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much rarer, but the fundamental knowledge gained from this motion is essential to understand the com-
plex structures in coordination chemistry. A double minimum potential needed for inversion tunneling
requires the symmetry of the frame to which the inversion object is attached to be Cs or higher, while
there is no restriction on the symmetry of the frame for internal rotation. This review summarizes four
Inversion tunneling most classic examples of molecules featuring inversion tunneling motion and their coordination com-
Molecular structures plexes. The textbook example, ammonia, with its umbrella motion during which the nitrogen atom
High resolution spectroscopy passes from one side of the plane formed by the three hydrogens to the other, will be presented with
Coordination complexes information on its group theoretical considerations, theoretical studies, electronic ground state spectra
in the infrared range, and its coordination complexes, especially those formed with calcium and copper.
In the second classic example, methylamine, CH3NH,, the inversion motion of the amino group -NH; is
coupled with a methyl internal rotation -CHs. The spectrum of methylamine can be treated using a tun-
neling formalism applying the G;, permutation-inversion symmetry group. Extensive studies on the
ground state, the first and second excited torsional states vs, the inversion wagging state vq, and the
C-N stretching band vg exist along with their combinations. Pertubations and blends have made the anal-
ysis of methylamine very challenging. The third subject is on hydrazine with complex internal dynamics
governed by three large amplitude motions: two -NH, tunneling motions and an internal rotation
(torsion) of the two amino groups around the N-N bond. Regarding the spectrum of hydrazine, the vibra-
tional ground state lies in the microwave region. The first, second, and third excited torsional band v,
symmetric wagging ve, and asymmetric wagging v;, are found in the infrared range. Group theoretical
treatment and tunneling formalism can only be used to fit sub-bands individually, while global fits still
remain a difficult task. Metal complexes with hydrazine and methylamine are introduced, proving the
importance of spectroscopic understanding of molecular structures for the knowledge of coordination
chemistry. Finally, secondary amines feature inversion tunneling of the hydrogen atom attached to the
nitrogen, which is accompanied by two methyl internal rotations but not coupled with them so that they
can be treated separately. For this class of molecules, only spectra of the vibrational ground state in the

microwave domain will be considered.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords:
Large amplitude motion

* Corresponding author at: Laboratoire Interuniversitaire des Systémes Atmosphériques (LISA), CNRS UMR 7583, Université Paris-Est Créteil, Université de Paris, Institut
Pierre Simon Laplace, 61 avenue du Général de Gaulle, 94010 Créteil, France; Institut Universitaire de France (IUF), 1 rue Descartes, 75231 Paris Cedex 05, France.
E-mail address: lam.nguyen@lisa.ipsl.fr (H.V.L. Nguyen).

https://doi.org/10.1016/j.ccr.2021.213797
0010-8545/© 2021 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.ccr.2021.213797&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.ccr.2021.213797
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:lam.nguyen@lisa.ipsl.fr
https://doi.org/10.1016/j.ccr.2021.213797
http://www.sciencedirect.com/science/journal/00108545
http://www.elsevier.com/locate/ccr

Ha Vinh Lam Nguyen, I. Gulaczyk, M. Kreglewski et al.

Contents

Coordination Chemistry Reviews 436 (2021) 213797

B O oL e L (ot o » U N 2
B N 1315 T ) 1 | - PP 3
2.1, Group theoretical CONSIABIAtIONS . . . . .o\ttt ittt ettt e et et e e e e e et et et e e e e 4

2.2.  Quick overview of the infrared spectroSCOPIC STUAIES. . . . .. ..ot ittt et et e et ettt e ettt et it 4
2.2.1.  Vibration-inversion-rotational Hamiltonian and fits of experimental data ............. ... .. it enennn.. 5

2.2.2. Theoretical SEUAIES . . . . ..ottt ettt e e e e e e e e e e e e e e e e e e e e e e 6

B T Vv Uy s (o) 1 B 0] 0 0] (1 6

3. Mty amIne . ..o e e e e e 7
3.1.  Internal dynamics of Methylamine . ... ... ... ...ttt ettt e e et e e e 8

3.2, The tunneling formaliSIm. . . .. ... .ottt e e et e e e e e e e e e e 8

3.3, Spectrum of MethyIamine . .. .. ... e e e e e e e e e e 9
3.3.1.  Ground vibrational STate . . .. ... ...ttt e e e e 9

3.3.2. The torsioNal STALES . . ...ttt ettt ettt et e et e e e e e e e e e e e e e e e e e e e e 10

3.3.3.  The INVEISION STALE. . . o .ottt ettt et e et e e e e et e e e e e e e e e e e e e e e e e e e e e e 10

3.3.4.  The C-N StretChing State. . . .. oottt ettt e et e e e e e ettt ettt e ettt et et ettt 11

3.4, TheoretiCal STUAIES . . . .. .ottt ettt et e e e e e e e e e e e e e e e e e e e e e e e e 12

3.5, Methylamine COMIPIEXES. . . . ..ttt ettt ettt ettt e e et e et e et e e e e e e e e e 12

LS = Y 4 1 13
4.1. Internal dynamics and symmetry of hydrazine. . . ... ... ... . i e 13

4.2.  Tunneling formalism in RYdrazine. . .. ... ... . e et e e e et e e e 14

4.3, SPECIIOSCOPIC STUAIES . .\ ittt ittt ettt et et et e et et et e e e e e e et e 15

4.4,  Theoretical STUAIES . . . . ...ttt ettt et e e e e e e e e e e e e e e e 16

4.5, HYdrazine COMPIEXES . .. vttt ettt ettt et e ettt e e e e e ettt et e e e e e e et e e e et e e e e e e e 16

5. SECONAATIY AIMHIIE . . ottt ittt ettt et e et e et e ettt e e e e e e e e e e e e e e e e e e e e e e e e e 16
{2 o) 3 e 11 o ) o P 19
Declaration of COmMPEeting INEEIESE . . . . ..ttt ettt et ettt et et e e et e et et et et e e e e et et et ettt ettt et e e 19
ACKNOWIBAZEIMEIILS . . . . oottt ettt ettt ettt e e e ettt e e e e e e e e e 19

] () £ 0 Lol 1N 19

1. Introduction

The current century has seen an extraordinary development
both in theoretical and experimental approach to determine the
structures of molecules, but molecular structure determination
has a long tradition starting more than 100 years ago. The award
of several Nobel Prizes in physics and chemistry emphasizes the
importance of understanding molecular structures. Three years
after the first Nobel Prize in physics was awarded to Rontgen for
the discovery of X-rays, von Laue demonstrated the diffraction of
X-ray in crystals [1,2]. These two scientists have laid the ground
stone for an uncountable number of investigations on structures
of molecules in solid state [3-11]. Among them is Bragg’s study
to determine the atomic arrangements of simple crystals such as
ZnS, CaF,, CaCOs, and FeS, [12,13] which has been distinguished
by the Royal Swedish Academy of Sciences in 1915, or the investi-
gation of Debye in 1936 which contributes to human knowledge of
molecular structure through the molecular dipole moments [14].
Moving to larger, chemical or biological molecular systems, the
discovery of the double helix molecular structure of nucleic acids
by Crick, Watson, and Wilkins received extraordinary attention in
1962 [15]. In the same year, Kendrew and Perutz revealed the
structures of hemoglobin and myoglobin [16-18]. Two years later,
Hodgkin determined structures of important biomolecules like By,
and penicillin [19,20]. Many spectroscopic methods have been
developed to unveil the structures of molecules in different states
of aggregates, employing the whole electromagnetic range and
offering even higher resolution and accuracy. Only to mention
some of them, and not exhaustively, are X-ray crystallography,
electron microscopy, neutron scattering, nuclear magnetic reso-
nance, infrared, microwave, terahertz, and ultraviolet-visible spec-
troscopy. Their development and interplay have addressed
increasingly challenging questions in the past, and understanding
more complex molecular structures using spectroscopy will
remain an important aspect in the future.

Determining the structures of even small molecules, however,
can become a very challenging task if intramolecular dynamics
occur, causing energy levels to split into several levels due to tun-
neling effects [21]. Two representatives of large amplitude motions
(LAMs) are internal rotation, typically of a methyl group involving
a three-fold potential, and inversion tunneling upon a two-fold
potential. Internal rotation has been extensively studied along
the development of rotational spectroscopy with many investiga-
tions on complex problems such as low torsional barrier and cou-
pled internal rotors [22-26]. The inversion motion is demonstrated
well in ammonia, NH3, where it concerns the tunneling of the
nitrogen atom through a plane which is spanned by three hydro-
gen atoms [27]. This “umbrella” motion connects two energetically
equivalent forms of ammonia, causing splittings of all rotational
transitions of a certain symmetry, from which the tunneling barrier
height can be deduced. Inversion tunneling does not only occur in
ammonia, but also in larger molecules like ethylene diamine [28]
hydrazine [29] phenyl formate [30] phenol [31] gauche-1,3-
butadiene [32] some dimers [33,34] and especially complexes
[35-38].

Weakly bounded complexes were studied in the gas phase
extensively by rotational spectroscopy since the technique of
molecular jet Fourier transform microwave spectroscopy exists
[39]. Among them, complexes involving the ammonia sub-unit
form an important subject. Because of the strong capabilities for
binding hydrogen bonds, ammonia has similar solvation capacities
as water. Concerning the coordination chemistry of metal ions in
solution, obtaining detailed information about solute-solvent
interactions has never been straightforward. A number of experi-
mental techniques have been developed towards that goal, such
as X-ray diffraction, which can determine the structures as afore-
mentioned. Knowledge on interactions between a metal atom
and ammonia can be also achieved by studying small complexes
in the gas phase as well as through information about the struc-
tures of solvated metal ions for which spectroscopy is an essential
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tool. In the visible or ultraviolet spectral range, alkaline-earth met-
als solvated by molecules were studied using electronic spec-
troscopy combining molecular beams and mass-selected laser
photodissociation [40-42]. Infrared photodissociation spec-
troscopy was also used to study solvated alkali-metal ions
[43,44]. The inversion of pyramidal and tetrahedral molecules
AX3 and AX, including complexes with metal has been reviewed
by Boldyrev and Charkin [45]. Organometallic intramolecular-
coordination compounds containing a nitrogen donor ligand are
also studied [46].

Tunneling motions also occur in methylamine, a molecule
which plays a significant role in coordination chemistry. With a
lone pair of electrons on the nitrogen atom, methylamine can coor-
dinate with metal ions to create various types of complexes
[47,48]. Some of the complexes are widely used in supramolecular
chemistry as polymeric networks [49]. A variety of networks can
be achieved on the basis of multidentate flexible ligands, which
are able to take up different interesting conformations like boxes
or helices depending on the properties of the metal ions. Exem-
plary compounds having such abilities are silver (I) salts with flex-
ible multidentate ligands based on pyridylmethylamine. A lot of
interest was focused on clusters of alkali metal atoms with the
ammonia derivative methylamine as solvating agent [50]. A num-
ber of studies were performed to describe the change of ammonia
into methylamine on the alkali cation and solvated electrons, i.e.
those on the infrared spectra of LiiNH,CH3)3_5 [51]. The coordina-
tion chemistry of methylamine also plays an important role in
medicine. For example, anticancer activity and solubility of cis-
platin can be improved by methylglycine and methylamine ligands
against human breast cancer [52].

