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Experimental and Theoretical Investigation of Valence Orbitals in 1,4-Dioxane by
Electron momentum Spectroscopy *
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ZHANG Shu-Feng(7k454%), REN Xue-Guang({£5 %), HUANG Yan-Ru(E$i%h)

Department of Physics and Key Laboratory of Atomic and Molecular NanoSciences of MOE, Tsinghua University,
Beijing 100084

(Received 11 January 2006)

The binding energy spectrum of all valence orbitals and the momentum distributions of highest occupied molecu-
lar orbital (HOMO: 8ay ), Tb,+7ay, 4by, 2by+4a, and 2a., in 1, 4-dioxane are investigated by electron momentum
spectroscopy (EMS) with 600 eV impact energy. The experimental results are consistent with theoretical calcula-
tions of Csayp, chair conformation using the Hartree—-Fock method and density functional theory with 6-311++G**

and AUG-CC-PV'TZ basis sets.

PACS: 33.15. Ry, 34. 80. Gs, 36.20. Kd

It is well known that 1,4-dioxane (C4HgOs) is
a six-member heterocyclic ring. It is an impor-
tant solvent for polymers!!) and is also used as a
stabilizer in chlorinated solvents, particularly 1,1,1-
trichloroethane (TCA).[2! The molecular structure of
1,4-dioxane has been studied by several experimen-
tal methods such as x-ray and neutron diffraction,!
infrared and NMR spectroscopy,®—°!
calculations have been carried out by using ab initio
theory at HF /6-31G* and BLYP/6-31G* levels.[6] Ac-
cording to the experimental and theoretical results, a
chair form of C3; symmetry has been determined to
be the lowest energy structure.

and theoretical

Electron momentum spectroscopy (EMS), also
known as binary (e,2e) spectroscopy, can provide a
direct imaging of electron density for molecular or-
bitals in momentum space, and has been shown to
be a powerful and informative experimental tool for
studying the electronic structure of atoms, molecules,
biomolecules, and condensed matter.[”=9) In this Let-
ter, the EMS study of 1,4-dioxane is reported, and the
experimental results are compared with the theoreti-
cal calculations of Csj, chair form carried out by us-
ing Hartree-Fock (HF) method and density functional
theory (DFT) with 6-311++G** and AUG-CC-PVTZ
basis sets.

Electron momentum spectroscopy is based on bi-
nary (e,2e) reaction. An incident electron with en-
ergy Fy causes the ionization of the target molecule,
by detecting the two outgoing (scattered and ionized)
electrons in coincidence with energies E; and FEs, po-
lar angles 6, and 03 and a relative azimuthal angle
¢, the EMS kinematics of the target molecule can be
completely determined. Under the binary encounter
requirements of high impact energy and high momen-

tum transfer and with the symmetric non-coplanar ex-
perimental geometry, in which the two outgoing elec-
trons are selected to have equal energies (E; ~ FE»)
with equal polar angles (61 = 6, = 45°) and a varying
relative azimuthal angle ¢, the initial electron momen-
tum p of the molecule is given by
) . L d\\211/2
p= [(Zpl cos@ —pg)° + (2p1 sin 0 sin (5)) } ,
where pg is the momentum of the incident electron
and p; is the momentum of the outgoing electrons.
Within the plane wave impulse and the target HF
approximations, the EMS cross section for randomly
oriented gas-phase molecules can be given by!!

OEMS X /dQ|\I’J(p)|2, (2)

where ¥;(p) is the one-electron momentum space
canonical HF orbital wavefunction for the jth elec-
tron, corresponding to the orbital from which the elec-
tron is ionized. The integration [ dQ) gives the spher-
ical average over the random orientations of the tar-
get molecules. The integral in Eq. (2) is known as the
spherically averaged one-electron momentum distribu-
tion. To this extent, EMS has the ability to image the
electron density distribution in individual orbitals se-
lected according to their binding energies.

In the DFT, the target Kohn—Sham
approximation'® gives a result similar to Eq.(2)
with the canonical HF orbital replaced by a momen-
tum space Kohn—-Sham orbital \IJJKS(p), and the elec-
tron correlation effect is accounted by the exchange-
correlation potential.

EMS measurements in this work are undertaken
with the symmetric non-coplanar geometry using a
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newly developed high resolution and high sensitiv-
ity (e,2e) electron momentum spectrometer.[n] The
binding energy spectra (BES) are collected simulta-
neously at a range of azimuthal angles ¢ = —38°
to +38°. Electron density distributions are obtained
by deconvolution of the same peak from the binding
energy spectrum at different azimuthal angles. Re-
lying on the significant improvement of coincidence
count rate and the good resolution performance (A6 =
+0.7°, A¢p = £1.9°, and AE = £1.2¢eV), the bind-
ing energy and electron momentum distributions can
be obtained accurately within a proper experimental
period.

