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a b s t r a c t

Ab initio Configuration Interaction calculations have been carried out in order to assign the bands observed
in the carbon and oxygen K-shell spectra of gaseous acetic acid, measured using the inner-shell electron
energy loss spectroscopy (ISEELS) method with better energy resolution than in previous studies. The
good agreement between the theoretical and the measured spectra allows us to assign precisely most
of the peaks, especially for the Rydberg states. Some of them have been shown to have strong valence
character. The lowest energy band at the carbon edge is assigned to the transitions 1sC1 → 3p�/�*(C1–H)
cetic acid
-shell excitation
b initio
lectron excitation

and 1sC1 → �*(C2–O2). Simple Franck–Condon calculations, based on the linear coupling approximation,
were performed in order to reproduce the vibrational structure observed for the first time in the oxygen
and carbon core excited species as well as in the previously measured X-ray photoelectron spectroscopy
spectra of the core ionised molecule. Finally, the calculated structural parameters of the core states of
acetic acid match well those of the corresponding valence states of their Z + 1 molecules, as predicted
by the equivalent core approximation. However, significant differences between the geometry of the
1sC → �*(C –O ) state and the CH NOOH ground state are obtained.
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. Introduction

Acetic acid (CH3COOH), commonly known as vinegar, is pro-
uced in the human body as a result of alcohol oxidation after
onsumption of alcoholic beverages. It plays an important role in
he metabolism processes of most forms of life and results naturally
rom the action of certain bacteria in foods or liquids containing
ugars or ethanol.

Despite the fact that, after formic acid (HCOOH), acetic acid is
he simplest organic acid, and is a major component of biological
olecules, there are only a very few studies of its electronic states
pectroscopy by inner shell excitation . The core ionisation energies
ave been measured by Naves de Brito et al. [1,2] using XPS meth-
ds. To our knowledge core excitation spectra have been reported
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y only one experimental study previously, namely inner-shell elec-
ron energy loss spectroscopy (ISEELS) in gas phase [3]. The energy
esolution was about 0.6 eV. More recently, Urquhart and Ade [4]
ave performed a systematic comparison between measured and
b initio C1s,O1s → �*(C2–O2) transitions energy in a large family
f carbonyl compounds, including acetic acid but other transitions
ere not considered.

In the present work the electronic structure of acetic acid, and
uch more specifically the unoccupied levels, has been investi-

ated by core shell excitation and ab initio calculations. Inner-shell
lectron energy loss spectroscopy has been used to record the C1s
nd O1s excitation spectra of acetic acid. The experimental condi-
ions – high electron impact energy and quite small scattering angle
are such that electron energy loss spectra are expected to exhibit

he same features with quite similar relative intensities as those of
he corresponding ones in photoabsorption.

The goal of the present paper is to present a new ISEELS spec-

rum of acetic acid recorded with an apparatus resolution of 0.17 eV.
n order to help in the assignment of the observed spectral fea-
ures, ab initio calculations using Configuration Interaction (CI)
echniques and vibrational analysis have been carried out. This
aper is divided into the following sections: Section 2 describes

http://www.sciencedirect.com/science/journal/13873806
mailto:denis.duflot@univ-lille1.fr
dx.doi.org/10.1016/j.ijms.2008.05.006
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ried out, using our local implementation [20,21] of the method
proposed by Cederbaum and Domcke [22,23]. In its simplest form
(linear coupling approximation), this model describes the potential
energy surface of the excited state by the same harmonic oscilla-

Table 1
Core ionisation energies (eV) of acetic acid at the O1s and C1s edges

C1s O1s

C1 C2 Shift O1 O2 Shift

Exp.a 291.55 295.38 3.83 540.09 538.29 −1.8
Exp.b 291.55(3) 295.35(3) 3.80 540.10(3) 538.31(3) −1.79
�SCFb 292.49 296.96 4.47 541.03 538.80 −2.23
�SCF (GSCF3)c 296.52 537.70
SA-MCQDPTd 288.32 293.02 4.70 532.38 530.31 −2.07
SA-MRMPd 288.21 292.36 4.15 530.10 528.98 −1.12
MRMPd 291.65 295.90 4.25 540.21 538.69 −1.52
�KSe 291.51 294.97 3.46 540.24 538.19 −2.05
�SCFf 292.00 296.39 4.39 540.07 537.87 −2.20
�MP2 (RMP)f 291.59 295.53 3.94 540.44 538.71 −1.73
�MP2 (ZAPT)f 291.60 295.55 3.95 540.44 538.71 −1.73
�MP2 (CIPSI)f 291.45 295.40 3.95 540.35 538.59 −1.76
�MP2 (CIPSI) + ZPVEf 291.09 295.24 4.15 538.36

a Ref. [32].
b Refs. [1,2] (DZP basis set).
D. Duflot et al. / International Journa

he experimental set up; Section 3 deals with the computational
ethod employed; the results are presented and discussed in Sec-

ion 4 and finally, in Section 5 some conclusions are given.