Hydrazine, NH,—NH,, features two amino groups undergoing
three LAMs. They are the two inversion motions, one for each
amino group, and the internal rotation about the N—N bond. The
rotational spectrum of hydrazine had been first assigned by Kasuya
et al. [29] and the investigation was then improved by Tsunekawa,
Kojima, and Hougen [53]. As a coordination complex partner, the
gauche conformation of hydrazine, where one amino group is
twisted from the trans or cis positions, comes into play. In sp>
hybridization, the two lone electron pairs occupy the vacant tetra-
hedral positions. Being the source of the nucleophilic and basic
character of the molecule, the lone pairs are able to coordinate to
a metal ion in two ways as a ligand, either monodentate or bridged
bidentate. Metal hydrazine complexes can include different anions
such as perchlorate, oxalate, azide, nitrate, carboxylate, and sulfate
[54]. In most of these complexes, hydrazine appears as a bridged
bidentate ligand. The chemistry of hydrazine and its derivatives
including many different types of complexes involves a large num-
ber of scientific works, for example on its inorganic derivates,
metal hydrazines, hydrazine salts, hydrazinium metal complexes,
and metal hydrazine carboxylates. Transition metal complexes
with monodentate and bridging hydrazines are very popular. A
lot of hydrazine complexes with a number of metals and anions
have been synthesized, and their structures been characterized
by different methods [55,56]. Metal ions forming complexes with
hydrazine are often silver, calcium, copper, cobalt, chrome, iron,
mercury etc. with anions like carbonate, halide, and nitrate [57].

While inversion motions involving nitrogen are interesting
physical phenomena by themselves, in most relevant ligand forms
of ammonia, methylamine, and hydrazine, the inversion motion is
quenched, at least to accuracy of the metal-ligand experiments.
Conformational strain and structural rigidity can effectively pre-
vent the inversion of amino groups by increasing the inversion bar-
rier. Another way to quench the inversion is to form a nitrogen
stable chirality center by coordination of the electron lone pair of
nitrogen to a metal center [58]. Knowledge on factors that can
increase or decrease the inversion barrier allows us to control
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molecular motions. For example, the pyramidal inversion of nitro-
gen in aziridine molecules is blocked by metal complexation and
the decomplexation restores the fast inversion in “switch-type”
molecular process [59]. Recently, the importance of quantum
chemical inversion effects of nitrogen was demonstrated in a
human dipeptidyl-peptidase containing zinc that hydrolyses
dipeptides [60]. This study presents the first modeling of the reac-
tion mechanism for this peptidase. Water addition on amide car-
bon atoms and nitrogen inversion, i.e. change of pyramidalization
on the leaving nitrogen when the amino group goes from the pla-
nar sp? to the pyramidal sp> configuration, is shown to be the rate-
determining steps. The nitrogen inversion occurs in a concerted
way followed by a hydrogen bonding with a glutamine amino acid,
immediately “blocking” the system into the configuration where
reversion to the enzyme-substrate complex is not possible.

Looking back at the history of rotational spectroscopy over a
century, there are considerably fewer investigations on inversion
tunneling compared to the vast number of studies on the other
type of LAM, internal rotation. The main reason is that for internal
rotation, there is no restriction on the symmetry of the frame,
while a double minimum potential requires the symmetry of the
frame to which the inversion object is attached to be C; or higher.
Moreover, if the molecular structure allows for it, inversion tunnel-
ing is very often accompanied by internal rotation. A typical exam-
ple is the proton inversion in primary amines which is always
combined with the internal rotation of the amino group [53,61-
63]. Regarding complexes, symmetry breaking by complexation
often quenches inversion motions, as for example in tropolone, a
seven-membered aromatic ring, in which proton tunneling occurs
[64-67]. Doublet splitting appears in electronic spectra and the
potential energy surface has two minima [68]. Once tropolone is
bound to other molecules, the double minimum disappears. In tro-
polone complexes with water and methanol, the fluorescence exci-
tation spectra do not reveal any doublet splittings, showing that
the proton tunneling is effectively quenched [69-72]. This sup-
ports the assumption that by intermolecular hydrogen bond for-
mation, the inversion coordinate becomes so asymmetric that no
tunneling doublet is observed.

The present review will give an overview on the large ampli-
tude tunneling motions of four most important representatives:
(i) Ammonia with a pure tunneling motion of the nitrogen atom;
(ii) Methylamine where the inversion motion of the amino
group —NH; is coupled with a methyl internal rotation -CHj; (iii)
Hydrazine with complex couplings between two —NH; tunneling
motions and —NH, internal rotations; and (iv) Secondary amines
where the —NH proton inversion tunneling is accompanied by
two methyl internal rotations but not coupled with them. For each
molecule, applications of structure determinations from spec-
troscopy to understand coordination chemistry are introduced.

2. Ammonia

In coordination chemistry, ammonia (NHs) plays an important
role: it is a ligand within the so-called metal “ammine” complexes
where ammonia is bound to metal ions. Information on the iso-
lated molecule allows us to study the intrinsic properties of ammo-
nia to understand its role in complexes, and therefore will be
focused on first.

Global ammonia emissions have at least doubled since the pre-
industrial period mainly due to the intensification of agriculture
and the use of fertilizers. Although ammonia is a species with a
lifetime of only a few hours in the Earth’s atmosphere, it is never-
theless a dreadful pollutant which accelerates the formation of
particles, and a precursor of secondary aerosols which reduce air
quality. It represents therefore a very strong climatological concern
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today. Unknown source, due to intense farming and industry, of
ammonia have recently been detected by the Infrared Atmospheric
Sounding Interferometer (IASI) on board of the METOP satellite
[73,74].

In addition to its relevance to the Earth’s atmosphere, ammonia
is also a very important species to understand the physical proper-
ties of gas giant planets [75] and cool brown dwarfs [76,77]. It is
the fourth abundant compound in the atmosphere of the planet
Jupiter. Although not yet been detected, scientists also expect its
presence in exoplanets [78]. Meaningful interpretation of any
atmospheric spectra relies on accurate knowledge of spectroscopic
parameters of even minor abundant gases involved, and in partic-
ular ammonia.

Ammonia also attracted academic attention for its spectroscopy
challenge arising from the large amplitude inversion tunneling
motion. This is the above-mentioned “umbrella motion” during
which the nitrogen atom tunnels from one side of the plane formed
by the three hydrogen atoms to the other [27]. These two configu-
rations are separated by a potential barrier with a height on the
order of 2023 cm! (see Fig. 1). The tunnel effect separates the
doubly degenerated inversion energy levels into a pair of levels
called the symmetric, “s”, and antisymmetric, “a”, levels, some-
times called the inversion +/- levels [21]. Often used as a model
molecule, ammonia has been the subject of intensive spectroscopic
works. In the present review, we focus on the electronic ground
state of its gas phase spectrum.

2.1. Group theoretical considerations

If the large amplitude inversion motion is neglected, it is easy to
see that the pyramidal shape of NH3 belongs to the C3, symmetry
group, containing a Cs axis (see Fig. 2). If the molecule is rotated
around that axis by an angle of 120° or 240°, we obtain two config-
urations equivalent to the initial configuration. The corresponding
symmetry elements are C3 and C§. The other symmetry elements
are three planes, called o, 6, and &,”, which contain the nitrogen
atom and one of the three hydrogen atoms.

If we now consider the tunneling motion between the two
equivalent equilibrium configurations of NH3 (see Fig. 1), the Cs,

V()
A
\ j _
5120 v;=3
5}\ 15 15013 ! ‘
B } vy =2

3 s 280.2
3 /TN o 16337

35. v, =1
2 2023 cm b |931.7 ! ‘
P | 5 '8 Vo =
1 T T

P

68 90 112 Coordinate of inversion
Y/°
z
Yo s
v L
X N

Fig. 1. Upper trace: The two-fold potential of NH; along the inversion coordinate v,
showing the inversion vibration mode v, and the first excited energy levels labeled
vy =1, 2, and 3. Each sub-component is either labeled a or s (right hand side of the
potential curve). An alternative labling of the energy levels uses a vi,, quantum
number (left hand side). Lower trace: the two equivalent equilibrium configurations
of NHs.
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Cs

Fig. 2. The operators of NHs in the Cs, group.

group is no longer suitable to describe this molecule, as it does
not contain any symmetry element allowing to switch from one
configuration to the other. This motion requires an operator for
the reflection through a plane perpendicular to the Cs; axis, as
shown in Fig. 3. To treat properly the inversion motion, Bunker
and Jensen used an extended permutation-inversion group, G,
which is isomorphic to the molecular symetry group Dsy [79].
The character table and irreducible representations of this group
can be found in Ref. [79]. Ammonia can also be described in a so-
called “reference configuration” depending on the inversion coor-
dinate y shown in Fig. 1. Each internal motion of the molecule,
such as vibration, rotation, and inversion, will be described follow-
ing the irreducible representations A,’, Ay’, A1”, A;”, E’, and E” of the
D3y, group.

2.2. Quick overview of the infrared spectroscopic studies

The spectroscopy studies on ammonia can be devided into two
sections dealing with (i) the experimental spectral dataset fitted
using effective Hamiltonians and (ii) theoretical studies of the
spectrum of ammonia using quantum chemical calculations which
also sometimes combine experimental and theoretical results.

Gh E*

Fig. 3. The two equivalent equilibrium configurations of NHs, with the plane oy
perpendicular to the C; axis (the z axis). This operator corresponds to the E*
operation in the G;, permutation-inversion group of NHj, isomophic to the
symmetry group Dsp.
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Fig. 5. Vibration-inversion energy levels of NH; up to 5000 cm~'. On the right
hand-side, the infrared spectral range corresponding to the transitions from the
fundamental state is given. The circled regions illustrate the various polyads (see
text). Red energy levels are the symmetric states, and blue ones are the asymmetric
states.

2.2.1. Vibration-inversion-rotational Hamiltonian and fits of
experimental data

In the harmonic normal mode approach, apart from the inver-
sion mode (v,) of the LAM, NH; has another non-degenerate
(one-dimensional) mode, the v; stretching mode, and two
degenerate (two-dimensional) bending modes, v3 and v,4, as shown
in Fig. 4. The degenerate modes correspond to two components
labeled vs3, and vsp or v4, and vy in Fig. 4, vibrating at the same
frequencies. They also require an additional quantum number,
the vibrational angular momentum ¢. The various components of
a given degenerated mode can interact with each other, introduc-
ing the so-called “/-type terms” of the Hamiltonian.

To model the excited vibration-inversion-rotational states, the
treatment is to divide the vibration-inversion energy levels of
NHs; into small “polyads”, as illustrated in Fig. 5. The polyads are
sets of energy levels which interact with each other. The challenge
is the existence of a strong coupling between the large amplitude
inversion motion in NHsz and other small amplitude vibrations.
The higher in energy, the more complex the situation. However,
the couplings between levels belonging to different polyads can
be neglected after having been previously made negligible by
appropriate contact transformations of the Hamiltonian of the sys-
tem. Such an approach was proven to be very satisfactory and led
to excellent results, in particular in the regions of 4 um [80] 3 um
[81,82] 5-8 pm [83-85] and 10 um [86-90].

The room temperature spectrum of ammonia is implemented in
the HIgh resolution TRANsmission molecular absorption database
(HITRAN) [91] with over 29 000 experimental transition frequen-
cies and intensities for its two isotopologues *NH5 and '>NHs;. A
complete description of the HITRAN database latest updates for
NHjs is given by Down et al. [92].

