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The binding energy spectrum and electron momentum distributions for the outer valence
orbitals of n-propyl iodide molecule have been measured using the electron momentum spectrometer employing non-coplanar asymmetric geometry at impact energy of 2.5 keV plus
binding energy. The ionization bands have been assigned in detail via the high accuracy SACCI general-R method calculation and the experimental momentum proﬁles are compared with
the theoretical ones calculated by Hartree-Fock and B3LYP/aug-cc-pVTZ(C,H)6-311G∗∗ (I).
The spin-orbit coupling eﬀect and intramolecular orbital interaction have been analyzed
for the outermost two bands, which are assigned to the iodine 5p lone pairs, using NBO
method and non-relativistic as well as relativistic calculations. It is found that both of the
interactions will lead to the observed diﬀerences in electron momentum distributions. The
experimental results agree with the relativistic theoretical momentum proﬁles, indicating
that the spin-orbit coupling eﬀect dominates in n-propyl iodide molecule.
Key words: n-Propyl iodide, Electron momentum spectroscopy, Spin-orbit coupling eﬀect,
Intramolecular orbital interaction

butane [10], 1,3-butadiene [11], dimethoxymethane [12],
1-butene [13], tetrahydrofurane [14], ethanethiol [15],
ethanol [8, 16], or ethylamine [17]. EMS has also been
used to explore the spin-orbit (SO) coupling eﬀects on
the electronic structure of atoms [18, 19] and more recently on that of molecules [20−22].
SO coupling and IMO interaction are two competitive interactions within a molecule. They can co-exist in
one single molecule like halogenated alkanes. For halogenated alkane molecules, the highest-occupied molecular orbitals (HOMOs) are usually formed by the nonbonding lone pair electrons of halogen atoms X (X=F,
Cl, Br, I). The IMO interaction between lone pair orbitals (n) of halogen atom and other moieties of the
molecule is the origin of the delocalization of halogen
atomic lone pair electrons that leads to two diﬀerent
MOs. On the other hand, the SO coupling eﬀect, which
results from the interaction between the spin and orbital
angular momenta of the halogen lone pair electrons, will
cause the energy levels to split.
SO coupling eﬀect and IMO interaction have most
commonly been investigated by the high resolution photoelectron spectra (PES) [23−25]. If the IMO interaction is weak, for a halogenated alkane molecule of low
symmetry (Cs symmetry), the two lone pair orbitals
will energetically degenerate and can be approximated
as one. Due to the SO coupling eﬀect, the ionic term is
split into two levels 2 E3/2 and 2 E1/2 , and the twoioniza-