. Experimental

The inner-shell electron energy loss spectra were obtained with
Vacuum Science Workshop Ltd. (VSW) spectrometer which has
een adapted for gas studies and high energy electron beams and
as been equipped with a home-made position sensitive multi-
etector system in order to improve data collection times. The
xperimental apparatus and procedure have been described in
etail previously [5–7].

Briefly the spectrometer consists of an electrostatic 180◦

onochromator operating in the constant pass energy mode,
collision chamber and an electrostatic analyser identical to

he monochromator. The monochromatised incident electrons are
ccelerated up to 2 keV and focused into the collision chamber using
four-element electron lens. The electrons are slightly deflected

0.02 radians) by two sets of X–Y plates inside the collision cham-
er. The scattered electrons are energy analysed and focused onto
he entrance slit of the analyser by a lens similar to that used for
cceleration.

In the collision conditions of low momentum transfer (i.e., high
ncident energy and small scattering angle), electric-dipolar tran-
itions are primarily excited. Inside the vacuum vessel, a residual
ressure of less than 1 × 10−8 mbar is maintained by a cryogenic
umping system. The electron gun and the analyser regions are
ifferentially pumped by turbomolecular pumps respectively. The
pectra have been recorded with 0.040 and 0.020 eV steps.

In order to take into account valence and lower energy inner
hell excitation cross-section, a linear background has been sub-
racted from the raw spectra by extrapolating least square fit of the
re-edge experimental data.

The absolute energy scale has been calibrated at both edges rel-
tive to CO and the C1s → �* (�′ = 0) band at 287.40 ± 0.02 eV and
he O1s → �* transition at 534.21 ± 0.09 eV recording spectra with
.01 eV steps [8].

The sample of acetic acid was purchased from VEL (Leuven,
elgium) and is quoted as having a minimum purity of 99.8%. It
as used directly without further purification except for repeti-

ive freeze–pump–thaw cycles in order to eliminate air and other
olatile impurities in the sample.

. Computational method

The computational method used in the present work is similar
o that used in our previous study of the core excitation spectra
f acrolein [9] with a few minor differences. The basic assumption
s that core ion MO’s (obtained at the ROHF-GVB level [10] with
he GAMESS-US program [11]), are a better starting point than the
round state MO’s for the calculation of the core excitation energies.
ormally, these E(1s → i*) core excitation energies may be writ-
en with respect to the E(1s → ∞) core ion energy in the following

anner [12,13]:

(1s → i∗) = E(1s → ∞) + εi∗ + Pi∗ + Ci∗

here εi∗ is the mono-electronic energy of the i* virtual MO
Koopmans’ theorem). The Pi* and Ci* terms represent the resid-

al relaxation and correlation effects of the i* electron with respect
o the core ion. In practice, relaxation is taken into account by diag-
nalisation of a CI matrix. The correlation term Ci* is calculated by
multi-reference MP2 calculation with the three-class diagram-
atic CIPSI [14,15] method and using the CI matrix eigenfunctions T
ass Spectrometry 277 (2008) 70–78 71

s zeroth-order wave-functions. In the present work, two types of
I calculations were performed:

(I) a preliminary calculation included all 1s → i* excitations from
the core orbital to all virtual MO’s. This type of calculations is
sometimes called 1h–1p CI [16]. Physically, this means that the
electron density of the core state is identical to that of the ion
and relaxation is treated perturbatively during the CIPSI step
together with correlation.

II) a larger CI matrix including all mono-excitations with respect
to all the 1s → i* core excitations was diagonalized (2h–2p
scheme), taking explicitly into account relaxation effects and
permitting the description of possible di-excited (shake up)
states. In this case, in order to reduce the computational cost of
the CIPSI step, the extrapolation procedure proposed by Angeli
et al. [17] was employed, with 6 thresholds between 99.9 and
99.4%.

Finally, the theoretical dipolar electric intensities are obtained
y evaluating the corresponding oscillator strengths (in the length
auge):

L = 2
3
ω
∣∣〈�CI

∣∣ r
∣∣�0

〉∣∣2

here ω is the transition energy, r the electric dipole transition
oment, both in atomic units.  CI and  0 are the CI excited and

round state wave functions, respectively. The Gaussian atomic
rbitals (AO’s) used are the TZ2P basis set taken from Dunning
18]. The same exponents of the d polarization functions (˛C = 1.44,
.36 and ˛O = 2.56, 0.64) were used for the Z + 1 (equivalent core)
toms. For core-excited states, a set of Rydberg orbitals (5s, 5p, 3d)
as added on the core excited atom. The exponents of the first dif-

use AO’s are taken from Dunning and Hay [19] and the other ones
re obtained in an “even-tempered” manner. In the following, the
xtended basis set will be designated as TZ2P + R.