2.2.1.1. The 10 um window. The energy parameterization of NH;
was developed a long time ago, first by Spirko et al. [93] and fol-
lowed by Urban [94]. Later, Pracna et al. [95] performed a similar
parameterization of the intensities. Papousek et al. [96] introduced
the idea to choose a reference configuration following the large
amplitude inversion motion in such a way that all other small
amplitude vibrations remain small. Their pioneer work allowed
for a vast set of follow-up studies until today. Used in atmospheric
detection, many studies were dedicated to very high accuracies of
the line intensities and line widths for the v, band [86-90].

2.2.1.2. The 5-8 um and the 4 um windows. In the 5-8 um window,
absorption is mainly due to the 2v, and the v, fundamental bands.
The former corresponds to the first overtone of the inversion or
umbrella motion, and the later to a doubly degenerate mode. A pio-
neer work on the assignment of ammonia spectra is that of Bene-
dict in 1958 [97]. The experimental measurements and data
analysis have been extensively extended by Cottaz et al. [83] and
Pearson et al. [85]. They combined the microwave frequencies
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Fig. 6. Comparison of calculated and observed spectra of ammonia in the 2v,/v4 bands. The lower panel shows the observed spectrum taken at 0.0056 cm™' resolution and
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band v,.V4-Vv; located at 1612.56, 1612.67, 1612.93, 1613.49, and 1614.02 cm~! are well-reproduced [84].

and the high resolution infrared spectrum recorded using the syn-
chrotron SOLEIL (Saint-Aubin, France) and achieved a fit within
experimental microwave and infrared accuracy. This spectral
region is particularly interesting not only for probing the atmo-
sphere at depth, but also from a fundamental point of view.
Although the investigated energy level system is relatively simple
concerning the 2v,/v,; dyad with two excited states v, = 2 and
v4 = 1 interaction, it is nevertheless an “intermediate” energy
region close to the top of the potential barrier hindering the inver-
sion, where it is always challenging but interesting to test theoret-
ical models. The two excited states interact through a vibration-
rotation Coriolis coupling type, if they are connected by terms in
the kinetic part of the Hamiltonian, or a Fermi-type if they are con-
nected through the potential part.

In the 4 pm window, we found the interacting 3v,/v, + v4 dyad
[80]. Beside the fundamental bands, the 4-8 pm spectral range
contains a number of hot bands coming from excited states popu-
lated at room temperature, i.e 3v,-V;,, Vo + V4-V, (in the 5-8 pm
range), 4V,-Vy, Vi-Va, V3-V,, and 2v4-v, (in the 4 um range) [84]
which are important to reproduce correctly the infrared spectra.
Fig. 6 illustrates a portion of the spectrum with the observed and
calculated % of the residuals in the upper panel, showing that the
lines belonging to the hot band v, + v4-v, located at 1612.56,
1612.67,1612.93, 1613.49, and 1614.02 cm™! are well-reproduced.

2.2.1.3. The 3 um window. In this spectral window, at least three
bands interact (see Fig. 5). The fundamental bands v; and vz whose
s and a components for the former are located at 3336.107 and
3337.095 cm™!, respectively, and for the latter at 3443.627 and
3443.988 cm™!. For the first harmonic 2v, band, the s component
is located at 3216103 cm™! and the a component at
3217.783 cm™! for the non-degenerate state and at 3240.441 and
3241.621 cm™!, respectively, for the degenerate state. Kleiner
et al. [81] performed a prediction of the frequencies and intensities
of all NH5 transitions with values of the rotational quantum num-
ber J up to 10 and an intensity greater than 10°® cm~2.atm ™. This
limit was sufficient for the analysis of planetary spectra.

2.2.2. Theoretical studies

The effective Hamiltonian polyad approach shows some limita-
tions above 3 pm, i.e. from 4791 to 5294 cm™!, where the number
of interacting states increase and empirical line parameters are

available [98]. The most probable energy of the lower state of unas-
signed transitions can be performed using the temperature depen-
dence of the intensity ratio between unassigned and already
assigned transitions, as done in the 6626-6805 cm™! range [99].
Theoretical studies can help to improve this issue [100-103]. Down
et al. combined empirical energy levels with calculated intensities,
leading to a final list of more than 40 220 lines [92] by using the
variational line list calculated by Yurchenko, Barber, and Tennyson
[102]. These calculations are based on an empirically refined
potential energy surface [103] ab initio dipole moment surface
[104] and the program suite called TROVE [105] working with a
unique local mode representation. All resonances between vibra-
tional states are taken into account. Combining experimental fre-
quencies with dipole moments obtained from ab initio is known
to produce very reliable transition intensities [103-107].

2.3. Ammonia complexes

Complexes involving ammonia as sub-unit were the subject of a
number of papers. The structure of ammonia-water, for example,
was determined by Herbine and Dyke [108]. The microwave (from
36 to 86 GHz) and far infrared (from 520 to 800 GHz) spectra of
this dimer were then investigated by Stockman et al. in 1992
[109]. The ammonia moiety can internally rotate around its Csy
axis, while the water subunit can tunnel or invert between two
equivalent configurations in a two-fold potential barrier, and these
two LAMs interact. The ammonia internal rotation splits the states
into the A species, corresponding to one of the ammonia proton
spin functions, I = 3/2, and the E species, corresponding to the
I = 1/2 spin function. Stockman et al. found two sets of splittings
in the spectrum [109]. One of them (around 10 GHz) corresponds
to the internal rotation of ammonia and the very low barrier hin-
dering this torsion was determined to be around V5 = 10.5 cm™!
using the observed splittings. The second set of splittings (around
113 MHz) which is illustrated in Fig. 7 was attributed to arise from
the water tunneling with an estimated barrier of around 800 cm™!
[109].

The ammonia-benzene dimer was studied by Rodham et al.
[111]. The experimental and ab initio results predict that the
ammonia monomer can (almost) freely rotates internally above
the benzene plane. The three hydrogen atoms of ammonia interact
with the 1 electrons of the benzene ring. The smaller dissociation
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Fig. 7. Left hand side: A section of the far infrared spectrum observed by Stockman et al. [109] Above the spectrum, the assignments for two series of lines belonging to a Q(J)-
branch, where the rotational quantum number J does not change during the transition (AJ=J - J” =0) from J =1 toJ = 11, are given. The two series of assignments correspond
to splittings due to the water inversion. Right hand side: the equilibrium structure of ammonia-water in the principal axis system calculated by Latajka and Scheiner [110]

and the symmetry axis of each monomer.

energy corresponds to a weak hydrogen donor character of ammo-
nia. It is quite interesting to note that benzene-ammonia is a rare
example of ammonia being a proton donor in weakly bound com-
plexes. Ammonia can also form complexes with HCCH [112] and
HCF; [113] or with rare gas as reported in the study on
ammonia-argon by Nelson et al. [114] It was shown in the latter
paper that the ammonia subunit inverts within the complex and
van der Waals interactions affect the ammonia large amplitude
inversion and tunneling motion. Methanol-ammonia, CH;0H-NH;
and '>CH3;0H-NH3;, complexes were studied by Fraser et al. in
1988 [115]. The microwave spectrum reveals interesting and com-
plicated splitting patterns arising from both the internal rotation of
the methyl group in methanol and of the ammonia moiety. The
authors concluded that the structure of the methanol-ammonia
complex is similar to that of water-ammonia, i.e. an almost linear
complex where the hydrogen bond is collinear with the symmetry
axis of NHs (see Fig. 7) [115]. Last but not least, let us mention the
recent work of Surin et al. where for the first time the gas phase
rotational spectrum of the van der Waals complex NHs-H, has
been observed [116].

In the condensed phase, amines are considered as amphoteric
as they can act both as a donor and acceptor of protons in hydrogen
bonds. Concerning the coordination chemistry of metal ions in
solution, obtaining detailed information about solute-solvent
interactions is a challenging task. To learn more about the interac-
tions between a metal and ammonia, it is important to study small
complexes where spectroscopy can be useful to get information
about the structures of solvated metal ions. In the ultraviolet-vis-
ible spectral range, alkaline-earth metals solvated by molecules
were investigated by electronic spectroscopy combining molecular
beams and mass-selected laser photodissociation [40-42]. Sol-
vated alkali-metal ions were also studied by infrared photodissoci-
ation spectroscopy [43,44].

Recently in 2018, the gas phase infrared spectra of Ca(NH3s),
complexes, formed by laser ablation in presence of a molecular

'

£

beam with ammonia, have been recorded [117] revealing a struc-
ture with the ammonia molecules around a central calcium atom.
In 2009, combining laser ablation of a metal and co-expansion with
a mixture of argon and ammonia gas, Ohashi et al. were able to
produce ammonia solvated metal ions M*(NHs), where M = Ag
and Cu [118]. Using infrared spectroscopy to study the coordina-
tion chemistry of ammonia with metal ions combined with density
functional theory, the authors succeeded to determine the struc-
ture of the shells formed by the ammonia molecules surrounding
the ions (see Fig. 8). The infrared spectra obtained for Cu(NHjs)s
and Cu(NHs), are very different. In the Cu(NHs), complex, the pres-
ence of a NH---N hydrogen bonding produces new absorption bands
in the spectrum, demonstrating the importance of using infrared
spectroscopy to explore the structure of coordination complexes.
The coordination of ammonia with silver ions was also studied
by the same authors using infrared photodissociation spectroscopy
[119]. They found that for Ag(NH3); or Ag(NHs), the infrared spec-
trum shows absorption signatures near the frequencies of the iso-
lated ammonia, which tends to demonstrate that each ammonia
molecule is individually coordinated to Ag". The same technique
was used by Imamura et al. to study coordination chemistry with
cobalt and nickel [120]. Finally, in 2019 a study combining
photofragment spectroscopy with calculations at high level of
theory produced an assignment for the vibrational spectra of
Cr'(NH3);_¢ in the N-H stretching region (2950-3600 cm™!) [121].

3. Methylamine

Methylamine, CH3NH,, is an organic molecule containing seven
atoms and the simplest primary amine in chemistry. It is a precur-
sor of glycine, the simplest amino acid. Some experimental studies
have presented reaction pathways for the formation of glycine in
water with ice which starts from methylamine and carbon dioxide
exposed to high energy electrons [122] or ultraviolet radiation

o

Fig. 8. Left hand side: The coordination complex structure of Cu*(NHs)s. Middle and right hand side: two conformers structures of Cu*(NH3),. The structures are calculated by

Ohashi et al. using the DFT method [118].
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Fig. 9. A schematic view of a methylamine molecule presenting two large vibrational coordinates, an inversion coordinate y and a torsional coordinate t. The calculation of p
is given in the left hand side equation, where p and m are integer. The angle € changes with the torsional angle T to minimize the inversion-rotation coupling.

