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Electron momentum spectroscopy of the HOMO of acetone
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Abstract

Electron momentum profiles of the highest occupied molecular orbital (HOMO) of acetone have been measured under experimental conditions
where a use of the plane-wave impulse approximation is justified. A double peak is observed in the experimental profile and it was found that
calculated profiles by the use of the standard basis set always underestimate the magnitude of the low-momentum peak. Possible origins of the
discrepancies between the calculated and measured profiles are examined, leading to an improved agreement by modifying the exponents of diffuse
functions employed.
© 2005 Elsevier B.V. All rights reserved.
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. Introduction

The key to understanding the chemical properties of
olecules is a detailed knowledge of electron behavior, most

mportantly for the electrons in the outermost valence orbital.
uantum chemical calculations have been extensively carried
ut to achieve this goal and electron density distribution in posi-

ion space is one of the most useful concept in such studies.
lectron momentum spectroscopy (EMS)[1–3], based on the
inary (e, 2e) reaction, greatly helps us to understand electronic
tructure from a different point of view, i.e. from momentum
pace. The EMS experiment basically provides two types of
nformation. First, binding energy spectra are obtained over

wide energy range, for example, by scanning the incident
lectron energy while detecting in coincidence the two emit-

ed electrons having a fixed energy. Second, spherically aver-
ged electron momentum distribution or momentum profile for

ndividual orbitals in atoms and molecules are obtained by mea-
uring the EMS cross-section at a fixed value of the binding
nergy as a function of the azimuthal angle difference between

he two emitted electrons. While binding energy spectra are sim-

outer spatial regions of valence orbital electron density in
position space.

Earlier EMS studies employing single-channel detection
tem were, however, plagued by low cross-sections and
resultant momentum distributions were qualitative rather
quantitative. Recent developments in multi-channel dete
technique have significantly improved the quality of experim
tal data. At the same time, thanks to advancements in com
tional technology, extensive theoretical calculations with l
basis sets have now become easily accessible. As a conseq
a great deal of theoretical and experimental EMS studie
been made on many orbitals of a variety of molecules to
good agreement between them[4].

There still exist, however, a number of orbitals for wh
theoretical calculations fail to reproduce observed mome
profiles, in particular at low-momentum region[5–10]. One of
the notable examples is the highest occupied molecular o
(HOMO) of acetone. Acetone is the prototype molecule
aliphatic ketones and plays fundamental roles in photochem
and photobiology; its photochemical decomposition, initiate
the excitation of the HOMO electron to the lowest unoccu
lar to those obtained by photoelectron spectroscopy, momentum
istribution is unique to EMS. It is extremely sensitive to the low-
omentum part, which corresponds to the chemically important

molecular orbital (LUMO), is one of the most thoroughly studied
organic photoreaction[11]. EMS study on the HOMO of ace-
tone was first carried out by Brion and coworkers with the use
of a single-channel spectrometer[7]. Because the accuracy and
statistics of the experimental data were limited due to the low
c en as
t con-
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ross-section of this orbital, the acetone molecule was chos
he first target when a multi-channel EMS spectrometer was
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structed by the same research group[8]. Although a particularly
detailed study was made on the HOMO with much improved
experimental accuracy, large discrepancies were found to exist
between the experimental momentum distribution obtained at
impact energy of 1200 eV and all the calculated ones including
CI calculations with very large basis sets.

In a recent study, it was found that experimental momen-
tum distributions of some orbitals show remarkable orbital-
dependent impact energy dependences[10], and hence it was
suggested that a use of the plane-wave impact approximation
(PWIA), which is assumed in most EMS studies, may not
always be justified for polyatomic molecules. The impact ener-
gies employed in most EMS studies, around 1200 eV, may not
be high enough to warrant the use of the PWIA.

In this study, electron momentum profile of the HOMO
of acetone is thoroughly studied with varying impact energy
and compared with various calculations. It was found that for
this orbital the high-energy limit is reached at impact energy
of 1200 eV but still discrepancies exist between experimental
momentum profile and calculated ones by conventional basis
sets. Possible origins of the discrepancies are examined and con-
cluded to be resolved by changing functional forms of diffuse
functions in the standard basis sets.

