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Vibronic coupling plays a crucial role in x-ray photoelectron spectra (XPS) of molecules. In a series of
three papers, we present a comprehensive exploration of the N-heterocycles family, known for their diverse
structures, to summarize the general rules of vibronic coupling in high-resolution vibrationally resolved XPS
spectra at the N 1s edge. Building upon our previous studies on six-membered monocyclic azines [Phys.
Rev. A 106, 022811 (2022)] and fused bicyclic compounds indoles with five and six members [Phys. Rev.
A 108, 022816 (2023)], in this study, we focus on investigating a series of 12 five-membered N-heterocycles
using Franck-Condon simulations, incorporating Duschinsky rotation effects and density functional theory.
Our calculations reveal distinct spectral characteristics of amine and imine within these 12 systems in binding
energies, spectral characteristics, structural changes, vibrational coupling strengths, and effects of hydrogenation.
Furthermore, we expand our analysis to encompass all 35 N-heterocycles discussed in the three papers and
consolidate these findings into the general rules. We find that 1s ionization in amine nitrogen induces more
substantial geometrical changes, resulting in larger vibronic coupling strength compared to imine nitrogens. The
spectra of imine nitrogens exhibit two distinct characteristic peaks originating from the 0-0 and 0-1 transitions,
whereas the spectra of amine nitrogens are characterized by a broad peak with numerous weak fingerprints due to
significant mixing of various 0-n transitions. We observe that amine (imine) nitrogens generally cause a negative
(positive) change in zero-point vibrational energy. This study provides valuable insights into vibronic coupling
in N-heterocycles, shedding light on the distinguishing features and behavior of amine and imine nitrogens in
vibrationally resolved XPS spectra.
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I. INTRODUCTION

X-ray photoelectron spectroscopy (XPS) is one of the most
successful spectroscopic techniques and is widely used in
molecules and materials. Existing experimental databases for
XPS [1–8] collect important reference data for a large number
of molecules and materials, which facilitate spectral interpre-
tation and help to interpret the physical and chemical insights
behind the data [9–11]. However, most libraries report only
binding energy (BE) data (sometimes with inconsistency) and
important spectral profile information is missing. A high-
resolution theoretical library is urgently needed to reveal the
physical nature and provide a better reference for the struc-
tural characterization.

Vibronic coupling plays an important role in XPS which
defines its high-resolution fine structures. To understand
the physical nature of vibronic coupling in molecular XPS
spectra, we focused on the nitrogen-heterocycle compounds
and performed accurate theoretical calculations for a num-
ber of molecules. These compounds, which only contain
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three elements, C, N, and H, are important building blocks
in the fields of photochemistry, biology, materials sci-
ence, and pharmacy, and exhibit rich structural flexibility
to study structure-spectroscopy relationships. The search
for the rules of vibronic coupling is a necessary prelimi-
nary study for the automatic construction of a theoretical
library with a large number of molecules. This is be-
cause the computation for excited states with a core hole
is challenging and sometimes convergence problems occur
during the self-consistent field or geometric optimization
steps.

We would like to follow up on the early pioneering work
of Siegbahn [9,12–17], who investigated families of systems
by high-resolution experiments and calculations, and simulate
the accurate vibrationally resolved XPS of molecules with
similar structures on the same basis. In previous papers of this
series, we have systematically studied azines [18] (paper I)
and indoles [19] (paper II). These are monocyclic compounds
with six-membered rings and bicyclic compounds consisting
of fused five- and six-membered rings, respectively. Good
agreement was obtained with the experiments and some gen-
eral structure-spectroscopy rules were established. Therefore,
it is natural and necessary to investigate the performance of
pure five-membered ring compounds in this work (paper III).
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A total of 12 monocyclic compounds with five-membered
rings were selected in this study. These include two pyr-
role and three pyrroline isomers, pyrazoline, two diazoles
(imidazole and pyrazole), three triazoles (1,3,4-triazole, 1,2,5-
triazole, and 1,2,4-triazole), and one anion cyclo-N−

5 . Pyrrole
and imidazole are essential building block molecules in bio-
logical systems and are found in compounds, such as amino
acids (e.g., tryptophan and histidine) and porphyrins [20–22].
Pyrroline, on the other hand, is commonly found in nat-
ural products, drug molecules, and synthetic intermediates.
It has various applications in medicine [23–26] and pesti-
cides [26,27]. Although pyrazole is rare in nature, its deriva-
tives exhibit diverse pharmacological activities [28]. Triazoles
have significant potential for applications in nitrogen-rich
high-energy density materials (HEDMs) due to their high
thermal stability and positive enthalpy of formation [29,30].
The cyclopentazole anion cyclo-N−

5 represents an important
structural motif and has attracted significant research interest
in recent years [31–33].

To our knowledge, XPS experiments [2] on these com-
pounds are relatively outdated and have low resolution. Core
binding energies were reported for part of systems like pyr-
role [2,34–36] and imidazole [37]. While gas-phase N 1s
XPS spectra have been measured for pyrrole, the limited pre-
cision hampers further vibronic analysis [2]. Solid-state BE
measurements are also accessible (e.g., pyrazole [38]), but
the crystal surroundings cause the BEs (and spectral profiles)
to differ from those in the gas phase. In light of this, our
study aims to provide accurate and vibrationally resolved N
1s XPS spectra for 12 commonly encountered five-membered
heterocyclic complexes. Moreover, we endeavor to establish
general rules for small N-heterocycles based on comprehen-
sive data acquired throughout the three papers in this series.
Our analyses will encompass chemical shifts, fine structures,
vibronic transitions, and active vibrational modes, and will
particularly focus on distinguishing features between amine
(-N <) and imine (=N-) nitrogens.

