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The binding energy spectra and electron momentum distributions (EMDs) of valence orbitals in toluene molecule
were measured by (e, 2e) electron momentum spectrometer. A comprehensive analysis of molecular vibrational effects on
the EMDs was conducted through harmonic analytical quantum mechanical approach calculations and molecular dynam-
ics simulations within the plane wave impulse approximation (PWIA). Furthermore, the multicenter three-distorted-wave
method was employed to investigate the validity of the PWIA. A comparison between experimental measurements and the-
oretical predictions demonstrates that molecular vibrations have negligible effects on the EMDs, whereas the distorted-wave

effects are obvious, particularly in large momentum regions.
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1. Introduction

Electron momentum spectroscopy (EMS), alternatively
referred to as binary (e, 2e) spectroscopy, has a distinctive
ability in measuring orbital-resolvable electron density dis-
tributions in momentum space, i.e., electron momentum dis-
tribution (EMD).!!-8 The plane-wave impulse approximation
(PWIA) calculations generally reproduce the measured EMDs
for electron momentum below 1.5 a.u. (atomic unit) but tends
to underestimate the experimental results in the large momen-
tum region. For the atomic targets, the distorted-wave impulse
approximation (DWIA) and distorted-wave Born approxima-
tion (DWBA)[*191 have effectively addressed the limitations
of the PWIA in fully reproducing the experiments.
ever, for molecular systems, the discrepancies between ex-

How-

periments and calculations may arise from multifaceted fac-
tors. For some molecular orbitals, the PWIA calculation
fails to reproduce the intensity of the experimental EMDs
near zero momentum. ! =11 Molecular vibrations were found
to have noticeable contribution to the EMD’s intensity at
low momentum region according to the harmonic analyti-
cal quantum mechanical (HAQM)!'”! approach calculation,
the classical molecular mechanics force field (MM3), and
Born-Oppenheimer molecular dynamics (BOMD)!'#) simu-
lation, as well as the thermally sampling molecular dynam-
ics (TSMD)!'9201 simulation. Moreover, the distorted wave
was regarded as another physical factor that contributes to the

fCorresponding author. E-mail: gongmm@snnu.edu.cn
fCorresponding author. E-mail: xshan@ustc.edu.cn
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high intensity at low momentum. This effect can be evalu-
ated by experimentally varying the collision energy,?!=23! or
by theoretically calculating the (e, 2e) triple differential cross
sections (TDCSs) within the multicenter three-distorted-wave
(MCTDW) method developed recently by Gong et al.[?!-23]

Toluene (C7Hsg), one of the simplest substituted mono-
cyclic aromatic compounds, is a volatile organic compound
commonly found in urban pollution, primarily originating
from fossil fuel combustion, industrial processes, and biomass
burning.?*! Its contribution to photochemical smog and ozone
formation in the troposphere underscores its environmental
significance.>! Moreover, due to its carcinogenic and muta-
genic properties, elevated levels of toluene in human breath
have been associated with lung cancer and smoking, 267!
highlighting the importance of investigating this compound.
The electronic structure of toluene has been studied using
photoelectron spectroscopy with He I and He II radiation
sources,!?8-33 in which the ionization energies of valence or-
bitals were presented. Recently, Yamazaki et al. reported an
EMS study on the toluene S state.3*! To our best knowledge,
no comprehensive EMS study on the ground-state toluene
molecule has been reported.

In this work, the valence electronic structure of toluene
is investigated by EMS both experimentally and theoretically.
The EMDs of valence orbitals were measured using a high-
sensitivity electron momentum spectrometer. Theoretical cal-
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culations taking molecular vibrations into account through
HAQM and TSMD approaches were performed within the
PWIA. Moreover, the TDCSs were also calculated by the
MCTDW method. The effects of molecular vibrations and the
distorted waves on the valence orbital EMDs of toluene are
analyzed by the comprehensive comparison between experi-
mental measurements and theoretical predictions.

2. Experimental and theoretical methods

EMS is based on the binary (e, 2e) process, i.e., fast
electron-impact single ionization,

ei(Eiapi)+T_>T++es(ES7ps)+ee(Eeape)- (D

Here, the subscripts i, s, and e refer to the incident, scat-
tered, and ejected electrons, respectively, with corresponding
energies £ and momenta p. T represents the target atom or
molecule, and T denotes the residual ion.

