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We report the experimental and theoretical investigation of the complete valence shell binding energy spectra and momentum
profiles of naphthalene (C;oHg), using our high resolution electron momentum spectrometer, at impact energies of 1500 eV and
600 eV. The observed momentum profiles were compared with the Hartree-Fock (HF) and density functional theory (DFT)
calculations, and the binding energy spectrum was compared with the Outer valence Green’s function (OVGF) calculations.
The impact energy dependent discrepancy between observed momentum distributions and calculations under the plane wave

impulse approximation was ascribed to the distorted wave effects.

naphthalene, EMS, distorted wave effects
PACS: 34.80.Gs, 31.15.3

1 Introduction

Electron momentum spectroscopy (EMS) [1-3], also named
(e, 2e) spectroscopy, is based on the kinetics complete elec-
tron impact ionization process. Besides the detailed infor-
mation on the binding energies, the momentum profiles, i.e.,
the orbital electron density distributions of atoms and
molecules in the momentum space can be also observed.
This unique ability has made EMS a powerful tool for in-
vestigating the electronic structures of atoms, molecules and
solids.

Naphthalene is a crystalline, aromatic, white, solid hy-
drocarbon with a formula C;yHg and the structure of two
fused benzene rings. It is best known as the primary ingre-
dient of mothballs because it is volatile and readily sublimes
at room temperature. This feature made naphthalene an
ideal molecular target for the gas phase EMS study. Naph-
thalene is also one of the fundamental structures in the
stereochemistry of organic compounds. In the present work,
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we investigated the electronic structure of this important
prototype molecule using the EMS method. Several studies
of molecular structure and photoelectron spectroscopy have
been reported [4-9]. Klevens and Platt firstly assigned the
ultraviolet spectra of naphthalene in n-heptane solution in
1949 [4]. Vanbrunt and Wacks used the Electron-Impact
method to study this compound in 1964 [5]. The photoelec-
tron spectrum of naphthalene in gas phase, was first re-
ported by Munakata et al. in 1981 [6], and then by Yamau-
chi et al. in 1998 [7], which was compared with our EMS
research in this paper. In the 1990s, photofragmentation of
naphthalene and its isomer was carried out by Jochims et al.
[8]. In recent years, Rink and Boesl identified mass-selected
resonance-enhanced multiphoton ionization spectra of this
molecule [9].

This work reported the momentum distributions of the
orbitals of naphthalene measured at the impact energies of
600 eV and 1500 eV plus binding energies. The experimen-
tal momentum profiles were compared with both the Har-
tree-Fock (HF) and density functional theory (DFT) calcu-
lations using Aug-cc-pVTZ [10] and 6-311++G** [11] ba-
sis sets.
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2 Theoretical background

The relative (e, 2e) cross-section for electron impact ioniza-
tion in EMS is measured by detecting the two outgoing
electrons in coincidence. In our spectrometer, the symmetric
non-coplanar kinematics [1,3,12] is used, which is the most
common experimental configuration for the study of elec-
tronic structures. In this kinematics, the scattered and ion-
ized electrons are detected in coincidence at almost equal
kinetic energies and equal polar angles, i.e. E; = E,, and 6, =
6, = 45°, and therefore almost equal momenta p;=p,. The
initial momentum p of the electron before knocked-out is
determined through the out-of-plane azimuthal angle ¢ be-
tween the two outgoing electrons by [3]:

172
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where py is the momentum of the incident electron.

Under the conditions of the high impact energy, high-
momentum transfer, and negligible kinetic-energy transfer
to the residual ion, the plane wave impulse approximation
(PWIA) presents a good description for the collision. With
the PWIA, the EMS differential cross section for randomly
oriented gas-phase molecules is given by [1]

Ot f do(e vy v )‘2 )
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where e " is the plane wave for electrons, and |\P1}"1>

and |‘va > are the wave functions for the final ion state

and the target molecule ground (initial) state, respectively.
N is the total electron number. Using the target Hartree-
Fock approximation (THFA) or the target Kohn-Sham ap-
proximation (TKSA) [13], eq. (2) can be reduced to

2
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where v, ( p) is the momentum space Hartree-Fock or

Kohn-Sham orbital for the jth electron. The integral in eq.
(3) is known as the spherically average single electron mo-
mentum distribution. Thus, the electron density of individ-
ual orbital can be featured according to their binding ener-
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gies.