[123,124]. In similar conditions, glycine can be decomposed pro-
ducing CH5NH; and CO, [125]. Methylamine together with other
methyl-substituted amines like dimethylamine, (CHs),NH, and
trimethylamine, (CHs)3N, plays an important role in various bio-
logical processes and organic syntheses. They are also considered
as efficient corrosion inhibitors of aluminum. Methylamine has
been detected in the interstellar medium for the first time toward
Sgr B2 in 1974 at 3.5 cm [126] and at 3 cm [127]. In 2011 it was
observed in a spiral galaxy situated in front of quasar PKS 1830-
211 with a redshift of 0.89 [128]. Methylamine among other ami-
nes and amino acids was also detected in cometary samples of the
Stardust mission [129}. Recently, methylamine was identified in
three hot cores in the high-mass star forming region NGC 6334l
[130]. Like ammonia and other molecules having a free pair of elec-
trons, methylamine and its derivatives play a significant role in
coordination chemistry as ligands.

3.1. Internal dynamics of methylamine

Beyond the technological and astrophysical importance of
methylamine, this molecule is very interesting from its rich struc-
tural features involving large amplitude vibrations. It is a non-rigid
(floppy) molecule performing two different types of LAMs: the hin-
dered torsion of the methyl group —CH; about the C-N bond (v;s
torsional motion) and the internal inversion of the amino group
-NH; (vg wagging motion). Although methylamine is a very simple
molecule from chemical point of view, it has been of great interest
for spectroscopists over decades. Its internal dynamics are strongly
determined by these two coupled LAMs, which give rise to a
rotation-inversion-torsional structure in the vibrational states. It
is well-known that the use of linear coordinates to describe large
amplitude vibrations is inappropriate. No single linear coordinate
can correctly describe the large changes in molecular configura-
tions, such as internal rotation or inversion, without describing
large changes in the values of other linear coordinates. On the
other hand, it is much easier to build the quantum-mechanical
operators in linear coordinates, because then the tensor matrix ele-
ments are not functions of these coordinates [131] which is not
correct when curvilinear coordinates are used. Therefore, the num-
ber of curvilinear coordinates describing the large amplitude vibra-
tions should be minimized, whereas other vibrations should be
described by the linear coordinates.

In methylamine, the inversion and internal rotation motions
need to be described with the minimum number chosen for curvi-
linear coordinates being two. The inversion coordinate v is defined
as the angle between the HNH bisector and the C-N bond. The tor-
sional coordinate t is the angle between the NCH plane and the
plane of symmetry of the NH, group. Both large amplitude coordi-

nates are presented in Fig. 9. To minimize the rotation-inversion
coupling, the angle € changes with the inversion angle y. With p
being small, the amino group is fixed to the molecular axis system,
leading to a strong coupling between rotation and torsion.

The barriers of 23.2 kJ-mol~! and 8.6 k]-mol~" in the potential
functions of methylamine for the inversion and the torsion, respec-
tively [62,132] are not very high and the LAMs are coupled strongly
with the overall rotation of the molecule. Therefore, the structure
of rovibrational energy levels of methylamine is affected by the
tunneling splittings. Even in the ground state, energy splittings
are observed, meaning that the methylamine high resolution spec-
tra are extremely difficult to analyze and require a special theoret-
ical approach. Not only for methylamine, but also for many other
non-rigid molecules, the Hamiltonian has to be adapted or even
individually developed to fit the molecular spectra.

3.2. The tunneling formalism

In 1987, Hougen and Ohashi [133] developed a theoretical for-
malism to fit rotational energy levels in isolated vibrational states
of methylamine. The formalism assumed that both LAMs can be
treated in the high-barrier limit. The torsional-wagging part of this
approach was derived separately from the torsional-wagging-
rotational part. The most important steps for setting up a tunneling
Hamiltonian can be summarized as follows. Firstly, all conforma-
tions of the minimum energy, called equivalent equilibrium frame-
works, should be found for a given molecule. To each of them, the
appropriate set of rotation-vibration wave functions of small vibra-
tion coordinates and energy levels should be attached. Secondly, all
feasible tunneling paths between each pair of frameworks should
be found. Group theory is used to determine the number of inde-
pendent tunneling parameters. Finally, following these steps, a
Hamiltonian can be set up and diagonalized.

The amino group in methylamine performs a back and forth
motion which induces a 60° corrective internal rotation of the
methyl group, giving rise to six frameworks. Fig. 10 presents the
equilibrium frameworks for methylamine. The six minima are con-
nected by two kinds of tunneling paths. If we consider the tunnel-
ing motion from framework 1 to 3, it is clear that in this tunneling
only internal rotation takes place, since the torsional angle t
changes by 120°. No inversion is involved in the motion, which
can be recognized by the fact that the inversion coordinate y does
not change. If the tunneling motion from position 1 to 2 is consid-
ered, both types of tunneling are involved, since the torsional angle
changes by 60° and the inversion coordinate changes its sign from
positive to negative. Because of the back and forth motion of the
methyl group, the scheme of six conformations is repeated m times
to reduce the rotation-torsion coupling in the molecule-fixed axis
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system. This is accomplished by a counter rotation of the molecular
axis system by —pt when rotating the methyl rotor by +t. In the
tunneling formalism, we assume that in one minimum, a complete
set of vibration-rotation states is placed and it will interact with a
set of such states in a neighboring minimum.

Since methylamine is not rigid, its symmetry has to be
described by the permutation-inversion group theory, not by its
point group. Thus, its permutation-inversion group and extended
group are extensively applied to determine the allowed terms in
an effective rotational-tunneling Hamilton operator. Methylamine
belongs to the point group symmetry C; if considering only its rigid
equilibrium geometry and, with inclusion of LAMs, to the Gi;
permutation-inversion symmetry group (in fact it is the m-fold
extended group G7,). The G;, symmetry group is the Longuet-
Higgins group [134] of the permutation and permutation-
inversion operators E, (123)(45), (132)(45), (123), (132), (45),
(23)(45)%,(12)(45)", (13)(45)*%,(23)*, (12)*,(13)* of identical atomic
nuclei. The three hydrogen atoms of the methyl group are num-
bered 1, 2, 3 and the two of the amino group 4, 5. The G, group
is isomorphic to Cg, and there are two group operators a = (123)
(45) and b = (23)(45)* with the orders of 6 and 2, respectively.
The notation (45) means a permutation of hydrogen atoms in the
amino group, (123) stands for cyclic permutation of hydrogen
atoms in the methyl group, and a star indicates an inversion oper-
ation in the center of mass of position of all nuclei and electrons.
The character table of the group G, is presented in Table 1.

The vibration-rotation wave functions are functions of small
vibration coordinates, angles y and t, and Euler angles. Since the
inversion-rotation problem is studied by the zeroth order approx-
imation, the small amplitude vibration coordinates are set in the
Hamiltonian. The effects of symmetry group operations on Euler
angles y, 9, ¢, and on the v and t angles are summarized in Table 2.
These effects were described by Kroto and Papousek [135,136].
Thus, Table 2 presents the transformations of the molecular vari-
ables for an effective Hamiltonian by the permutation-inversion
generators of G,. The rotational variables are denoted as y, 9, o,
the torsional variable as 7, and the inversion variable is y. The
group operator a rotates the methyl top by 60° and inverts the
amino group. The operator b reverses the rotation of the methyl
group and does not change the amino group.

The formalism proposed for methylamine by Ohashi and Hou-
gen [133] treats each state under study as an isolated state split
into sublevels with Ay, A,, By, By, E1, and E; symmetry. The effective
Hamilton operator for methylamine is expressed by:

hn + han2 + hnkpg + hnij4 + hnjkpzpﬁ + hnkI<P§+

Coordination Chemistry Reviews 436 (2021) 213797

Table 1
Character table for the permutation-inversion group Gq,.
E (123)(45) (123) (45) (23)(45)* (12)*
(132)(45) (132) (12)(45)* (13)*
(13)(45)* (23)*
Ay 1 1 1 1 1 1 Py, Py, P,
Ay 1 1 1 1 -1 -1 Hxo My H
B, 1 -1 1 -1 1 -1
B, 1 -1 1 -1 -1 1
E, 2 1 -1 2 0 0
E, 2 -1 -1 2 0 0

2 Symmetry species of the laboratory-fixed components of the total angular
momentum operator P and the electric dipole moment operator L.

Table 2
Transformations of the molecular variables in methylamine.

E a=(123)(45) b=(23)(45)*
X T+ - 21p/(6m) =X

9 9 T-9

¢ T+ o

T T-2m/6 -1

Y Y Y

where n is the ordinal number of a configuration which inter-
acts with the configuration number 1. In other words, the interac-
tion from framework n = 1 [133] does not involve any tunneling
motion. The subsequent subscripts n = 2, 4, 6. .. correspond to tun-
neling of the NH, inversion, whereas n = 3, 5, 7... to torsional
motion of the CHz group. As mentioned earlier, tunneling from
position 1 to 2 involves inversion of the amino group followed by
an internal rotation of the methyl group by 60°, and tunneling from
conformation 1 to 3 corrseponds to an internal rotation of the
methyl group by 120°. The effective terms of the Hamiltonian in
Eq. (1) include AK = 0, +1, +2, +3, +4 operators. The coefficients h,
f,g d, p, 1, s are in dependence of the vibrational coordinates. They
are multiplied by the rotational operators.

3.3. Spectrum of methylamine

Methylamine has been extensively studied by many experi-
mentalists and its internal rotation and inversion barrier heights
were determined by microwave spectroscopy, infrared experi-
ments, or electron diffraction methods [137-142].

3.3.1. Ground vibrational state

There were many experimental studies of methylamine in cm-
wave range performed in the fifties of the previous century [143-
146] which were reviewed together with papers from the seventies
[138,147] by Ohashi et al. [148] in 1987 and supplemented by far-
infrared data covering a range from 4.6 to 90 GHz. Many experi-
mental studies on methylamine involved millimeter- and
submillimeter-wave ranges [149,150]. In one of them, Kreglewski
et al. performed measurements allowing the determination of pre-
cise hyperfine constants [151]. Two important contributions were
made by Ilyushin and Lovas [152] and Motiyenko et al. [153] which
concerned the rotational spectrum of methylamine in its ground
vibrational state. These studies summarized all available previous

H= f:Hn = inj fa (Pi +P3) +g, [i(Pi - PE)] + d,,(Pi +P‘1) + D, [i(Pj - pﬁ)h 2cos[(n — 1)p1] + fpiqnpzsin[(n ~1)p1] (1)
n=1 n=1 n=2

(rnePy +10-P_) + [Sno (P.Py + P.P;) + Sp_(P,P_ + P_P;)]
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Fig. 11. The high-resolution infrared spectrum of methylamine in the range 40-720 cm™'.

data covering the frequency range up to 500 GHz and 2.6 THz,
respectively. The Hougen-Ohashi approach proved to be very accu-
rate and allowed the fitting of all available data to the experimen-
tal precision [150,154].

3.3.2. The torsional states

Apart from the ground vibrational state of methylamine, there
were numerous studies on the excited torsional states as well as
the wagging state. Ohashi et al. studied the far-infrared spectrum
in the region of the first excited torsional state, which corresponds
to 40-350 cm~' [154]. In this work, a number of rotational transi-
tions were identified and fitted successfully using the Ohashi-
Hougen formalism developed for methylamine [133] which was
extended by adding AK = +1 operators to analyze the microwave
spectrum from 7 to 90 GHz of the first torsional state [155]. The
new microwave data were combined with previously obtained
microwave transitions as well as the far-infrared lines and fitted
using the extended tunneling-rotational Hamiltonian. Since the
analysis of the first torsional state of methylamine was incomplete,
additional measurements were taken by Gulaczyk et al. [156] and
much more transitions were assigned and fitted globally together
with all previous data. The global fit was performed using the
group theoretical formalism of Ohashi and Hougen [133,155]
which was further extended by adding subsequent operators, AK
= +3 and 4, achieving an unitless standard error of 3 for microwave
data and about 2 for rotational infrared data and for rovibrational
data. Accurate rovibrational energy levels were calculated for the
first excited torsional state of methylamine (v;s) and then used
in further analyses involving its hot bands.