In small molecules, amine and imine nitrogens exhibit
characteristic 1s binding energies [39]. The two bonding
types are essential components in a wide variety of large
systems, including DNA [40], enzymes [41], coordination
complexes (as ligands) [42], and so on. Amine and imine
nitrogens have become valuable building blocks for syn-
thetic chemists, with wide applications in supramolecular
and dynamic covalent chemistry [43,44], and the synthesis
of covalent organic frameworks (COFs) [45,46]. It would be
meaningful to investigate the intrinsic properties of amine and
imine nitrogens, although in complex material environment
may also enforce interactions. 1s electrons are deeply bound
in atoms; in this work, we wish to go beyond the core binding
energies and study their vibronic properties regarding 1s core
ionizations.

The structure of this work is organized as follows. Sec-
tion II briefly outlines the computational details employed in
this study. Subsequently, in Sec. III, we present the results
obtained for the 12 five-membered molecules. In Sec. IV,
we summarize the general vibronic rules derived from the
complete data set encompassing 35 molecules across all three
papers. Finally, we provide concluding remarks and an out-
look for future research.

II. COMPUTATIONAL DETAILS

The computational methods were described in detail pre-
viously [18,19], so that only brief expositions are given here.
All electronic structure calculations were performed using the
GAMESS-US package [47,48] at the density functional theory
(DFT) level with the B3LYP functional [49–51]. The vi-
bronic fine structure was calculated using a modified DYNAVIB

package [52,53]. Within the harmonic oscillator approxima-
tion, the Duschinsky rotation (DR) effect [54] was included
to calculate the Franck-Condon (FC) factors. The normal
modes of the ground (q′) and core-ionized (q) electronic
states, described by column vectors, are linearly related by the
Duschinsky transformation, q′ = Jq + k. Here J and k refer
to the Duschinsky rotation matrix and the displacement vector,
respectively. The FC amplitude 〈0|0〉 was computed based on
vibrational frequencies and displacements, and then ampli-
tudes 〈0|n〉 in a recursive manner starting from 〈0|0〉 [55–57].
The FC factor is computed as the square of the FC amplitude.
No temperature effect was considered (i.e., T = 0 K).

From the electronic structure calculations, we obtained the
vertical (Ivert) and adiabatic (Iad) ionic potentials (IPs) and the
difference of zero-point vibrational energies (ZPE) between
the final full core hole (FCH) state and the initial ground state
(GS) (�ε0). We followed our previous studies [18] to use
DR to label the 0-0 vibrational transition energy as EDR

00 (to
distinguish with the linear coupling method [58,59] within the
framework of Frank-Condon simulations) [18,19]:

Ivert = EFCH|min GS − EGS|min GS + δrel, (1)

Iad = EFCH|min FCH − EGS|min GS + δrel, (2)

�ε0 = εFCH
0 − εGS

0 , (3)

EDR
00 = Iad + �ε0. (4)

Here EGS and EFCH stand for the total energies of the GS and
FCH states, respectively. min GS and min FCH denote op-
timized structures of the two states. To account for the scalar
relativistic effect of the N 1s core hole, the calculated IPs were
calibrated by adding a uniform shift of δrel = 0.3 eV [60].

Stick spectra were convoluted with a Lorentzian line shape
function. Half width at half width at half maximum (HWHM)
of γ = 0.05 eV was used for most systems [18,19]. To better
visualize the profile details, slightly smaller γ = 0.04 eV (for
2-pyrroline) and γ = 0.03 eV (for pyrrole and cyclo-N−

5 )
were used. It is necessary to note that, for simplicity, here γ is
to phenomenologically take into account the influence of all
factors (lifetime, instrument resolution, nuclear motion, envi-
ronmental effect, etc.) on the experimental linewidth, which
are smaller than the experimental N 1s core-hole HWHM
lifetime of 0.065 eV [61]. For more advanced broadening, one
can turn to the Voigt convolution with separated influences
of the lifetime (Lorentzian) and other factors (Gaussian) [62].
The convergence threshold for the FC factors was set at 0.99
throughout this work. For molecules with multiple nitrogens,
the sum of individual atom-specific spectra leads to the total
spectrum. All raw numerical data for the theoretical spectra
and Cartesian coordinates of the optimized geometries are
available online [63].
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TABLE I. Vertical and adiabatic ionization potentials (Ivert and Iad), their difference (�I), the 0-0 transition energy (E 00
DR), and the ZPE

difference (�ε0) [see Eqs. (2) and (3)] of all systems simulated with B3LYP. All energies are in eV. N∗ denotes the core-ionized N atom; amine
(bold) and imine (normal) N atoms are indicated by different fonts. Relative deviations to experiments are given in parentheses.