Then, in order to simulate the vibrational structure of some of
he spectral bands, Franck–Condon factors calculations were car-
c Ref. [4].
d Ref. [30].
e Ref. [31] (�(PW86-PW91)/QZ4P//HF/6-31G* result with relativistic correction).
f This work. Values calculated at the TZ2P/MP2 optimized geometry using the

Z2P + Rydberg basis set.
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or as the ground state, the only difference being the equilibrium
eometry. This model has proven to be satisfactory in the context
f inner ionisation and excitation [24–26]. Thus, it is necessary to
etermine the gradient of the excitation energy Eex at the ground
tate geometry:

i = 2−1/2

(
∂Eex

∂Qi

)
0

This�matrix has non-zero elements only for totally symmetrical
odes (a′ in the present case). These calculations were performed

t the ROHF-GVB level for core states, because the more sophis-
icated methods widely used when dealing with valence states

annot be employed with core states (see for example Ref. [27]).
imilarly, RHF geometry and frequencies were used for the ground
tate. Anharmonic frequencies were also calculated with the VSCF
ethod [28] on a 40,000 points grid including 3-D couplings, as

hown in the supplementary information. However, the anhar-

H
e

[

ig. 1. Comparison of the calculated vibrational structure of the core ions with XPS: (a
ransitions; line: total calculated vibration spectrum, using FWHM = 0.25 eV gaussian func
ass Spectrometry 277 (2008) 70–78

onic values could not be used because the Domcke–Cederbaum
odel is based on harmonic approximation. Therefore, the RHF

armonic frequencies were scaled by a factor of 0.9. The present
alculations include hot bands, as well as combination bands, using
temperature of 298 K.

. Results and discussion

In the following, the four heavy atoms of acetic acid will be
abelled as H3C1–C2 O2–O1H. The most stable isomer corresponds
o an eclipsed conformation between C2 O2 and one of the C1 H
onds. As shown in the supplementary data, the calculated MP2
eometry are in better agreement with experiment [29] than the

F calculation and therefore, was used to calculate vertical core
xcitation energies. The electronic configuration is:

1a′22a′23a′24a′2]5a′26a′27a′28a′29a′210a′21a′′211a′2

12a′22a′′23a′′213a′2

) C1, (b) C2, (c) O2. Dots: experiment from Ref. [2]; sticks: calculated vibrational
tions.
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shown in Fig. 2, while the energies of the observed bands are indi-
cated in Table 2. To the best of our knowledge, the only other
available ISEELS spectrum was published by Robin et al. [3] with
a resolution of 0.6 eV. The two spectra are in agreement but the

Table 2
Energies (eV) of the spectral features in the ISEELS spectra

O1s This work ISEELSa Assignmenta

O1 O2

A 532.10 531.95 1�*(�*(C2–O2))
B 535.35 535.2 1�*(�*(C2–O2)) 3p
C′ 537.04
C′′ 537.36
C 537.90 537.6 3p/�*(O1–H) Rydberg
D 541.40 541.4(8) �*(C1–C2) �*(C2–O1)

543.5(8) �*(C2–O1)
546.3(8) �C2 O2)

C1s This work ISEELSa Assignmenta

C1 C2

A 287.8 287.4 3s
Bb 288.74 288.69 3p/�*(C1–H) 1�*(�*(C2–O2))
C 290.56 290.3 4p
C′ 291.64 291.5 3s
Dc 293.60 293.4 �*(C1–C2) 3p
D′ 294.35 294.6 4p
E 297.35 297.3 �*(C1–C2)
D. Duflot et al. / International Journa

here the bracketed MO’s correspond to the O1, O2, C2 and C1 core
s orbitals, respectively. The HOMO 13a′ is essentially the in-plane
2 lone pair (the “plane” being defined as C1C2O1O2). The SHOMO
a′′ is the �(C2–O2) and has an anti-bonding character with the
ut-of-plane O1 lone pair. The LUMO corresponds to the �*(O1–H)
O, the �*(C2–O2) being higher in energy.

.1. Core ionisation energies

The calculated core ionisation energies are compared with
heoretical [2,4,30,31] and experimental [1,32] determinations in
able 1. Since several possible definitions of the zero-order hamil-
onian are possible in open-shell MP2 calculations [33], the�MP2
alues were obtained using three different models: RMP [34,35],
APT [36,37], and CIPSI.

Our �SCF values are close to the �SCF/GSCF3 ones [4]: the C1
nd C2 energies are too large, while the O1 values are close to exper-
ment and the O2 values are too low by ∼1 eV. On the other hand,
he �SCF values of Naves de Brito et al. [2] are rather different,
ith a 1.6 eV error for C2. These authors have discussed in detail the
ossibility that the zero-point vibrational energy (ZPVE) correction
ould be responsible of this effect. However, both the present and
SCF3 [4] results suggest basis set effects. At the correlated level,

he�KS values of Takahata and Chong [31] are in very good agree-
ent with experiment, except for C2 where the result is too low by
0.5 eV. Shirai et al. [30] have shown the complete failure of State-
veraged (SA) multiconfigurational calculations, especially for the
xygen atoms where the calculated values differ by ∼10 eV from
xperiment.

