a*(e)
297.16 2.39(2.39) 2.06(2.57) 0.000 23p
1.98(2.62) 0.000 3my,
297.82 1.73(2.81) 1.53(2.98) 0.076 2d
1.34(3.19) 0.043 3¢ do-yo
1.28(3.26) 0.062 4st(a1)
1.27(3.27) 0.095 3dd,,
298.52 1.03(3.64) 1.03(3.63) 0.000 Z4p
1.03(3.64) 0.000 4my
0.84(4.03) 0.062 44
0.74(4.28) 0.028 4¢dxo-yo
0.70(4.41) 0.025 4ddy,
299.548 IP
300.40

2 Estimated absolute uncertainty0.1 eV.? Using the experimental IPs of ref 8Calculated IPs.

predict any such transition, and no C3 transitions near this
photon energy.

To aid in the assignment of the C3 excitation features in the
C 1s spectrum of trifluoropropyne, a comparison of tHe*F3

hole and the singly occupied valence MO. The C1, C2 s (a
— m* (6e) transitions of trifluoropropyne do not split as do the
C1, C2 1s (g — =* (3e) transitions of propyne, because the
C2 1s— z* transition is shifted with fluorination at C3 more
than the C1 1s> r* transition, causing the two peaks to overlap 1s spectrum of trifluoropropyne with those of CHénd Ch

in the spectrum. In essence, the differences in C1 and G2 1s  ****is employed. A broad “double peak” followed or overlapped
7* term values and in the C1 and C2 IPs observed in propyne With fine structures dominate the TIY spectra of Giid Ch.

are negligible in trifluoropropyne. This superposition is repro- The broad double peak was assigned to C-1s*c-¢ transi-
duced by the calculations, which predict the twotransitions ~ tions, whereas the fine structures correspond to the Rydberg
to be within 0.01 eV of each other and of very similar intensity. transitions¥* The o*c-y antibonding orbitals in both propyne
The remaining C1, C2 1s excitation features up to the C1, C2 @nd trifluoropropyne are located above the corresponding
1s ionization threshold at292 eV are assigned to Rydberg [onization potentials, whereas the'c_r orbitals are located
transitions as indicated in Figure 4 and Table 2, on the basis of P&low the fluorinated carbon IP. Kosugi et al. have explained
quantum defects and comparison with the calculated results. this in terms of the electron affinities of the atoms involvéd:

. ) o the electron affinity of F is much lower than that of C and H
The TIY spectrum of trifluoropropyne in the C3 1s excitation (3.399 eV for F, 1.263 for C, and 0.754 for H), and the €

region is very different from that of propyne, as shown most .4 is weaker than the-€H bond (bond lengths are 1.336
clearly in Figure 1. The' C 1s excitations from the fluoripated and 1.084 A, respectively). Moreover, calculation of the MOs
carbon are shifted to higher photon energy (2249 eV) in in BF3 indicates clearly the existence of barriers localized on
trifluoropropyne due to the high electronegativity of fluorine.  the outer rim of the F aton?.The barriers separate the excited
The highly electronegative fluorine atoms draw the electron states into inner-well and outer-well states. Inner-shell excita-
density to fluorine, making C3 more positive and therefore tjons to the inner-well states are intense because they can overlap
requiring greater energy to excite a C3 1s electron. From strongly with the core hole. The broad transition is caused by
comparison between the TIY spectra of propyne and trifuoro- tunneling through the barriéf.

propyne, the broad peak at 294.3 eV in trifluoropropyne is  Ueda et al. compared the TIY spectra of SBHsF, CHoF,
assigned as the* ci=c2 shape resonance of the ethynyl carbons, CHF;, and CR.34 They found that when the hydrogen atoms
corresponding to the broad peak at 293.5 eV in propyne. A weak are substituted by fluorine one by one, there is a gradual change
shoulder is observed at 294.80 eV on tb&ci=c» shape from Rydberg-like transitions to* c_¢ transitions. In Ck, the
resonance in trifluoropropyne. This was assigned as a G3 1s narrow Rydberg transitions are overlapped with the brgagd