Molecule N∗ Expt. Ivert Iad �I EDR
00 �ε0

2H-pyrrole N 404.20 404.06 0.14 404.10 0.04
1-pyrroline N 404.37 404.21 0.16 404.23 0.02
3-pyrroline N 404.50 404.21 0.29 404.23 0.02
2-pyrroline N 404.84 404.57 0.27 404.57 0.00
1H-pyrrole N 406.15a/406.10b/ 406.03 (−0.12/0.07/ 405.76 (−0.39/ − 0.34 0.27 405.73 −0.03

406.00c/406.18d +0.03/−0.15) −0.24/−0.42)
imidazole N1 405.60e 406.59 (+0.99) 406.23 (+0.63) 0.36 406.16 −0.07

N2 403.90e 404.25 (+0.35) 404.06 (+0.16) 0.19 404.10 0.04
pyrazole N1 406.83 406.45 0.38 406.38 −0.07

N2 405.10 404.94 0.16 404.96 0.02
2-pyrazoline N1 405.41 405.06 0.35 405.03 −0.03

N2 405.32 405.16 0.16 405.16 0.00
1, 3, 4-triazole N1 407.23 406.86 0.37 406.78 −0.08

N2 405.21 405.04 0.17 405.06 0.02
1, 2, 5-triazole N1 407.87 407.39 0.48 407.30 −0.09

N2 405.98 405.80 0.18 405.79 −0.01
1, 2, 4-triazole N1 407.44 407.02 0.42 406.93 −0.09

N2 405.71 405.53 0.18 405.53 0.00
N3 404.91 404.69 0.22 404.71 0.02

cyclo-N−
5 N 400.58 400.28 0.30 399.98 −0.03

aJolly et al. [2].
bGelius et al. [34].
cPan et al. [35].
dCavell et al. [36].
eNolting et al. [37].

III. RESULTS FOR FIVE-MEMBERED N-HETEROCYCLES

A. Statistics on IPs

Table I presents the vertical (adiabatic) N 1s IPs calcu-
lated by B3LYP for all systems and the visualization is also
provided in Fig. S1. The only anion cyclo-N−

5 exhibits the
lowest vertical (400.6 eV) and adiabatic (400.3 eV) IPs, which
differs significantly from the remaining molecules. For these
molecules, there are a total of 20 N centers, comprising 9
amine and 11 imine nitrogen atoms. The vertical (adiabatic)
IPs range from 404.2 to 407.9 eV (404.1 to 407.4 eV) span-
ning a range of 3.7 eV (3.1 eV). Amine and imine nitrogens
can be readily distinguished based on their IPs: amine N
atoms generally show larger vertical (adiabatic) IPs of 404.5–
407.9 eV (404.2–407.0 eV), whereas imine N atoms have IPs
ranging over 404.2–406.0 eV (404.1–405.8 eV). It should be
noted that there is some overlap between the two regions.

The core ionization-induced structural relaxation effect in
the excited-state potential energy surface (PES) can be es-
timated by calculating the difference between vertical and
adiabatic IPs, defined as

�I ≡ Ivert − Iad = EFCH|min GS − EFCH|min FCH. (5)

This difference of ionization potential, �I , is always non-
negative. Our calculations revealed that amine nitrogen atoms
(0.3–0.5 eV) exhibit larger �I values compared to imine ni-
trogen atoms (0.1–0.2 eV). This indicates that amine nitrogens
undergo larger changes in geometrical structure compared to
imine nitrogens.

Our theoretical results agree well with the experi-
ments [2,34–37]: the deviations ranged from −0.2 to 1.0 eV
for the vertical IPs and from −0.4 to 0.6 eV for the adi-
abatic IPs. It is necessary to mention that experimental IP
value is usually read from the center of the broadened spec-
tral profile. Calculations based on vertical and adiabatic IPs
provide complementary information for comparison. Here,
these discrepancies are consistent with the typical accuracy
range of 0.5–1.0 eV observed in the �Kohn-Sham method for
predicting 1s binding energies of light elements [39,64–67].

B. Changes in structure

Table II summarizes the local structural parameters near
the ionized nitrogen (N∗) for all molecules at the optimized
FCH state and the changes compared to the corresponding
optimized ground state. We note that, at each N site, the
two N–X (X = C, N) distances (in the ground state) exhibit
a more pronounced accordance with the Kekulé structures,
demonstrating a distinct pattern of one long and one short
distance. Let us use Na and Ni to denote an amine and imine
nitrogen, respectively. The N∗-X bond lengths exhibit distinct
differences for the two types: N∗

a -X is consistently elongated
compared to the ground state, whereas N∗

i -X can either be
elongated or shortened. The variation of N∗-X of amine N
atoms (0.00–0.17 Å) is larger than that of imine N atoms
(0.00–0.06 Å). All N∗

a -H bond lengths are found to be 0.97–
0.98 Å, which are reduced by 0.02–0.04 Å compared to those
in the GS geometries. Meanwhile, we observed a consistent

022820-3



WEI, ZUO, TIAN, AND HUA PHYSICAL REVIEW A 109, 022820 (2024)

TABLE II. Structures in the final-state geometry (min FCH) of each molecule, changes (included in parentheses) to the ground-state
geometry (min GS), and RMSD values (in Å) between them (superimposed subject to the smallest RMSD). Only the bond lengths (in Å) and
angles (in deg) surrounding each ionized nitrogen atom (N∗) are listed. Amine N (N∗

a ) (boldface); imine N (N∗
i ) (lightface).