3 Experimental methods

The details of our high resolution EMS spectrometer con-
structed at Tsinghua University have been previously re-
ported elsewhere [14,15]. In short, the spectrometer takes
the symmetric non-coplanar geometry in which the target is
ionized by a high energy electron beam. The electron beam
with a low energy spread and small divergence angle is
generated by an electron gun with an oxide cathode. For
keeping the high vacuum required by the oxide cathode, the
electron gun is installed in an additional chamber, which
can be evacuated to a base pressure of 10 Pa by a 600 L/s
molecular turbo pump. The energy resolution depends on
the emitting current of the cathode due to the space charge
effects. The typical energy resolution is 0.68 eV (full width
at half maximum, FWHM) at the impact energy 1200 eV.
With a double toroidal energy analyzer and two large posi-
tion sensitive detectors, the collecting efficiency for the
coincidental (e, 2e) events is much higher than our previous
spectrometer.

The naphthalene sample is a commercial product with a
purity of 99.0%. The sample is solid, and can sublime at
room temperature. Since the volatility is not sufficient, the
sample was put inside the spectrometer with a sample probe
near the collision region. A heater with a variable power,
typically 0.4 W, was used to control the density of gaseous
molecules. No further purification was processed during the
measurements, and no impurity of the sample was observed
in the binding energy spectra evidently.

4 Results and discussion

The naphthalene (C;oHg) molecule has D,, point group
symmetry. The orbital ordering for outer valence orbitals
was calculated using outer valence Green’s function (OVGF)
with 6-311++G** basis set [16-20], while for the inner va-
lence orbitals, DFT was taken by using statistic averaged
orbital potential (SAOP) with the TZ2P basis set [21]. Ac-
cording to the calculated results, the ground state electronic
configuration can be written as:

(Core)” (4a,) (3b,,) (4, ) (5a, ) (3b,, ) (4b,, ) (30, ) (64,) .

(4b,, ) (5b,, ) (7a, ) (6, ) (84, ) (5b,, ) (6B, ) (78, )’ (

Inner valence

16, ) (76,,) (6b,, ) (9a,) (18, ) (18, ) (26, ) (1a, ).

Outer valence

In the ground state, the 68 electrons are arranged in 34
double-occupied orbitals in the independent particle de-
scription. The valence shell of naphthalene which contains
24 molecular orbitals can be divided into two sets: 8 inner

valence and 16 outer valence orbitals.

The binding energy spectrum of naphthalene in the range
of 5-30 eV at the electron impact energy of 1500 eV was
shown in Figure 1(b). With the reference to the high resolu-
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Figure 1 (Color online) (a) The theoretical simulation of binding energy spectra of naphthalene. The vertical bars under the curve are the OVGEF/
6-311++G** results. A common width (0.88 eV FWHM) was used in the simulation; (b) experimental binding energy spectrum summed over all azimuthal
angles at impact energies of 1500 eV plus binding energies. The dashed and solid curves represent individual and summed Gaussian fits, respectively. The

error bars represent one standard deviation.

tion PES and the OVGF calculation, there are seven re-
solved structures which are labeled as 1-7 as well as the
orbital assignment in this figure. In order to obtain the ex-
perimental momentum distributions, the binding energy
spectra at different angles were fitted by Gaussian peaks, as
the dashed and solid curves indicated in Figure 1. The clus-
ters of humps in the inner valence region (higher than 20 eV
and lower than 30 eV) are the results of the congested satel-
lite lines in this region due to the breakup of orbital pictures
[22].

In order to assign the observed binding energy spectra,
binding energy spectra were theoretically simulated by the