ar*ce transition by Okada et at,32but our calculations do not  transition. In the present case of trifluoropropyne, although C3
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has three fluorine substituents, the HE12 substituent also
has an effect on the C3 core hole. From our calculated MOs of A |3p| ld |/_,U|Fd e
trifluoropropyne, we find strong valence antibonding orbitals T
delocalized around the carbon and fluorine atoms. Because of
the expanded valence orbital size, the Rydberg orbitals may mix
more with the valence orbitals, causing the valence orbitals to
be trapped more with Rydberg transitions than in.CF
Trifluoropropyne ha<Cs, symmetry, so the C 1s> 0*c—¢
transitions will split into asymmetry and e-symmetry as in
CHF3. The MO calculations indicate that the ¢ (€) orbital
mixes with some CEC2 & character, lowering the energy of
the o*c—¢ (€) MO and increasing the splitting between the e o S T o SN
e-symmetry and asymmetryo*c—¢ MOs, as compared with 284 086 288 200 202 204 296
CHF; and CR. The calculations reproduce the ©3¢—¢ and Photon energy (V)
Rydberg transitions quite well, with quantum defects in agree- o
ment with the experimental results, allowing for the consistent Figure 5. TIY spectrum of propargyl alcohol near the C 1s ionization
underestimation in the calculations of the quantum defects by thresholds. The hatched lines are the calculated C 1s IPs.
~0.3, as noted above for propyne. The relatively narrow peak For example, the C3 IP can be estimated from the C 1s IPs of
at 296.18 eV is therefore assigned as a combination of C3 1sthe substituted carbon in methanol and ethanol, 292.5 eV in
— 0*c-r(e) and C3 1s~ 3s, which the calculations predict at  poth case8,and the substitution effect of the ethynyl group,
nearly the same energy. The broad band288 eV is assigned  \hich increases the C 1s IP byl.0 eV on the basis of the
as C3 1s— o*c-r (&), with superimposed structure from  comparison of methane and propyne, discussed above. This
narrower Rydberg transitions, as also observed ia.*¢Fhe gives an estimated C3 1s IP of 293.5 eV, in good agreement
assignments given here differ from those provided in the with the calculated IP of 293.39 eV. A similar estimate is
previous photoabsorption and angle-resolved ion yield study of gptained if we start from the 291.75 eV C3 1s IP of progyne
trifluoropropynet* The differences in the assignment of the and correct for the effect of OH substitution. On the basis of
Rydberg transitions, which were also based largely on quantumthe |P difference between GBH; (290.7 eV§ and CHCH,-

defects in the previous study, are attributable to the differences oH (292.5 eV)? substitution of H by OH causes an increase of
between the estimated IPs, taken from Jolly et%that were ~1.8 eV in the C 1s IP, yielding an estimated C3 IP for