Molecules N∗ N∗
a -C N∗

a -H N∗
i -C ∠C-N∗

a -C ∠C-N∗
i -C RMSD

2H-pyrrole N 1.44(−0.02); 1.29(+0.00) 109.2(+3.2) 0.03
1-pyrroline N 1.50(+0.03); 1.25(−0.01) 112.3(+3.5) 0.04
3-pyrroline N 1.50(+0.03); 1.50(+0.03) 0.97(−0.04) 112.9(+3.5) 0.10
2-pyrroline N 1.46(+0.06); 1.52(+0.04) 0.97(−0.04) 109.0(+3.0) 0.15
1H-pyrrole N 1.44(+0.07); 1.44(+0.07) 0.98(−0.02) 108.7(−1.2) 0.03
imidazole N1 1.49(+0.13); 1.43(+0.05) 0.98(−0.02) 104.7(−2.6) 0.05

N2 1.37(+0.00); 1.31(+0.00) 109.1(+3.6) 0.04
pyrazole N1 1.51(+0.17);a 1.40(+0.04) 0.98(−0.03) 110.5(−2.7)c 0.05

N2 1.34(+0.00);b1.34(+0.01) 107.0(+2.8)e 0.04
2-pyrazoline N1 1.55(+0.15);a 1.48(+0.00) 0.98(−0.02) 110.8(+2.3)c 0.09

N2 1.45(+0.06);b1.26(−0.02) 111.2(+2.4)e 0.04
1, 3, 4-triazole N1 1.46(+0.09); 1.46(+0.09) 0.98(−0.02) 102.1(−2.5) 0.04

N2 1.41(+0.03);b1.29(−0.02) 110.3(+2.9)e 0.03
1, 2, 5-triazole N1 1.45(+0.12);a1.45(+0.12)a 0.98(−0.02) 113.7(−2.9)d 0.07

N2 1.33(−0.00); 1.34(+0.00)b 105.2(+2.5)e 0.04
1, 2, 4-triazole N1 1.50(+0.14);a1.42(+0.07) 0.98(−0.02) 107.2(−3.1)c 0.05

N2 1.35(−0.01);b1.34(+0.02) 104.4(+2.5)e 0.04
N3 1.37(+0.00); 1.31(+0.00) 106.2(+3.4) 0.04

aN∗
a -N.

bN∗
i -N.

c∠C-N∗
a -N.

d∠N-N∗
a -N.

e∠C-N∗
i -N.

increase in the bond angle ∠C-N∗
i -X upon ionization of the

imine N atoms. The increment ranges over 3.2–3.6◦ when
X represents carbon and 2.4–2.9◦ when X represents nitro-
gen. However, for amine N atoms, the bond angle ∠X -N∗

a -X
decreases for almost all molecules, except for the nonplanar
molecules 2-pyrroline, 3-pyrroline, and N1 in 2-pyrazoline.

To reflect the global structural change, the root-mean-
squared deviation (RMSD) values between the two structures
were calculated and listed in Table II. Generally, amine ni-
trogens (0.03–0.15 Å) give larger RMSD values than imine
nitrogens (0.03–0.04 Å).

C. Huang-Rhys factors (Si) and the vibrational
reorganization energies (Er)

Table III presents the computed vibrational frequencies and
Huang-Rhys factors (HRFs) for all molecules in their N 1s
ionized states. The HRF is defined as follows:

Si = 1

2h̄
ωik

2
i . (6)

Here, ki denotes the ith elements of the displacement column
vector k and ωi represents the vibrational frequency of mode
i in excited state. The square root of the HRF is commonly
referred to as the electron-phonon coupling strength (λi), that
is,

λi = √
Si. (7)

In our analysis, we employed a threshold of Si � 0.3 for all
N∗ atoms (in practice, we used Si to filter). Amine nitrogen

ionizations (2–5 modes) generally correspond to more active
vibrational modes than imine nitrogens (1–2 modes). Notably,
we observed that only weak electron-phonon coupling (Si <

1.0) was evident across all modes for all imine nitrogens. In
contrast, amine nitrogens exhibited modes with intermediate
(Si ≈ 1.0) or strong (1.0 � Si � 2.2) electron-phonon cou-
pling strengths.

It is found that, for imine nitrogen ionizations, at least
one ring-deformation mode is Franck-Condon active. This
does not hold true for amine nitrogen ionizations. In the
latter case, N-X stretching modes (where X is a C or N
atom) are commonly recognized as active, typically exhibiting
strong electron-phonon coupling values. Furthermore, active
modes associated with the N-H bonds, such as N-H wagging
(3-pyrroline), N-H stretching (3-pyrroline and 1,2,5-triazole),
and N-H deformation (3-pyrroline, 1-pyrrole, and imidazole)
are also found for amine N ionizations in some molecules. We
also calculated the total vibrational reorganization energy as
given by,

Er =
∑

i

Sih̄ωi, (8)

for each molecule, which is closely associated with struc-
tural changes. Our calculations revealed that amine nitrogens
(0.51–0.63 eV) exhibit significantly higher reorganization
energy compared to imine nitrogens (0.10–0.34 eV). This
indicates that ionization in amine nitrogen atoms induces
more pronounced structural deformation than in imine ni-
trogen atoms [68]. Consequently, it is reasonable to observe
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TABLE III. Analysis of selected vibrational modes with large (with a threshold Si � 0.3) Huang-Rhys factors for the 11 five-membered
molecules. Vibrational frequencies ωi, electron-phonon coupling strength (λi), and the total vibrational reorganization energy (Er) of the excited
(FCH) state are given. Amine (bold) and imine (lightface) N atoms are in different fonts.