The second excited torsional state of methylamine (2vs) was
also studied extensively, first in 1989 by Oda and Ohashi [157].
The analysis covered the torsional hot band (v;5 = 2-1) and infra-
red rotational transitions of the second torsional state. Since the
assigned transitions overlapped with rotational lines in the ground
state (vy5 = 0-0), in the first torsional state (v{5 = 1-1) and also
with the overtone transitions (vi5 = 1-0), it was not possible to
assign more transitions in the second excited torsional range. Con-
sequently, the fit results obtained from the same group theoretical
formalism used for the ground and the first torsional states were
not sufficiently good, and the inversion tunneling splitting param-
eters could not be deduced. More information on the second tor-
sional band (vi5 = 2-0) was obtained from the far-infrared
Fourier-transform spectrum of methylamine in the region of
340-640 cm™~! [158]. Still, the number of transitions in the second
overtone was not satisfactory and instead of a global fit, individual
sub-bands were independently fitted to polynomials. In this anal-
ysis, some series of lines for the third and fourth excited torsional
bands were also assigned, i.e. for vis = 3-1 and vy5 = 4-1,
respectively. A complete structure of the second torsional state of

10
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methylamine was presented by Gulaczyk et al. [159] where rovi-
brational transitions belonging to the overtone band v;5 = 2-0 as
well as to the hot torsional band v;5 = 2-1 were assigned and fitted
to a theoretical model based on the Hougen-Ohashi formalism
with a standard deviation of 0.006 cm~!. Fig. 11 shows the high-
resolution infrared spectrum of methylamine from 40 to
720 cm~!. Although the range for the second torsional band is nar-
rower, i.e. 340 to 720 cm ™!, this spectrum extends from 40 cm !,
since the hot band v;5 = 2-1 was also the subject of the study. In
the range of the spectrum given in Fig. 11, the hot band v;5 = 2-
1, the first overtone v,5 = 1-0, the hot band v;5 = 3-1, the second
overtone v;5 = 2-0, and the hot band v;5 = 4-1 are indicated.

Recently, Gulaczyk and Kreglewski reported a study on infrared
rotational spectrum of methylamine, in which the ground state as
well as the first and second excited torsional states were reana-
lyzed [160]. More infrared rotational lines were found in the region
from 40 to 360 cm™!, assigned, and fitted within each state, includ-
ing all available microwave data. The results of these analyses were
satisfactory, although deteriorating with higher states. The unitless
standard error of the fit for the ground state with 78 parameters,
K < 20, and J < 50 was less than 1. The respective values for the
first excited state are 89 parameters, K < 20, J] < 45, about 2 for
rotational infrared data, rovibrational data, and microwave data;
and for the second excited torsional state 95 parameters, K < 14,
J < 40, 3.2 for rotational infrared data, 8.5 for overtone band data
and for hot band data. The deviation of the fit for the second tor-
sional state is three times smaller than in previous analysis [159]
but still worse than for the first torsional state. Despite the increas-
ing number of parameters with each state, it is not possible to fit
the spectral data for the torsional excited states within experimen-
tal accuracy, probably because the group theoretical formalism has
reached its limit. Another theoretical approach, called the “hybrid”
approach, was proposed by Kleiner and Hougen [161]. In this
approach, the -NH; wagging motion is treated by a tunneling for-
malism, while the -CH; internal-rotation motion by the usual
torsion-rotation Hamiltonian using an explicit kinetic energy oper-
ator and potential energy function for that part. All the torsional
states corresponding to the same umbrella-motion quantum num-
ber simultaneously can be fitted together. Currently, the v, = 1-1
microwave measurements, which were quite limited so far, have
been extended, and present results on the fitting of already pub-
lished far-infrared data from v, = 1-0 are encouraging with unitless
standard deviation around 3 and 5 for v, = 0-0 and 1-1 microwave
measurements and 1.6 for the far-infrared measurements men-
tioned above [162].

3.3.3. The inversion state
Tunneling-rotational levels of the first excited inversion state
(ve wagging) of methylamine were analyzed for the first time in
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Fig. 13. A scheme of inversion-torsional energy levels of methylamine.

1992 [163]. The wagging band has a hybrid structure including
parallel and perpendicular components, which is further split due
to inversion and internal rotation of a molecule. The spectrum of
the vy wagging band stretches from 640 to 960 cm ™' as presented
in Fig. 12. Like other parts of the infrared spectrum of methy-
lamine, it is also very dense and overlapped. The results of the
analysis performed by Kreglewski and Winther were satisfactory,
although some series of lines were missing [ 163]. Sztraka et al. also
studied the wagging band involving another approach [164] but
some problems still remained.

Gulaczyk et al. [165] reinvestigated the inversion band of
methylamine considering the resonances between the vg wagging
state and neighboring states. The most common perturbations

P branch

vo = 1044 cm™!

arise from Fermi-type resonance and/or Coriolis interactions. As a
result of perturbation, the so-called intensity borrowing may
occur. It means that if the perturbing state (dark state) is of low
intensity, but in interaction with a more intense state (bright
state), the dark state borrows the intensity from the bright state
while mixing and becomes visible in the spectrum. Perturbations
manifest themselves in the spectrum with series of lines being
shifted locally or globally.

Fig. 13 visualizes the energies of inversion-torsional states of
methylamine. The inversion state could interact with three states:
The C-N stretching vg, the third excited torsional 3v;s, and the
fourth excited torsional 4v;s states. The torsional states 3v;5 and
4vq5 show large torsional splittings that increase with the excita-
tion. In fact, for the third excited state, only the upper part would
take place in the resonance with the inversion state, whereas for
the fourth excited state only the lower part participates. Reassign-
ments of the wagging band resulted in a standard deviation of
0.018 cm~!. Many missing lines were identified, even those that
were perturbed, and a K = 0 series of B symmetry was shifted by
4 cm~!. The perturbation turned out to arise from the fourth
excited torsional state rather than the third torsional as believed
earlier. In Ref. [166] Gulaczyk and Kreglewski reported that only
states of the same symmetry regarding the reflection in the sym-
metry plane of the NH, group can interact through the Fermi res-
onance, satisfied by the fourth excited torsional state. The third
torsional state can only cause Coriolis interactions. In order to
obtain a better description of the wagging state, an effective
Hamiltonian for inversion-torsional coupling should be built,
which would take into account explicitly all interacting states.

3.3.4. The C-N stretching state

The C-N stretching band of methylamine (vg) was recorded in
the high-resolution infrared spectrum from 960 to 1200 cm™'.
Fig. 14 shows a part of this band whose lines are strongly over-
lapped and of rather weak intensities. In Fig. 13, the C-N stretching

R branch

994.2786

-
Frequency/cm-!

1091.4784

Fig. 14. The high resolution infrared spectrum of the vg C-N stretching band of methylamine.
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state is located above the inversion and the fourth torsional states,
i.e. it might be perturbed by one of them. The analysis of this state
was performed independently at the same time by Gulaczyk et al.
[167] and by Lees et al. [168]. Most of the assigned lines in the C-N
stretching band have been confirmed by ground state combina-
tions differences and are consistent with the experimental laser
lines [169-171].

Apart from transitions belonging to the vg state, we observed
transitions of another state in the studied region. They were
assigned to the K = 4 series of E;_; symmetry of a perturbing (dark)
state. To verify possible resonances of methylamine in the excited
states, the torsion-inversion-rotational energy levels were calcu-
lated for some selected J] = K. The values were obtained from a
two dimensional potential surface [131]. A diagram of the energies
of the inversion-torsional states are presented in Fig. 15. The states
that were taken into account are the excited torsional states vis,
2vys, 3vys, 4vis, the excited inversion state vg, the combination
state vg + Vs, and the C-N stretching state vg. In the energy ladders
for K = 4, the best candidates for a “dark” state are the combination
state vg + v;5 and the fourth excited torsional state 4v;s. As men-
tioned above, to identify which state is the perturber, it is neces-
sary to consider symmetry rules for the interacting states [166].
Thus, for a Fermi-type resonance only states of the same symmetry
(A’-A’ or A”-A”") can be taken into account. The symmetry of the C-
N stretching state is A’ and therefore, the perturber should be the
fourth excited torsional state. The fit was performed using the
Ohashi-Hougen single state model with the final standard devia-
tion of 0.04 cm™! [167]. In the study by Lee et al. [168] high-
resolution laser sideband and Fourier transform synchrotron spec-
troscopy were used, then applying a phenomenological Fourier ser-
ies model to fit the ground and C-N stretch origins. Some
anharmonic resonances with v, = 4 (the fourth excited torsional
state) were observed and identified partially. From J-localized
level-crossing resonances, the interaction coupling constants could
be determined.

Although many transitions could be assigned and perturbations
from several resonances (Fermi and Coriolis) were analyzed, still
many overlapped lines remained unidentified in the Fourier trans-
form spectrum for the C-N stretching band. In a study by Sun et al.
[172] new experimental results were reported using microwave
sidebands of CO, laser lines as frequency-tunable infrared sources
in a sub-Doppler spectrometer. Many blended and unresolved K-
doublet lines in Doppler-limited spectra had been separated to
confirm and extend the previous set of transitions [167,168].

K=4levels
1400 -
— — — = Vg+2V
1200 vg '
- - - -e— = = W
1000 4V 2
== == = ===y
= | 3vss
600 S
— - —-— - — —_ | 2v,
400
— j— — — e R T
200
— — — — o e — GS
0 T T T T r - - .
Ay By A B Eyy By Eiq B

Fig. 15. Energy level schemes of methylamine with J = K = 4 for different symmetry
species. GS: ground state; vys, 2vys, 3Vys, 4vy5: excited torsional states; vq: excited
wagging state; vg: C-N stretching state; vg + Vs, Vg + 2V15: combination states.
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In newer contributions, the high resolution infrared spectrum of
methylamine has been studied in the regions of the C-H stretching
[173,174] and NH; scissors modes [175]. In the v;; CH-stretch
region (2965- 3005 cm™!) recorded using slit-jet direct absorption
spectroscopy with a resolution of 0.0025 cm™!, about 600 lines
were assigned for K < 2 and the A, B, E;, and E, symmetries. The
analysis of the spectrum revealed two qualitative differences in
the energy level pattern concerning the vibrational ground state
and relative to available data on the NH, wagging and C-N stretch
vibrations [173]. Two torsion-inversion tunneling models were
presented for the C-H stretch vibrationally excited states in the
G, family of molecules like methylamine. One model is a group
theoretical treatment starting from the symmetric rotor methyl
C-H stretch vibrations. The other one is an internal coordinate
model including the local-local C-H stretch coupling. Both models
yield predicted torsion-inversion tunneling patterns of the four
symmetry species aforementioned in the C-H stretch excited states
[174]. Recently, a rotationally resolved spectrum of methylamine
was recorded at room temperature in the region of 1540-
1710 cm™! with a resolution of 0.001 cm™! using a White-type
multipass cell device coupled to the Bruker IFS 125 HR Fourier
transform spectrometer implemented on the AILES beamline at
the SOLEIL synchrotron. A low temperature high resolution spec-
trum in the 1622.5-1655.6 cm™! range of Q and R branches of
the NH, scissors (v4) band was recorded using a quantum cascade
laser spectrometer, and has been assigned with about 2200 transi-
tions for K from 0 to 6 [175].