For the binary (e, 2e), the collision happens between the
incident and the orbital electrons, and the residual ion can be
regarded as a spectator. According to the conservation of en-
ergy and momentum, the binding energy € and momentum p
of the orbital electron can be derived by

8:Ei_Es_Ee, (2)
P =DPs+Pe —Di- 3)

The present EMS experiment was carried out on a high-
sensitivity electron momentum spectrometer employing non-
coplanar symmetric geometry. 3! Here, a brief description on
the experiment is presented. For the details, please refer to
Ref. [35].
is ionized by 800-eV electron collision. The scattered and

In the experiment, the gaseous toluene molecule

ejected electrons, with the equal energies (Es = E.) and sym-
metric emission polar angles (6; = 6, = 45°), pass through
the conical retarding lenses and a double toroidal electrostatic
analyzer and are detected by a two-dimensional (2D) position
sensitive detector (PSD) positioned the exit of the analyzer.
The PSD records the arrival times and positions of the two out-
going electrons, the former ensuring time coincidence of them
and the latter enabling the determination of their momenta and
energies. Therefore, the orbital electron binding energy can be
obtained according to Eq. (2). The magnitude of the electron
momentum in Eq. (3) can be given by

p=

where ¢ is the relative azimuthal angle between the scattered

—2p,cos45°)? + [2pssind5esin (9/2)]7, ()

and ejected electrons.

Prior to the toluene experiment, the instrumental energy
resolution (~ 3.0 eV at FWHM) and angular resolution (A6 =
1.2°, A¢ = 2.2°) were determined through the experiment on
Ar 3p ionization.

On the theoretical side, within the framework of the
MCTDW 2122l method, the TDCS for randomly oriented
molecular target can be expressed as

1 sPe\ 1
(2”)5(1); ) [ (P02 ©

Here, the ionization amplitude 75 is given by

OMCTDW =

T (£2) = <Fe“ (peiRe' ™) R (psRg'mo)

|r077°1| Nz|r07

X 0o (Rg'm1) F (pii R o) > ©)

In this equation, FiH), FS(7), and Fe(f) denote the distorted-
wave functions corresponding to the incident, scattered, and
ejected electrons, respectively. These wave functions are ob-
tained via solving the relevant equations within the molecular
multicenter potential of the ionic (or neutral) molecule. R;ll is
the rotation operator, where 2 = (a, 3, v) are the Euler angles
specifying the molecular orientation. The position vectors 7,
71, and R, represent the coordinates of the projectile electron,
target active electron, and the n-th nucleus, respectively. Z, is
the charge of the nucleus, and N is the total number of elec-
trons in the molecular system. @ is the Dyson orbital, typi-
cally approximated using Hartree—Fock (HF) or Kohn—Sham
(KS) orbitals.

If taking the place of the distorted waves by the plane
waves, the MCTDW can reduce to the PWIA, expressed as

1 (pgk)l (4m)°
(276)5 pi ) 8n? |pi —ps|4

2
x/‘/eip'”(pa (R;)lrl) dr

For molecules, within the Born—Oppenheimer approxi-

OpwiA =

.

mation, neglecting molecular rotation and applying the closure
relation to all final vibrational states, the TDCS can be further
simplified as!!”]

Sowin M (p) = L po(T) [ 16, (Q)p (@) 4Q. ®)
v

where M(p) is the structure factor, x;, (Q) is the vibrational
wave function in initial state, v is the vibrational quantum
number, @ represents the molecular geometry, and p, (T) is
the population at temperature 7. p (p; Q) is the spherically
averaged momentum density distribution, which can be writ-
ten as

P(riQ) = 1=54(Q [loa QL a2, ©

where Sy (Q) represents the spectroscopic factor (also known
as pole strength), which quantifies the likelihood of a single-
hole configuration in the resulting ionic state.
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To investigate the influence of molecular vibrations on
EMDs, Watanabe et al.'”! proposed an HAQM approach,
wherein the vibrational wave function x;, (Q) is expressed as
a product of harmonic oscillator functions &,, (Qr). Here, Or

L-th vibrational mode from the equilibrium geometry. By as-
suming that p (p; Q) varies slowly with respect to Q near equi-
librium and neglecting high-order cross-terms between dis-
tinct normal modes, the structure factor M (p) can thus be writ-

represents the displacement along the normal coordinate of the ~ ten as
|
M(p)=p(p:Qo)+Y, [ZPvL (T) / &, ()PP (7: Qo+ 01gr) A0 — p (7 Qo) |- (10)
L vy,

Here, the first term p (p; Qo) represents the EMD at the
equilibrium geometry @, and the second term corresponds to
the vibrational effects from all vibrational normal modes. qr
is the unit vector along the normal coordinate.

The TSMD sampling!!?2! is another approach, in which
both harmonic and anharmonic vibrations are taken into ac-
count. The numerical solution of Eq. (8) can be expressed as

2
M(p)=Y.Y po(T)|x (@) P (p:Q))AQ;.  (11)
j v
Molecular geometries are sampled at a specific temper-
ature according to the vibrational population P(Q) =
Y po (T) %y (Q)]*. Hence, the factor M(p) can be calculated
v
as

1
M(p)= Y0 P (p:iQ)): (12)

When N is large enough, a full @-space sampling can be
achieved.