Molecule N∗ i Approximate assignment ωi (cm−1) Si λi Er (eV)

2H-pyrrole N 4 Ring deformation 849.1 0.70 0.84 0.14
1-pyrroline N 5 Ring deformation 804.5 0.41 0.64 0.15
3-pyrroline N 3 N-H wagging 406.5 1.39 1.18 0.59

19 N-H deformation 1401.8 0.85 0.92
30 N-H stretch 3855.0 0.50 0.71

2-pyrroline N 1 Ring torsion 80.6 0.65 0.81 0.32
6 Ring deformation 759.2 0.33 0.57
20 C-H and N-H deformation 1425.7 0.36 0.60

1H-pyrrole N 12 C-H deformation 1036.9 0.40 0.63 0.34
18 C-C and C-N stretch 1558.7 1.03 1.01

imidazole N1 9 C-H deformation 936.1 0.36 0.60 0.58
10 N-H deformation 945.8 0.31 0.56
12 C-C and C-N stretch 1155.4 0.58 0.76
16 C-C and C-N stretch 1592.1 1.73 1.32

N2 7 Ring deformation 935.7 0.72 0.85 0.18
pyrazole N1 8 Ring deformation 917.6 0.59 0.77 0.61

9 N-N stretch 969.9 1.32 1.15
12 N-N and C-N stretch 1144.4 0.96 0.98
13 C-H deformation 1226.3 0.36 0.60
14 C-C and C-N stretch 1280.8 0.59 0.77

N2 8 Ring deformation 976.6 0.52 0.72 0.16
2-pyrazoline N1 1 Ring torsion 144.0 0.37 0.61 0.51

6 Ring deformation 800.7 0.70 0.84
10 N-N and C-N stretch 932.2 1.04 1.02
17 C-H deformation 1339.2 0.50 0.71

N2 4 N-H wagging 662.1 0.33 0.57 0.16
6 Ring deformation 852.6 0.46 0.68

1,3,4-triazole N1 10 C-H deformation 945.9 0.82 0.91 0.52
15 C-C and C-N stretch 1625.7 1.76 1.33

N2 6 Ring deformation 954.1 0.56 0.75 0.17
9 N-H deformation 1082.2 0.30 0.55

1,2,5-triazole N1 7 Ring deformation 935.2 1.95 1.40 0.63
8 C-H deformation 948.1 0.45 0.67
10 N-H stretch 1024.0 1.90 1.38
12 C-N stretch 1273.1 0.46 0.68

N2 7 Ring deformation 989.0 0.70 0.84 0.18
1,2,4-triazole N1 7 Ring deformation 901.6 0.72 0.85 0.53

8 N-N stretch 923.9 1.27 1.13
10 C-N stretch 1107.5 0.50 0.71
13 C-N stretch 1286.2 0.39 0.62
14 C-N stretch 1540.8 0.32 0.57

N2 7 Ring deformation 1008.5 0.59 0.77 0.18
N3 6 Ring deformation 961.5 0.84 0.92 0.10

smaller RMSDs for imine nitrogens when compared to amine
nitrogens (as discussed in Sec. III B above).

D. Vibronic fine structures

Figures 1–3 present the simulated vibrationally resolved
N 1s XPS spectra of all molecules, highlighting the dis-
tinct differences in binding energies of different core holes.
Except for 2-pyrroline, all polynitrogen molecules exhibit
well-separated spectral contributions from N1 and N2 (1,2,4-
triazole shows well-separated contributions from N1, N2, and
N3). Figures S2 to S13 display the atom-specific spectra of all

molecules, revealing significant variations between the spectra
of imine and amine nitrogens. The sum of FC factors for imine
nitrogens rapidly converges at n = 5, whereas amine nitro-
gens require at least n = 6. The spectra of all imine nitrogens
display two distinct characteristic peaks similar to pyridine
(top of Fig. 1), primarily resulting from the 0-0 and 0-1
transitions (Figs. S2 to S13). In contrast, the spectra of amine
nitrogens generally do not show a predominant 0-1 transition
due to the significant mixing of various 0-n transitions. This
often leads to multiple oscillationlike weak fingerprints within
a broad peak, which exhibit less pronounced spectral features
when observed at low resolution.
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FIG. 1. Simulated vibrationally resolved N 1s XPS spectra of
mononitrogen molecules (2H-pyrrole, 1-pyrroline, 3-pyrroline, 2-
pyrroline, and 1H-pyrrole) using the FCH-DR method. Simulated
pyridine spectrum from paper I [18] (black line, top) is also recap-
tured for comparison. In the structural illustrations, imine [green
(i)–(iii)] and amine [orange (iv)–(vi)] nitrogens are distinguished.
Sticks in different colors indicate different 0-n transitions (from left
to right, with increasing n).