I. INTRODUCTION

Electron momentum spectroscopy (EMS) has been
developed as a powerful tool for investigating the electronic structures of atoms and molecules since the pioneering works of McCarthy, Weigold and co-workers
some forty years ago [1−4]. Two categories of information can be obtained by EMS: (i) binding energy
spectra (BES) over a wide energy range usually covering the complete valence shell, and (ii) the angular
distributions of (e, 2e) cross section for individual transitions giving rise to the peaks in BES. Within a series
of approximations including binary encounter approximation, weak coupling approximation, plane wave impulse approximation and target Hartree-Fock (HF) or
target Kohn-Sham (KS) approximation [5], the measured (e, 2e) cross section is proportional to the spherically averaged electron momentum distribution or electron momentum proﬁle for a speciﬁc molecular orbital
(MO).
During the last decades, EMS has been employed to
extensively investigate the intramolecular orbital (IMO)
interactions [6−8] and the related conformational eﬀect
for structurally versatile molecules such as glycine [9], n-
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tion bands will be observed in PES. The space of band
split will have full value of the SO interaction parameter
of the relevant halogen atoms [26]. If, on the other hand,
the IMO interaction is comparable to the SO coupling
eﬀect, the SO split bands of lone pair orbitals in PES
can also be assigned using normal symmetries of MOs.
In this situation, two split bands will overlap seriously,
due to the delocalization of MO electrons. The two SO
split bands will also show the vibrational ﬁne structures
due to their MO characters [26]. Halogenated alkanes
have received continuous interest from Novak and coworkers [25]. In their work, the IMO interactions were
studied by the photoelectron spectroscopy utilizing He
I and He II as well as synchrotron radiation.
Besides the band split, SO coupling eﬀect and IMO
interaction can also lead to the change of the electron
density distributions [27−29]. By measuring the collision energy dependence of partial ionization cross section (CEDPICS) employing Penning ionization electron
spectra (PIES) [30−35]. Tian et al. was able to investigate the competition between SO coupling eﬀect
and IMO interaction in a series of molecules including halogenated alkanes [36−39]. The anisotropy of an
MO electron density distribution can be reﬂected by the
slope parameters of the measured CEDPICS. However,
when the IMO interactions are too weak to compete
with the strong SO coupling eﬀect, the slope parameters of CEDPICS for the SO split bands are almost
equal. Thereby, the interaction anisotropy arising from
the diﬀerent electron distributions cannot be reﬂected
by CEDPICS for the SO split bands.
As we have mentioned, EMS can obtain not only
the ionization energies but also the electron momentum distributions for speciﬁc MOs as well [2]. From
this point of view, EMS is an ideal tool to evaluate
IMO interaction and SO coupling eﬀect in low symmetry halogenated alkanes. In this work, we report
the ﬁrst EMS study of n-propyl iodide (CH3 CH2 CH2 I)
molecule which is one of the smallest molecules undergoing IMO interaction and SO coupling simultaneously.
The electron binding energies and electron momentum
distributions for the outer valence orbitals are obtained.
The IMO interaction and SO coupling eﬀect are evaluated in aspects of energy as well as electron momentum
distributions. One complexity that must be pointed out
is that the IMO interaction is also the origin of the stereoelectronic eﬀect that determines the conformational
preferences of the molecule when the C−I group undergoes hindered internal rotations around nearby C−C
single bond. The n-propyl iodide has been conﬁrmed to
coexist in one trans and two equivalent gauche isomers
using infra-red spectra [40, 41] and microwave spectra
[42]. Therefore, the thermally averaging of the two conformers needs to be taken into account in the analysis.
The ionization potentials (IPs) are calculated by using the symmetry-adapted-cluster conﬁguration interaction (SAC-CI) general-R method [43] and relativistic
density functional (DFT) method [44, 45]. It is worth
DOI:10.1063/1674-0068/27/05/503-511

noting that the SAC-CI calculation does not include the
SO interaction. The relativistic and non-relativistic calculations of the theoretical electron momentum proﬁles
(TMPs) are also carried out for the comparison with
the experimental momentum proﬁles (XMPs).
II. EXPERIMENTAL AND THEORETICAL
BACKGROUNDS

The experiment has been carried out using the noncoplanar asymmetric (e, 2e) spectrometer which has
been described in detail elsewhere [46, 47]. In brief, the
incident electron beam generated from an electron gun
is accelerated to the energy of 2.5 keV plus the binding energy before colliding with the gas-phase molecular
target injected by a nozzle. The scattered electron outgoing along polar angle θ1 =14◦ passes through the fast
electron analyzer and is detected by a two dimensional
position sensitive detector (PSD) over a large range of
energies and azimuthal angles of interest. The ionized
electron outgoing along polar angle θ2 =76◦ enters into
the slow electron analyzer and is detected by a one dimension PSD.
From the conservation of energy and momentum, the
binding energy εf and the momentum p of the target
electron can be expressed by
εf = E0 − E1 − E2
p = p0 − p1 − p2

(1)
(2)

where Ei and pi (i=0, 1, 2) are energies and momenta
of the incident and two outgoing electrons respectively.
Under the present experimental conditions, the magnitude of the momentum of the target electron can be
expressed as
p = [p0 2 + p1 2 + p2 2 − 2p0 p1 cos θ1 − 2p0 p2 cos θ2 +
2p1 p2 (cos θ1 cos θ2 − sin θ1 sin θ2 cos ϕ)]1/2