used in ref 11 (292.0, 292.5, 299.7 eV for C1, C2, and C3, propargy| alcohol of 293.55 eV.
respectively), and those used in this work, taken from ref 8  Although the C1,C2 1s> #* transition of propargy! alcohol
(292.025, 292.144, and 299.548 eV for C1, C2, and C3, is not split to the extent observed for propyne, it is broader
respectively) and also to the0.8 eV difference in absolute  than that of trifluoropropyne and has a shoulder at 285.57 eV
energy scale between this work and that of ref 11. Okada et al. on the low-energy side of a more intense transition at 285.98
assigned the peak that is observed in the present study at 296.18V. This is consistent with our calculations, which place the
eV to a parallel C3 1s (— o*c—r (&) transition on the basis  C1 1s— #* (a') transition 0.14 eV lower in energy than the C2
of a positive anisotropy parameter determined by angle-resolvedis— 7* (a'), with calculated oscillator strengths of 0.025 and
ion spectroscop¥* Our assignment of this peak as a combina- 0.029, respectively, followed by the C2 1s z* (a”) and C1
tion of C3 1s— o*c-r (e) and C3 1s~ 3s is not inconsistent  1s— * (") transitions, 0.33 and 0.45 eV to higher energy
with the observed anisotropy parameter, if the angular depen-than the C1 1s~ 7* (@') transition and with respective oscillator
dence of the ion yields comes primarily from the C3-ts3s strengths of 0.026 and 0.033. As was observed in C1 and C2
component of the excitation while the C3 13 o*c—r(€) 1s excitation to the sama* level in propyne, there is a
excitation leads primarily to €F bond dissociation, which  correlation between calculated term value and oscillator strength.
would display little angular dependence because of the differ- The remaining peaks in the C 1s TIY spectrum of propargyl
ence in orientation between the molecular symmetry axis and alcohol have been assigned to Rydberg excitations on the basis
the C-F bond dissociation axis. of experimental term values and our calculations. The assign-
Propargyl Alcohol. The TIY spectrum of propargyl alcohol ~ ments are indicated in Table 3 and in Figure 5. In propargyl
is presented in Figure 5. The experimental transition energiesalcohol, the moderate splitting between the C1 and C2 1s IPs
and term values, calculated term values and oscillator strengths(0.35 eV) and the lower symmetry result in the relatively broad
and assignments are listed in Table 3. As mentioned above,peaks observed in the TIY spectrum, arising from the overlap
considerably greater structure is evident in the high-resolution of Rydberg series offset slightly in energy.
spectrum reported here than in the previously reported EELS )
spectrum of propargyl alcoh8lAllowing for the difference in Summary and Conclusions
energy resolution, however, the two measurements are consis- High-resolution C 1s excitation spectra of propyne, trifluo-
tent. ropropyne, and propargyl alcohol have been determined using
In contrast to propyne and trifluoropropyne, we know of no TIY spectroscopy with narrow bandwidth synchrotron radiation.
reported determinations of the experimental C 1s IPs of In the case of propyne and propargyl alcohol, this work
propargy! alcohol. Considering the good agreement obtained represents a significant improvement in resolution over the
between experiment and the calculated IPs of propyne andprevious EELS spectr®®1°revealing structure not previously
trifluoropropyne, we have used our calculated IPs for propargyl observed. The measurement of the spectra of these three
alcohol (290.54, 290.89, and 293.39 eV for C1, C2, and C3, chemically related molecules under the same experimental
respectively) to determine term values for the experimental conditions has allowed a detailed study of the electronic structure
transitions. Estimation of the IPs by comparison with known changes that occur with substitution of a simple hydrocarbon,
IPs of similar molecules further supports these calculated results.propyne, with electronegative substituents, F and OH. The high
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TABLE 3: Energies, Term Values, Effective Principal Quantum Numbers *) and Assignments of the C 1s Spectrum of
Propargy! Alcohol

experimental term vallign*) eV calculated term valu€el{ and oscillator strength)( assignment
energy eV C1 Cc2 C3 Tin*)  fp x 100 Ty(n*) f, x100 T3(n*) f3 x100 C1 Cc2 C3
285.57 4.97(1.65) 5.32(1.60) 3.22(2.05) 2.538 w*@')
3.43(1.99) 2.895 a*(@')
285.98  4.56(1.73) 4.91(1.66) 2.77(2.22) 2.601  3.24(2.05) 3.290 a*@") a*@")
287.88 2.66(2.26) 3.01(2.13) 2.77(2.22) 0.228 3s
288.40  2.14(2.52) 2.49(2.34) 4.99(1.65) 2.24(2.46) 0.120  2.80(2.20) 0.091 ") 3%a
2.02(2.60) 0.312 2.24(2.46) 0.065 3PYa 3p(d)
1.97(2.63) 0.007 2.00(2.61) 0.000 3D(a 3p(d)
288.71 1.83(2.73) 2.18(2.50) 4.68(1.71) 1.63(2.89) 0.052 1.89(2.69) 0.259 ") 3&p(d’)
1.38(3.14) 0.057 3d(a
1.33(3.19) 0.048 1.68(2.85) 0.032 3d(a 3d(d)
1.28(3.26) 0.057 3d(p
1.27(3.28) 0.009 3d(a
1.26(3.28) 0.045 4s
289.20 1.34(3.19) 1.69(2.84) 1.09(3.54) 0.018 Bp(a
1.06(3.58) 0.027 1.42(3.10) 0.048 4y a 3d(d’)
1.02(3.65) 0.002 1.36(3.17) 0.082 4p(a 3d(d)
1.30(3.23) 0.020 3d(n
1.28(3.26) 0.006 3d(a
1.27(3.27) 0.029 4s
289.60 0.94(3.80) 1.29(3.25) 0.89(3.91) 0.015 1.10(3.52) 0.007 "4d@p(d)
0.76(4.24) 0.024 1.04(3.62) 0.003 4¢)a 4p(d)
0.74(4.30) 0.017 1.03(3.64) 0.022 4d(a 4p(d’)
0.72(4.34) 0.016 4d(p
0.71(4.38) 0.009 4d(3
289.86 0.68(4.47) 1.03(3.63) 3.53(1.96) 0.91(3.88) 0.008 3.44(1.99) 0.244 ") 488
290.22 0.32(6.52) 0.67(4.51) 3.17(2.07) 0.77(4.20) 0.012 "Ad(a
0.74(4.28) 0.036 4d(p
0.73(4.33) 0.001 4d(p
0.71(4.37) 0.006 4d(3
290.54 IP
290.81 2.58(2.30) 2.48(2.34) 0.059 3(a
2.47(2.35) 0.315 3p(a
2.04(2.58) 0.036 3pla
290.89 IP
291.53 1.86(2.70) 1.62(2.90) 0.128 s/
1.55(2.96) 0.041 3d(a
1.43(3.08) 0.001 3d(p
1.41(3.11) 0.005 3d(a
1.37(3.15) 0.065 3d(a
1.35(3.17) 0.000 3d(n
291.96 1.43(3.08) 1.21(3.35) 0.039 aP(a
1.21(3.36) 0.085 4p(a
1.05(3.60) 0.017 4p(p
292.77 0.62(4.68) 0.86(3.97) 0.016 A(a
0.80(4.13) 0.057 4d(a
0.79(4.15) 0.000 4d(p
0.77(4.20) 0.003 4d(a
0.76(4.24) 0.001 4d(p
293.39 P
293.78 o*