OVGF method with the basis sets of 6-311++G**, as shown
in Figure 1(a). The simulated spectra were obtained by
convoluting the contributions from each line (given in Table
1) with a Gaussian shape function with a common width
0.88 eV (FWHM), which approximated the vibrational
broadening and the energy resolution of the spectrometer.
The heights of vertical bars under the curve represent the
pole strengths given by OVGF. It can be seen that the
simulated spectra of naphthalene agree with the experimen-
tal binding energy spectrum in both peak positions and in-
tensities in the outer valence space (<18 eV). For assigning
the inner valence orbitals, DFT-SAOP/TZ2P method was
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Table 1 Ionization energies of naphthalene (in eV)
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Peak EMS PES® (Hel) PES" (Hel) Fit® OVGF/ 6-311++G** SAOP/TZ2P Orbital
) 86 8.3 8.00 8.18 (1) 7.96 (0.890) 9.470 la,
9.0 8.80 8.91 (B) 8.62(0.887) 10.140 2bs,
2 10.2 10.1 9.99 10.2 () 9.84(0.872) 11.038 1by,
10.85 11.06(0.824) 12.059 1by,
3 11.2 11.0 11.4 11.2 (8) 11.51 (0.895) 11.929 9a,
11.7 11.65 (0.892) 12.055 6b3,
12.22 12.66 (0.882) 12.871 7bs,
4 12.5 12.4 12.5 (¢) o
12.41 12.79 (0.793) 13.557 1b3,
1332 13.71 (0.873) 13.708 7b1.
13.67 (€)
13.6 13.84 (0.876) 14.009 6bs,
5 14.0 14.0 14.13 (0.875) 14.101 5bs,
14.4 14.61 (1) 14.58 (0.863) 14.675 8a,
14.8 15.09 (0.858) 14.924 6b1,
15.85 16.22 (0.779)% 16.013 Ta,
6 16.2 16.3 16.2 (0) 16.78(0.863) 16.577 5b5,°
16.8 16.93(0.854) 16.509 4by°
18.7 18.683 6a,
7 19.0 18.7 1880 (1, 0.75) 19.043 Shia
18.7 20.08 (i, 0.75) 19.400 4b,,
21.812 3bs,
22.10 (A, 0.44) 340 Sa,
8 26.0 23.60 (i, 0.4) 23.140 4b,,
25.10 (v, 0.44) 24.362 3bs,
26.60 (&, 0.14) 25.694 4ay,

a) From ref. [6];
b) From ref. [7];

¢) The centers of fitting Gaussian peaks, which have been labeled in Figure 1(b) with Greek letters a, 3, y... Pole strengths of outer-valence orbitals in our
rescaling of experimental intensities are assumed equal to 1. The pole strengths of the inner valence orbitals 6a, +5b.,, 4by,, 3b3,+5a,, 4by,, 3by, and 4a, were

0.75, 0.75, 0.44, 0.4, 0.44 and 0.14, respectively;

d) The calculated pole strength is not accurate by OVGF when it is less than 0.8;
e) The ionization energy of molecular orbital 4bs, is higher than 5b,,in our OVGF calculation which is different from ref. [7].

used to calculate the ionization potentials (I.P.). SAOP can
predict I.P. with reasonable accuracy since it corrects the
asymptotic error of the general exchange correlation poten-
tial X..

The experimental momentum profiles were extracted by
deconvolving the same peak from the obtained binding en-
ergy spectra at different azimuthal angles [3]. The centers
and widths of those Gaussian functions were first deter-
mined through the high-resolution PES [14], and then ad-
justed for compensating the asymmetries in the shape of
Franck—Condon envelopes. Theoretical momentum profiles
have been convolved with the experiment momentum reso-
lution at Ey, = 1500 eV using the Monte Carlo method
[23]. Since the experimental intensity is at a relative scale, a
normalization procedure is needed for comparing the
experimental momentum distributions (MD) with the
theoretical counterparts. Here, we normalized the experi-
mental orbital MDs through the summation of the experi-
mental MDs in the outer region, i.e. peaks 1-6 in the
binding energy spectrum (see Figure 1) for the best fitting
with the corresponding summation of theoretical molecular
orbitals of naphthalene. The obtained normalization factor

was also used to calculate the pole strengths of inner va-
lence orbitals.

Figure 2 shows the experimental momentum distribution
of peak 1, peak 2 and peak 3 at impact energies of 600 and
1500 eV in comparison with four theoretical momentum
profiles calculated using HF and DFT-B3LYP methods with
the Aug-cc-pVTZ and 6-311++G** basis sets. It can be
seen that the four different calculations are nearly the same
and reasonably describe the experimental momentum dis-
tributions.

The first peak is located at 8.6 eV and contains two mo-
lecular orbitals, the highest occupied molecular orbital
(HOMO, 1a,) and the next-highest occupied molecular or-
bital (N-HOMO, 2b;,) (see Figure 1). Both orbitals are of
typical p-type, which has near zero intensity at momentum
origin p = 0 a.u. and maximum intensity at p =~ 0.75 a.u. The
theoretical calculations are in good agreement with experi-
mental data except the region around the momentum origin
(p <05 au).