(3)

where θ1 and θ2 are the polar angles of the scattered
and ejected electrons and ϕ is the relative azimuthal
angle between the two electrons.
Within the binary encounter approximation and the
plane wave impulse approximation, as well as target HF
approximation or target KS approximation, the diﬀerential cross section of (e, 2e) ionization can be expressed
as [2]
∫
d3 σ
2
(4)
∝ Sfi
dΩp |ϕi (p)|
dΩ1 dΩ2 dE2
where ϕi (p) is the momentum space canonical HF or
KS one-electron wavefunction of the ith orbital from
which the electron is ejected. The integral in Eq.(4) is
known as the spherically averaged one electron momentum distribution, or electron momentum proﬁle.
The electron momentum distributions for the SO
split components of lone pair electrons are calculated
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through Fourier transform and spherical integral of the
position space wavefunctions calculated by relativistic
DFT method. The position space SO wavefunctions can
be expressed as [48]:
Ψ(r) = Ψα (r) · α + Ψβ (r) · β

(5)

where α and β are the spin variables which are orthogonal with each other, and Ψα (r) and Ψβ (r) are the relevant space wavefunctions. Through Fourier transform,
we get the momentum space wavefunction,
ϕ(p) = ϕα (p) · α + ϕβ (p) · β

The non-relativistic TMPs for the outer valence orbitals
of the two conformers of n-propyl iodide can be calculated according to Eq.(4), while the relativistic TMPs
for the two SO split components of iodine lone pair
orbitals are calculated according to Eq.(7). HF and
DFT-B3LYP methods are adopted to calculate the nonrelativistic electron wavefunctions with aug-cc-pVTZ
basis sets for C and H and 6-311G∗∗ for I, while the relativistic wavefunctions are calculated by the relativistic DFT-B3LYP method with TZ2P basis sets, respectively.
For the sake of the comparison with the experiments,
the TMPs have been folded with the angular resolutions
using the Gaussian weighted planar grid methods [49].
The neutral molecular geometry and energy diﬀerences
of the two conformers are optimized and calculated using the second-order Møllet-Plesset perturbation (MP2)
method with aug-cc-pVTZ basis sets for C and H and
6-311G∗∗ for I. The geometrical structures of the two
conformers are shown in Fig.1. The relative populations of gauche- and trans-conformers depend on the
Gibbs free energy diﬀerence ∆G of the two conformers
[13]. The constant KT can be simply estimated by
∆G
RT

(8)

The calculated ∆G=1.33 kJ/mol corresponds to the
relative abundances of 54% and 46% for gauche- and
trans-conformers at room temperature.
In this work, all the non-relativistic calculations are
carried out by Gaussian 09 program [50], while the relativistic calculations are performed using Amsterdam
density functional 2012.01c program [44, 45].
The total energy and angular resolutions of the experimental setup are determined to be 1.0 eV (full width
DOI:10.1063/1674-0068/27/05/503-511

Trans

FIG. 1 Geometrical structure of n-propyl iodide.

(6)

Then, the electron momentum proﬁle can be given by
the spherically averaging of the electron momentum distribution,
∫
2
ρ(p) = dΩp |ϕ(p)|
∫
[
]
2
2
= dΩp |ϕα (p)| + |ϕβ (p)|
(7)

lnKT = −

Gauche

at half maximum (FWHM)) and ∆θ≈1◦ , ∆ϕ≈1◦ respectively by measuring Ar3p ionization. The n-propyl
iodide sample was purchased from Alfa Aesar Company
with >98% purity. No impurities were observed in the
spectrum.

III. RESULTS AND DISCUSSION
A. Binding energy spectra

The gauche-CH3 CH2 CH2 I belongs to the C1 point
group and the trans-CH3 CH2 CH2 I belongs to the Cs
point group. The ground state electronic conﬁgurations
of each conformers based on the HF calculation are:
(core)52 1(a)2 2(a)2 3(a)2 4(a)2
{z
}
| {z } |
Core
Inner valence
5(a)2 6(a)2 7(a)2 8(a)2 9(a)2 10(a)2 11(a)2 12(a)2 13(a)2
{z
}
|
Outer valence
for gauche and
(core)52 1(a′ )2 2(a′ )2 3(a′ )2 4(a′ )2
| {z } |
{z
}
Core
Inner valence
1(a′′ )2 5(a′ )2 2(a′′ )2 6(a′ )2 7(a′ )2 3(a′′ )2 8(a′ )2 4(a′′ )2 9(a′ )2
|
{z
}
Outer valence
for trans.
The binding energy spectrum (BES) of n-propyl iodide for the outer valence orbitals is shown in Fig.2(a).
Generally, four lobes are observed in the energy range
of 8−18 eV. Eight Gaussian peaks are chosen to ﬁt the
BES, as shown by the dashed curves in Fig.2(a). The
asymmetric Franck-Condon proﬁles of peak-3, 4, and 5
of PES [51] are deconvoluted by using asymmetric double Gaussian cumulative (ADGC) function [52]. The
ADGC functions are then convoluted with the present
instrumental energy resolution of 1.0 eV to produce the
widths of peak-3, 4, and 5 of the present BES. The
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FIG. 2 (a) Binding energy spectra of n-propyl iodide.
(b) Simulated binding energy spectra by SAC-CI generalR calculation.