E. Effects of hydrogenation

Hydrogenation can lead to significant changes in vertical
IPs, as shown in three pairs of examples in Fig. S14. Amine
nitrogens experience a decrease in IPs of 1.2–1.4 eV, while
imine nitrogens undergo an increase of approximately 0.2 eV
in response to molecular hydrogenation.

Although hydrogenation has a significant effect on the
IPs of amine and imine nitrogens, it has little impact on the
spectral profile. For example, the vibrational characteristics
of 1-pyrroline (Fig. S2) and 2H-pyrrole (Fig. S6), 2-pyrroline
(Fig. S3) and 1H-pyrrole (Fig. S5), and N1/N2 of pyrazole
(Fig. S8) and 2-pyrazoline (Fig. S9) are similar.

The hydrogenation does not affect the spectra of imine
nitrogens but slows down the convergence of the spectra
for amine nitrogens. For instance, the imine nitrogen spec-
tra converge at n = 5 for both 1-pyrroline and 2H-pyrrole.
N2 (imine) in pyrazole and 2-pyrazoline behave similarly.

FIG. 2. Simulated vibrationally resolved N 1s XPS spectra of
imidazole, pyrazole, and 2-pyrazoline. In panels (a) and (b), sticks
in different colors indicate different 0-n transitions for each nitrogen
(from left to right, with increasing n). In panel (c), the amine nitrogen
N1 (green area, thick border) and the imine nitrogen N2 (orange
area, thin border) contributions are indicated together with the total
spectrum (brown thick line).

However, for amine nitrogen, 2-pyrroline (n = 9) is more
difficult to converge than 1H-pyrrole (n = 6). Likewise, N1
(amine) of 2-pyrazoline and pyrazole converge at n = 8 and
n = 7, respectively.

IV. DISCUSSION: GENERAL RULES FOR VIBRONIC
COUPLING PROPERTIES IN SMALL N-HETEROCYCLES

In this section, we discuss general rules for vibronic cou-
pling properties based on results of papers I [18], II [19],
and III, covering mono- and bicyclic N-heterocycles. Special
focus was paid to the difference between amine and imine
nitrogens.

A. IPs

For all 35 N-heterocyclic molecules we have studied in this
series, the vertical IPs lie within a range of 4.6 eV from 403.3
to 407.9 eV. The three families, namely five-membered rings
(404.5–407.9 eV), six-membered rings (404.5–407.0 eV),
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FIG. 3. Comparison of the simulated vibrationally resolved N 1s
XPS spectra of 1,3,4-, 1,2,5-, and 1,2,4-triazoles. Sticks in different
colors indicate different 0-n transitions of each nonequivalent nitro-
gen (from left to right, with increasing n; one exception is in the N1
spectrum of 1,3,4-triazole, where the two strongest peaks in green
are both contributed by 0-2 transitions).

and bicyclic rings (403.3–407.2 eV), exhibit similar energy
ranges. The connected N∗-N bond tends to exhibit higher IPs
for the N∗ core hole [18,19]. For example, the BEs of N1 (N2)
exhibit relative chemical shifts of 0.2 eV (0.9 eV) for imida-
zole and pyrazole molecules with the meta- and orthopositions
of the two nitrogens. The 1,3,4-triazole, 1,2,5-triazole, and
1,2,4-triazole molecules manifest the chemical environment
around the N1 core hole as C-N∗-C, N-N∗-C, and N-N∗-N,
with corresponding vertical (adiabatic) ionization potentials
of 407.2 (406.9), 407.4 (407.0), and 407.9 (407.4) eV, yielding
relative chemical shifts of 0 (0), 0.2 (0.2), and 0.6 (0.5) eV,
respectively. Obviously, these results are all due to the higher
electronegativity of N atoms.

As depicted in Fig. 4, amine N atoms generally exhibit
larger BEs than those of imine N atoms. With respect to
�I , values associated with amine N atoms generally range
between 0.3 and 0.5 eV, substantially larger than those of
imine N atoms, which lie within the 0.1–0.2 eV range.
Consequently, it can be inferred that the PES displacement

pertaining to amine N atoms typically exceeds that of imine N
atoms.

B. ZPE changes (�ε0)

Figure 5 shows the �ε0 values for each nonequivalent
N in all 35 molecules. All 62 �ε0 values contributed from
these nonequivalent nitrogen atoms cover a region of −0.10–
0.05 eV, among which only six values are close to zero,
indicating similar curvatures of PESs before and after the
N 1s ionization. For those nonzero values, it is interesting
to find that most, if not all, imine nitrogens give positive
values, while amine nitrogens give negative values. This re-
sult indicates that the curvature generally becomes flatter
(steeper) for amine (imine) N atoms. Nevertheless, exceptions
indeed exist, particularly in six-membered N-heterocycles,
where the positive and negative values are almost evenly
distributed.

C. Vibrational reorganization energies

The 1s ionization on amine and imine nitrogens leads to
distinctly different structural changes. The vibrational reorga-
nization energies for each FCH state of all 35 molecules are
listed in Tables III, S1, and S2, and are collectively visualized
in Fig. 6. The ionization of amine nitrogens (0.3–0.9 eV)
produces greater reorganization energies than imine nitrogens
(0.1–0.3 eV). This indicates that amine nitrogens are more
structurally altered than imine nitrogens during the N 1s ion-
ization process.