3.4. Theoretical studies

Methylamine is of great interst for both experimentalists and
theoreticians. A wealth of experimental data is available to verify
theoretical results of methylamine, which is a small molecule from
today’s theoretical point of view, now suitable to be studied with
high level quantum chemical methods. Indeed, methylamine was
extensively studied theoretically [142,176-182]. Many theoretical
studies on the inversion-torsional spectrum were performed,
where two-dimensional Hamiltonians were solved variationally
to obtain the low vibrational energy levels [178,183,184]. The com-
puted energy levels were compared with those estimated by Kre-
glewski using experimental data [62,185]. Recently, Senent [186]
applied explicitly correlated coupled cluster methods (CCSD(T)-
F12) to calculate the far infrared spectra of methylamine. A
three-dimensional Hamiltonian was applied and three coordinates
were considered explicitly, i.e. the NH, wagging, the HNH bending,
and the CH5 torsion.

3.5. Methylamine complexes

The lone pair of electrons on the nitrogen atom of methylamine,
as shown in Fig. 16, can facilitate the formation of various types of
complexes with metal ions [47,48]. Applications of coordination
compounds involving methylamine are as wide spread as they
can be. Some of the complexes are widely used in supramolecular
chemistry as polymeric networks [49] many of which are based on

4

29

Fig. 16. The structure of methylamine with its lone pair of electrons.
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multidentate flexible ligands, featuring different conformations
such as boxes, helices etc. depending on the properties of the metal
ions. A lot of interest was focused on clusters of alkali metal atoms
with ammonia molecules because they dissolve easily in liquid
ammonia [50] to form colorful and highly conducting solutions.
The alkali metals can also dissolve in ammonia derivatives such
as methylamine. Many studies were performed in order to describe
the change of ammonia into methylamine on the alkali cation and
solvated electrons. For example, the first infrared spectra of Li
(NH,CH3), for n = 3-5 clusters were recorded and compared with
theoretical results from ab initio calculations [51] proving that the
first solvation shell can provide space for up to four methylamine
molecules on a tetrahedral coordination. The methyl groups move
away from the lithium atom to avoid steric repulsion.

Another important applications of methylamine complexes are
surface coatings, adhesion, catalysis, and corrosion inhibition,
where methylamine is bound to the surface through its lone pair
of electrons. Adsorbed methylamine has been studied on surfaces
of nickel and chromium at 300 K using electron energy loss spec-
troscopy (EELS) [187,188]. Studies of adsorbed methylamine on
Pt surface also exist [189,190]. Perovskite photovoltaics used in
solar cells are also of great interest. Recently, Bogachuk et al.
showed a connection between the interatomic bonding
in the methylamine-Pbl; complex during liquefaction and recrys-
tallization and the crystal morphology as well as the lifetime of
photo-generated carriers in mesoporous layer and planar
structures [191].

Methylamine complexes play an important role in medicine
also. It was investigated that solubility and anticancer activity of
cis-platin can be improved by methylglycine and methylamine
ligands against human breast cancer [52]. Two water-soluble plat-
inum (II) complexes cis-[Pt(NH,CHs3),(CH3-gly)]NOs and cis-[Pt
(NHjs),(CH3-gly)]NO3 were synthesized and successfully character-
ized by different spectroscopic methods. These complexes were
used for testing against the human breast adenocarcinoma cell
line. Both complexes turned out to have satisfactory anticancer
activity. Methylamine can be also a part of luminescence materials
obtained from trivalent lanthanide ions with the ligands tris((1H-
benzo[d]imidazol-2-yl)methyl)amine [192].

4. Hydrazine

Hydrazine, NH,NH,, is a reducing agent and reactive base used
in industrial, pharmaceutical, as well as medical applications.
Among those, hydrazine and its derivatives possess antidepressant
properties. They inhibit the enzyme monoamine oxidase which
catalyzes the inactivation and deamination of some stimulatory
neurotransmitters. Hydrazine is an inorganic compound well-
known with its homogeneous non-metal character. Moreover,
hydrazine has been found in human liver and kidney tissues, and
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has also been detected in biofluids such as urine and blood. Within
the cell, hydrazine is mainly situated in the cytoplasm. Hydrazine
is used for electrolytic plating of metals on glass or plastic and as
a chemical intermediate for the synthesis of countless chemicals
with N-N bonds. It is known also as a rocket propellant, as a boiler
feed water deoxygenating agent, and used widely in the manufac-
ture of foamed plastics, biodegradable pesticides, insecticides,
fungicides, or herbicides. Hydrazine is of particular interest in
coordination compounds, since there are various ways in which
hydrazine can be bonded to the metal: monodentate, bridging,
and bidentate [57].

4.1. Internal dynamics and symmetry of hydrazine

Like methylamine, hydrazine is a non-rigid molecule, which has
been of great interest for spectroscopists and theoreticians for dec-
ades. Its dynamics are governed by three LAMs, which are two
inversions of the amino groups -NH,; and an internal rotation (tor-
sion) of the two amino groups around the N-N bond. These three
LAMs generate various tunneling splitting patterns in different
vibrational states of a molecule. Each of them features two equiv-
alent equilibrium conformations, leading to 8 non-superimposable
configurations. The -NH, wagging motion at each end of the mole-
cule is described by the inversion coordinates y; and 7,. The tor-
sional motion is described by the rotational angle t. y; and v,
are angles between the HNH angle bisector and the axis that passes
through the local centers of mass of two NH, groups. 1 is a half of
an angle between two NH, groups assuming the inversion coordi-
nates equal zero. Fig. 17 presents two projections of a hydrazine
molecule defining the inversion coordinates and the torsional coor-
dinate in the molecular axis system. The LAM coordinates are
curvilinear.

The equilibrium structure of hydrazine belongs to the point
group C, [29] which comprises two symmetry operations. The
extended permutation-inversion group for hydrazine is G(fg This
double Longuet-Higgins permutation-inversion group is generated
by four symmetry operators a, b, ¢, and d, where the last operation
d is only responsible for a double group. The other symmetry oper-
ators are described by the permutation-inversion operations as a =
(34)(1526)*% b = (34)(15)(26), and ¢ = E* (for atom numbering, see
Fig. 17). The symmetry group for hydrazine is of order 8 and con-
sists of eight permutation operations [193]. Longuet-Higgins pro-
posed a symmetry group of order 16 [134] containing the eight
permutations of nuclei and eight permutation-inversion operators.
A permutation-inversion group of order 32 was introduced by
Papousek et al. [194]| and Merer and Watson [195]. Thus, the 16-
element group is a subgroup of the double group G(lzg the pure per-
mutation group Gg is a subgroup of G, and the equilibrium geom-
etry point group C, is a subgroup of Gg. The character table of the
group G§26) is presented in Table 3.

Fig. 17. The inversion coordinates y; and Y, the torsional coordinate 1, and the molecular axis system of hydrazine.
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Table 3
Character table of the double permutation-inversion cglg group.
e d a2 a? c a’c b bd bc a’b a ac ab abc
d cd a’cd a’b a’bd a’bc bed a® a’c a’b a’bc
ad acd abd abcd
a’d a’cd a’bd a’bed
Afg 1 1 1 1 1 1 1 1 1 1 1 1 1 1
AZ‘u 1 1 1 1 1 1 -1 -1 -1 -1 1 1 -1 -1
AL 1 1 1 1 -1 -1 1 1 -1 -1 1 -1 1 -1
Az"g 1 1 1 1 -1 -1 -1 -1 1 1 1 -1 -1 1
B{'g 1 1 1 1 1 1 1 1 1 1 -1 -1 -1 -1
B;’u 1 1 1 1 1 1 -1 -1 -1 -1 -1 -1 1 1
Bl 1 1 1 1 -1 -1 1 1 -1 -1 -1 1 -1 1
Bz’g 1 1 1 1 -1 -1 -1 -1 1 1 -1 1 1 -1
E*t 2 2 -2 -2 2 -2 0 0 0 0 0 0 0 0
E 2 2 -2 -2 -2 2 0 0 0 0 0 0 0 0
E, 2 -2 2 -2 0 0 2 -2 0 0 0 0 0 0
E, 2 -2 2 -2 0 0 -2 2 0 0 0 0 0 0
E‘g 2 -2 -2 2 0 0 0 0 2 -2 0 0 0 0
E, 2 -2 -2 2 0 0 0 0 -2 2 0 0 0 0
e a‘a b*c a*a*b*c

05

a’b*c *a*b*c

@ o
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Fig. 18. The 8 non-superimposable frameworks of hydrazine. The colors of the circles represent the atoms with their numbering as indicated in Fig. 17.

4.2. Tunneling formalism in hydrazine

The slow tunneling formalism was developed for the first
time in 1981 by Hougen [196] based on the theory proposed
by Kasuya [29]. A phenomenological Hamiltonian operator
was derived for fitting the rotational energy levels of the
vibrational ground state. Hydrazine has 8 non-superimposed
frameworks as depicted in Fig. 18. The molecule tunnels from
one framework to another. However, most of its time is spent
in the neighborhood of conformational vibrating. This is an
important assumption of the slow tunneling formalism, since
splittings caused by the tunneling motion should be relatively
small compared to differences between the vibrational energy
levels.
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Each non-superimposable conformation possesses its inversion-
torsional function. Therefore, a vibration-rotation basis set of 16
functions (W, Wns) can be obtained by multiplying a vibrational
wave function located at the equilibrium conformation by each of
the two components (A or B) of a rotational K-doublet. The explicit
form of inversion-torsion functions does not matter, only their sym-
metry properties are important. Combinations of inversion-torsion
functions localized in 8 non-superimposable configurations belong
to the symmetry species Ay, Ay, Bi;, By, E*,E”, Eg, Ey, E1. The rota-
tional functions are of Aj,, Ay, Bf,, By,
of the resulting rotation-inversion-torsional
Al Ay, By, By Arys Ay, Bry, B3, ET E7, Tespectively.

The rovibrational effective Hamiltonian for hydrazine is
expressed by:

E; symmetry. The symmetry
functions are



Ha Vinh Lam Nguyen, I. Gulaczyk, M. Kreglewski et al.

H H,

NE

n=1

NE

huy + hanZ + hnkpg + hnij4 + hnjkpng + hnkkpj

Il
—_

+Fa(P+P2) 4 g, [i(P —P2)] + quPs + du(PL 4 P
+ Pn {I(Pi —Pf)] + (rn+P+ +rn7P7)

+ [Sn+ PPy + P P;) + 8y (P.P_ + P_P;)] (2)

In the tunneling model, LAMs take place from any of the frame-
works in Fig. 18 to any other. The subscript n in Eq. (2) indicates
the number of a framework. The matrix elements of the Hamilto-
nian can be presented in the form (1|H|n), where n = 1 corresponds
to no tunneling motion, n = 2 to inversion of both NH, groups, n=3
to internal rotation, n = 4 to inversion of both amino groups and
internal rotation, n = 5 to inversion of one amino group, n = 6 to
inversion of the other amino group, n = 7 to inversion of one of
the amino group and internal rotation, and n = 8 to inversion of
the other amino group and internal rotation. Tunneling of n = 5
and n = 6 along with n = 7 and n = 8 are equivalent, thus only
matrix elements with n = 1, 2, 3, 4, 5, and 7 can be considered
explicitly. The molecular parameters huy, hyj, hak, fa, &nv Gne i, Das
s, Sp in Eq. (2) are multiplied by the appropriate rotational opera-
tors. The Hamiltonian matrix is constructed from products of
inversion-torsion and rotational function.