widths of the other peaks (peak-1, 2, 6, 7, 8) are determined using the present instrument function folded
with the Franck-Condon widths of the PES. The positions of the Gaussian peaks are determined by the
high resolution PES IPs [51]. Small adjustments have
been applied to compensate the asymmetric shapes of
the Franck-Condon proﬁles. A weak structure observed
in PES [51] at 13.5 eV is not included in the present
deconvolution procedure because of the low energy resolution.
The assignments of the ionization peaks are not clear
in the previous PES works, except for the ﬁrst two
bands which can be assigned to the SO splitting of the
non-bonding lone pair orbitals of iodine (nI ). The coexisting of two conformers makes the assignment quite
complicated. Figure 2(b) shows the simulated BES employing the IPs by SAC-CI general-R calculations convoluting with the instrumental function of 1.0 eV. The
positions of the vertical bars are the calculated IPs and
the heights of them represent the calculated electron
intensities. Although the SAC-CI general-R methods
cannot reproduce the relativistic eﬀects of SO splitting
of nI , most of the features of the BES have been reproduced by the simulation. The intensity diﬀerence is due
to the inaccuracy of the SAC-CI calculations which generally underestimate the ionization potentials as shown
in Table I. By comparing the experimental BES with
the SAC-CI calculation, it can be seen that 9 orbitals
of each n-propyl iodide conformers are classiﬁed into
ﬁve groups: peak-1+2 for 13a+12a/9a′ +4a′′ , peak-3 for
11a/8a′ , peak-4+5 for 10a+9a+8a/3a′′ +7a′ , peak-6 for
7a/6a′ +2a′′ , and peak-7+8 for 6a+5a/5a′ +1a′′ . The orbital correlation maps of the two conformers are shown
DOI:10.1063/1674-0068/27/05/503-511
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FIG. 3 The orbital correlation of the two conformers of npropyl iodide. The orbital maps for the gauche- and transconformers are calculated by HF/aug-cc-pVTZ(C,H)6311G∗∗ (I). The ionization potentials are calculated by SACCI general-R methods.

in Fig.3. The results of IPs of the present EMS, SACCI and relativistic DFT calculations as well as previous
PES are listed in Table I.

B. Comparisons of experimental and theoretical
momentum profiles

The XMPs are extracted by deconvoluting the ionization peaks from the BES at diﬀerent azimuthal angles ϕ and plotting the area under the corresponding
ﬁtted peak as a function of target electron momentum. The XMPs together with the corresponding thermally averaged TMPs for gauche- and trans-conformers
are depicted in Fig.4. The XMPs and TMPs are area
normalized by comparing the XMPs of peak-1+2 with
the corresponding TMPs of HF/aug-cc-pVTZ(C,H)6311G∗∗ (I) results.
Figure 4(a) shows the summed XMP for peak-1 and
peak-2, which correspond to the SO split components
of lone pair orbitals of iodine 5p (13a/9a′ and 12a/4a′′ ).
Obviously, it shows a typical “p-type” character which
is in good agreement with the HF and DFT-B3LYP
calculations.
Peak-3 corresponds to the ionization from the C−I
bonding orbitals 11a/8a′ of the two conformers with a
little bit of non-bonding iodine 4p lone pair and C−H
bonding for 11a and C−C bonding for 8a′ . The TMPs of
individual gauche- and trans-conformers both show “sptype” character with a second maximum at p≈1.0 a.u.
as shown in Fig.4(b). The thermally averaged TMPs
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FIG. 4 The experimental and thermally averaged TMPs of the outer valence orbital of n-propyl iodide. (a) Peak-1+2
for 13a+12a+9a′ +4a′′ , (b) peak-3 for 11a+8a′ , (c) peak-4+5 for 10a+9a+8a+7a′ +3a′′ , (d) peak-6 for 7a+6a′ +2a′′ , and
(e) peak-7+8 for 6a+5a+5a′ +1a′′ .