Theoretical calculations of the momentum profiles
are carried out using the GAUSSTANO98 programme,
and the geometric parameters (HF/6-311G**) for the
chair conformer are obtained from NIST Standard
Reference Database.l'2l The sample of 1,4-dioxane is
99.5% in purity, and is used without further purifica-
tion.

The chair 1,4-dioxane has Cy
point group symmetry, according to the HF/6-
311++G** orbital energy order, its electronic con-
figuration can be written as (1b,)?(lay)*(la,)?

form of

(2a4)%(1bg)?(2bu)?(3ag)?(3bu)?*(2a4)?  (4ay)?(2by)?
4(4bU)2(5a9)2(3bg)2(5bU)2 (6ag)2(3GU)2(6bu)2(4QU)2
(5ay)?(4bg)?  (Tay)?(7by)*(8ay)?. By us-

ing DFT-B3LYP/6-311++G**  method, the

electronic  configuration is predicted to be
(Lag)?(1bu)?(1aw)?(2ag)*(1by)*(2bu)*  (3ay)*(3bu)?
(2au) (4ag)*(2b4)*(4bu)*(5ay)*(3by)*  (3au)*(5bu)?

(6ag)2(4a1L)2(6bu)2(5au)2(4bg)2(7ag)2 (7bU)2(8ag)2-

It can be seen that besides the reversal of first two
orbitals (1b, and la,), the ordering of MO15 to MO1g
is predicted discordantly by both the HF and DFT
methods.

The binding energy spectra of 1,4-dioxane at im-
pact energy of 600eV is shown in Fig.1. There are
eight peaks that can be clearly identified, and the
corresponding experimental binding energies are 9.4,
10.9, 13.1, 16.3, 19.3, 22.1, 24.6 and 32.1eV, respec-
tively. The EMS binding energy results of all va-
lence orbitals are listed in Table 1 in comparison with
the high resolution photoelectron spectroscopy (PES)
results.['314] The ionization peaks for HOMO, MOq4
and MOy (correspond to peaks 1, 5, and 7) are well
resolved, while the other fifteen orbitals, due to their
small energy intervals, are not well separated, thus
peaks 2, 3, 4, 6, and 8 contain their combination of
MOszz + MOg3, MO3g + MOj9 + MO2p + MOz,
MO;3 + MO14 + MO;s5 + MOy + MO17, MOqg
+ MO;; and MO + MOsg + satellites, respectively.
The orbital ordering discord of MO;5 to MOy9 can be
viewed more expressly in Table 1. The HF and DFT
methods give opposite orderings for MO1g and MOy,
and the orderings of MO15 MOy and MO;; are pre-

dicted to be 3a, < 6ay < 5b, and 6b; < 5b, < 3a,,
respectively. However, according to the orbital dis-
tribution, the ordering differences can not be distin-
guished experimentally as the corresponding orbitals
are contained in same peaks.

Table 1. PES and EMS binding energies of valence orbitals of
1,4-dioxane.

Orbital Binding energy (eV)

MO RHF DFT PESIH3I PESHA EMS
24 8a, 8a, 9.43 9.4 9.4
23 Tby Tby 10.73 10.6 10.9
22 Ta, Ta, 11.27 11.2

21 4b,  4db, 129 . 131
20 S5aqy 5aq, 13.2 : :

19 4ay 6by,

18 6b., 4ay, 14.1 14.0

17 3a,, 6ag 15.1 15.4

16 6a,  5by

15 5by, 3aqy 16.2 15.7~16.7 16.3
14 3b,  3b,

13 5a,  5a, 17.2 17.1

12 4by, 4by, 19.4 19.3 19.3
11 2b,  2b, 21.5 22.1
10 da,  4ag 22.5

9 2ay 2aq, 24.7 24.6

8 3by 3by,

7 3ag 3ag 32.1

1, 4-Dioxane C4HgO»

Impact energy 600 eV

Intensity (arb. units)

Binding energy (eV)

Fig.1l. Binding energy spectra of 1, 4-dioxane with
600 eV impact energy. The dotted lines represent individ-
ual Gaussian fits and the solid line represents the summed

fit.

