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Abstract 

 

A large variety of molecules contain large amplitude motions (LAM), inter alia 

internal rotation and inversion tunneling, resulting in tunneling splittings in their 

rotational spectrum. We will present the modern strategy to study LAMs using a 

combination of molecular jet Fourier transform microwave spectroscopy, spectral 

modeling, and quantum chemical calculations to characterize such systems by the analysis 

of their rotational spectra. This interplay is particularly successful in decoding complex 

spectra revealing LAMs and providing reference data for fundamental physics, 

astrochemistry, atmospheric/environmental chemistry and analytics, or fundamental 

research in physical chemistry. Addressing experimental key-aspects, a brief presentation 

on the two most popular types of state-of-the-art Fourier transform microwave 

spectrometer technology, i.e. pulsed supersonic jet expansion based spectrometers 

employing narrow-band pulse or broad-band chirp excitation, will be given first. Secondly, 

the use of quantum chemistry as a supporting tool for rotational spectroscopy will be 

discussed with emphasis on conformational analysis. Several computer codes for fitting 

rotational spectra exhibiting fine structure arising from LAMs are discussed with their 

advantages and drawbacks. Furthermore, a number of examples will provide an overview 

on the wealth of information that can be drawn from the rotational spectra, leading to new 

insights on the molecular structure and dynamics. The focus will be on the interpretation 

of potential barriers and how LAMs can act as sensors within molecules to help us 

understand molecular behavior in the laboratory and nature. 

 

Keywords: microwave spectroscopy, rotational spectroscopy, large amplitude motions, 

conformational analysis, spectral fitting, molecular jet Fourier transform  
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Introduction 

 

 Since the jet-based Fourier Transform MicroWave (FTMW) spectroscopy technique 

was introduced by Balle and Flygare in 1979 [1,2], it rapidly became popular. The 

complexity of molecules that could be studied strongly increased with this method. In 

combination with newly developed jet-sources, it shows a great potential towards even 

larger and more dynamic systems, transient molecules, or weakly bounded complexes 

with applications in research fields as diverse as, e.g., molecular biology, astrophysics, or 

environmental sciences. 

Rotational spectra have been always known to be related directly to molecular 

structures, because the most important geometry parameters which they deliver are the 

rotational constants, which reflect the mass distribution of atoms in the molecules. 

Information on bond lengths and angles can be routinely obtained. However, microwave 

spectroscopy is today far more advanced and offers much more than just the molecular 

structures. It addresses various fundamental and applied problems in molecular physics, 

physical chemistry, and related fields such as astrophysics, atmospheric sciences, or 

biochemistry. It answers challenging questions on conformational landscapes, characters 

of the chemical bond, electronic surrounding of a given nucleus, charge transfer, and 

internal dynamics. 

The power of microwave spectroscopy in decoding molecular structures is very 

impressive compared to other spectroscopic techniques, because pure rotational 

transitions can be observed directly within the lowest vibrational state. Furthermore, in 

combination with supersonic expansion where the rotational temperature is decreased 

almost to the absolute zero point (from 0.5 to 2 K), only the lowest rotational levels are 

populated. This leads to a tremendous simplification of the spectra. Although important 

chemical and spectroscopic information could still be obtained with static gas cells, many 

problems could only be solved using supersonic jets. At the same time, with the capability 

to observe spectra of even larger molecules, microwave spectroscopy is emphasizing and 
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consolidating the key role in yielding accurate information on various physical and 

chemical objectives. Atmospheric compounds, interstellar species, and biomolecules are 

targeted in many laboratory studies, which provide information on properties of 

molecules, clusters, and radicals, as well as offer applications directed toward atmospheric 

sensing or radio astronomy. 

The two classical books known by almost every microwave spectroscopists are 

Townes and Schawlow [3] and Gordy and Cook [4]. The fundamental theoretical 

background of rotational spectroscopy is refered to those books and will not be repeated 

here. 

The effects of intramolecular dynamics cause all rotational energy levels to split 

into several levels due to tunnel effects. Two prototypes of such Large Amplitude Motions 

(LAMs) are methyl internal rotation and inversion tunneling involving a double minimum 

potential. These LAMs sometimes complicate the spectra that much that their assignments 

were inhibited. To model the experimental spectra, theoretical tools including correct 

Hamiltonian need to be developed. The theory on LAMs occuring in rotational spectra are 

described in detail by Wollrab [5] and Lister et al. [6], or in reviews, e.g. by Lin and Swalen 

[7]. Their group theoretical treatment using the permutation inversion group can be found 

in a book written by Bunker and Jensen [8]. 