For the three�MP2 methods of the present work, the agreement
ith experiment is within a few tenths of an eV, especially for car-

ons. Our mono-reference MP2 results also compare well with the
RMP results of Shirai et al. [30]. All the�SCF chemical shifts are

lso too large, while the MP2 ones are in excellent agreement with
xperiment. In the following, the CIPSI values will be used in order
o be consistent with the core excitation energy calculations.

Concerning possible vibrational effects, Naves de Brito et al. [2]
imply subtracted the ground state zero-point energy from their
SCF ionisation energies to explain the discrepancies with exper-

ments. They pointed out that a complete normal mode analysis
ould be necessary to determine the “appropriate fraction” of the

PVE to be removed. Using the simple vibrational model described
n the previous section, such an analysis was done. The results of
ig. 1 show the comparison with the experimental spectra [1,2].
he vibrational structure being not discernible in the XPS spec-
rum [1,2], a FWHM of 0.25 eV was used for the vibrational bands.
t should be noticed that since the O1 core ion state was found to
e dissociative (see Section 4.4), such an analysis is meaningless.
his is consistent with the fact that the O1 XPS band has the largest
WHM (1.20 eV) [2] of the four atoms. The shape of the bands is
orrectly reproduced and the calculated half-widths (0.66 eV for C1,
.50 eV for C2 and 0.66 eV for O2) are close to the experiment [2]
0.83 eV for C1 and 0.58 eV for C2), except for O2 where the 1.04 eV

easured value may be too large because of the overlapping of
he O1 band at high energy. According to the authors [2], these
bserved widths of the XPS bands are mainly due to spectrometer
esolution and vibrational broadening, both effects approximated
y a single asymmetric gaussian profile, while lifetime broadening
s much smaller. The vibrational analysis also shows that the 0–0
and origin is always below the calculated vertical energy (0.58 eV

or C1, 0.34 eV for C2 and 0.60 eV for O2). Moreover, the maximum
f the total band does not correspond to the 0–0 transition, because
f the numerous vibrational peaks. Assuming the maximum of each
and in Fig. 1 should give the “ZPVE-corrected” ionisation energy,
he resulting values, given in the last line of Table 1, are very close

F

2

ig. 2. The electron energy-loss spectrum of acetic acid recorded at the oxygen K
dge with an energy resolution of 0.17 eV and 40 meV steps. Insert: The excitation
pectrum in the 530.6–538.7 eV region is recorded with 20 meV steps.

o experiment for C2 and O2, while the C1 ionisation energy is too
arge by 0.5 eV. The origin of this discrepancy may come from the
act that we used the calculated CIPSI values for the vertical ion-
sation energies. As recently reviewed by Carniato and Luo [13],
arious terms other than ZPVE, may play a role in the calculation
f core ionisation energies, leading to an accuracy of a few tenths
f an eV. For example, the relativistic correction could slightly alter
he calculations. However, according to Takahata and Chong [31],
his correction is only 0.05 eV for carbons and 0.20 eV for oxygens.

.2. Oxygen K-shell electron-energy loss spectrum

The O1s edge electron energy loss spectrum of acetic acid is
302.7 303.1(5) �*(C2–O2)

a Ref. [3].
b Band B: on the high energy side a low intensity feature not well resolved at

89.4 eV.
c Band D: fine features not well resolved at 293.38 and 293.84 eV.
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Table 3
Calculated energies and relative intensities of the O1s core excited states of acetic acid

State E (eV) TV (eV) Intensitya Main configurations 〈r2〉 (a.u.2)

O1 O2 O1 O2

A′′ 532.29 6.29 1.000b 0.92 1sO2 → �*(C2–O2) 52
A′ 534.82 3.77 0.020 0.97 1sO2 → 3s� 107
A′′ 535.52 4.83 0.334 0.92 1sO1 → �*(C2–O2) 50
A′ 535.78 4.56 0.303 0.97 1sO1 → 3s�/�*(O1–H) 93
A′ 535.81 2.78 0.048 0.98 1sO2 → 3p� 123
A′′ 536.09 2.49 0.034 0.98 1sO2 → 3p� 138
A′ 537.20 1.39 0.021 0.98 1sO2 → 4s� 440
A′′ 537.24 1.35 0.027 0.98 1sO2 → 4p� 387
A′ 537.39 2.96 0.113 0.98 1sO1 → 3p�/�*(O1–H) 101
A′′ 537.70 2.64 0.072 0.98 1sO1 → 3p� 123
A′ 537.92 2.42 0.033 0.98 1sO1 → 3p�′ 147
A′ 538.35 2.00 0.061 0.97 1sO1 → 3d� 225

538.59c 0.00 Ion O2

A′ 538.91 1.43 0.039 0.98 1sO1 → 4p� 423
A′′ 538.92 1.42 0.036 0.99 1sO1 → 4p� 356
A′ 539.03 1.31 0.022 0.99 1sO1 → 4p�′ 506

540.35c 0.00 Ion O1
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Relative oscillator strength to the most intense peak.
b Absolute calculated oscillator strength f = 0.0280.
c �MP2(CIPSI)/TZ2P + R//MP2/TZ2P level.

igher resolution of the present work shows some fine features (C,
′ and C′′) below the O2 threshold. The assignments proposed by
obin et al. [3] are also given in Table 2. The spectrum is domi-
ated by two broad bands A and B, centred at 532.10 and 535.35 eV,
espectively.

