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Abstract

We report here the first measurements of the complete valence shell binding energy spectra and the 6ag inner valence orbital

momentum profile of the antimicrobial agent diacetyl, also known as 2,3-butanedione (CH3COCOCH3), using a high-resolution

binary (e,2e) electron momentum spectroscopy, at an impact energy of 1200 eV plus the binding energy, and using symmetric

non-coplanar kinematics. The experimental momentum profile of the 6ag inner valence orbital is compared with Hartree–Fock (HF)

and density functional theory (DFT) calculations. The experimental measurement is quite well described by the HF and DFT

calculations.

� 2004 Elsevier B.V. All rights reserved.
1. Introduction

Electron momentum spectroscopy (EMS), with sym-

metric non-coplanar geometry based on a binary (e,2e)

ionization reaction, has developed rapidly since the pi-

oneer research by Amaldi et al. [1] and Weigold et al. [2].

While the unique ability of EMS to essentially measure

electron momentum distributions of individual orbitals

has made it into a powerful experimental tool for in-

vestigating the electronic structures of atoms, molecules
and condensed matter [3–10], applications of EMS to

larger molecules have proved to be more challenging.

Now the EMS has become practical to apply EMS to

studies of larger molecules of biological and pharma-

ceutical interest [7,11–13]. In particular, EMS measure-
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ments of the momentum profiles for individual orbitals

in atoms and molecules have taken significant im-
provements in theoretical quantum chemistry in com-

puting electron correlation effects (i.e., developments of

generalized gradient approximations in density function

theory (DFT)), to permit measurements on larger mol-

ecules together with meaningful interpretation of the

results. The extension of EMS to biomolecules and

pharmaceuticals is particularly appealing because of

possible applications for experimental testing, validation
and evaluation of computational chemical methods used

for applications such as computer-aided drug design and

the prediction of reactivity. Several EMS studies of

larger biologically important molecules such as the

aminoacid glycine [7,11] and urotropine [14] have been

reported together with quantum chemical calculations

using Hartree–Fock (HF) and DFT methods.

Diacetyl, also known as 2,3-butanedione (CH3COC-
OCH3), has received much interest because of the anti-

microbial activity against Escherichia coli, Listeria

monocytogenes and Staphylococcus aureus [15]. It has

been widely studied by photoelectron spectroscopy

(PES) [16,17] and also analyzed by two new spectro-
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photometric and fluorimetric methods in yogurt [18].

Recently, diacetyl was studied over the 0–18 eV energy

range by EMS whose energy resolution and momentum

resolution were about 1.40 eV (FWHM) and 0.23 a.u. at

an impact energy of 1200 eV [19]. In this Letter, we re-
port the complete binding energy spectra (1–40 eV) of

CH3COCOCH3 and electron momentum profile of its

6ag inner valence molecular orbital with the 1.15 eV

(FWHM) energy resolution and about 0.1 a.u. mo-

mentum resolution. The inner valence region provides a

very sensitive test of the many-body calculations that

take initial and final states correlations into account

[20]. The measured momentum profile is compared with
the HF and DFT calculations.
2. Theoretical background

Electron momentum spectroscopy is based on a so-

called binary (e,2e) experiment in the symmetric non-

coplanar geometry. Under collision conditions of high
impact energy and high momentum transfer, the ionized

electron essentially undergoes a clean �knock-out� colli-
sion. In this situation several approximations, of which

the most important are the binary encounter approxi-

mation and the plane wave impulse approximation

(PWIA), provide a very good description of the collision

[3]. Under the approximations, using symmetric non-

coplanar geometry, the kinematic factors are effectively
constant [3] and the EMS cross-section for randomly

oriented molecules is then given [3] by:

rEMS /
Z

dp̂ pWN�1
f WN

i

��� ��� ��2; ð1Þ

where p is the momentum of the target electron state

prior to electron ejection and jWN�1
f i and jWN

i i are the

total electronic wavefunctions for the final ion state and

the target molecule ground (initial) state, respectively.

The overlap of the ion and neutral wavefunctions in Eq.

(1) is known as the Dyson orbital, while the square of

this quantity is referred to as an ion-neutral overlap
distribution (OVD). Thus, the (e,2e) cross-section is es-

sentially proportional to the spherical average of the

square of the Dyson orbital in momentum space.