a Estimated absolute uncertaingy0.1 eV.? Calculated IPs.

resolving power has allowed comparison not only of similar Accurate C 1s ionization potentials were obtained, typically
excitations between molecules (e.g., C-is*), but also similar differing from the experimental values for propyne and trifluo-
excitations within the same molecule but from chemically ropropyne by less than 0.10 eV. The worst agreement was for
inequivalent carbon centers (e.g., C1 1s)3a xz* (3e) vs C2 the fluorinated carbon C3 1s IP of trifluoropropyne, where
1s (2a) — x* (3e) of propyne). experiment and theory differed by 0.84 eV. In the case of C 1s
Consideration of ground-state MO energies, both inner-shell excitation, the calculated term values consistently underestimated
and unoccupied valence, provides some insight into the effectsthe experimental values, by a few tenths of an eV in the case
of electronegative substitution and the likely C 1s transitions, of Rydberg excitations ane-1.5 eV in the case of C 1s>
but does not provide a quantitative picture of the C 1s excitation valence excitation. However, the relative ordering and intensities
spectroscopy owing to the significant and state-specific elec- of the calculated C 1s excitations were in good agreement with
tronic relaxation effects that occur in the presenta & 1s experiment; the calculations were therefore of significant utility
hole. In contrast, calculation of the C 1s ionized states with in assigning and interpreting the spectra. The poorer accuracy
explicit consideration of the inner-shell hole and calculation of of the calculated term values of the valence transitions may be
the C 1s excited states using the IVO method provides a a consequence of the failure of the IVO method to account for
quantitative description of the C 1s excitation processes. interactions between the singly excited electron and the other
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valence electrons in the excited state. This error would be largest  (3) Kiefer, J. H.; Kumaran, S. S.; Mudipalli, P. 8hem. Phys. Lett.
for the more compact valence excited states and less significant! 994224 51-55. _
for Rydberg states. (4) Shieh, J.-C.; Wu, J.-C.; Li, R.; Mebel, A. M.; Handy, N. C.; Chen,

The spectral changes observed in these molecules withY'_T' J Che.rr.]' Phys‘Z.OOQ 112 7384', ! ) . .
. - e - (5) Qadiri, R. H.; Feltham, E. J.; Cottill, E. E. H.; Taniguchi, N.;

c_hanges in substltuent_c_an be broadly _classmed_ in two catego- ashfold, M. N. R.J. Chem. Phys2002 116, 906.

ries. For Rydberg transitions, the transition energies tend to shift () sun, w.; Yokoyama, K.; Robinson, J. C.: Suits, A. G.; Neumark,

with the corresponding IPs, shifting to higher energy with the D. M. J. Chem. Phys1999 110,4363

addition of electronegative substituents such as F and OH. (7) Cavell, R. GJ. Electron Spectrosc. Relat. Phendri75 6, 281~

Consequently, the term values and quantum defects of the296 ) ) ) |

Rydberg transitions change little between carbon centers, X l(gj)kks,a?.; rgé:_d,Jé.Elg_?;r@iﬁtsf,' S.?ZTehé r}]]-a 5,"T?%r_vi’m'f' (:Jhé g?g%c'.r

whether in the same or different molecules. In contrast, the C 2001, 123 10729-10737.