The results of the calculations are shown in Table 3. Only the
h–2p values with a relative intensity of 2% of the most intense
eak are given (the complete table may be found in the supporting

nformation). The spectra derived from the two types of calcula-
ions (1h–1p and 2h–2p) are given in Fig. 3a and b (the calculated
ands were convoluted using 0.17 eV FWHM gaussian functions).
oth CIPSI methods give very similar results. This is not surpris-

ng since all calculated core states wave functions are dominated
y a single mono-excitation. As proposed earlier [3], the first band
is assigned to the 1sO2 → �*(C2–O2). The characteristics (energy,

erm Value and oscillator strength) of this transition, are compared
o experiment in Table 4. The GSCF3 results [4] overestimate the
ore excitation energy, due to the frozen core approximation used
38]. On the other hand, the present ROHF-GVB energy is underesti-

ated, but the TV is correct. The two CIPSI values, using the 1h–1p
nd 2h–2p models, give nearly identical results, in much better
greement with experiment. In particular, the calculated absolute

scillator strengths (0.0303 and 0.0280) are in very good agreement
ith the measured values [3] of 2.9 × 10−2 while the GSCF3 value

f 0.0149 are too low.

able 4
ransition energies, Term Values and oscillator strengths of the two most intense
ands at different levels of theory

1sO2 → �*(C2–O2) 1sC2 → �*(C2–O2)

E (eV) TV (eV) f E (eV) TV (eV) f

SCF3a 533.29 4.40 0.0149 291.37 5.15 0.0715
OHF-GVBb 531.62 6.25 289.41 6.98
IPSI (1h–1p)b 532.23 6.35 0.0303 288.43 6.96 0.0829
IPSI (2h–2p)b 532.29 6.29 0.0280 288.60 6.80 0.0920
xp.c 532.10 6.21 0.029 288.74 6.61 0.104

a Ref. [4].
b This work.
c This work with Refs. [3,1].
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The rather large width of the A band (FWHM ≈ 1.0 eV) sug-
ests the presence of vibrational excitation, although it is not
esolved. Another possible cause of broadening for band A could
e a small contribution due to O1s transitions from dimerised
cetic acid. However, such a contribution would be very unlikely
t the pressures used in the present experiment. The results of
he vibration calculations are compared to experiment in Fig. 4a.
he agreement is rather good and the general shape of this band
s well reproduced. Not surprisingly, the structure is mainly due
o the C2–O2 stretching mode (1987 cm−1). Other totally symmet-
ic bending modes are also excited. These results were confirmed
y calculating the equilibrium geometry of the 1sO2 → �*(C2–O2)
ore excited state at the ROHF-GVB level, as shown in Table 5
nd supplementary data. When compared to the RHF ground state
eometry, the C2–O2 bond is weakened and the length increases
rom 1.1816 to 1.3435 Å, close to the C2–O1 single bond value.

oreover, the �*(C2–O2) HOMO is mainly concentrated on the C2
tom and has a sp3 contribution from C1. This causes the pyrami-
alisation of the COOH group, with the angles between the four
eavy atoms close to 109◦, much as in the methyl group. Another
eculiarity is the fact that the C1, C2, O1 and H atoms nearly

ie in the same plane. Remarkably, the geometry of the ground
tate of CH3CFOH, which is the “Z + 1” equivalent of acetic acid, is
lmost perfectly identical, confirming the equivalent core approx-
mation.

The second band B of the spectrum has its maximum at
35.35 eV and is wider than band A (FWHM ≈ 1.5 eV), suggest-

ng the presence of more than one transition. It was assigned
3] to the 1sO1 → �*(C2–O2) and 1sO2 → 3p Rydberg transitions
Table 2). This is confirmed by the present calculations, since the
sO1 → �*(C2–O2) transition is calculated to occur at 535.52 eV
ith a relative intensity of 33% of the first peak A (Table 3). This

ather high intensity may be rationalised by the fact that the
*(C2–O2) MO is slightly delocalised on the O1 atom. The three
sO2 → 3p Rydberg transitions are predicted to occur at 535.81,
36.09 and 536.28 eV, i.e., on the high energy tail of the band, while

he 1sO2 → 3s� is calculated on the low energy side, at 534.82 eV.
owever, the calculated intensities for these four transitions are

mall (<5%) so that their contributions to the B band should be weak.
n the other hand, the calculations predict the 1sO1 → 3s� transi-

ion to occur at 535.78 eV with an intensity of 30% (Table 3). The
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alculations, (b) O1s 2h–2p calculations, (c) C1s 1h–1p calculations, (d) C1s 2h–2p c

ontrast in the intensities of the 3s� transitions for the two O atoms
ay be explained by the important �*(O1–H) valence character of

he 3s� MO for O1. To summarise, the B band is mainly due to the
sO1 → �*(C2–O2) and 1sO1 → 3s�/�*(O1–H) transitions, having
ery similar energies and intensities, and with minor contributions
f O2 3s and 3p Rydberg transitions.