Eq. (1) is greatly simplified by using the target Har-

tree–Fock approximation (THFA). Within the THFA,

only final (ion) state correlation is allowed and the

many-body wavefunctions jWN�1
f i and jWN

f i are ap-

proximated as independent particle determinants of
ground state target HF orbitals in which case Eq. (1)

reduces to

rEMS /
Z

dX wjðpÞ
�� ��2; ð2Þ

where wjðpÞ is the one-electron momentum space ca-

nonical HF orbital wavefunction for the jth electron,
corresponding to the orbital from which the electron

was ionized. The
R
dX represents the spherical average

due to the randomly oriented target. The integral in Eq.

(2) is known as the spherically averaged one-electron

momentum distribution. To this extent EMS has the
ability to image the electron density in individual �or-
bitals� selected according to their binding energies.

Eq. (1) has recently been re-interpreted [21] in the

context of Kohn–Sham density functional theory (DFT)

and the Target Kohn–Sham Approximation (TKSA)

gives a result similar to Eq. (2) but with the canonical

HF orbital replaced by a momentum space Kohn–Sham

orbital wKS
j ðpÞ:

rEMS /
Z

dX wKS
j ðpÞ

���
���2: ð3Þ

It should be noted that accounting of electron cor-
relation effects in the target ground state is included in

the TKSA via the exchange correlation potential. A

more detailed description of the TKSA–DFT method

may be found elsewhere [21].

THFA calculations of the momentum profiles were

carried out using Eq. (2). DFT calculations were carried

out using the GAUSSIANAUSSIAN 98 program with the B3LYP

functionals [22–24]. The geometry of diacetyl reported
by Hagen and Hedberg [25] has been used for all the

calculations. In order to compare the calculated cross-

sections with the experimental electron momentum

profiles, the effects of the finite spectrometer acceptance

angles in both h and / ðDh ¼ �0:6� and D/ ¼ �1:2�)
were included using the Gaussian-weighted planar grid

method [26].
3. Experimental method

A detailed description of the present EMS con-

structed at Tsinghua University has been reported [27].

Therefore, it is described briefly here. Two hemispher-

ical electron energy analyzers are mounted on two

independent horizontal concentric turntables inside a
mu-metal shielded vacuum system. In the present work,

the polar angles of both analyzers are kept fixed at 45�.
One analyzer turntable is kept in a fixed position, while

the other one is rotated over a range of �30�. The

energy range of each analyzer was set at 600� 4 eV

with a pass energy of 50 eV. The energy resolution, as

well as the binding energy scale, was measured directly

by using argon 3p as a calibration gas. The coincidence
energy resolution of the spectrometer wasmeasured to be

1.15 eV FWHM. The experimental momentum resolu-

tion is estimated to be �0.1 a.u. from a consideration of

the argon 3p angular correlation. The sample of dia-

cetyl (99.0% purity) was used without further purifica-

tion. No impurities were evident in the binding energy

spectra.
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4. Results and discussion

Diacetyl contains 46 electrons and has C2h symmetry

point group. According to molecular orbital theory, the

ground state electronic configuration can be written as
Inner valence

ðcoreÞ12ð4agÞ2ð4buÞ2ð5agÞ2ð5buÞ2ð6agÞ2

Outer valence

ð6buÞ2ð7agÞ2ð1auÞ2ð7buÞ2ð1bgÞ2ð8agÞ2ð8buÞ2ð9agÞ2ð2auÞ2

�ð2bgÞ2ð9buÞ2ð10agÞ2

The valence-shell contains 17 molecular orbitals and

can be divided into two sets of five inner valence and 12

outer valence orbitals. The order of these valence orbi-

tals has been established, both by PES and molecular
calculations [17].

In order to obtain the experimental momentum pro-

files, 12 binding energy spectra over the energy range of

1–40 eV were collected at the out-of-plane azimuth an-

gles u ¼ 0�; 1�; 2�; 3�; 4�; 5�; 7�; 10�; 12�; 14�; 17� and 22�
in a series of sequential repetitive scans. Fig. 1 shows the

binding energy spectra of diacetyl in the range 1–40 eV

for measurements at u ¼ 0� and u ¼ 10� (incident en-
Fig. 1. Valence shell binding energy spectra for diacetyl at: (a) u ¼ 0�;
(b) u ¼ 10�. The dashed and solid lines represent individual and

summed Gaussian fits, respectively.
ergy of 1200 eV plus the binding energy). The spectra in

Fig. 1 were fitted with a set of individual Gaussian

peaks. The fitted Gaussians for individual peaks are

indicated by dashed lines while their sum, i.e., the

overall fitted spectra, are represented by the solid lines.
Except for the last peak at 32.7 eV, the widths of the

peaks are combinations of the EMS instrumental energy

resolution and the corresponding Franck–Condon

widths derived from high resolution PES data [17] and

the relative energy values of the peaks are given by the

relative ionization energies determined by high resolu-

tion PES. The ionization potential value and the width

of the last peak are determined by our EMS experiment.
The differences of the orbitals in FWHM are due to the

vibrational broadening of the lines.