TABLE I Ionization potential of present EMS measurement, PES results, SAC-CI general-R calculations and relativistic
DFT calculations.
Peaks
Expt. IP/eV
Gauche (SAC-CI)
Trans (SAC-CI)
Relativistic DFT
PESa
EMS
IP/eV
Intensity
Config.b
IP/eV
Intensity
Config.b
Gauche
Trans
′
Peak-1
9.26
9.26
9.012
0.86
0.93 (13a)
9.130
0.84
0.97 (9a )
6.55
6.57
′′
Peak-2
9.82
9.82
9.039
0.86
0.93 (12a)
9.145
0.84
−0.97 (4a )
7.04
7.06
′
Peak-3
11.38
11.50
10.732
0.85
0.97 (11a)
11.003
0.84
0.97 (8a )
8.89
9.01
′′
Peak-4
12.19
12.31
12.079
0.84
0.94 (10a)
12.332
0.83
−0.96 (3a )
9.63
9.46
′
Peak-5
12.85
12.97
12.223
0.84
0.95 (9a)
12.525
0.83
0.96 (7a )
9.85
9.84
′
Sc
13.50
12.693
0.84
−0.94 (8a)
13.753
0.82
−0.95 (6a )
10.27
11.12
′′
Peak-6
14.32
14.32
14.063
0.83
−0.95 (7a)
14.098
0.82
0.95 (2a )
11.43
11.21
′
Peak-7
15.44
15.44
15.166
0.83
−0.93 (6a)
14.893
0.83
−0.96 (5a )
12.56
11.92
′′
Peak-8
15.90
15.90
15.487
0.82
−0.93 (5a)
16.300
0.81
0.95 (1a )
12.80
13.19
a
b
c

High resolution photoelectron spectroscopy from Ref.[51].
Main configuration (|C|>0.3).
Weak structure identified in PES [51].

are consistent with the XMPs in shape but underestimate the intensity between 0.4 and 0.9 a.u. Such phenomenon may be ascribed to the ultrafast motion of the
atoms during the ionization. While the C−I bonds are
broken on the kicking out of the relevant orbital electron, the molecule will dissociate. Estimated from the
potential energy curve of the reaction paths [53], the
time for the C−I bond extending from stable geometry (2.12 Å for gauche- and 2.11 Å for trans-conformer)

DOI:10.1063/1674-0068/27/05/503-511

to 2.50 Å is about several femtosecond, which is comparable to the collision time of the electron impact reaction. The TMPs at diﬀerent C−I lengths of neutral n-propyl iodide are calculated using HF/aug-ccpVTZ(C,H)6-311G∗∗ (I). As is expected, the intensities
in the middle momentum region arise with the extension of the C−I bonds while the intensities reduce in the
low momentum region, as shown in Fig.5(a), indicating
the possible ultrafast nuclear motion.
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mains unclear.
For the last lobe in BES, peak-7+8, which corresponds to C−C and C−H bonding orbitals of
6a+5a/5a′ +1a′′ , the XMP shows a “p-type” character (Fig.4(e)). Both HF and DFTB3LYP/aug-ccpVTZ(C,H)6-311G∗∗ (I) calculations well reproduce the
experiment.

C. Evaluation of spin-orbit coupling effect and
intramolecular orbital interaction

FIG. 5 (a) TMPs comparing with XMPs for thermally averaged TMPs of peak-3 for 11a+8a′ at different C−I bond
length. The solid line indicates the thermally averaged
TMPs of the stable geometry. (b) TMPs of peak-4 for
10a+9a+8a of gauche-conformer and 3a′′ +7a′ +6a′ of transconformer together with XMPs of peak-4+5. (c) TMPs of
peak-6 for 7a+2a′′ comparing with XMPs of peak-6.