As for band A, it is possible that vibrational excitation
ontributes to the width of band B. However, the geometry opti-
isation of the two 1sO1 states (at ROHF-GVB level) showed that

oth states are unstable (Table 5): the 3s�/�*(O1–H) state disso-
iates into CH3COO + H, while the �*(C2–O2) state dissociates into
H3CO + OH. For the first state, the �*(O1–H) valence character of
he 3s� MO is consistent with the O1–H bond breaking. For the sec-

nd state, the breaking of the C2O1 bond, rather than the C2O2 one,
ay be due to the delocalised nature of the �* MO on the O1 atom.

he same state of the CH3COFH Z + 1 equivalent molecule exhibits
he same behaviour with an important qualitative difference in the

ulliken charges: the �* states dissociates into HF− + CH3CO+ frag-

c
t
d

i

eV) for the pre-edge regions (white: O1 and C2, black: O2 and C1): (a) O1s 1h–1p
tions.

ents (Table 5). The dissociative nature of these two states proves
hat the B band of the K-shell spectrum should exhibit a continuum,
ven at a better resolution.

At higher energy, the observed spectrum does not show any
iscernible band, since the intensity increases monotonously until
he O2 ionisation threshold is reached around 538.5 eV (Fig. 2).
his is consistent with the calculations, predicting the O2 Rydberg
ransitions to occur above 536 eV (Table 3). All these transitions
re purely Rydberg with very small intensities. They are probably
esponsible for the weak feature C′ located at 537.04 eV. On the
ther hand, the C′′ feature measured at 537.36 eV corresponds to
he 1sO1 → 3p�/�*(O1–H), calculated at 537.39 eV. As for the 3s�
ransition, its high intensity (11%) is due to its important valence

haracter. The C feature at 537.90 eV is assigned to the 1sO1 → 3p�
ransition, calculated at 537.70 eV, with a rather high intensity (7%)
ue to a small valence character.

The next energy region of the spectrum corresponds to the O1
onisation continuum. Robin et al. [3] distinguished three features
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tions) compared to experiment. (a) Band A, O1s edge, (b) band B, C1s edge.
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Fig. 4. Calculated vibrational structure (FWHM = 0.17 eV gaussian func

t 541.4, 543.5 and 546.3 eV (Table 2), assigned to O1 shape reso-
ances, but only the first one seems to be present in the spectrum of
ig. 3. The calculations reported in Table 3 predict O1 Rydberg tran-
itions to occur at such energies with weak intensities. However,
he present theoretical model does not allow a proper description
f transitions beyond the ionisation threshold.

.3. Carbon K-shell electron-energy loss spectrum

The C1s electron energy loss spectrum is shown in Fig. 5 and
he energies of the peaks are collected in Table 2, together with
he results of the previous study of Robin et al. [3]. The spec-
rum is dominated by a strong band B, centred at 288.74 eV,
hich is highly asymmetric on the high energy side. The A

and, which appeared only as weak shoulder in Robin’s spectrum,
s now clearly discernible at 287.8 eV. Above 290 eV, the spec-
rum is nearly flat with two weak features C (290.56 eV) and C’
291.64 eV).

The most intense (>1%) calculated transitions (2h–2p level) are
isplayed in Table 6, while the theoretical spectra obtained at
oth 1h–1p and 2h–2p levels are compared to the experiment
n Fig. 3c and 3d. As in the O1s case, for nearly all calculated
ore excited states, the CI wave function is dominated by a sin-
le mono-excitation (weight >91%). There is however an important
xception: the two lowest lying A “C1 transitions, corresponding to
ransitions to the 3p�/�*(C1–H) and �*(C2–O2) MO’s. At the 1h–1p

l
a
f
T
a

able 5
tability of core ionised and excited states of acetic acid and corresponding states of Z + 1

cetic acid Core states Z + 1

on O1
2A′ C1H3C2O2 + O1H+ CH3C

on O2
2A′ Stable CH3C

on C1
2A′ Stable NH3C

on C2
2A′ Stable CH3N

sO1 → �*(C2–O2) 1A′′ C1H3C2O2 + O1 H CH3C
sO1 → 3s�/�*(O1–H) 1A′ C1H3C2O2O1 + H
sO2 → �*(C2–O2) 1A Stable CH3C
sO2 → 3s� 1A′ C1H3C2O2O1 + H
sC1 → 3s�/�*(C1–H) 1A′ Stable NH3C
sC1 → �*(C2–O2) C1H3 + C2O2O1H
sC2 → �*(C2–O2) 1A Stable CH3N
sC2 → 3s� 1A′ Stable
ig. 5. The electron energy-loss spectrum of acetic acid recorded at the carbon K
dge with an energy resolution of 0.17 eV and 40 meV steps. Insert: The excitation
pectrum in the 285.8–295.2 eV region recorded with 20 meV steps.