Later, Ohashi and Hougen [197] rederived the results obtained
earlier for hydrazine using a tunneling formalism of Hougen
[196]. The later approach considers tunneling between 16 minima
instead of eight non-superimposable frameworks. In this separate
treatment, only the vibrational part of the tunneling problem
was taken into account in the first step, then multiplying the vibra-
tional eigenfunctions with the symmetric top rotational wavefunc-
tions. This method seems to be easier, but has some drawbacks. In
the vibration-rotation approach a basis set could consist of one
vibrational wavefunction for each of the frameworks, while in
the separate approach a basis set has to contain two vibrational
wavefunctions for each of the frameworks, which gives 16 vibra-
tional wavefunctions.

4.3. Spectroscopic studies

Many spectral regions of hydrazine have been studied over the
years. The low resolution infrared spectrum was recorded in 1952
[198]. From this analysis, it was possible to determine the position
of the symmetric inversion band. The ground vibrational state
observed in the microwave region from 6 to 133 GHz was exten-
sively analyzed [29,199] for which the group-theoretical formalism
of Hougen [196] was developed and yielded a satisfactory global
fit.

A number of infrared data have also been analyzed. The first
excited torsional band (v;) of hydrazine was studied in the range
from 200 to 450 cm™! [200]. This work aimed to check whether
the group-theoretical formalism applied earlier for the ground
state, where the inversion and torsional splittings are rather small,
could be successfully used for the state with much larger torsional
splittings. A global least-squares fit was performed considering the
far-infrared data together with the ground state microwave data
[199]. The fit was satisfactory, although some parameters could
not be determined for the excited torsional state, probably because
not enough transitions were observed.

The infrared spectrum of hydrazine was also studied in the fre-
quency range of the second excited torsional band from 580 to
750 cm~! [201,202]. The main interest of this analysis was to
determine how the splittings caused by the inversions and torsion

15

Coordination Chemistry Reviews 436 (2021) 213797

change with excitation of two quanta. It turned out that indeed the
parameters responsible for the trans-tunneling motion had
increased significantly with torsional excitation. The hs, parameter
(see Eq. (2)) was about 100 times larger than that of the first
excited state and almost 35 000 times larger than that of the
ground state. A global fit of the assigned transitions for the
vz = 2-0 yielded a decent result.

The inversion motions in hydrazine can be in-phase, then the
vibration is symmetric (symmetric wagging, vg), or out-of-phase
and the vibration is antisymmetric (antisymmetric wagging, vi,).
A number of analyses of the antisymmetric inversion (amino-
wagging) state of hydrazine were performed [203-208]. Tsuboi
et al. [206] determined the energy level structure for the K’ = 1
rotational state of the antisymmetric amino-wagging band along
with some molecular parameters. Jones and Takami [205] used
infrared-microwave double resonance to determine a number of
parameters for the second excited torsional state and confirmed
that the inversion splitting changed significantly on the excitation
of the antisymmetric amino-wagging. The inversion splitting in the
ground vibrational state is about 0.5 cm™!, while in the first excited
state of the antisymmetric amino-wagging vibration it is 13 cm™ .
Further analysis with additionally assigned lines of the antisym-
metric amino-wagging band v, of hydrazine was performed by
Ohashi et al. [207]. A global fit was not successful, and only individ-
ual sub-band fits were achieved, showing that the group-
theoretical formalism of Hougen [196] was not able to properly
represent the transitions belonging to the vq, state, probably
because some perturbations might occur in the antisymmetric
amino-wagging state. At that time, there were several candidates
for an interaction with the v;, state. Among these potential “dark”
states were two fundamental vibrations: the N-N stretching vibra-
tion (vs) and the symmetric amino-wagging vibration (vg). The
third excited torsional state 3v, was also considered, since the tor-
sional splitting in this state was estimated to be very large and
some levels of 3v; could lie close to the v;, state.

Another spectrum of hydrazine was recorded in the range from
729 to 1198 cm™! [208] to complete the assignment of the v;,
band needed to enable the analysis of the symmetric amino-
wagging state, ve, which partly overlaps with the v;; band. The
effective parameters were obtained separately for each K value
using the Hougen-Ohashi Hamiltonian while also applying the
expressions developed by Ohashi and Matsue [209].

The symmetric amino-wagging vs band of hydrazine was
assigned and analyzed for the first time in 2008 [210]. It turned
out that the symmetric amino-wagging state with a band center
at 780 cm™! was strongly perturbed globally by one of the neigh-
boring states. Some of the lines were shifted by 10 cm™!. Fig. 19
shows the scheme of inversion-torsional energy levels, indicating
that vi; lies closest to ve. It was not possible to consider the inter-
action between the symmetric and antisymmetric wagging states,
since two states being in a Fermi-type resonance should have the
same symmetry with respect to the rotation around the C, axis
of a molecule. Such conclusion has been drawn from a study on
the effective Hamiltonian for the coupling between inversion-
torsion states of hydrazine [211]. The symmetric wagging is of A
symmetry, whereas the antisymmetric wagging is of B symmetry.
The state of A symmetry is the third excited torsional 3v;. Thus,
these two states were considered to be in a strong resonance. Since
the global fit using the Hougen formalism gave a standard devia-
tion much larger than the experimental accuracy, fits for individual
K values were run and the coupling terms between the 3v; and vg
states were obtained. Not all the series were identified in the sym-
metric wagging band, implying that there are still some unidenti-
fied perturbations.

While analyzing the rotational structure of both wagging states,
the lines of the N-N stretching band with a band center at
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Fig. 19. A scheme of energy levels of the wagging-torsional states of hydrazine.

1077 cm~' were observed in the spectrum of hydrazine [212].
Again, analysis by a global fit was not as good as individual fits
for the K values, probably due to perturbations.

4.4. Theoretical studies

There are a series of theoretical studies for hydrazine [213-
215]. Initially, the two-dimensional potential function for the
inversion of the amino groups were calculated from a fit to the
available spectroscopic data [213]. The barriers for the symmetric
and antisymmetric wagging motions were obtained to be 3408
and 2016 cm™!, respectively. Ref. [214] showed how information
about the inversion-torsion potential can be retrieved from the
rovibrational spectrum of hydrazine. The calculated inversion
and internal rotation barriers were 2072 cm~' and 934 cm !,
respectively. From the inversion-torsional potential function, the
energy including torsional and inversion splittings for the 3v; state
were calculated [210]. These energies and extrapolated parameters
from the v, and 2v- torsional states were taken for the initial esti-
mation of the parameters used for the 3v, state in the effective
Hamiltonian. In the study of Lodyga and Makarewicz, ab initio
methods were used to calculate anharmonic frequencies and
torsion-wagging multiplets of hydrazine [215]. Harmonic frequen-
cies were calculated also by other theoreticians [216-219].

In conclusion, hydrazine draws much attention from its com-
plex internal dynamics governed by three LAMs, causing difficul-
ties in spectral assignment.

4.5. Hydrazine complexes

Hydrazine and its derivates have been of great interest to che-
mists, material scientists, and engineers for many years due to
their wide applications in various fields. With two active nucle-
ophilic nitrogens and four substitutable hydrogens, hydrazine is a
good starting point for many derivatives like foaming agents for
antioxidants, plastics, fungicides, herbicides, polymer chain-
extenders, and cross-linkers. Hydrazine is also a good ligand and
therefore, many complexes including a hydrazine molecule have
been studied [220-227].

The gauche conformation of hydrazine has one NH, group
twisted from the trans or cis positions. The vacant tetrahedral posi-
tions are occupied by two lone electron pairs in the sp hybridiza-
tion. They are the source of the nucleophilic and basic character of
hydrazine. The free electrons of hydrazine are able to coordinate to
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Fig. 20. Structure of a hydrazine molecule.

metal ions either as a monodentate or as a bridged bidentate
ligand. It is noteworthy to mention a few metal hydrazine com-
plexes including different anions like perchlorate, oxalate, sulfate,
azide, nitrate, hydrazine carboxylate [54]. In most of these com-
plexes, hydrazine acts as a bridged bidentate ligand, and only in
some as monodentate. Fig. 20 presents the structure of hydrazine
with its two pairs of free electrons and four substitutable hydrogen
atoms.

The chemistry of hydrazine and its derivatives, including many
different types of complexes, is rich. Belonging to the group of
hydrazine compounds are its inorganic derivates, hydrazinium
metal complexes, metal hydrazines, hydrazine salts, metal hydra-
zine carboxylates, and many others. Transition metal complexes
with monodentate and bridging hydrazines are formed with vari-
ous metals (Ag, Ca, Co, Cr, Cu, Er, Fe, Hg, Mn, Mo etc.) and anions
(carbonate, halide, nitrate etc.) that have been synthesized and
characterized [55-57]. Hydrazine, as a strong base, hydrolyzes in
aqueous solution:

N2H4 +H20HN2H5++OH7 (3)

(4)

The N,Hs™ cation is called a hydrazinium cation and the N,Hg*?
cation is a hydrazonium cation. Free hydrazine, hydrazine hydrate,
and monoprotonated hydrazine are all well-known ligands for
coordination complexes with transition metals [228,229].

NyHs™ + H,0 — NyHg*? + OH™

5. Secondary amine

The complex coupling between the inversion tunneling and the
methyl torsion has made methylamine a challenging molecule
which has been extensively studied and is still of great interest
for both experimentalists and theoreticians. As mentioned in the
introduction, this coupling occurs quite often, especially in primary
amines where the inversion motion of the two hydrogen atoms in
the amino group is always accompanied by the internal rotation of
the entired amino group [53,61-63]. In only some molecules like
dimethyl amine, CH3-NH-CHs, [230] ethyl methyl amine, CHs-
CH,-NH-CH; [231,232] and diethyl amine, CH3-CH,-NH-CH,-CHs
[233] the inversion tunneling of the proton attached at the nitro-
gen atom is not coupled by internal rotation, at least in the vibra-
tional ground state. Though the effects of internal rotation are
present, origining from the two methyl groups in the molecules,
the torsional barriers are sufficiently high, leading to much smaller
splittings of about 107> relative to those caused by the tunneling
motion.

Ammonia was extensively studied in the micron region, while
methylamine and hydrazine were mainly observed in the infrared
range. Nevertheless, microwave spectroscopy covers a much more
suitable frequency domain to study the spectra of secondary
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amines, being an analytical method well established to extract
information on conformational structures of small to medium-
sized organic molecules in the gas phase. The microwave spectra
are conformational specific and enable the characterization of indi-
vidual conformers of a molecule.

