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a b s t r a c t

The momentum distributions of valence orbitals of pyrimidine were measured at various impact ener-
gies. The observed distributions were compared with HF, DFT-B3LYP, and OVGF calculations. The HOMO
was unambiguously assigned to the 7b2 symmetry. It was found that the pole strength of the outer
valence orbital 2b1 was 0.8. Moreover, the present study indicated that we should be very cautious in
using the (e, 2e) reaction to investigate the molecular conformational population by comparing the PWIA
theoretical results with the experimental results at a single impact energy.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

The properties and functions of molecules largely depend on
their electronic structures. A detailed understanding of electronic
structures of molecules with biological importance is of consider-
able interest and also fundamentally important [1,2]. Recently,
Holland et al. reported the electronic structures of a variety of basic
bio-chemical molecules using synchrotron radiation photoelectron
spectroscopy [3]. The electron momentum spectroscopy (EMS) is
an experimental technique capable of measuring the electron bind-
ing energies and momentum density distributions of the individual
atomic or molecular orbitals [4,5]. The great potential of EMS on
studying biological molecules was firstly demonstrated by Brion
et al . in their seminal work of glycine, the simplest amino acid
[6]. Here we reported the EMS investigation of valence electronic
structures of pyrimidine. Pyrimidine is of great importance in bio-
chemistry because it forms fundamental structures of bases in the
nucleic acids DNA and RNA, such as thymine and uracil.

The valence binding energies of pyrimidine have been previ-
ously investigated using photoelectron spectroscopy with the HeI
radiation [7–9]. Recently, Potts et al . extensively studied the va-
lence electronic structures of pyrimidine using the synchrotron
radiation incorporating Hartree–Fock (HF), OVGF and the third-or-
der algebraic diagrammatic construction (ADC(3)) theoretical
interpretations [10]. More recently, Lottermoser et al. investigated
the valence ionization energies of pyrimidine and its various
substituted derivatives in comparison with the density functional
theory [DFT] [11].

In this Letter, we reported the first EMS study of the complete
valence region of pyrimidine at the electron impact energies of
ll rights reserved.
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600 eV and 1500 eV. We compared the measured results against
the Hartree–Fock and DFT calculations with more complete basis
sets. The comparison between experimental momentum distribu-
tions and calculations of individual orbitals can provide very direct
orbital assignment [12–14]. The observed dependence on impact
energies of momentum distributions for some orbitals reflected
the limitation of the plane wave impulse approximation (PWIA)
for these orbitals.

2. Experimental and theoretical methods

The details of our high resolution electron momentum spec-
trometer have been reported elsewhere [15,16], so only a brief
description was given here. Our spectrometer takes the symmetric
non-coplanar geometry, also named the Weigold configuration [4].
The two outgoing electrons have almost equal energies and essen-
tially equal polar angles (h1 � h2 = 45�) respect to the direction of
the incident electron beam. The double toroidal energy analyzer
equipped with two large position sensitive detectors greatly in-
creases the collecting efficiency for the coincidental (e, 2e) events.
The momenta of electrons prior to being collided out can be deter-
mined through the out-of-plane azimuthal angle / between the
two outgoing electrons using the equation:
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where p0 and p1 are the momenta of the incident electron and the
outgoing electron, respectively.

In present experiment, the electron gun equipped with an oxide
cathode was employed, which can generate an electron beam with
a low energy spread and a low divergence angle due to the low
working temperature (�1100 K). The space charge effects may lar-
gely broaden the energy distribution profile of the electron beam,
thus deteriorate the energy resolution. In present work, a typical
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electron beam into the Faraday cup is kept around 1.0 lA at the
impact energy of 1500 eV plus binding energies, and around
0.3 lA at 600 eV. The energy resolution of 0.68 eV (full width at
half maximum, FWHM) was obtained through the calibration run
on Ar sample. The experimental momentum distributions at differ-
ent impact energies were compared in order to check the validity
of the plane wave impulse approximation (PWIA). It was recently
found that the PWIA failed for some molecular orbitals, such as
the highest occupied molecular orbital of oxygen [17], and the
1b3g orbital of ethylene [18].

The commercial pyrimidine sample with a claimed purity of
99% was used without further purification. The absorbed gas was
removed through several recycles of freezing-pump – thaw pro-
cess. The needle valve, which controlled the flow rate of pyrimidine
from the reservoir to the interaction region, was heated to 10 �C
above the room temperature in order to prevent the fluctuation
of the flow rate due to the possible condensation of pyrimidine.