In this work, the equilibrium geometry of toluene is
optimized using density functional theory (DFT) with the
B3LYP hybrid functional®®37! and Dunning’s aug-cc-pVTZ
basis set.[3®! The position-space wave functions, vibrational
frequencies, and normal coordinates are computed at the

\
B3LYP/aug-cc-pVTZ level. The function p (p; Qo + Orqr) is

calculated using the B3LYP/aug-cc-pVTZ and fitted employ-
ing a fourth-order polynomial function, based on the displace-
ment Qy, chosen from |&,, (Q1))* /&, (0)* =3/4,1/2,1/4,
1/8, 1/16. The theoretical EMDs considering the vibrational
effects of each mode with Boltzmann distributions at room
temperature (298 K) are calculated according to Eq. (10). The
TSMD simulation is performed using a thermostat at a temper-
ature of 298 K to simulate the vibration of the neutral toluene
molecule. The molecular geometry is taken every 2.5 fs af-
ter a 5-ps equilibration run, and a total of 2000 geometries
are sampled using Wigner distributions at 7 = 298 K via the
Newton-X package.?! The final EMD is obtained as the av-
erage of these configurations according to Eq. (12). All the
calculations are performed using the Gaussian 09 program, 40!
except for the MCTDW whose codes were developed by Gong
et al.”!]

3. Results and discussion

The molecular point group of toluene is C;, and
its ground-state electronic configuration calculated by
B3LYP/aug-cc-pVTZ is as follows:

(core)' (1a')%(2d')*(1a")?(3d)?

inner—valence

(za//)2(4a/)2(Sa/)Z(3a//)2(6a/)2(7al)2(4a//)2(Sa/)Z(Sa//)Z(ga/>2(10a/)2(6a//)2(7a//)2(] ]a/)Z

outer—valence

The valence molecular orbitals (MOs) of toluene consist of
four inner-valence orbitals and fourteen outer-valence orbitals.
The experimental 2D electron density map (2D map) for the
valence MOs of toluene is displayed in Fig. 1(a). From this
map, information on the orbital symmetry, electron binding
energy, and momentum distribution can be extracted.

The experimental binding energy spectrum (BES) of
toluene was obtained by integrating the 2D map over the rela-
tive azimuthal angles, as depicted in Fig. 1(b). The BES spans
an energy range from 5 eV to 30 eV which covers the whole
valence orbitals. Due to the limit of our instrumental energy
resolution, only a “shoulder” at around 9 eV and two broad
peaks at about 14 eV and 24 eV are observed clearly in the
BES, which is similar to the BES presented by Yamazaki et

al.’* The previous high-resolution PES!?8! showed six sepa-
rated peaks corresponding to fourteen outer-valence MOs and
four weak peak structures representing four inner-valence or-
bitals.

To extract the EMDs, a series of binding energy spectra
for different ¢ angles are derived from the measured 2D map.
Ten Gaussian peaks (labeled p1-p10) are used to deconvolute
these spectra, respectively. The peak positions of these Gaus-
sian functions are referred to the PES results,!?2%31] while the
peak widths are the combination of our instrumental energy
resolution and the Franck—Condon envelopes derived from the
PES.[?8311 Tn the outer-valence region, the peak p1 at ~ 9.1 eV
(“shoulder”) corresponds to the highest occupied molecular
orbital (HOMO) 114’ and the next HOMO 74”. Peak p2 at
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~ 11.8 eV represents the next three orbitals (6a”, 10a’, 9a')
while p3 at ~ 13.8 eV stands for the four orbitals (54", 8/,
4d", 7a’). The following three Gaussian peaks (p4—p6) at
~ 15.2 eV, ~ 16.6 eV, and ~ 18.6 eV correspond to MO sets
(64, 3d"), (5d), and (4d’, 24"), respectively. In the inner-
valence region above 20 eV, the last four Gaussian peaks (p7—
pl0) at ~21.4 eV, ~22.9 eV, ~ 23.9 eV, and 26.1 eV corre-
spond to 3d’, 14", 2d’, and 14’ orbitals, respectively. The in-
formation on the positions of these Gaussian peaks (pl-p10)
and the corresponding valence orbital ionization energies of
toluene molecule is summarized in Table 1, along with the
measured values from the previous PES experiments[?*3!! for
comparisons.