1s excitations to low-lying valence states exhibit only very small (9) Ishii, I.; Hitchcock, A. P.J. Electron Spectrosc. Relat. Phenom.

changes in transition energy with changes in substituent, even1988§ 46, 55-84.

when the corresponding C 1s IPs exhibit large shifts. Conse-  (10) Hitchcock, A. P.; Mancini, D. CJ. Eectron Spectrosc. Relat.

quenﬂy’ the term values of the C 1s-valence excitations vary Phenom1994‘67, 1-123. Most recent version: http://unicorn.mcmaster.ca/

considerably, depending upon the electronic environment of the €0ex/ cedb-titie-ntml . . o

core excited atom. These two different behaviors can be Oh(nlol')K(_)éﬁg?ﬁ_th;g%SZtgbi"2'7b3u_k2"7g'_’ Haga, Y.; Gejo, T.; Saito, K.;

understood qualitatively in terms of the extent of interaction (12) Yates, B. W.; Hu, Y. F.; Tan, K. H.; Retzlaff, G.: Cavell, R. G.:

between the C 1s hole and the singly occupied upper level. In sham, T. K.; Bancroft, G. MJ. Synchrotron Radia200Q 7, 296.

the case of C 1s— valence excitation, interaction can be (13) Hitchcock, A. P.; Neville, J. J. IrChemical Applications of

substantial and significant electronic relaxation occurs in the Synchrotron RadiationSham, T. K., Ed.; World Scientific: Singapore,

upper valence level. Those circumstances giving rise to increased? %% ) ) )

C Ls-valence interaction, that is, decreased electrostatic s_hieldin%itg%i)og("";r_r%_één(_:' J_O(':;h'\é';%'&'j 435'32‘?';1(;;2?'1'0%6.0; Bilodeau, R. C.;

of the nuclear charge by agldltlon_ of_electroneganve substituents, (15) Wiley, W. C.: McLaren, I. HRev. Sci. Instrum 1955 26, 1150.

also cause a corresponding shlft in the C 1s I_Ps. In contrast, (16) Henke, L.: Gullikson, E. M.: Davis, J. @t. Data Nucl. Data Tables

the Rydberg levels are considerably more diffuse than the 1993 54 181-342

valence levels and therefore interact less with the compact C (17) Saito, N.; Heiser, F.; Hemmers, O.; Wieliczek, K.; Viefhaus, J.;

1s hole. Changes in the electronic environment of the core Becker, U.Phys. Re. A 1996 54, 2004.

excited atom therefore have less impact on the energy of the (18) Schmidt, M. W.; Baldridge, K. K.; Boatz, J. A.; Elbert, S. T;

Rydberg level. The behavior of the C 1s-valence excitations S0rdon. M. S.; Jensen, J. H.; Koseki, S.; Matsunaga, N.; Nguyen, K. A.;

- R Su, S. J.; Windus, T. L.; Dupuis, M.; Montgomery, J.JAComput. Chem.
leads to effects that at first appear counter-intuitive. For example, 1993 14, 1347-1363. P g Y P

the C1 1s IP of trifluoropropyne is shifted 1.65 eV tigher (19) Kosugi, N.; Kuroda, HChem. Phys. Lettl98Q 74, 490-493.
energy compared with the C1 1s IP of propyne, but the C1 1S (20) Hunt, W. J.; Goddard, W. A., lIChem. Phys. Letl969 3, 414.
— r* transition of trifluoropropyne is shifted 0.11 eV tower (21) Huzinaga, S.; Andzelm, J.; Klobukowski, M.; Andzelm, E. R.;
energy relative to the C1 ks x* transition of propyne. Sakai, Y.; Tatewaki, HGaussian Basis Sets for Molecular Calculatipns

In general, the inner-shell excitations are a sensitive probe Elsevier: Amsterdam, 1984.
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