D. Core ionization induced global and local structural changes

The conclusion above for Er is consistent with the RMSD
results between the ground state and the N 1s ionized
state structures, where amine nitrogens (0.03–0.15 Å) gen-
erally exhibit larger RMSD values than imine nitrogens
(0.03–0.05 Å).

Apart from the global geometrical changes, we also sum-
marize the local changes at the ionization center (N∗) for the
series of molecules. The difference exists for nitrogens in five-
and six-membered rings. For five-membered N-heterocycles,
the bond length alternation (BLA) is consistent with the
Kekulé structure, where the two N-X distances at each N site
exhibit the distinct tendency of one longer and one shorter
distance. In contrast, the BLA is more diminished for the
six-membered ring structures, either in monocyclic [18] or bi-
cyclic [19] molecules. That is because the difference between
single and double bonds is effectively averaged within the
conjugated π bond system and resonating Kekulé structures.

For the N∗–X distances, amine N atoms (N∗
a –X , 1.40–

1.56 Å) generally have a longer distance than imine N atoms
(N∗

i -X , 1.25–1.50 Å). The N∗
a -X are always elongated, while

N∗
i -X can be either elongated or shortened. The N∗

a -H bond
lengths in amine nitrogens remain nearly constant at 0.97–
0.98 Å and decrease only by 0.02–0.04 Å compared to the GS
geometry.

As for the bond angles ∠C-N∗-X , we found an increase
for all imine N atoms (∠C-N∗

i -X ). However, the bond an-
gles ∠C-N∗

a -X for amine N atoms are decreased for most
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FIG. 4. Simulated (a) vertical (Ivert), (b) adiabatic (Iad) ionization potentials, and (c) their difference (�I) of all 35 molecules studied in
this series of papers [N-heterocycles with five-membered rings (this work), six-membered rings [18], and bicyclic rings [19]. Amine (green,
small markers) and imine (orange, large markers) nitrogens are distinguished in color.

molecules, except for three nonplanar five-membered rings
(2-pyrroline, 3-pyrroline, and N1 in 2-pyrazoline).

E. Active modes

The active ground-state vibrational modes of all 35
molecules are summarized in the Supplemental Material [69].
A threshold of HRF, Si � 0.3, was adopted for all molecules.
Within this standard, amine nitrogens usually exhibit more
active vibrational modes (2–6 modes) compared to imine
nitrogens (1–3 modes). For imine N 1s ionizations, we can
consistently identify a ring deformation mode that involves
mainly N∗ and the atom (C or N) in its paraposition. Concern-
ing amine nitrogens, another type of ring deformation mode is
commonly identified, which involves N∗ along with orthopo-
sition atoms (C or N). No hydrogen vibrations (C-H stretching
or bending) were found to be activated in the six-membered
ring molecule. However, in both the five-membered and bi-
cyclic molecules, active modes involving N/C-H bending are
commonly found.

F. Characteristics and interpretations of vibronic fine structures

Generally, spectral profiles are related to the structural
relaxation and vibrational coupling of the excited states [70].
An increase in structural alterations between the ground and
excited states results in a broadening of the spectral width.
As discussed above, an amine nitrogen usually exhibits larger
RMSD and reorganization energy than an imine nitrogen,
leading to a broader spectral profile contributed by the amine
nitrogen. For vibrational modes that exhibit strong coupling
with structural changes, the high-order vibrational transition
could have significant contributions and lead to larger Stokes
shifts to the spectra. Taking 1,3,4-triazole as an example,
Fig. 7 analyzes the correlation between the structural changes
induced by core ionization and the ground-state active mode.
In Fig. 7(a), we observe that N1 (amine nitrogen) 1s ionization
leads to a significant shortening of the adjacent C-N bond
length (from 1.30 to 1.25 Å). This structural reorganization
couples with modes 10 and 15, as depicted in Fig. 7(c),
where mode 15 represents a strong electron-phonon coupling
mode. Figure 7(b) shows that the prominent feature of the 1s
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FIG. 5. Simulated �ε0 values of amine and imine nitrogens in all 35 molecules studied in this series of papers: N-heterocycles with
five-membered rings (this work), six-membered rings [18], and bicyclic rings [19]. �ε0 of amine (green, small markers) and imine (orange,
large markers) nitrogens are distinguished by colors.

ionization state of N2 (imine nitrogen) is the increase in the
angle ∠C-N∗-N (from 107.4 to 110.3◦). Modes 6 and 9 couple
with this structural change (corresponding HRFs are 0.56 and
0.30, respectively), but not as strongly as those observed for
the case of N1. Consequently, the spectral signature of N2
(imine nitrogen) is dominated by the 0-1 transition, whereas
the spectral profile of N1 (amine nitrogen) is dominated by the
0-n transition with a relatively large n (n = 2).