40

—40 5 10 15 20 25 30
Binding energy (eV)

(b)

r T T T T T T 1
pl p2 p3p4p5 p6 p7p8p9 plo

5 10 15 20 25 30
Binding energy (eV)
Fig. 1. (a) The measured valence electron density map of toluene. (b) The

total binding energy spectrum. Ten Gaussian peaks (dashed lines) are used to
fit the spectrum and their summed profile is denoted by the solid line.

Table 1. The valence orbital ionization energies (in unit eV) of toluene
molecule.

Peaks EMS MO PES!#] PESB!

pl 9.1 11d 8.80 38.83
7d" 9.25 9.36

p2 11.8 6d" 11.40 11.43
104’ 11.40 11.98
9 11.91 11.98

p3 13.8 54" 13.14 13.2
8d/ 13.97 13.7
44" 13.97 14.0
7d 13.97 14.0

p4 152 6d’ 15.08 15.1
3d" 15.42 15.3

p5 16.6 54’ 16.45 16.45

p6 18.6 4d' 18.42
24" 18.87

p7 214 3d 21.40

P8 22.9 1d” 22.40

P9 23.9 2d 23.70

pl0 26.1 ld’

The experimental EMDs for pl-pl0 were obtained by
plotting the areas of Gaussian peaks derived from the decon-
volution of the BES relative to different ¢ (i.e., momentum),
as depicted in Figs. 2-8, where error bars of experimental
data included the deconvolution and statistical uncertainties.
The theoretical EMDs, calculated by the PWIA at equilibrium
geometry (PWIA), the PWIA considering vibrations through
HAQM (PWIA/Vib) or TSMD sampling (TSMD), as well as
the MCTDW methods, are also shown for comparisons. To
facilitate comparison with the experimental EMDs, the instru-
mental angular resolution (A6 = 1.2°, A¢ = 2.2°) was folded
into the theoretical EMDs using the Gaussian-weighted pla-
nar grid method.*!) Furthermore, normalization between the
theoretical and experimental EMDs for all the valence orbitals
was carried out by using a common factor. This factor is de-
termined by putting the experimental EMD for p1 and the the-
oretical EMD of the HOMO 114’ and next HOMO 74" on the
same scale.

100 ———
(a) p1
)
z
7 e EXP
g ---- PWIA
= L — PWIA/Vib
2 TSMD
k= —— MCTDW
Q
=
0 1.0 20 30
Momentum (a.u.)
10()
> >
+ +
B = 101
=1 =1
£ <
= =102
2 2
+ +
I ) .
3 g 1073
~ =
I | I
107, 1.0 2.0 3.0 107 1.0 2.0 3.0

Momentum (a.u.) Momentum (a.u.)

Fig. 2. (a) Experimental and theoretical EMDs for p1. Panels (b) and (c)
illustrate the theoretical EMDs of 114’ and 7a”, respectively, together with
the orbital map calculated by B3LYP/aug-cc-pVTZ.

Figure 2(a) presents the experimental and theoretical
EMDs for pl, corresponding to the joint contributions of the
HOMO 114’ and next HOMO 7a”. Both of them exhibit a typ-
ical p-type character with a maximum at p ~ 0.75 a.u. All the-
oretical calculations underestimate the experimental results in
the low or high momentum region. The calculations consider-
ing molecular vibrations by the PWIA/Vib and TSMD slightly
increase the intensity at small momentum relative to the PWIA
result, whereas the MCTDW calculations have an obvious im-
provement both in small and large momenta, suggesting the
result of the distorted-wave effect. The theoretical EMDs for
the individual MO, 114’ and 74", are shown in Figs. 2(b) and
2(c). For 11d’ orbital, compared to the PWIA calculation, the
PWIA/Vib, TSMD, and MCTDW calculations predict higher
intensities in the low momentum region, showing the visible
effects of molecular vibrations and distorted waves. While for
74" orbital, all the calculations present the similar results in
the low momentum region. This difference may be ascribed to
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their distinct orbital characters, as the orbital maps showed in
Figs. 2(b) and 2(c).

Figure 3 displays the experimental EMD for p2 and the
corresponding theoretical calculations for orbitals 6a”, 104/,
and 9a’. The orbital maps show that these orbitals are all com-
posed of C—C and C-H bonds, but they have obviously dif-
ferent symmetries. This diversity makes their EMDs distinct,
as shown in Figs. 3(b)-3(d). The calculations show that the
vibrational effects on the EMDs are observed in the low mo-
mentum region while the distorted-wave effects appear in the
high momentum region. Specifically, the PWIA calculations
reveal that the EMD of 6a” exhibits a double-peak structure
with two maxima, while that of 104’ exhibits a typical sp-type
character. However, when the vibrational effects are consid-
ered in the PWIA/Vib. and TSMD calculations, the behaves of
the EMDs of these two MOs are reversed. This phenomenon
arises from Herzberg—Teller vibronic coupling, which results
in orbital mixing. For MO 94/, the vibrational effects slightly
change the intensity of the EMD. As for the distorted-wave ef-
fect, it primarily presents for 6a” and 10d’, as indicated by the
MCTDW calculations, while almost invisible for 9a’. How-
ever, for the summed EMDs of these orbitals as displayed in
Fig. 3(a), the calculated results show no obvious variation ex-
cept for the MCTDW. All calculations are generally consistent
with the experimental EMD.