Atmospheric chemistry and astrophysics are two major
research fields that employ microwave spectroscopy. For atmo-
spheric chemistry, knowing the structures and dynamics of mole-
cules existing in our atmosphere are of fundamental importance to
understand the concepts of kinetical processes and climate [234]
with a vast amount of research focusing on chemical compositions
and direct changes on the radiative forcing of the atmosphere
[235]. Within the lower troposphere, the spectra of smaller organic
molecules lead to key information about the origin of such com-
pounds, as demonstrated in the works of Blumestock et al. with
the detection of unusual chlorine activation during the arctic win-
ter [236]. Atmospheric research has been extended to other planets
and within our solar system. Muhleman and Clancy have reported
the rotational spectra of H,0, CO, O,, O3, and H,0, in the atmo-
sphere of Mars, which helped for better knowledge of the water
cycle and composition of the Mars atmosphere [237]. Many sizable
organic compounds were also identified in the interstellar medium
by rotational spectroscopy, for example the detection of methyl
acetate and gauche ethyl formate in the Orion Nebula [238] fol-
lowed by the detection of ethyl formate in the giant molecular
cloud Sagittarius B2 near the center of the Milky Way Galaxy. An
actively maintained list of all molecules detected in the interstellar
medium can be found, e.g., at the Cologne Database for Molecular
Spectroscopy (CDMS) website [239]. Among around 200 molecules
detected in the interstellar medium or circumstellar shells [239]
none of them are secondary amines, despite intensively been
seeked for because of their importance in biology and chemistry.
This might be explained by a lack of laboratory investigation of
rotational spectra of those molecules, as pointed out in a recent
review by Kleiner [240]. So far, the spectra of only three linear ali-
phatic secondary amines were studied by high resolution micro-
wave spectroscopy, which are dimethyl amine [230] ethyl methyl
amine [231,232] and diethyl amine [233]. Studies on extension
to higher frequency range do not exist.

This class of molecules is particularly interesting for spectro-
scopic research because they feature a multitude of different
effects that typically occur in the microwave region. As mentioned
above, the terminal methyl groups undergo internal rotation that
cause small fine splittings. Additionally, the '“N nucleus causes a
quadrupole hyperfine structure in the margin of few hundreds of
kHz to several MHz. Finally, an effect which makes them of great
interest for this review is the tunneling motion of the hydrogen
atom attached to the nitrogen atom. This inversion tunneling
causes the c-dipole moment component to change its sign, result-
ing in splittings from c-type transitions across the non-degenerate
s and a symmetry species of all rotational levels. Such tunneling
splittings of 2646.0 MHz, 1981.0 MHz, and 1521.5 MHz have been
reported for dimethyl amine [230] ethyl methyl amine [231,232]
and diethyl amine [233] respectively.

Results of the geometry optimizations reveal that all heavy
atoms of the energetically most stable conformer of dimethyl
amine, ethyl methyl amine, and diethyl amine are located in the
ab-plane, as illustrated in Fig. 21. The hydrogen of the amino group
can be on either side of this plane, resulting in two energetically
equivalent structures which are enantiomers and have different
signs of the c-dipole moment component (see also Fig. 21). The
potential energy curve of the proton inversion process can be cal-

CcN - NH

culated by varying the angle vy = arccos (m

) between the

plane containing the heavy atoms and the amino-hydrogen bond
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within a range of 0° to about 90° due to symmetry. C. denotes
the center between the two carbon atoms binding to the nitrogen
atom. The predicted energies can be parameterized to yield a
potential energy curve with a double minimum similar to that of
ammonia illustrated in Fig. 1. An example for diethyl amine is
given in Fig. 22 [233]. The local maximum at y = 0° describes a pla-
nar sp? configuration of the nitrogen atom with the amino hydro-
gen and the neighboring carbon atoms being co-planar. Electron
delocalization due to the lone electron pair makes this planar con-
figuration, however, a transition state. Away from the two minima,
the potential energy increases rapidly due to the close proximity of
amino-hydrogen to the alkyl groups.

Similar to the energy levels of ammonia, the vibrational ground
state splits into a lower symmetric s and a higher anti-symmetric a
sublevel from the inversion motion of the amino hydrogen atom.
Because the sign of the c-dipole moment component changes upon

Fig. 21. The two equivalent equilibrium geometries of diethyl amine obtained by
quantum chemistry which correspond to the two energy minima of the proton
tunneling. The principal a and c inertia axes are given, indicating that the dipole
component (red arrow) changes sign in c direction during the tunneling process.

V()
v
100.0 \ 1,
18.31
\ N\ /1,
80.0 | \ /\ | 1
60.0 - v \w/ 0
5484 0 5484
40.0 A
20.0
OO T T T T T
-180.0 -120.0 -60.0 0.0  60.0 1200 180.0
v/e

Fig. 22. The double minimum potential of the proton tunneling inversion process of
diethyl amine. The inversion coordinate v is defined as the angle between the NH
bond and the NCC plane. The inset shows the inversion levels that split into an s and
an a sublevel and the barrier height calculated from the v = 0 inversion splitting.
Calculations were carried out as described in Ref. [233].



Ha Vinh Lam Nguyen, I. Gulaczyk, M. Kreglewski et al.

inversion, the selection rules s < a across the two symmetry spe-
cies are obtained for c-type transitions. This means that a pattern
of doubled c-type transitions appears in the spectrum, as illus-
trated in Fig. 23. The sign of the b-dipole moment component
retains during the inversion process, maintaining the selection
rules s <+ s and a < a within the two symmetry species for b-
type transitions. To fit the microwave spectrum of these secondary
amines, the following effective Hamiltonian can be used:
1
H =" |0)(H: + Ha + Hyo){?| + (|0)(1]|1)(0])Hc (5)
v=0
|0) describes the s and |1) the a tunneling state. H, contains the
overall rotation and the quartic centrifugal distortion terms and
can be described by Watson’s S-reduced Hamiltonian in its I
representation:

H, = AP + BP} + CP?

6

~D;P* — DgP? — DxP* + d; P? (Pi + P%) +d, (Pi 4P ) ©)
where A, B, and C are the rotational constants, Dy, Dy, Dy, d4, and
d, the quartic centrifugal distortion constants with P. and P_ being
the step operators. The Hyo term denotes the quadrupole coupling

! )

Hio = 2121-1)

Z Xfxﬁ [19‘7 I/J +WithXx/1 = quac/}
op

where Q is the nuclear quadrupole moment, y,; are the tensor
elements proportional to the elementary charge e and the electric
field gradient tensor elements . I is the nuclear spin of the
quadrupolar nucleus.

H, describes the torsional splitting between the |0) and |1) tun-
neling states

(8)

and H. is the Coriolis operator which connects the two states

Ha = AE -+ AEP + AEGP, + AE; (P2 + ) + -

J;J <« Jl;./
2 1=J
i< Jys
7 6 5 4 3 2 1=J
8 8 _
S 3
L Y 1 2
T I 1
l < l
e w
14500 15000 15500 16000 16500
Frequency / MHz

Fig. 23. The broadband scan in the range of 14500 to 16500 MHz of diethyl amine.
Blue lines are Q-branch b-type transitions; thick lines indicate c-type transitions
which split into doublets because of the proton tunneling.
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)

The constants F, and Fj,. as well as their higher order parame-
ters are Coriolis coupling parameters; AE;, AEx, AE,, and higher
order parameters are centrifugal distortion parameters to AE
which defines the difference between the s and a states [241-243].

In the microwave spectrum of dimethyl amine, ethyl methyl
amine, and diethyl amine, the s and a states are separated by AE
~ 1323.0, 990.5, and 760.8 MHz, respectively. Consequently, all
c-type transitions split into doublets separated by twice the value
of AE, which is about 2646.0 MHz, 1981.0 MHz, and 1521.5 MHz,
respectively. We recognize a trend that the larger the moclecule,
the smaller the splittings. The Coriolis coupling operator H. con-
nects the s and a energy levels. According to selection rules, b-
type transitions occur within a symmetry species. However, in
the microwave spectrum recorded by high resolution molecular
jet Fourier transform spectroscopy, narrow splittings of about
100 kHz could be observed due to Coriolis interaction in all mole-
cules. These splittings are on the same order of magnitude as those
of the fine splittings arising from the methyl internal rotations and
are overlapped, making the assignments of b-type transitions in
the microwave spectra of secondary amine quite challenging
[232]. A typical spectrum of the 3, « 393 b-type transition of ethyl
methyl amine taken at a resolution of 2 kHz is given in Fig. 24. For
comparison, Fig. 25 illustrates a spectrum of the 55 «— 5¢5 c-type
transition of the same molecule where the Coriolis tunneling split-
tings are not overlapped with the methyl torsional splittings.
Because the inversion tunneling motion does not couple with the
internal rotation of the two methyl groups, the latter effects can
be neglected during the inversion tunneling treatment without
affecting the fit quality, and treated separately to extract the tor-
sional barrier height.

Hc :Fac(PaPc“’PcPa)+FbC(Pch+Pch)+"'

O () =)

3<3 33
(00)  (11)/(12)
1
I
(01)
(10) l
(11)/(12) l (10)
| L]
A | (01)
N e
l I
| U \}
T T l 1
22904.621 22904.960 22905.298 MHz

Fig. 24. The spectrum of the hyperfine component F = 3 — 3 of the b-type 313 « 303
transition of ethyl methyl amine measured at a polarization frequency of
22905.0 MHz (marked in red) [232]. All frequencies are given in MHz. The Doppler
doublets are marked by brackets with the respective torsional species given in the
notation introduced in Ref. 244, The corresponding s < s and a « a species are
color-coded and given above each torsional block.
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4 —4 6—6 5«5
(10) (00) (10)
(11)/(12) (01) (01)
l ] I H l
—L
[ . H I
(11)/(12)
(11)/(12) I | | (00)
I [
00 1 T
(00) 1 ‘|
(01) |
X 1
] A .
21305.794 21306.446 21307.098 MHz

Fig. 25. The spectrum of the a «— s component of the c-type transition 55 < 505 of ethyl methyl amine [232]. Two spectra measured at the polarization frequencies of
21305.5 MHz and 21306.5 MHz (marked in red) are combined and the intensities are normalized. Brackets denote the Doppler splittings. The respective torsional species are
given, and the '“N quadrupole hyperfine component F' — F is above each torsional block.

6. Conclusion

Studying the structure and internal dynamics of a molecule rel-
evant to topics as divers as astrophysics, molecular biology, envi-
ronmental sciences, and atmospheric chemistry using high
resolution spectroscopy has a long tradition and is still a lively
research field with great potential. Many of those molecules expe-
rience large amplitude motions. The present review focuses on an
extremely important type, inversion tunneling. Though not occur-
ing as frequently as, for example, internal rotation, due to the
frame symmetry required to obtain a symmetric double minimum
potential, many molecules of great interest and importances fea-
ture this tunneling effect. The combination of high resolution spec-
troscopy, mainly in the microwave and infrared frequency ranges,
group theoretical tunneling formalism, and theoretical studies is
particularly successful in decoding spectra of molecules with
inversion tunneling splittings and providing reference data for
astrophysical research, atmospheric chemistry, or general applica-
tions in physical chemistry. The four molecules chosen to demon-
strate the inversion tunneling effects are ammonia with its
umbrella motion during which the nitrogen atom passes from
one side of the plane formed by the three hydrogens to the other,
methylamine with the inversion motion of the amino group cou-
pled with a methyl internal rotation, hydrazine with complex
internal dynamics governed by two amino tunneling motions
and an internal rotation of the two amino groups around the N-N
bond, and secondary amines with the inversion tunneling of the
hydrogen atom attached to the nitrogen.
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