The PES spectrum of the 12 outer valence and three

inner valence region has been reported by Niessen and

co-workers [17]. In this work, the vertical ionization

potentials of the 10ag and 9bu orbitals were determined

to be 9.6 and 11.5 eV, respectively. However, the three

orbitals, 2bg, 2au and 9ag, whose vertical ionization
potentials were from 12.6 to 14.0 eV, were not well re-

solved. The same is true of the next three orbitals, 8bu,

8ag and 1bg, with the vertical ionization potentials from

14.5 to 15.2 eV. In sequence, 16.0, 16.0, 16.5, 17.4, 20.6,

24.0 and 24.0 eV were assigned to the vertical ionization

potentials of the 7bu, 1au, 7ag, 6bu, 6ag, 5bu and 5ag
orbitals.

In the EMS binding energy spectra of Fig. 1, how-
ever, only seven structures could be well identified. The

vertical ionization potentials of the two outer valence

orbitals, 10ag and 9bu are at 9.6 and 11.4 eV. The

average vertical ionization potentials of the (2bg + 2au +

9ag) and (8bu + 8ag + 1bg + 7bu + 1au + 7ag + 6bu) outer

valence orbital sums are determined to be 12.8 and

15.8 eV, respectively. The band located at 20.4 eV cor-

responds to the removal of an electron from the 6ag
inner valence orbital. In sequence, 23.8 and 32.7 eV are

assigned to the average vertical ionization potentials of

(5bu + 5ag) and (4bu + 4ag) inner valence orbital sums.

Thus, the EMS experimental binding energy spectra are

consistent of the PES values [17]. It should also be noted

that no results before have been reported for the ioni-

zation potential values of the 4bu and 4ag orbitals as far

as we know, although our EMS experiment could not
resolve the two orbitals due to the insufficient resolution

of the EMS.

Experimental momentum profiles (XMPs) have been

extracted by deconvolution of the sequentially obtained

angular-correlated binding energy spectra, and therefore

the relative normalization for the different transitions is

maintained. For the 6ag inner valence orbital, the vari-

ous theoretical momentum profiles (TMPs) are obtained
with the methods described above and the experimental

instrumental angular resolutions have been incorpo-

rated in the calculations using the UBCBC RESFOLDESFOLD



Fig. 2. The experimental and calculated momentum distributions for

the 6ag inner valence orbital of diacetyl. The TMPs are calculated by

using HF (curves 3–5) with the 6-311G++**, 6-31G and STO-3G basis

sets and DFT-B3LYP (curves 1 and 2) methods with the 6-311++G**

and 6-31G basis sets.
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program based on the GW–PGmethods [26]. The experi-

mental momentum distribution is compared, in Fig. 2,

with the five theoretical momentum profiles calculated

using HF method (curves 3–5) with the 6-311++G**, 6-

31G and STO-3G basis sets, and DFT-B3LYP (curves 1

and 2) method with the 6-311++G** and 6-31G basis

sets. It can be seen that all the five calculations using the
DFT and HF methods well reproduce the XMP in high

momentum region above 0.5 a.u. But the calculation

results (curves 3, 1 and 4), in particular the HF method

with the 6-311++G** basis, slightly overestimate the

observed intensity in the low momentum range near the

zero momentum. The full details of the experimental

results and the associated theoretical analysis for dia-

cetyl will be reported later.
5. Summary

In summary, we report the first measurements of the

complete valence shell binding spectra and the 6ag inner

valence momentum profile of the antimicrobial agent

diacetyl. The experimental momentum profile of the
inner valence orbital is also compared with the theo-

retical momentum distributions calculated using HF
and DFT methods with various basis sets. The experi-

mental measurement is quite well described by the HF

and DFT calculations.
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