e EXP ---PWIA ----PWIA/Vib

TSMD — MCTDW
100 —— ——

100

(a) p2 (b)
> , z
fi g 101t E

Z A
£ z
=z T
° ~

L L L L L L 10—4 L L L L L — L

0 1.0 2.0 3.0 0 1.0 2.0 3.0

Momentum (a.u.) Momentum (a.u.)
> >
h=1 B~
12 12
=] =]
) (o)
- et
=) R
v )
2 2
EE) ]
5] 5
g I
~ ~

e o T Y

10 0 1.0 2.0 3.0 10 0 1.0 2.0 3.0

Momentum (a.u.) Momentum (a.u.)

Fig. 3. (a) Experimental and theoretical EMDs for p2. Panels (b), (c), and (d)
illustrate the theoretical EMD of individual MO 6a”, 104/, and 94/, respec-
tively, together with the orbital map calculated by B3LYP/aug-cc-pVTZ.

As mentioned above, the peak (p3) at ~ 13.8 eV in the
BES is owed to the joint contribution of 5a”, 84’, 44", and 7a’
orbitals. The experimental and theoretical EMDs for p3 are
shown in Fig. 4(a). The PWIA calculations without or with
molecular vibrations involved (i.e., PWIA, PWIA/Vib, and
TSMD) present almost the same EMDs, whereas the MCTDW
calculation enhance the EMD’s intensity at large momentum
region. In general, all the calculations are consistent with the
experimental EMD in the low-momentum region. For the in-
dividual MO, as shown in Figs. 4(b)—4(e), 5a” and 84’ orbitals

are contributed from the C—H and C-C bonds of methyl and
benzene. The 4a” orbital only involves the C-H and C-C
bonds of benzene while 74’ orbital mainly comes from the
methyl and its adjacent carbon atoms. The PWIA/Vib and
TSMD calculations show that molecular vibrations have obvi-
ous contribution to the EMDs for these four orbitals in the low
momentum region. Owing to their nearly degenerate energies,
these four orbitals undergo Herzberg—Teller vibronic coupling,
which leads to mutual borrowing the intensity of their EMDs.
As a result, although the individual orbital EMDs calculated
by PWIA, PWIA/Vib, and TSMD are different, the summed
EMDs for these four orbitals remain remarkably similar. The
MCTDW calculations suggest that the distorted-wave effects
on the EMDs appear in large momentum region, improving
the agreement between the calculated and measured EMDs as
shown in Fig. 4(a).

100 T T
F(a) p3
>
B
Z) e EXP
g ---- PWIA
I S TV — PWIA/Vib
4 TSMD
= — MCTDW
3
x L L L L L L
0 1.0 2.0 3.0
Momentum (a.u.)

100 100
Z ®) z
2100 | Ea0
R E=
° o 1072
2 Z
= T
3 g 107 !
~ ~ ~

Y . —4 .

10 0 1.0 2.0 3.0 10 0 1.0 2.0 3.0
Momentum (a.u.) Momentum (a.u.)
100

> >
B=1 B=1
: 210
g g
E= = ;
° o 1072¢
2 Z
ks T
3 g 107
~ . ~

—4 . . . . . L —4 . . . . . A

10 0 1.0 2.0 3.0 10 0 1.0 2.0 3.0

Momentum (a.u.) Momentum (a.u.)

Fig. 4. (a) Experimental and theoretical EMDs for p3. Panels (b), (¢), (d), and
(e) illustrate the theoretical EMD of individual MO 54", 84, 4d”, and 74,
respectively, as well as the orbital map calculated by B3LYP/aug-cc-pVTZ.