Interpretation of the experimental results of EMS is usually ta-
ken under the plane wave impulse approximation (PWIA). Within
the PWIA framework, and the target Hartree–Fock approximation
(THFA) or the target Kohn–Sham approximation (TKSA), the differ-
ential EMS cross sections for randomly oriented molecules at gas
phase are given by [19,20]

rEMS / Sf
i

Z
dXjwiðpÞj

2
; ð2Þ

where wiðpÞ is the momentum space representation of a canonical
Hartree–Fock or Kohn–Sham orbital, and Sf

i denotes the associated
spectroscopic factor, which accounts for the shake-up and shake-
off processes due to configuration interactions in the final state.

The ab initio calculations discussed in the present work have
been performed using GAUSSIAN program [21]. The theoretical
momentum distributions were generated using our newly devel-
oped program named NEMS [22], which makes use of a general ana-
lytic formula for handling basis functions regardless of the angular
momentum characterizing the atomic orbital functions, and which
enables therefore treatments of basis sets incorporating formally
any type (s, p, d, f, g, h, i . . .) of atomic functions.
Fig. 1. Binding energy spectra of pyrimidine. The valence momentum-energy
density map of pyrimidine measured at the impact energy of 600 eV plus binding
energies (top); experimental binding energy spectra summed over all azimuthal
angles (bottom).

Table 1
Ionization potentials of pyrimidine (in eV).

Orbital PESa EMSb HF B3LYPc SAOPc OVGF ADC(3)a

7b2 9.8 9.8 11.34 7.29 10.29 9.83 9.49 (12a0)
2b1 10.5 10.5 10.32 8.19 11.50 10.40 10.37 (3a00)
11a1 11.2 11.3 12.92 8.60 11.53 11.36 10.93 (11a0)
1a2 11.5 11.56 9.04 12.30 11.28 11.20 (2a00)
10a1 13.9 14.1 16.00 11.55 14.27 14.49 14.40 (1a00)
1b1 15.77 11.76 14.91 14.49 14.42 (10a0)
6b2 14.4 16.25 12.00 14.49 14.63 14.63 (9a0)
9a1 15.8 15.7 17.76 13.09 15.79 16.25 16.26 (8a0)
5b2 17.0 17.5 19.18 14.39 16.92 17.26 17.55 (7a0)
8a1 17.7 20.16 15.00 17.56 18.25 18.11 (6a0)
7a1 20.6 24.31 18.24 20.60
4b2 24.41 18.27 20.65
6a1 24.5 29.32 21.95 24.13
3b2 26.2 32.62 24.61 26.61
5a1 29.3 35.82 27.25 29.11

a See Ref. [10]. The notation with a lower Cs symmetry was used by Potts et al. in
order to interpret their observed asymmetry parameter b. See texts for details.

b Present work.
c The difference between the DFT-B3LYP orbital energies and experimental ion-

ization potentials was mainly due to the asymptotic error, which can be corrected
by the statistical average of orbital potential method (SAOP) [31]. See texts for
details.
3. Results and discussion

The binding momentum-energy density map of pyrimidine in
the region of 5–35 eV at the electron impact energy of 600 eV
was presented in the top of Fig. 1. The qualitative characteristics
of each orbital can immediately be obtained from this map. For
example, the orbitals with binding energies less than 12 eV are
p-type, i.e. they have a minimum intensity at the azimuthal angle
/ ¼ 0�, which reflects that these orbitals are anti-symmetric in po-
sition space. The binding energy spectrum shown in the bottom
was obtained by summing over all / angles from the momen-
tum-energy density map. The assignment for each peak was also
labeled on the spectrum. It should be noted that our notation is dif-
ferent from that on the photoelectron spectra given by Potts et al.
because they used a lower Cs symmetry in order to interpret their
observed asymmetry parameter b, although pyrimidine molecule
belongs to the C2v point group. Six peaks can be resolved from
the spectrum in the outer valence region (<18 eV). It can be seen
that, in contrast to the sharp peaks in the outer valence region, only
some weak peaks can be discerned on a continuum of background
in the inner valence region (>20 eV). It is due to the severe break-
down of the single orbital image in the inner valence region. These
observed binding energies for each peak were listed in Table 1
along with the PES and theoretical results. It should be noted that
the HF method with the augmented Dunning’s correlation consis-
tent basis set Aug-cc-pVTZ [21] gives a different orbital order from
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that of the density functional theory with the standard hybrid
Becke, three-parameter, Lee–Yang–Parr (B3LYP) exchange–correla-
tion functional [23] and the outer valence green’s function (OVGF)
[24,25] with the Pople 6–311++G** basis set [21]. As an example,
HF assigns the highest occupied molecular orbital (HOMO) to the
2b1 symmetry, while B3LYP assigns it to the 7b2 symmetry. The
outermost peak at 9.8 eV related to HOMO can be confidently as-
signed to 7b2 symmetry through the comparison of the experimen-
tal momentum profiles with the theoretical ones, as shown in
Fig. 2. The theoretical momentum distributions have taken the
experimental momentum resolution at the impact energy of
1500 eV into consideration using the Monte Carlo method [26].
Since the experimental intensity is on a relative scale, the experi-
mental momentum profile needs a normalization procedure in or-
der to be compared with the theoretical one. In present work, as
Fig. 2d shows, the summed experimental intensity distributions
for the peak 1–3 were divided by a normalization factor for a best
match with the corresponding theoretical one, and then this factor
was commonly used to normalize the experimental momentum
distributions of all outer valence orbitals. The 2b1 theoretical
momentum profile calculated using the HF/Aug-cc-pVTZ method
was also compared with the experimental momentum distribu-
tions of the outermost peak in Fig. 2a. It is obvious that the 2b1

