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We report the first measurements of the momentum profiles of highest occupied molecular orbital (HOMO) and
the complete valence shell binding energy spectra of cyclopentanone with impact energies of 600 and 1200eV by
a binary (e, 2e) spectrometer. The experimental momentum profiles of the HOMO orbital are compared with
the theoretical momentum distribution calculated using the Hartree—Fock and density functional theory methods
with various basis sets. However, none of these calculations gives a completely satisfactory description of the
momentum distributions of the HOMO T7bz. The inadequacy of the calculations could result in the intensity

difference of the second maximum at p ~1.2a.u.

between the experiment and the theory. The discrepancy

between experimental and theoretical data in the low-momentum region is explained with the distorted wave

effect.

PACS: 33.15. Ry, 34.80. Gs, 36.20,Kd

Electron momentum spectroscopy (EMS), based
on a binary (e, 2e) ionization reaction, has been shown
to be a powerful and informative experimental tool
for the study of the electronic structure of atoms,
molecules, biomolecules and condensed matter.[!—3]
The unique ability of EMS to measure electron mo-
mentum distributions of individual molecular orbitals
has made it become an important experimental tech-
nique for studying electronic structures. The mo-
mentum distribution information obtained by EMS
provides a powerful proof for evaluating the quality
of quantum chemical calculations!!®! at the Hartree—
Fock (HF) level and also of correlated treatments
such as configuration interaction methods and den-
sity functional theory (DFT). The HOMO is very im-
portant for many chemical and physical properties,
such as structure-reactivity relations, molecular simi-
larity and dissimilarity. Cooper and Allan suggested
that it would be interesting and potentially fruitful
to make HOMO and/or LUMO (lowest unoccupied
molecular orbital) comparisons as a measure of molec-
ular discrimination.*!

In this Letter, we report the complete valence shell
binding energy spectra (5-40eV) of cyclopentanone
((CH2)4CO) and its HOMO electron momentum pro-
file using EMS at impact electron energies of 600 and
1200eV plus binding energy with a symmetric non-
coplanar geometry. Cyclopentanone is an important
intermediate useful in the synthesis of flavour and fra-
grance chemicals, pharmaceuticals, insecticides, rub-
ber chemicals, and biologically active compounds. It
can also be used as a solvent. Cyclopentanone is a
member of a series of five-membered ring compounds,
its HOMO is mainly concentrated on the lone pair

orbital of the oxygen atom of the carbonyl group.!!
The electronic states of cyclopentanone have been in-
vestigated by photoelectron spectroscopy (PES) and
various theoretical methods.®~1% Our experimental
momentum profiles are compared with HF and DFT
calculations using various basis sets. However, none of
these calculations gives a completely satisfactory de-
scription of the momentum distribution of the HOMO
Tbs. We have explained the discrepancy between the
experiment and the theory. To the best of our knowl-
edge, this work is the first EMS study of cyclopen-
tanone.

Recently we have developed a new type EMS
spectrometer' 12 with two orders higher efficiency
than typical energy dispersive multichannel electron
momentum spectrometers.!'® The basic principle of
EMS is an impact ionization reaction, where the gas
phase target molecules are ionized by a high en-
ergy electron beam.['=3] The outgoing electrons (scat-
tered and ionized) are angle and energy selected by a
toroidal energy analyser and then detected in coinci-
dence. The experimental geometry is symmetric non-
coplanar, i.e. the two outgoing electrons are selected
to have equal polar angles (0; = 6, = 45°, angle be-
tween the outgoing electron direction and the incom-
ing electron beam direction). The azimuthal angles
(¢, angle between the outgoing electron direction in
the plane normal to the beam direction, and ¢ = 0°
is the scattering plane) from —38° to 38° are simulta-
neously measured, so the detection efficiency is much
higher. All binding energy spectra (BES) at different
angles are collected at the same time, so the effects
of instabilities of the electron beam and gas sample
intensity are greatly reduced.
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A profile of differential cross section versus recoil
momentum for each energy resolved state of the tar-
get molecules is obtained from these BES at different
¢ angles. Under the binary encounter requirements of
high impact energy and high-momentum transfer, the
initial momentum p of the knocked-out electron can
be given by

p = {(2p1 cos 01 —pg)%+[2p1 sin 6, sin(¢/2)]2}/2, (1)

where p1, p2 (p1 = p2) are the momenta of each of
the two outgoing electrons, and pg is the momentum
of the incident electron.