Peak 2, located at 10.2 eV, is related to the molecular or-
bital 1b,,, as shown in Figure 1. The momentum distribu-
tions of 1b,, also display a typical p-type. Peak 3 is located
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Figure 2 (Color online) The experimental and calculated momentum distributions for peak 1, peak 2 and peak 3 of naphthalene at impact energies of 600
eV and 1500 eV. The theoretical momentum profiles were calculated by using HF and DFT-B3LYP with the Aug-cc-pVTZ and 6-311++G** basis sets,

respectively.

at 11.2 eV and related to three molecular orbitals: 1b,,, 9a,,
and 6bs,. In general, the agreement between experiments
and theories is reasonable except the larger discrepancy at
the low momentum region. Since Peaks 2 and 3 overlapped
in a considerable degree on the binding energy spectra, the
summation of peak 2 and peak 3 was also compared with
theoretical calculations in Figure 2(d).

Although the theoretical and experimental data in this
figure are consistent in the higher momentum region, the
“turn up” phenomena in the low momentum area (p < 0.25
a.u.) still exist. On the other hand, the discrepancy in the
lower momentum region for both peaks was reduced as the
impact energy increased from 600 eV to 1500 eV. Consid-
ering the similar phenomenon which has been observed in

the atomic d orbitals and some molecular orbitals [24-30],
such as ethylene [29] and oxygen [30] before, the most
likely explanation is the distorted wave effects. The dis-
torted wave effects will be reduced as the impact energies of
electrons increase because the incoming electron and out-
going electrons will be less influenced by the residual ion’s
potential. Moreover, as Figure 3 shows, la,, 2bs,, 1b,, and
1b), have characteristics of © orbitals. Thus, the observed
“turn up” effects in the low p region of peak 1, peak 2 and
peak 3 are attributed to the distorted wave effects. Further-
more, the experimental distribution of impact energies 1500
eV matches more with the four theoretical calculations than
with that of 600 eV in both Figures 2 and 3, which is also a
support for the distorted wave effects explanation. At the
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Peak 3

Peak 4

Peak 5

Peak 6

4bs,

Figure 3 (Color online) The density contour plots of outer valence orbitals of naphelene. The displayed molecular orbitals were drawn using Molden 4.3

with a density contour value of 0.12 [31].

current stage, the theoretical calculation with the distorted
wave approximation is still a challenge due to the multi-
center and the molecular size of naphthalene [32—-34].

Peak 4, peak 5 and peak 6 were assigned to 7b,,+1b;,,
7b1,+5b34+7b1,+6by,+8a,, and 4bz+7a.+ 5b,,, respectively.
Their experimental momentum distributions were compared
with four theoretical calculations using HF and
DFT-B3LYP with the Aug-cc-pVTZ and 6-311++G** basis
sets in Figure 4. Generally speaking, all theoretical calcula-
tions can produce the overall shapes of experimental distri-

butions, but there are some evident discrepancies in the low
momentum region. One possible explanation is still the dis-
torted wave effects because there is better agreement at
higher impact energy 1500 eV.

Figure 4(d) shows the momentum distributions of peak 7
which is related to 6a,, 5b,, and 4b,, orbitals in the inner
valence. The experimental pole strengths of these three or-
bitals are (.75, noticeably less than 1.0, indicating the
breakdown of orbital pictures in the inner valence region
[22].
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Figure 4 (Color online) The experimental and calculated momentum distributions for peak 4(a), peak 5(b), peak 6(c) and peak 7(d) of naphthalene at im-
pact energies of 600 eV and 1500 eV. The theoretical momentum profiles were calculated by using HF and DFT-B3LYP with the Aug-cc-pVTZ and

6-311++G** basis sets, respectively.

For a better description of the big hump in the inner valence
area, four Gaussian functions are used to fit peak 8, as
shown in Figure 1(b). The four Gaussian functions labeled
A, 1, v and & were assigned to 3bst+5a,, 4b1,, 3b,, and Sa,
respectively. Their experimental momentum distributions
were compared with four theoretical calculations in Figure 5.
It can be inferred that the momentum distributions of peak A
take on sp-type characteristics, and peak p and peak v are of
p-type, and peak & is of s-type. The experimental pole
strengths of these orbitals are 0.44, 0.4, 0.44 and 0.14, no-
ticeably less than 1.0. This also indicates the breakdown of
orbital pictures in the inner valence region [22].

5 Conclusions

In summary, we report the full valence shell binding spectra
and orbital momentum profiles of the naphthalene. The ex-
perimental momentum distributions were compared with the
theoretical momentum calculations using HF and DFT
methods with both Aug-cc-pVTZ and 6-311++G** basis
sets. In general, the experimental results were well de-
scribed by the HF and DFT calculations under PWIA except
the low momentum region. Since the discrepancy was re-
duced as the impact energy increased, we ascribed it to the
distorted wave effects.
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