assignment can not describe the observed distribution, while the
Fig. 2. Spherically averaged momentum distribution of the outer valence orbitals in the
1500 eV and 600 eV. The curve labeled with ‘*HF 2b1’, the calculated result with the Hart
by the Hartree–Fock method.
7b2 can. Therefore, the outermost peak can be unanimously as-
signed to the valence 7b2 orbital. It should be noted that the elec-
tronic correlation has been partly considered through the
exchange–correlation potentials in the B3LYP calculations. There-
fore, the B3LYP theoretical curves described the experimental dis-
tributions better than the HF results. Fig. 2b shows the momentum
distributions of the orbital 2b1 at 10.5 eV. The experimental
momentum distributions are in good agreement with the theoret-
ical calculations when the latter is scaled by a factor of 0.8, which
representing the pole strength of 2b1. As a result, it is 20% less than
the pole strength of the outermost orbital because the normaliza-
tion procedure used in present work means that the pole strength
of the outermost orbital is one, while ADC(3)/6-31G method pre-
dicted almost the same pole strengths for these four outermost
orbitals [10]. It is unlikely caused by an experimental artificial be-
cause both the factors at 1500 eV and at 600 eV were less than one.
The possible reason is that the ADC(3) calculation employed a
quite limited basis set of 6-31G and the higher order electronic cor-
relations were not taken into account; therefore, it cannot accu-
rately reproduce the observed results [22]. The discrepancy
between experimental results and theoretical ones at the low
momentum region p < 0.3 a.u. may be ascribed to some dynamical
effects because it diminished at a much higher impact energy of
1500 eV, as shown in Fig. 2b. Moreover, it is interesting to note that
binding energy region between 8 eV and 12 eV of pyrimidine at impact energy of
ree–Fock method, was compared in order to reflect the incorrect orbital order given
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2b1 is a d-like orbital, as shown in Fig. 3. This phenomenon is sim-
ilar to our recent observations in oxygen [17], and ethylene mole-
cules [18].