2. Experimental method and theoretical calculations
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Kohn–Sham (KS) approximation has been proposed as a means
of approximating Dyson orbitals by KS orbitals[13–15]. With
these approximations Eq.(1) is reduced to:

σEMS ∝
∫ ∣∣ψj(p)

∣∣2 dΩp, (2)

whereψj(p) is thejth one-electron momentum–space orbital.
Theoretical momentum profiles have been calculated by

density functional theory (DFT) using the B3LYP functional
[16]. Briefly, position–space wavefunctions of the molecules
were generated using the Gaussian03 program and were sub-
sequently converted to momentum profiles with the aid of the
HEMS program developed by Brion and coworkers. To com-
pare with experiments all the profiles were folded with the
instrumental momentum resolution according to Migdall et al.
[17].

The molecular structure of acetone has been determined from
microwave spectroscopy and electron diffraction as follows: four
heavy atoms and two hydrogen atoms are in the same plane,
and the in-plane hydrogen atoms eclipse the oxygen[18–20].
Assuming this conformation (C2v) geometry optimization cal-
culation was made by the DFT method applying the B3LYP
functional by the use of the 6-31G** basis set and the geo-
metrical parameters thus obtained are used to calculateσEMS.
Contributions from some other possible conformers are also
e

3

3

8 eV
m V are
s all
t dif-
f stud-
i b
(
( rum
w , 12.6
a hown
a gure.
A what
a sity
o d. A
s ding
e xperi-
m uced
b as a
f

3

tions
a ondi-
t n this
EMS is a high-energy electron-impact ionization experim
n which the kinematics of all the electrons are fully determin
n the symmetric non-coplanar scattering geometry, two
oing electrons having equal energies and making equal
ngles of 45◦ with respect to the incident electron beam
etected in coincidence. Then, the magnitude of the target

ron momentum before collision can be determined by mea
ents of the out-of-plane azimuthal angle difference betw

he two outgoing electrons. The EMS spectrometer empl
as been previously described in detail[12]. Briefly, it consists
f an electron gun, a set of electrostatic lens system, a s
al analyzer and a pair of position-sensitive detectors. Ace
rom Tokyo Kasei was degassed by repeated freeze–pump
ycles before use. The experiments were carried out at im
nergies of 800, 1200 and 1600 eV. To achieve higher en
esolution the electrons were energy-analyzed and detecte
eing decelerated to 4:1 with the electrostatic lens system

nstrumental energy and momentum resolutions were then
.68, 1.71 and 2.33 eV (FWHM) and about 0.16, 0.19
.21 a.u. at impact energies of 800, 1200 and 1600 eV, re

ively. No detectable impurities were observed in the bin
nergy spectra.

Within the PWIA the EMS cross-sectionσEMS for a gaseou
arget is given by:

EMS ∝
∫ ∣∣∣

〈
pΨN−1

f

∣∣ΨNi
〉∣∣∣2 dΩp. (1)

ere,ΨNi andΨN−1
f are the initial neutral (N electron) and fina

onic ((N − 1) electron) wavefunctions, andp is a plane wav
epresenting the target electron at the collision instant. The t
r
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xamined as will be described later.

. Results and discussion

.1. Binding energy spectra

Binding energy spectra of acetone in the range 5–1
easured at impact energies of 800, 1200 and 1600 e

hown inFig. 1. The spectra were obtained by summing
he coincidence signals over the entire azimuthal angle
erence range covered. From photoelectron spectroscopy
es [21,22] five orbitals are known to exist below 15 eV: 52
9.8 eV), 2b1 (12.6 eV), 4b2 (∼13.4 eV), 8a1 (14.1 eV) and 1a2
∼14.4 eV). Deconvolution of low-energy part of each spect
as attempted by using three Gaussians centered at 9.8
nd∼14 eV. The deconvoluted curves thus obtained are s
s dotted curves and their sum as a solid curve in the fi
lthough the energy of the third Gaussian peak is some
mbiguous, it will be evident that it does not affect the inten
f the Gaussian curve attributed to the HOMO thus extracte
imilar fitting procedure was employed for a series of bin
nergy spectra at each azimuthal angle difference. Then, e
ental momentum profiles at each impact energy were prod
y plotting the area of the Gaussian curves of the HOMO

unction of azimuthal angle difference.