Theoretical orbital momentum densities are calcu-
lated within the plane wave impulse approximation.
Using the Born-Oppenheimer approximation for the
target and ion wave function, the EMS orbital cross-
section o, for randomly oriented molecules and unre-
solved rotational and vibrational states, is given by!®!

ozK/dm<pw;V—1|w5V>|2, (2)

where K is a kinematical factor which is essentially
constant in the present experimental arrangement,
&17;\]_1 and ¥}V are the electronic many-body wave
functions for the final ((V — 1) electron) ion and tar-
get (N electron) ground states, and p is the momen-
tum of the target electron at the instant of ioniza-
tion. The [df2 denotes an integral over all angles
(spherical averaging) due to averaging over all initial
rotational states. The average over the initial vibra-
tional states is well approximated by evaluating or-
bitals at the equilibrium geometry of the molecule.
Final rotational and vibrational states are eliminated
by closure. ]

The momentum space target-ion overlap
(p &U;V_1|&FZN> can be evaluated using configuration
interaction descriptions of the many-body wave func-
tion, but usually the weak-coupling approximation
is made.l?] Here, the target-ion overlap is replaced
by the relevant orbital of, typically the Hartree—Fock
or Kohn-Sham " ground state &, multiplied by a
spectroscopic amplitude. With these approximations
Eq. (2) reduces to

oo Sg‘/dmy'/j(p)ﬁ, (3)

where ¥;(p) is the one-electron momentum space or-
bital wave function for the jth electron, corresponding
to the orbital in the neutral initial state immediately
prior to ionization. The quantity ¥;(p) is the Fourier
transform of the more familiar one-electron position
space orbital wave function ¥;(r). The quantity Sif
is the spectroscopic factor or pole strength and is the
probability of the ionization event producing a (¢;)~*
one-hole configuration of the final ion state, |W;V_1>.
Equation (3) explicitly shows the relationship between
the orbital momentum density and imaging capability
of the EMS.

In EMS, the individual orbitals are selected by

the binding (or ionization) energy. With the dou-
ble toroidal energy analyser used in the present work,
BESs are collected at different azimuthal angles ¢ at
the same time. Momentum distributions as a function
of angle ¢ are obtained by deconvolution of these BES
using Gaussian functions located at each ionization
energy. The widths of the Gaussian functions can be
determined from a consideration of published PES vi-
bronic manifolds and the instrumental energy resolu-
tion. For each ionization process, the set of areas of fit-
ted peaks is plotted as a function of momentum which
is calculated from ¢ using Eq. (1). To compare the ex-
perimental momentum distributions with the relative
cross sections calculated as a function of momentum
using Eq. (2), the effects of the finite spectrometer an-
gular resolution in both 6 and ¢ (A6 =~ +£0.7° and
A¢ =~ £1.9°) should be included. This is achieved
with the Gaussian method[%! in this work. After mo-
mentum resolution folding, the calculations (Egs. (2)
and (3)) are referred to as a theoretical momentum
profile.

In our experiments the “binning” mode® is em-
ployed for collecting coincidence binding energy spec-
tra. The sample of cyclopentanone measured in this
work is > 99.0% purity, and is used without any pu-
rification. No impurities are observed in the BES.

Cyclopentanone has Cj, point group symmetry
and its electronic configuration in the ground state
can be written as

(core)*?(5a1)?(6a1)?(3ba)?(Tay)? (4bs)?(8ay)? (1by)?
(1a2)?(9a1)?(2b1)2(5b2)?(10ay ) (6b2)%(11a1)?(3by)?
(2&2)2(71)2)2.

In the ground state, there are 46 electrons ar-
ranged in 23 double-occupied orbitals in the inde-
pendent particle description. The binding energy
for each valence orbital is obtained from the He (1)
PES data.['?! In the PES work, the vertical ioniza-
tion potential of the 7bs HOMO is 9.3eV, and the
(2&2 + 3b]_ + 11(1]_ —|— 6b2), (10a1 + 5b2 + 2b]_ —|— 9a1), 1a2,
1b1,8a1,4bs, Tay and 3by orbitals are determined to
be (11.5 — 12.9), (13.5 — 15.0), 16.1, 16.7, 17.7, 19.4,
22.0 and 23.2 eV, respectively.