Figure 2 shows the experimental and theoretical
momentum profiles of HOMO. Theoretical calcula-
tions are carried out by using the HF and DFT-B3LYP
methods with 6-311++G** and AUG-CC-PVTZ ba-
sis sets. The theoretical momentum profiles can be
regarded as mixed “s—p-type” profile, which exhibits
two maxima of electron density at p = 0 and 1.35a.u.
HF and DFT calculations give different relative inten-
sities in the low momentum region and profiles of the
DFT-B3LYP method (curves 2 and 4) are in agree-
ment well with the experimental results. In the mo-
mentum range above 1.0 a.u., the experimental profile
can not be well described by any of the four theoretical
profiles, the discrepancy might be caused by the lower
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coincidence counting rate in the larger azimuthal an-
gle (correspond to the higher momentum) area and
accordingly the bigger uncertainty in the deconvolu-
tion process.

0. 20—
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Fig. 2. Experimental and calculated momentum distri-
bution for HOMO (MO24: 8ay). Theoretical momentum
profiles are calculated by using the HF and DFT methods
with the 6-311++G** and AUG-CC-PVTZ basis sets.
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Fig. 3. Experimental and theoretical momentum distri-
bution for (a) peak 2 (MO23 + MO23: Tby + Tag), (b)
peak 6 (MO11 + MOjgo: 2bg + 4ay).

The momentum distributions of peak 2 (7b, + 7a,)
and peak 6 (2b, + 4a,) have the similar profile type
(see Fig. 3), such as the case in the HOMO theoretical
profiles. The DFT method (curve 2 and 4) predicts

higher electron density in the low momentum region
than the HF method (curves 1 and 3), whereas it is in
contrast with the case of the HOMO that the exper-
imental results are closer to the HF theoretical pro-
files, but it is still not very convincing to say that the
HF method shows better performance than the DFT
method since the experimental results in low momen-
tum region of (7b, + Tay) have relatively large uncer-
tainty and theoretical profiles of (2b, + 4a,) are not
well distinguished. It can be seen from Fig.3(b) that
the experimental profile turns up in momentum region
above 1.0 a.u., which can not be well described by any
of the theoretical calculations.

T T T T
1 (a) |
0.20 3 .
] R 4bu ©Experiment i
1 — 1-HF/6-311++G** 1
0.15+ " 2-B3LYP/6-31144G**
1 - 3-HF/AUG-CC-PVTZ
¢ 3 P 4-B3LYP/AUG-CC-PVTZ
0.10—_ N
2 0.05] § ]
12} 1 4
= 1
8 4
g 1
S 0.00+———— ,
Z 0.307 L (b)
< E 2 2au O Experiment 1
3 | — 1-HF /6-3114+G** |
& 0.25 - 2 B3LYP/6-311++G**
1 - 3-HF/AUG-CC-PVTZ 1
0204 /1 \ - 4-B3LYP/AUG-CC-PVTZ |
0.15 B
0.10 i
| 0520000
0.05 -
_ o°
0.00 -_— e
0.0 0.5 1.0 1.5 2.0 2.5

Momentum (a.u.)

Fig. 4. Experimental and theoretical momentum distri-
bution for (a) peak 5 (MOi2: 4by), (b) peak 7 (MOg:
204).

As is shown in Fig.4, MOs (4b,) and MOy (2a,)
both have the ‘p-type’ profile which exhibits a max-
imum of electron density at p = 0.5a.u. The peak
values of relative intensity are differently predicted
by various calculations in Fig.4(a), while in Fig. 4(b),
curves 1 and 2 as well as curves 3 and 4 are not
distinguishable, respectively, and the theoretical pro-
files of both the HF and DFT method with AUG-CC-
PVTZ basis set (curves 3 and 4) are in slightly better
agreement with the experimental results than the 6-
311++G** basis set. In the high momentum region
above 1.0 a.u., the ‘turn-up’ of the experimental profile
observed in (2by 4+ 4a4) can also be found in 4b, and
2a, orbitals. A possible explanation for the discrep-
ancies is the distorted wave effect since the plane wave
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impulse approximation is invalid at higher momentum
region.[9:15—18]

In summary, the binding energy spectrum of all
valence orbitals and the momentum distributions of
HOMO and other four sets of valence orbitals in 1,4-
dioxane have been investigated by electron momentum
spectroscopy. The experimental results are compared
with theoretical calculations of Cyj, conformation us-
ing the HF and DFT methods with the 6-311++G**
and AUG-CC-PVTZ basis sets. The experimental
profiles of the investigated orbitals are consistent with
theoretical calculations, and it appears that the DFT
method achieves relatively better descriptions for the
momentum distributions. The AUG-CC-PVTZ basis
set shows the performance slightly better than the 6-
3114++G** basis set. These results also confirm the
prediction of Cyj conformation for 1,4-dioxane made
in other studies.
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