evel, these transitions are calculated at the same energy (288.22

nd 288.23 eV, respectively), although with different intensities: 8%
or 1sC1 → 3p�/�*(C1–H) and less than 0.1% for 1sC1 → �*(C2–O2).
hese intensities are consistent with the fact that the 3p� MO has
n important �*(C1–H) valence character, while the �*(C2–O2) MO

molecules

molecule Valence states

OFH+ Ion O1
1A′ CH3CO+ + FH

FOH+ Ion O2
1A′ Stable

OOH+ Ion C1
1A′ Stable

OOH+ Ion C2
1A′ Stable

OFH �*(C2–O2) 2A′′ CH3CO+ + FH−

3s�/�*(F–H) 2A′ CH3COF + H
FOH �*(C2–F) 2A Stable

3s� 2A′ CH3CFO + H
OOH 3s�/�*(N–H) 2A′ Stable

�*(C2–O2) NH3 + COOH
OOH �*(N–O2) 2A Stable

3s� 2A′ Stable
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Table 6
Calculated energies and relative intensities of the C1s core excited states of acetic acid

State E (eV) TV (eV) Intensitya Main configurations 〈r2〉 (a.u.2)

C1 C2 C1 C2

A′′ 287.27 4.18 0.009 0.39 1sC1 → 3p�/�*(C1–H) 64
+0.48 1sC1 → �*(C2–O2)

A′ 287.45 4.00 0.021 0.98 1sC1 → 3s� 82
A′′ 288.60 6.80 1.000b 0.91 1sC2 → �*(C2–O2) 55
A′ 288.68 2.77 0.087 0.98 1sC1 → 3p�/�*(C1–H) 105

A′′ 288.71 2.74 0.068 0.58 1sC1 → 3p�/�*(C1–H) 105
0.39 1sC1 → �*(C2–O2)

A′′ 290.01 1.44 0.035 0.96 1sC1 → 4p� 324

A′ 290.05 1.40 0.024 0.98 1sC1 → 4p�′ 343
291.45c 0.00 Ion C1

295.40c 0.00 Ion C2
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Relative oscillator strength to the most intense peak.
b Absolute calculated oscillator strength f = 0.0920.
c �MP2(CIPSI)/TZ2P + R//MP2/TZ2P level.

s mainly localised on C2 and O2. At the 2h–2p level (Table 6),
he results are somewhat different: the first A” transition is now
redicted at 287.27 eV with an intensity of 0.9%, while the sec-
nd one is calculated at 288.71 eV with an intensity of 6.8%. Thus,
he splitting between the two states is now 1.44 eV. For both
tates, the CI wave functions show a strong mixing between the
sC1 → 3p�/�*(C1–H) and 1sC1 → �*(C2–O2) excitations. As shown
y Löwdin [39], it is possible to construct from these wave func-
ions the so-called “natural orbitals”, after diagonalisation of the
I density matrix. The resulting MO’s represent the best approxi-
ations of the “true” core excited MO’s (see supplementary data).

oth transitions appear to be mono-electronic, with 1s and virtual
O’s having occupation numbers close to 1. The first transition can

e viewed as the 1sC1 → �*(C2–O2), while the second one is the
sC1 → 3p�/�*(C1–H) transition. These assignments are consistent
ith the calculated 〈r2〉 values: 64 a.u.2 for the first one, typical of a

alence transition and 105 a.u.2 for the second one, close to the two
ther 3p values. Moreover, the fact that the energy of the second
ransition is close to the two other 3p transitions supports these
ssignments.

Using these results, it appears that the weak band A observed in
he spectrum at 287.8 eV is assigned not only to the 1sC1 → 3s�
ransition, as proposed by Robin et al. [3], but also to the
sC1 → �*(C2–O2), both having low intensities (Table 6). The next
and B is assigned mainly to the intense 1sC2 → �*(C2–O2) transi-
ion, with contributions from the 1sC1 → 3p transitions calculated
t the same energy. In particular, two 3p transitions have non
egligible intensities, due to their Rydberg-valence character: the
sC1 → 3p�/�*(C1–H) (8.7%) and the 1sC1 → 3p�/�*(C1–H) (6.8%).
ogether with the 3d states predicted around 289.5 eV, they are
esponsible of the asymmetry observed on the high energy side
f the B band. Another possible cause of the asymmetry may be
ibrational excitation. Fig. 4b compares with experiment the vibra-
ional fine structure of the 1sC2 → �*(C2–O2) transition, calculated
t the ROHF-GVB level. It should be kept in mind that the vibra-
ion contributions of the 1sC1 transitions present in this region
re not included. The asymmetry is well reproduced, although the
aximum of the calculated band is 0.3 eV below the experimen-

al maximum. This discrepancy is partially due to the difference

etween the calculated (288.60 eV) and the measured (288.74 eV)
ertical ionisation energies.