As shown in Fig. 5, the 64’ orbital of toluene is dominated
by C—H bonds while the 3a” mainly consists of C—C bonds.
The introduction of methyl breaks the orbital symmetry of the
benzene ring, which leads to the nonzero intensity of their
EMDs near the origin of momenta. The PWIA/Vib and TSMD
calculations indicate that molecular vibrations have a signifi-
cant influence on the EMD of 3a” orbital in low momentum
region, but only a slight effect on the 6a’ orbital. The MCTDW
calculations revealed the effects of the distorted waves on the
EMDs of 64’ and 3a” in large momentum region. Figure 5(a)
shows the summed theoretical EMDs in comparison with the
experimental data. All the calculations predict the shape of the
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measured EMD but greatly underestimate the intensity. The
PWIA/Vib and TSMD calculations improve the intensity at
low momenta while the MCTDW calculations enhance the in-
tensity at large momenta. However, the discrepancy between
the calculated and measured EMDs remains, suggesting the
limitations of the present theoretical approaches.
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°
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Fig. 5. (a) Experimental and theoretical EMDs for p4. Panels (b) and (c) il-
lustrate the individual EMDs of 64’ and 34", respectively, together with the
orbital map calculated by B3LYP/aug-cc-pVTZ.
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Fig. 6. Experimental and theoretical EMDs for p5 and the orbital map
calculated by B3LYP/aug-cc-pVTZ.

Figure 6 shows the experimental and theoretical EMDs
for p5, which corresponds to the 54’ orbital of toluene, com-
prising contributions from both the benzene ring and the
methyl group. Both the experimental and calculated EMDs
exhibit a typical sp-type character. The MCTDW calculation
reproduces the experiment better than the other three calcula-
tions. This suggests that the distorted-wave effect is notice-
able for this orbital. The PWIA, PWIA/Vib, and TSMD cal-
culations yield nearly identical EMDs, suggesting no apparent
vibrational effect.

The experimental and theoretical EMDs for p6 are dis-
played in Fig. 7(a). This peak contains two MOs shown in
Figs. 7(b) and 7(c). The 44’ orbital shows a symmetric compo-

nent of the benzene ring along with methyl contribution, while

the 2a” orbital is dominated by an antisymmetric component
of benzene illustrating a pseudo-7 orbital character. These dif-
ferences between 4a’ and 2a” orbitals lead to distinct EMDs,
i.e., sp-type EMD for 44’ orbital and p-type for 2a” orbital.
The calculated EMDs indicate that molecular vibrations have
negligible effects on the 44’ orbital and minor effects on the
24" orbital, whereas distorted-wave effects are significant for
both. Compared with the experiment, all theoretical calcula-
tions can reproduce the shape of the experimental EMD, but
underestimate the intensity at momenta above 1.5 a.u. The re-
sults calculated by PWIA, PWIA/Vib, and TSMD indicate no
observable vibrational effects. In contrast, the MCTDW cal-
culation reduces the discrepancy between the calculated and
measured EMDs, which is the result of the distorted-wave ef-
fect.
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Fig. 7. (a) Experimental and theoretical EMDs for p6. Panels (b) and (c) illus-
trate the theoretical EMD of individual MO 4d’ and 2a”, respectively, along
with the orbital map calculated by B3LYP/aug-cc-pVTZ.

Figures 8(a)-8(d) present the experimental and theoret-
ical EMDs of the inner-valence MOs 34/, 14", 24’, and 14/,
respectively. For these four orbitals, the PWIA, PWIA/Vib,
and TSMD calculations give the same EMDs, indicating the
absence of molecular vibrational effects. In contrast, the
MCTDW calculation greatly enhances the EMD’s intensity
in large momentum region, revealing the significance of the
Com-
pared with the measurement, for the 34’ orbital, the MCTDW

calculation depicts the experiment better than the other three

distorted-wave effect for these inner-valence orbitals.

calculations. For 1d”, 24’, and 14’ orbitals, additional fac-
tors are needed when comparing the calculated EMDs with
the measured ones, which represent the pole strength of ion-
izations from these orbitals. As shown in Figs. 8(b)-8(d), the
calculated EMDs are multiplied by factors of 0.55 for 1a”, 0.8

for 24/, and 0.52 for 1d, respectively, to enable comparison
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with the experimental data. Obviously, the MCTDW calcula-

tion provides better agreement than the others.
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Fig. 8. Experimental and theoretical EMDs for inner-valence orbitals (a) p7,
(b) p8, (¢) p9, and (d) p10.

4. Summary

The EMDs of valence orbitals of toluene were ob-
tained experimentally using an electron momentum spectrom-
eter. Through the comparison between experimental EMDs
and theoretical calculations (PWIA, PWIA/Vib., TSMD, and
MCTDW), it was found that molecular vibrational effects
are evident for the outer-valence orbitals involving significant
methyl contributions but absent for the inner-valence orbitals,
while the distorted-wave effects are pronounced in high mo-
mentum region for all valence orbitals and also in low mo-
mentum region particularly for the 54’ and 3a’ orbitals. The
present results provide a deep insight into the valence elec-

tronic structures of toluene molecule.

Acknowledgements

Project supported by the National Natural Science Foun-
dation of China (Grant No. 12127804) and the Super-
computing Center of University of Science and Technology
of China.