The severe overlap on the binding energy spectra makes diffi-
cult obtaining the experimental momentum distributions for the
outer valence orbitals individually. Therefore, the other six outer
valence orbitals in the binding energy region of 12–18 eV were
grouped into three bands, which were located at 14.1 eV, 15.7 eV
and 17.5 eV, respectively. The summed experimental intensity dis-
tributions related to the band 10a1 + 1b1 + 6b2 (14.1 eV) are com-
pared with the theoretical distributions in Fig. 4a. It can be seen
that both the theoretical methods can well describe the experi-
mental profiles in general. It should be noted that there exits a
non-neglectable discrepancy in the region around p = 0.5 a.u. be-
tween the experimental results at the impact energies of 1500 eV
and that at 600 eV. The experimental intensity at 600 eV is higher
than that at 1500 eV in the momentum region around p = 0.5 a.u.
Fig. 4b shows the comparison between the experimental momen-
tum distributions of the orbital 9a1 (15.7 eV) and the theoretical
momentum distributions. Although the theories predicted a simi-
lar profile to the experimental distribution, the calculations signif-
icantly underestimated the experimental intensities at the
momentum region around p = 0.5 a.u. Moreover, there is a discern-
ible discrepancy between the experimental distribution at 1500 eV
and that at 600 eV. As for the band 8a1 + 5b2 (17.5 eV), the
experimental momentum distributions at both impact energies
are almost the same, as shown in Fig. 4c, and the theoretical calcu-
lations can well reproduce the observed distributions except in the
region around p = 0.5 a.u., where the experimental intensity were
evidently underestimated. Since there are some overlaps among
the three bands in Fig. 2, one might ascribe the discrepancies to
Fig. 3. The density contour plots of the outer valence orbitals of pyrimidine. The display
0.05 [30].
the intensity leakage from the neighbor orbitals. Therefore, their
summed intensity distributions were compared in Fig. 4d to check
this possibility. It can be seen that the discrepancies in lower
momentum region p < 0.5 a.u. still exist, and the experimental dis-
tributions in lower momentum region depends on the impact
energies. Considering the similarity to 2b1 orbital, one may tenta-
tively ascribe it to the distorted wave effects. However, it should be
noted that none of these outer valence orbitals (10a1, 1b1, 6b2,
9a1, 8a1, 5b2) is d-like, as Fig. 3 shows. It is still a challenge to per-
form the calculation using the distorted wave impulse approxima-
tion (DWIA) due to the multi-center of a molecular target and the
size as big as the pyrimidine molecule. Since the PWIA fails in most
d-like orbital cases, it is naturally to ask what will happen for the
orbital with a higher angular momentum quantum number, such
as f-like, g-like. If we expand the multi-center electronic wavefunc-
tion using the single center functions, the components with higher
angular momentum quantum numbers will have significant
weights for the ring or cage molecules with a high symmetry. It
is interesting to note that the 5b2 orbital is f-like (see Fig. 3). How-
ever, since the intensity of 8a1 is one order in magnitude higher
than that of 5b2 in the low momentum region, their summed
experimental intensity distributions cannot provide a definitive
conclusion. The dependence on impact energies of experimental
momentum distributions was observed also in our recent (e, 2e)
experiment on the SF6 sample at various impact energies for the
orbitals with a higher angular momentum quantum number [27].
Such effects are worthy of further investigations considering the
widely applications of the (e, 2e) spectroscopy. It should be very
cautious in using the (e, 2e) reaction to investigate the molecular
conformation population by comparing the PWIA theoretical re-
sults with the experimental results at a single impact energy. Re-
ed molecular orbitals were drawn using MOLDEN 4.3 with a density contour value of



Fig. 4. Spherically averaged momentum distribution of the outer valence orbitals in the binding energy region between 12 eV and 19 eV of pyrimidine at impact energy of
1500 eV and 600 eV. The calculated momentum distributions of orbital 8a1 and 5b2 were illustrated with the dash curves in the panel (c) with the B3LYP method.
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cently, Madison et al. have reported DWIA calculations for the (e,
2e) reaction on hydrogen [28] and nitrogen molecules [29]. The
combination of the high level DWIA calculations with the bench-
mark experiments on some typical molecules with a high symme-
try may answer this question in the near future.

The continuous background in the inner valence region (>20 eV)
in Fig. 2 is the result of the breakdown of the single orbital picture.
The assignments for the peaks were tentatively presented incorpo-
rating with the theoretical results, especially the DFT results cor-
rected by statistical average of orbital potential (SAOP) method
[31]. The peak located at 20.6 eV, which has a p-type momentum
profile, is the main line of the band 7a1 + 4b2, while 6a1 was as-
signed to the peak at 24.5 eV, 3b2 to 26.2 eV, 5a1 to 29.3 eV, respec-
tively. The detailed interpretation needs high level many-body
calculations.

4. Conclusions

The valence orbitals of pyrimidine were investigated using the
high resolution electron momentum spectroscopy incorporating
with the HF, B3LYP and OVGF theoretical calculations. The compar-
isons between experimental momentum distributions and theoret-
ical ones provided an unambiguous orbital assignment. The
highest occupied molecular orbital (HOMO) was assigned to 7b2
symmetry. It was found that the pole strength of the next highest
occupied molecular orbital, 2b1, was around 0.8. Moreover, the evi-
dent difference between the momentum distributions at 1500 eV
and that at 600 eV was observed, which showed the limitation of
the PWIA for some orbitals of pyrimidine. The present study indi-
cated that we should be very cautious in using the (e, 2e) reaction
to investigate the molecular conformational population by com-
paring the PWIA theoretical results with the experimental results
at a single impact energy. Such effects are worthy of the further
investigations considering the widely applications of the (e, 2e)
spectroscopy.
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