The parameters of the intense 1sC2 → �*(C2–O2) transition,
btained using various methods, are shown in Table 4. The
ehaviour of the different theoretical methods is essentially the

D
m
a
T
f

ame as for the 1sO2 → �*(C2–O2) transition, the best results being
btained with CIPSI. Because of the mono-electronic nature of this
ransition, the 1h–1p and 2h–2p are almost identical. The CIPSI cal-
ulated absolute oscillator strengths (0.0829 and 0.0920) are in very
ood agreement with the measured values of 10.4 × 10−2 measured
y Robin et al. [3] while the GSCF3 value of 0.0715 is slightly too
mall.

According to the calculations, the next energy region, between
90 and 291.5 eV, corresponds to Rydberg transitions from the C1
tom. Most of these transitions are purely Rydberg and have thus
ery low intensities, with the exception of two 4p transitions pre-
icted at 290 eV whose MO’s have a slight valence character and
ho are responsible for the feature C observed at 290.56 eV. The C′

t 291.64 eV may be due to the C1 ionisation threshold at 291.45 eV.
t higher energies, the calculations predict the C2 Rydberg tran-
itions to occur. According to Table 2 and Fig. 3d, there seems to
e a good agreement between the position of the D (293.60 eV)
nd D′ (294.35 eV) bands and some of these transitions. How-
ver, these results must be considered with caution, because of
he possible coupling between the C1 continuum and the C2 Ryd-
erg transitions, which has not been taken into account by the
alculations. Moreover, these features may also be due to (above
hreshold) C1 transitions. Finally, the two last observed features E
297.35 eV) and F (302.7 eV) are assigned to possible shape reso-
ances.

.4. Geometry of core states of acetic acid

Due to the variational collapse of the core hole wave func-
ion, standard correlated methods cannot be employed to optimise
he geometry of core excited states, especially for polyatomic

olecules. Therefore, the geometry of core states of acetic acid were
btained at the ROHF-GVB level, as implemented in the GAMESS-US
ackage, and compared to their Z + 1 counterparts. The main results
re given in Table 5. The case of the 1s O2 → �*(C2–O2) transition
as already been discussed in detail above. Qualitatively, the Z + 1
pproximation gives results identical to the core calculations. The
nly difference resides in the Mulliken charge repartition for the
issociation products of the O1 ion and 1s O1 → �*(C2–O2) state.

etailed structural information may be found in the supplementary
aterial of this paper. For all the optimised states, the Z + 1 and core

ngles are identical within 0.1◦, except for a few dihedral angles.
he bond lengths are also identical within 0.01 Å. This agreement is
ully consistent with the results obtained in the case of core excited
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yclopropane [26]. There is however one exception, concerning the
s C2 → �*(C2–O2) state, where the Z + 1 model give results qualita-
ively different from the core states: while both molecules appear
o be pyramidalised at the C2 atom, the orientation of the O1–H
ond is completely different. One possible explanation would be
hat both geometries correspond to two different minima of the
otential energy surfaces of the two molecules. However, this is
ot confirmed by the calculations. One has to conclude that in this
articular example, the equivalent core model fails to predict the
true” core result. Similar discrepancies have been found in the case
f core excited benzene [40] and aniline [41]. The differences seem
o involve mainly the lowest frequency modes, such as the O1–H
orsion in acetic acid, or the rotation of the NH2 group in aniline
41].

The results of Table 5 are also another example of the selectiv-
ty of bond breaking upon core excitation, such as in the recent
ase of �*(COCH3) MO of ester thin films [42–44]. The results have
een rationalised by calculating the core state energy gradient in
he Franck–Condon region of the ground state [45]. Finally, the
ragment products of C1s excited acetic acid have been studied
xperimentally [46,47]. Several dissociation channels involving ion
airs were found and these results may seem contradictory with the
alculations shown in Table 5 where core states appear to be stable
r giving neutral fragment. There are two possible explanations for
his discrepancy: the experimental method cannot detect neutral
pecies. Moreover, the fragments observed are probably due to the
alence CH3COOH++ dication which is the results of the Auger decay
f the core states.

. Conclusions

In this work, the core excitation spectra of gaseous acetic acid
ave been measured and interpreted using ab initio Configuration

nteraction and simple Franck–Condon calculations based on the
inear coupling approximation at both edges. The spectra have been
ecorded by high energy electron impact in electric dipolar inter-
ction conditions, with a higher resolution than in previous works.
he calculations allow a precise assignment of most observed bands
nd show that most core states are well described by a mono-
lectronic representation. Vibrational excitation in the first band
t the C1s and O1s edges, respectively, have been observed for the
rst time. This vibrational fine structure looks quite similar to that
f the ions observed in the X-ray photoelectron spectrum and both
re well reproduced by simple Franck–Condon calculations. Finally,
he calculated core states geometries are found to be close to their
quivalent core counterparts. Some exceptions occur when low
ibrational modes are involved, leading to qualitatively different
eometries.
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