References
[1] Camilloni R, Guidoni A G, Tiribelli R and Stefani G 1972 Phys. Rev.
Lett. 29 618
[2] Weigold E, Hood S T and Teubner P J O 1973 Phys. Rev. Lett. 30 475

[3] McCarthy I E, Ugbabe A, Weigold E and Teubner P J O 1974 Phys.
Rev. Lett. 33 459

[4] Cook J P D, Mitroy J and Weigold E 1984 Phys. Rev. Lett. 52 1116

[5]

[6]
[7]

[8]

[9]
[10]

[11]
[12]
[13]
[14]
[15]
[16]
[17]
(18]
[19]
[20]
[21]
[22]
(23]

[24]
[25]

[26]
(27]

[28]
[29]

(30]
[31]

[32]
[33]

[34]
[35]
[36]
[37]
(38]
[39]
[40]

[41]

113402-7

Zheng Y, McCarthy I E, Weigold E and Zhang D 1990 Phys. Rev. Lett.
64 1358

Zheng Y, Neville J J and Brion C E 1995 Science 270 786

Zhang Z, Shan X, Wang T, Wang E L and Chen X J 2014 Phys. Rev.
Lett. 112 023204

Weigold E and McCarthy I E 1999 Electron Momentum Spectroscopy
(New York: Springer) pp. 1-137

McCarthy I 1995 Aust. J. Phys. 48 1

Madison D H, Calhoun R V and Shelton W N 1977 Phys. Rev. A 16
552

Brunger M J, Braidwood S W, McCarthy I E and Weigold E 1994 J.
Phys. B: At., Mol. Opt. Phys. 27 L597

Brion C E, Zheng Y, Rolke J, Neville J J, McCarthy I E and Wang J
1998 J. Phys. B: At., Mol. Opt. Phys. 31 1.223

Ren X G, Ning C G, Deng J K, Su G L, Zhang S F and Huang Y R
2006 Phys. Rev. A73 042714

Ren X G, Ning C G, Deng J K, Zhang S F, Su G L, Huang F and Li G
Q 2005 Phys. Rev. Lett. 94 163201

Ning C G, Ren X G, Deng J K, Su G L, Zhang S F and Li G Q 2006
Phys. Rev. A 73 022704

Ren X G, Ning C G, Deng J K, Zhang S F, Su G L, Huang Y R and Li
G Q2006 J. Electron. Spectrosc. Relat. Phenom. 151 92

Watanabe N, Yamazaki M and Takahashi M 2012 J. Chem. Phys. 137
114301

Shojaei S H R, Morini F and Deleuze M S 2013 J. Phys. Chem. A 117
1918

XuZF, HuPF Wang EL, XuS'Y, Wang X, Zhao Y T, Deng J K, Ning
C G and Ren X G 2019 Phys. Rev. A 99 062705

Ding L, Wang EL, Xu ZF, Wu Y F, Deng J K, Ning C G and Ren X G
2020 Chem. Phys. 535 110794

Gong M M, Li X Y, Zhang S B, Niu S S, Ren X G, Wang E L, Dorn A
and Chen X J 2018 Phys. Rev. A 98 042710

Gong M M, Zhang Y T, Li X Y, Zhang S B, Shan X and Chen X J 2022
Phys. Rev. A 105 042805

Zhang Y T, Gong M M, Liu Z H, Niu S S, Shan X and Chen X J 2023
J. Phys. Chem. A 127 1252

Trost B, Stutz J and Platt U 1997 Afmos. Environ. 31 3999

Serralheiro C, Duflot D, da Silva F F, Hoffmann S V, Jones N C, Mason
N J, Mendes B and Limao-Vieira P 2015 J. Phys. Chem. A 119 9059
Poli D, Carbognani P, Corradi M, Goldoni M, Acampa O, Balbi B,
Bianchi L, Rusca M and Mutti A 2005 Respir. Res. 6 71

Kischkel S, Miekisch W, Sawacki A, Straker E M, Trefz P, Amann A
and Schubert J K 2010 Clin. Chim. Acta 411 1637

sbrink L, Fridh C and Lindholm E 1972 Chem. Phys. Lett. 15 567
Palmer M H, Moyes W, Spiers M and Ridyard J N A 1978 J. Mol.
Struct. 49 105

Kobayoshi T 1978 Phys. Lett. A 69 105

Kimura K, Katsuwata S, Achiba Y, Yamazaki T and Iwata S 1981
Handbook of Hel photoelectron spectra of fundamental organic
molecules: ionization energies, ab initio assignments, and valence
electronic structure for 200 molecules (Tokyo: Japan Scientific Soci-
eties Press) p. 189