G. Effect of the benzene ring

To examine the effect of the benzene ring, i.e., five-
membered monocyclic and bicyclic molecules, three pairs
of molecules are compared (pyrrole and indole in Fig. 8,
1H-isoindole and 2H-pyrrole in Fig. S15, and imidazole and
benzimidazole in Fig. 9). Within each pairing, the bicyclic
molecules display a pronounced redshift in BEs relative to

FIG. 6. Simulated reorganization energies for all 35 molecules studied in this series of papers: N-heterocycles with five-membered rings
(this work), six-membered rings [18], and bicyclic rings [19]. Amine (green, small markers) and imine (orange, large markers) nitrogen atoms
are distinguished by color.
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FIG. 7. Analyses for 1,3,4-triazole. (a),(b) Superposition of optimized geometries in the GS (blue, dark) and FCH (gray, light) states:
(a) N1 (amine N) and (b) N2 (imine N) 1s ionizations. Core ionized center is indicated by a black square. (c),(d) GS active vibrational modes.
The number indicates the mode index with the Huang-Rhys factor given in parentheses.

FIG. 8. Comparison of indole and 1H-pyrrole based on (a) spectra (vertical ionization energies are indicated by vertical lines), (b) contri-
butions of various 0-n transitions to convergence, (c) elements of the Duschinsky matrix J, and (d) active modes.
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FIG. 9. Comparison of benzimidazole and imidazole based on (a), (d) spectra (vertical ionization energies are indicated by vertical lines),
(b), (e) contributions of the various 0-n transitions to convergence (from left to right, with increasing n), (c), (f) elements of the Duschinsky
matrix J, and (g) active modes. In panel (g), colored (blue, purple, and green) frames distinguish three types of modes, where in each type
(connected by a dashed line), the vibration mode within the five-membered ring can be approximately tracked between the two molecules.

monocyclic molecules, attributable to the benzene ring act-
ing as an electron-donating group (EDG). Regarding spectra,
five-membered rings invariably converge at a faster rate than
their bicyclic counterparts, consequently resulting in narrower

profiles. This phenomenon can be attributed to the lesser total
reorganization energy of five-membered ring molecules, as
depicted in Table IV. We examined the Duschinsky matrix for
each pair of molecules and found that the bicyclic molecules
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TABLE IV. Total vibrational reorganization energy (Er) and tran-
sition quantum number n (when the spectra achieve convergence) for
three groups of monocyclic and bicyclic molecules.

Molecule N∗ Er (eV) n

1H-pyrrole N 0.34 6
indole N 0.46 7
2H-pyrrole N 0.14 5
1H-isoindole N 0.16 6
imidazole N1 0.58 7

N2 0.18 5
benzimidazole N1 0.86 8

N2 0.21 6

displayed a more pronounced mode mixing effect [Fig. 8(c),
Figs. 9(c), 9(f) and Fig. S15(c)].

We have also conducted a comparison of the GS active
modes for monocyclic and bicyclic molecules. As depicted
in Figs. 8(d), 9(g), and S15(d), each selected molecule fea-
tures one active vibrational mode for the imine nitrogens,
while amine nitrogens in bicyclic molecules have more ac-
tive modes. Although similar ring deformation modes are
observed within the five-membered ring in both imidazole
and benzimidazole, the vibrations of benzimidazole tend to
be delocalized across both the five- and six-membered rings
[Fig. 9(g)]. This result demonstrates that the introduction of a
benzene ring can efficaciously alter the active modes.

V. CONCLUSIONS AND OUTLOOK

In summary, we have simulated the vibrationally resolved
N 1s XPS spectra of 12 five-membered N-heterocyclic com-
pounds using the B3LYP-DR method and carried out a
comprehensive analysis on the N 1s binding energies, ge-
ometrical changes, major vibronic transitions, and active
vibrational modes. A clear distinction between amine and

imine nitrogens was found, which is consistent with previous
studies (paper I [18] and paper II [19]).

Our series of investigations paint a comprehensive land-
scape for comprehending the N 1s vibronic fine structure in
small N-heterocycles. For all 35 N-heterocycles in this series,
the rules for vibronic coupling properties are summarized.
Distinctive performance of amine and imine nitrogens are
summarized as follows. (1) Energies. Amine nitrogens gener-
ally have larger 1s BEs than imine nitrogens and adjacent N-N
bonds can increase the BEs. (2) Profiles. The spectra of imine
nitrogens exhibit two distinct characteristic peaks originating
from the 0-0 and 0-1 transitions, whereas the spectra of amine
nitrogens are characterized by a broad peak with numerous
weak fingerprints due to significant mixing of various 0-n
transitions. (3) PES. N 1s ionization generally leads to a
pronounced alteration in the curvature direction of the final-
state PES, which became flatter (steeper) for amine (imine) N
atoms. The PES displacement associated with amine N atoms
generally surpasses that of imine N atoms. (4) Reorganization
energy. Amine nitrogens always have greater total vibrational
reorganization energy than imine nitrogens. (5) Structure. Ion-
ization for amine N atoms instigates more substantial global
structural alterations compared to imine N atoms, evidenced
by the difference between vertical and adiabatic ionization
energies, the RMSD between min GS and min FCH, and
reorganization energy. (6) The 1s ionization in amine N atoms
always elongates N∗-C and shortens the N∗-H bond lengths,
while both elongation and shortening in N∗-C bond lengths
are observed for imine N atoms. Additionally, we also inves-
tigated the influence of benzene rings on vibronic coupling by
comparing the properties of five-membered rings and bicyclic
compounds.
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