The comparisons of TMPs and XMPs for peak-4+5
(10a+9a+8a++7a′ 3a′′ ) and peak-6 (7a+6a′ +2a′′ ) are
shown in Fig.4 (c) and (d). The TMPs for peak-4+5
underestimate the intensity of the XMPs in the middle
momentum region while the TMPs for peak-6 overestimate the intensity over the whole momentum range.
Such disagreements may result from the ascription of
6a′ orbital. The results of the SAC-CI calculation indicate that 6a′ orbital of the trans-conformer is very
close to the 2a′′ orbital as comparing 8a to 7a of the
gauche-conformer. The calculation may overestimate
the ionization potential of 6a′ of the trans-conformer.
To testify this possibility, the TMP of 6a′ is included in
peak-4+5. As shown in Fig.5 (b) and (c), the agreement
between TMPs and XMPs for peak-4+5 and peak-6 has
signiﬁcantly been improved, except the low momentum
region for peak-4+5. The reason of the discrepancy reDOI:10.1063/1674-0068/27/05/503-511

SO coupling and IMO interaction may co-exist in
n-propyl iodide. As can be seen in Table I, the nonrelativistic calculation of SAC-CI general-R predicts
that the energy diﬀerence between peak-1 (13a/9a′ ) and
peak-2 (12a/4a′′ ) is 0.027 eV for gauche-conformer and
0.015 eV for trans-conformer, which is much smaller
than the experimental result (0.56 eV). On the other
hand, the relativistic DFT/TZ2P calculation predicts
the IPs of the ﬁrst two bands to be 6.55 and 7.04 eV
for gauche-conformer and 6.57 and 7.06 eV for transconformer. The energy diﬀerence is 0.49 eV, which is
comparable to the experimental observation (0.56 eV).
Note that the SAC-CI general-R calculation implies the
consideration of IMO interactions but does not include
SO coupling. The result indicates that the IMO interactions between iodine 5p lone pairs and other moieties
of n-propyl iodide molecule will not lead to an observed
energy diﬀerence for the ﬁrst two bands. However, this
does not necessarily mean the absence of the IMO interactions. As can be seen in the orbital maps in Fig.3, for
the HOMOs 13a/9a′ and next HOMOs 12a/4a′′ , the
delocalization of electron density distribution of nI is
obvious, which is the result of the hyperconjugative interaction [8, 28, 29].
Natural bond orbital (NBO) theory [54, 55] has been
extensively used to analyze the IMO interactions. NBO
analysis transforms the canonical delocalized MOs into
the localized orbitals, and the hyperconjugative interaction can be treated by
E(2) = −

nσ Fij2
∆ε

(9)

where Fij is the Fock matrix between the unperturbed
occupied σ and unoccupied antibonding σ ∗ natural orbitals, nσ is the σ population, and ∆ε is the energy
diﬀerence between the unperturbed σ and σ ∗ orbitals.
The NBO analyses are performed with NBO 5.9 program [55]. The results are listed in Table II. The nI →σ ∗
interactions lead to the lowered energy levels of the occupied orbitals. The energy lowering due to these delocalization interactions can be approximated by the
sum of the E(2) energies. For HOMO (n⊥
I ) and next
∥
HOMO (nI ) of gauche-conformer, the energy levels are
lowered by ∼0.250 and ∼0.271 eV respectively. While
for trans-conformer, the energy declines of HOMO (n⊥
I )
c
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TABLE II The NBO analyses of gauche- and transconformers of n-propyl iodide.
Donora

Gauche
Acceptor
∗
σC1−H4
∗
σC1−H5
∗
σC1−C2
∗
σC3−H9
∗
σC1−H5
∗
σC2−H6

n⊥
I
∥

nI

E(2)b
3.58
2.19
3.41
0.51
1.47
0.86

Trans
Acceptor
E(2)b
∗
σC1−H4
3.09
∗
σC1−H5
3.09
∗
3.22
σC1−C2
∗
0.91
σC1−H4
∗
0.91
σC1−H5
∗
1.19
σC2−C3

∥

n⊥
I and nI refer to the unperturbed 5p lone pair orbitals
of iodine atom. σ ∗ represent unoccupied anti-bonding
orbitals.
b
E(2) is in kcal/mol. The values smaller than
0.5 kcal/mol are omitted.
a