.2. Impact energy dependence of momentum profile

Since the experimental momentum profiles or cross-sec
re not absolute, the results under different experimental c

ions must be normalized when comparisons are made. I
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Fig. 1. Solid circles are binding energy spectra of acetone, measured at impa
energies indicated in the figure. Dotted curves are Gaussian deconvolution curve
and solid curves are their sum.

study, each momentum profile was normalized by the use o
Eq.(3).

∫ ∣∣ψj(p)
∣∣2 dp = 1 (3)

Fig. 2 shows experimental momentum profile of the HOMO
obtained at impact energies of 800, 1200 and 1600 eV. Here
an integrand from 0 to 2.0 a.u. was employed. Almost the sam

F O.

results were obtained by the use of somewhat different integrand,
for example, from 0 to 1.75 or 2.25 a.u.

An existence of a double peak at about 0.4 and 1.3 a.u. is
characteristic of the momentum profile of this orbital, as has
been observed in the previous studies[7,8]. The relative intensity
of the two peaks, however, depends on impact energy; the low-
momentum peak reduces with the increase in impact energy
from 800 to 1200 eV. On the other hand, the momentum profile
remains almost unchanged with an increase in impact energy
from 1200 to 1600 eV. Apparently PWIA does not hold for the
HOMO of acetone at the impact energy of 800 eV, while 1200 eV
impact energy is enough to ensure a use of PWIA.

This is in contrast with earlier impact energy dependence
studies of momentum profiles for atoms and simple diatomic
molecules such as noble gases[23–26], H2 [27], HF [28–30]
and CO[31], but in parallel with the recent observation for
polyatomic molecules glyoxal and biacetyl[10]. In passing, it
may be worthwhile to mention that impact energy dependence
of electron momentum profile even above 1200 eV seems to be
not an exception for relatively large molecules; in a separate
experiment on an analogous molecule acetaldehyde it was also
found that momentum profile changes up to impact energy of
1600 eV, but remains the same at impact energy of 2000 eV[32].
The results obtained here support the assertion that the range of
validity of the PWIA depends on the target and care has to be
exercised for the use of PWIA[10].
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Now a use of the PWIA is ensured for the momentum pr
f acetone HOMO obtained at impact energy above 120
e can compare the momentum profile at 1200 or 1600 eV

he PWIA calculations.Fig. 3 shows the momentum profi
btained at impact energy of 1600 eV together with theo

cal momentum profiles generated by the DFT using se
tandard basis sets indicated in the figure. Normalizatio
lso made for theoretical momentum profiles by the use o
3). Even the smallest basis set shown in the figure, 6-
eproduces the observed double peak, but significantly u
stimates the height of the first peak of the experimental

ig. 3. Comparison of experimental momentum profile of acetone HO
btained at impact energy of 1600 eV (solid circles) and theoretical on
sing basis sets indicated in the figure.



284 T.K. Cho et al. / Journal of Photochemistry and Photobiology A: Chemistry 178 (2006) 281–285

Fig. 4. Comparison of the calculated momentum profiles without (solid curve)/with (dots) reduction of the exponent of diffuse function by a factor of 2. Experimental
momentum profile is also shown by solid circles. (a) C 2p, (b) O 2p, (c) O 2p + C 2p + H 2p and (d) electron density distribution of acetone HOMO calculated with
aug-cc-pVTZ.