Klasinc L, Kovac B and Gusten H 1983 Pure Appl. Chem. 55 289
Shaw D A, Holland D M P, MacDonald M A, Hayes M A, Shpinkova
L G, Rennie E E, Johnson C A F, Parker J E and von Niessen W 1998
Chem. Phys. 230 97

Yamazaki M, Tang Y G and Takahashi M 2016 Phys. Rev. A 94 052509
Tang Y G, Shan X, Liu Z H, Niu S S, Wang E L and Chen X J 2018
Rev. Sci. Instrum. 89 033101

Becke A D 1993 J. Chem. Phys. 98 5648

Lee C T, Yang W T and Parr R G 1988 Phys. Rev. B 37 785

Dunning T H Jr. 1989 J. Chem. Phys. 90 1007

Barbatti M, Ruckenbauer M, Plasser F, Pittner J, Granucci G, Persico
M and Lischka H 2014 WIREs Comput. Mol. Sci. 4 26

Frisch M J, Trucks G, Schlegel H B, et al. Gaussian, Inc., Wallingford
CT, 2009

Duffy P, Cassida M E, Brion C E and Chong D P 1992 Chem. Phys.
159 347


http://dx.doi.org/10.1103/PhysRevLett.29.618
http://dx.doi.org/10.1103/PhysRevLett.29.618
http://dx.doi.org/10.1103/PhysRevLett.30.475
http://dx.doi.org/10.1103/PhysRevLett.33.459
http://dx.doi.org/10.1103/PhysRevLett.33.459
http://dx.doi.org/10.1103/PhysRevLett.52.1116
http://dx.doi.org/10.1103/PhysRevLett.64.1358
http://dx.doi.org/10.1103/PhysRevLett.64.1358
http://dx.doi.org/10.1126/science.270.5237.786
http://dx.doi.org/10.1103/PhysRevLett.112.023204
http://dx.doi.org/10.1103/PhysRevLett.112.023204
http://dx.doi.org/10.1071/PH950001
http://dx.doi.org/10.1103/PhysRevA.16.552
http://dx.doi.org/10.1103/PhysRevA.16.552
https://doi.org/10.1088/0953-4075/27/17/006
https://doi.org/10.1088/0953-4075/27/17/006
https://doi.org/10.1088/0953-4075/31/5/003
http://dx.doi.org/10.1103/PhysRevA.73.042714
http://dx.doi.org/10.1103/PhysRevLett.94.163201
http://dx.doi.org/10.1103/PhysRevA.73.022704
http://dx.doi.org/10.1103/PhysRevA.73.022704
http://dx.doi.org/10.1016/j.elspec.2005.11.003
http://dx.doi.org/10.1063/1.4752653
http://dx.doi.org/10.1063/1.4752653
http://dx.doi.org/10.1021/jp310722a
http://dx.doi.org/10.1021/jp310722a
http://dx.doi.org/10.1103/PhysRevA.99.062705
http://dx.doi.org/10.1016/j.chemphys.2020.110794
http://dx.doi.org/10.1103/PhysRevA.98.042710
http://dx.doi.org/10.1103/PhysRevA.105.042805
http://dx.doi.org/10.1103/PhysRevA.105.042805
http://dx.doi.org/10.1021/acs.jpca.2c09072
http://dx.doi.org/10.1021/acs.jpca.2c09072
http://dx.doi.org/10.1016/S1352-2310(97)00214-8
http://dx.doi.org/10.1021/acs.jpca.5b05080
http://dx.doi.org/10.1186/1465-9921-6-71
http://dx.doi.org/10.1016/j.cca.2010.06.005
http://dx.doi.org/10.1016/0009-2614(72)80373-7
http://dx.doi.org/10.1016/0022-2860(78)87010-0
http://dx.doi.org/10.1016/0022-2860(78)87010-0
http://dx.doi.org/10.1016/0375-9601(78)90371-7
http://dx.doi.org/10.1351/pac198855020289
http://dx.doi.org/10.1016/S0301-0104(98)00031-7
http://dx.doi.org/10.1016/S0301-0104(98)00031-7
http://dx.doi.org/10.1103/PhysRevA.94.052509
http://dx.doi.org/10.1063/1.5018665
http://dx.doi.org/10.1063/1.5018665
http://dx.doi.org/10.1063/1.464913
https://doi.org/10.1103/PhysRevB.37.785
http://dx.doi.org/10.1063/1.456153
http://dx.doi.org/10.1002/wcms.2014.4.issue-1
http://dx.doi.org/10.1016/0301-0104(92)87062-E
http://dx.doi.org/10.1016/0301-0104(92)87062-E

	1. Introduction
	2. Experimental and theoretical methods
	3. Results and discussion
	4. Summary
	References