∥

and next HOMO (nI ) are estimated to be ∼0.268 and
∼0.270 eV. These will lead to energy diﬀerences of 0.021
and 0.002 eV for gauche- and trans-conformers, which
are consistent with the non-relativistic calculations.
On the other hand, the hyperconjugative interactions will lead to the delocalization of the iodine 5p
lone pairs of HOMO and next HOMO for both gaucheand trans-conformers and result in an observed diﬀerence in electron density distributions. In both con∗
formers, two predominant nI →σCH
interactions lead to
the two delocalized components σC1−H4 and σC1−H5
∗
of HOMO, while the predominant nI →σCC
interaction leads to the delocalized component σC1−C2 of
next HOMO. The non-relativistic calculated TMPs
by B3LPY/aug-cc-pVTZ(C,H)6-311G∗∗ (I) for HOMO
(13a) and next HOMO (12a) of gauche-conformer, and
TMPs for HOMO (9a′ ) and next HOMO (4a′′ ) of transconformer are shown in Fig.6 (a) and (b). It can be seen
that, including IMO interactions, the non-relativistic
TMPs show distinct diﬀerence, having lower intensity
for HOMO than for next HOMO in the momentum region p<0.5 a.u. As shown in our previous work in CF3 I
[20], the diﬀerent SO split components of nI also exhibit
diﬀerent momentum distributions due to the relativistic eﬀect. The intensity of momentum distribution for
large j component (HOMO: 2 E3/2 ) in low momentum
region is larger than that for small j component (next
HOMO: 2 E1/2 ) and the case is inversed in high momentum region. The same situation can be observed in the
relativistic calculated TMPs by DFT/TZ2P in Fig.6 (c)
and (d).
In order to compare the XMPs with the TMPs for
HOMO and next HOMO, we plot individual XMPs
of peak-1 and peak-2 in Fig.6(e) together with the
thermally averaged relativistic TMPs.
Although
the uncertainties are pretty large, it is obvious that
intensity of XMP for HOMO (2 E3/2 ) in low momentum
region is larger than that for next HOMO (2 E1/2 ),
DOI:10.1063/1674-0068/27/05/503-511

FIG. 6 The TMPs and XMPs for HOMO and next HOMO.
Non-relativistic calculated TMPs for (a) gauche-conformer
and (b) trans-conformer by B3LPY/aug-cc-pVTZ(C,H)6311G∗∗ (I). Relativistic calculated TMPs for (c) gaucheconformer and (d) relativistic TMPs for trans-conformer
by DFT/TZ2P. (e) Thermally averaged TMPs of gaucheconformer and trans-conformer together with the XMPs
(solid line is HOMO relativistic calculated TMPs by
DFT/TZ2P, dash line is next HOMO relativistic calculated
TMPs by DFT/TZ2P).

indicating that the SO coupling eﬀect dominates in the
ﬁrst two bands of n-propyl iodide.

IV. CONCLUSION

In this work, we have reported the ﬁrst EMS measurements on the outer valence orbitals of n-propyl iodide. The binding energy spectrum and electron momentum distributions have been obtained. The results
are interpreted by both non-relativistic and relativistic calculations taking into account the relative abundance of 54% for gauche- and 46% for trans-conformers.
The ionization peaks have been assigned in detail by
the comparison between the experimental BES and the
simulated BES using the results of calculation by the
high accuracy SAC-CI general-R method. The XMPs
are compared with the TMPs calculated by HF and
c
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B3LYP/aug-cc-pVTZ(C,H)6-311G∗∗ (I). The XMPs for
the ﬁrst two bands have been extracted and compared
with non-relativistic and relativistic calculations. Both
NBO analysis and non-relativistic calculated TMPs
show that IMO interactions play roles in HOMO and
next HOMO of n-propyl iodide, which are iodine lone
pair orbitals, and lead to an observed diﬀerence in
TMPs. On the other hand, the relativistic calculations
show that the SO coupling eﬀect leads to the splitting
of the ﬁrst two bands. The relativistic eﬀect will also
result in an observed diﬀerence in TMPs. It is found
that SO coupling eﬀect and IMO interaction lead to
opposite trends in the change of electron momentum
distributions. The experimental results agree with the
relativistic TMPs, indicating that the SO coupling effect dominates in n-propyl iodide.
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