An addition of polarization function, 6-31G**, shows almost
no improvement in the fit. On the other hand, better agreement
with the experimental data can be achieved by an addition of
diffuse functions. All the three basis sets incorporating diffuse
functions, 6-31++G**, 6-311++G** and aug-cc-pVTZ, show
almost indistinguishable momentum profiles with each other,
but still considerably underestimate the first peak. A use of more
extended basis set, aug-cc-pVQZ, gives almost the same results.
In short, even with much improved accuracy in experimental data
than that previously obtained[7,8], the discrepancies between
theoretically calculated momentum profiles and the experimen-
tally observed one could not be resolved. Since experimental
momentum profile does not change at impact energies above
1200 eV, a failure of PWIA cannot be the reason of the discrep-
ancies. In what follows implications of the observed apparent
discrepancies is discussed.

Two possible origins of the discrepancies related to nuclear
positions can be conceived; molecular conformation and
low-frequency vibration. Orientation of methyl group has
been reported to have almost no effect on the momentum
profiles of dimethyl ether[5,6] and biacetyl[10]. In a recent
publication, however, Deleuze et al.[33] observed about
n-butane that significant differences in the momentum profiles
exist between the all-staggered and the gauche forms. In the
case of acetone, in addition to the eclipse–eclipse conformation
described in Section2, several other stable conformers such
a ssib

Momentum profiles were calculated about seven possible
conformers after structure optimization, and we did find that
momentum profiles depend considerably on conformation. In
particular, the momentum profile of the staggered–staggered
conformer shows much higher low-momentum peak which
roughly reproduces the experimental one. However, an ab initio
study combined with spectroscopic data by Smeyers et al.[34]
indicates that the total energy of this conformer is higher than
the most stable eclipse–eclipse form by over 700 cm−1, which
was confirmed by our independent calculations. Hence, the con-
tribution of the staggered–staggered conformer to experimental
momentum profile must be negligible at room temperature.
Combining calculated profiles with Boltzmann distribution fac-
tors for other possible conformers, we conclude that presence of
several other conformers cannot explain the observed discrepan-
cies between experimental and calculated momentum profiles.

In addition to methyl tortional motion, the acetone molecule
has a low-frequency CO out-of plane bending vibration. The
frequency is reported to be 124.5 cm−1; low enough to make
some contribution at room temperature[35]. It was found from
calculations, however, that electron momentum profile hardly
depends on the out-of-plane coordinate of the oxygen atom, and
hence the possibility from excited out-of-vibration mode is ruled
out.

Since consideration of molecular conformation and molecu-
lar vibration cannot resolve the discrepancies between the exper-
i nce
s staggered–staggered and staggered–eclipse are po
 le.ment and theoretical calculations, the origin of the differe
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should be sought for in electronic state calculations. Because
all the calculations underestimate the ionization intensity in the
low-momentum region that corresponds to electron distribution
in the outer spatial region, it is natural to suspect that the diffuse
functions employed in the conventional basis sets may not be
diffuse enough. Hence, calculations were carried out by vary-
ing the exponents of diffuse functions of the carbon and oxygen
atoms. The HOMO of acetone, which is depicted inFig. 4d,
is mainly due to the lone-pair oxygen 2p electrons with fairly
large contribution from the methyl group carbons and hydro-
gens. Because of the b2 symmetry of the HOMO oxygen 2s
orbital is not involved. Hence, calculations were carried out by
changing the exponents of the diffuse functions of oxygen 2p,
carbon 2s and 2p, and hydrogen 1s and 2p, which are included
in the aug-cc-pVTZ basis functions. It turned out that reducing
the exponents of hydrogen 1s, carbon 2s and 2p into halves or
less makes only slight changes on the momentum profile. As an
example, the momentum profile calculated when the exponent
of the carbon 2p diffuse function is reduced by a factor of 2 is
shown inFig. 4a together with that calculated using the standard
basis set. The difference is discernible, but only barely.

On the other hand, as is expected from the constituents of
the HOMO, reducing the exponents of oxygen 2p by a fac-
tor of 2 makes significant changes, as is shown inFig. 4b; the
first peak increases, and the second one decreases considerably,
approaching the experimentally observed profile. Reduction of
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