To obtain the experimental momentum profiles,
these BESs are collected at ¢ angles with steps of
1°. The BESs of cyclopentanone measured at the
azimuthal angle ¢ = 1° and ¢ = 10° are shown in
Fig.1. The BESs are fitted with a series of individ-
ual Gaussian peaks whose widths are combinations of
the EMS instrumental energy resolution (full width at
half maximum, FWHM=1.1 and 1.3 eV at impact en-
ergies of 600 and 1200eV, respectively) and the cor-
responding Franck—Condon widths derived from the
high-resolution PES data.[*%! The dotted lines fitted to
Gaussian curves indicate the individual peaks, while
the solid line represents their sum.

In the present EMS work, 11 structures can be
identified in the binding energy spectra of Fig.1. The
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vertical ionization potential of the HOMO 7bs is de-
termined to be 9.30eV. Due to the small energy sep-
aration among these orbitals, the averaged ionization
potentials for (2a3+3by +11a; +6bs), (5624 2b; +9a;)
and (lag 4 1by) are determined to be 12.25, 14.4 and
16.2 eV, respectively. For 10ay, 8ay, 4bs, Tay, 3bs, 6ay,
and 5a; orbitals, the ionization potentials are given to
be 13.8, 17.55, 19.4, 22.0, 23.2, 25.8, and 31.3 €V re-
spectively. The peak for the 10a; orbital in the BES
at ¢ = 10° is too weak to be seen because 10a; has
an s-type momentum distribution and its cross sec-
tion at ¢ = 10° is close to zero. It should be noted
that the average ionization energy in this work is pre-
determined by PES, and then it is slightly shifted to
have a best fitting of the summed energy spectra. The
differences among FWHMSs of these peaks are due to
the vibrational broadening. The very broad structure
with a peak at 27.3eV in Fig. 1 is due to the residual
background and closely spaced satellite lines in the
high energy region. For two-dimensional detectors,
the background could not be clearly subtracted due
to the marginal image distortion and the coincidence
time spectrum structures.
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Fig. 1. Binding energy spectra of cyclopentanone at (a)
¢ = 1° and (b) ¢ = 10° with 1200eV impact energy plus
binding energy. The dashed and solid lines represent indi-
vidual and summed Gaussian fits, respectively.

The experimental momentum profiles are ex-
tracted by deconvolution of the same peak from the
BES at different azimuthal angles. As shown in Fig. 2,
the experimental momentum profiles (XMPs) of cy-
clopentanone HOMO 7bs with impact energies of 600
and 1200eV are compared with various theoretical
momentum profiles (TMPs), which have incorporated
the instrumental angular resolutions. The experimen-
tal data and theoretical values have been placed on
a common intensity scale by normalizing the exper-

imental to the theoretical momentum profile calcu-
lated by the DFT method using B3LYP hybrid func-
tional and the augmented correlation consistent po-
larized valence triple zeta (aug-cc-pVTZ) basis set for
the 7by orbital. The difference between theoretical dis-
tributions at 600 and 1200V is due to the better ex-
perimental momentum resolution at lower impact en-
ergy. The calculations are carried out with the Gaus-
sian program. It can be seen that HF (curve 1 with
STO-3G basis set, curve 2 with 6-31G, curve 3 with 6-
3114++G** and curve 4 with aug-cc-pVTZ) and DFT
(B3LYP method, curve 5 with 6-31G basis set, curve
6 with 6-311+4+G**, and curve 7 with aug-cc-pVTZ)
calculations do not well describe the experimental re-
sults in Figs.2(a) and 2(b). The experimental data
show a double “lobed” momentum distribution with
peaks at about 0.4a.u. and 1.2a.u.. All the calcula-
tions indicate that the momentum distribution of the
HOMO 7by has a double p-type character, which is the
case as shown in our EMS experiment. However, dif-
ferent calculations give different relative intensities of
the two peaks in momentum profiles. Larger basis sets
give more accurate descriptions of XMPs, especially
in the high-momentum region (above 1.0a.u.). The
small basis set HF calculations (curves 1, with STO-
3G) give poor intensity in the low-momentum region
and shift the position of the second maximum slightly
to the high-momentum side compared with the XMPs.
The intensity ratio of the first peak to the second
peak is increased for the 6-31G and 6-311++G** cal-
culations and it agrees better with the experimental
data. Using the DFT-B3LYP calculation with the
aug-cc-pVTZ basis set achieved a slightly better de-
scription of cyclopentanone HOMO momentum dis-
tribution in the intensity and position of maximum
than other calculations. The shape of the reported
momentum distribution of HOMO of cyclopentanone
is similar to that of the acetone (CH3COCHj3) HOMO
5by orbitall’fl and the experimental results show some
deviation from theoretical momentum profiles in both
the cases. The HOMO 5b; of acetone is mainly due to
the lone pair oxygen 2p electrons.!'®! Usually, HOMO
orbitals are very diffuse in position space and they con-
tribute the least to the total energy. Therefore, their
outer diffuse regions are likely not well modelled by the
self-consistent field variational method. Thus highly
saturated basis sets including very diffuse functions
are expected to be necessary to produce converged re-
sults particularly for HOMO momentum distribution.
Intensity ratio of the first maximum to the second one
depends strongly on the theoretical methods and basis
sets selected, and even the DFT-B3LYP /aug-cc-pVTZ
calculation can not reproduce nicely the experimental
intensity ratio. The second peak of the theoretical
momentum profile is noticeably higher than that from
the experiment, as seen in Fig. 2(b). The inadequacy
of the calculations might be the reason of the inten-
sity difference of the second maximum between the
experiment and theory. Further high level theoretical
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Fig. 2. Experimental and calculated momentum distributions for the HOMO
by orbital of cyclopentanone with (a) 600eV and (b) 1200€V impact energy.
The theoretical momentum profiles are calculated using HF (curves 1, 2, 3

Fig. 3. Orbital wave function plot for
the HOMO 7b2 orbital of cyclopen-
tanone in the position space calcu-
lated using the HF method and the 6-

and 4) and DFT-B3LYP (curve 5, 6 and 7).

work may be required for the HOMO of cyclopen-
tanone.

A possible explanation for the discrepancy in the
low-momentum region between XMPs and TMPs is
the distorted wave effect. The smaller momentum
transfer might also come from the near nucleus region
in some d-like orbitals, such as 7* orbital, 1721 be-
cause the momentum is related to the gradient of the
position space wavefunction: low momentum is consis-
tent with the low gradient of the position space wave-
function. For d-like orbitals, the gradient of wavefunc-
tions is very low in the region near the nucleus.[”]
Thus the distorted wave effect will manifest more re-
markably at lower momentum for d-like orbitals. The
theoretical calculation shows that there is some ex-
tent 7* orbital in the cyclopentanone HOMO 7bs (see
Fig.3). Such particular molecular orbital is similar to
d-type atomic or m* molecular orbital with regard to
symmetry. Therefore the observed “turn up” effect in
the low-momentum region of cyclopentanone 7by or-
bital momentum distributions is due to the distorted
wave effect could be confirmed. To further confirm
this explanation, the experiments are carried out at
both 600eV and 1200eV. It is expected the discrep-
ancy of 600 eV will become more evident than that of
1200 eV because the nucleus will distort the electron
waves greater at lower impact energy according to the
molecular collision theory. Consequently, it is found
that the turn-up is larger at 600eV than at 1200eV
in the region of momentum < 0.3a.u. as illustrated
in Figs. 2(a) and 2(b). The difference between exper-
imental and B3LYP/aug-cc-pVTZ theoretical inten-
sity, for example, at 0.1 a.u., is 0.012 for 600 eV, while
is 0.006 for 1200 V. Thus the distorted wave effect ex-
planation predicts well the experimental trends. The
quantitatively calculation for distorted wave effect in
molecular orbital is still a challenge for theorists be-
cause of the complexity of the multi-center system.

3114+4+G** basis set.
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