Several computer programs are available to analyze the rotational spectra. They are 

often developed by microwave spectroscopists during the investigations on their 

particular molecular systems and then generalized for other molecules with similar 

molecular symmetry and internal dynamics. Nevertheless, in a number of cases where no 

program is available to treat the LAM problems occurring in the molecules of interest, 

specialized codes are needed. They are either extended from an already existing program 

or written newly. In those cases, group theoretical treatment is required in addition. The 

rotational spectra of many molecules can be fitted by the program SPFIT/SPCAT written 

by Pickett [9], often used to produce line frequencies and intensities for molecules in the 

astrophysical databases such as the Jet Propulsion Laboratory (JPL) [10] or ‘‘The Cologne 

Database for Molecular Spectroscopy’’ (CDMS) [11]. Many non-rigid molecules are also 
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available at other astrophysical line-lists and websites such as Splatalogue [12], the 

Observed Interstellar Molecular Microwave Transitions NIST database [13], and the 

Toyama Microwave Atlas [14]. 

 

Many programs for rotational spectroscopy dealing with LAMs are available at the 

‘‘Programs for ROtational SPEctroscopy’’ (PROSPE) managed by Z. Kisiel [15]. Among 

them, the program XIAM written by Hartwig and Dreizler [16] can treat the internal 

rotation effects of up to three methyl internal rotors. Other codes exist which contain 

higher order perturbation terms such as the one written by Ohashi and Hougen for 

methylamine-like molecule [17], by Kleiner and collaborators to deal with a number of 

one-top [18,19] and two-top molecules [20] with Cs and C1 symmetry, by Groner to deal 

with one or two internal tops [21], or by Ilyushin to treat one-top with Cs [22] and two-top 

molecules with C2v symmetry [23]. Kleiner and Ilyushin use a global treatment including 

all the torsional levels for a given vibrational state, an approach which is particularly 

successful for low barriers or excited torsional states. Internal rotations with intermediate 

to high torsional barriers can be handled by the IAMCALC program intergrating in 

Pickett’s SPFIT/SPCAT suite [10] and by the spectral fitting program JB95 provided by 

Plusquellic [24]. A few models for complicated interactions arising in individual molecules 

have been also developed based on group theoretical approaches, e.g. studies on the 

rotatory-wagging coupled motions in 2-methylmalonaldehyde, a methylamine-like 

molecule, by Kleiner and Hougen using the hybrid model [25]. 

Density functional theory and ab initio calculations implemented in computational 

programs such as Gaussian [26] or GAMESS [27] are commonly used today in the 

spectroscopic community to predict i.a. the potential energy surfaces (PES) to determine 

the conformational preferences, the molecular equilibrium structures, and electric field 

gradients. Such calculations yield starting values of spectroscopic parameters including 

barrier heights for different types of LAMs to support the experimental work.  

In the present review, the theoretical or experimental background required to 

analyze the rotational spectrum of a molecule containing one of more LAMs will not be 

given in detail, as they were presented in a number of books, papers, and review papers 
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[3-8]. Instead, this review will summarize the modern strategy to analyze microwave 

spectra, how to achieve fits with standard deviations within experimental accuracy, and 

serve as a guideline to study LAM systems, as outlined in Schema 1. Furthermore, it will 

give an overview how to use the information coming out from the spectrum to bring new 

insights on the molecular gas phase structures and dynamics. The focus will be on the 

interpretation of potential barriers and the use of methyl internal rotors as sensors for the 

molecular structures. 

  

Schema 1. The general procedure for microwave spectroscopic investigations on a molecular 

system.  
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Spectrometer technology 

 

With the unique ability to provide simultaneously high sensitivity and high 

resolution, FTMW spectroscopy based on pulsed supersonic jet expansions has become 

popular in the last decades. This technique is a powerful tool for studying isolated 

molecules in the gas phase. The most attractive advantages of integrating supersonic jet 

expansion in the FTMW spectrometers is the significant simplification of observed spectra. 

Furthermore, the signal to noise ratio is increased due to statistical depopulation of the 

excited states in the molecules because of the effective cooling of the sample to extremely 

low rotational temperature (0.5 - 2 K). In this review, the two most popular molecular jet 

FTMW spectrometer techniques will be briefly presented. More details can be found in 

Ref. [28]. 

1. Resonator-based molecular jet FTMW (2  40 GHz) spectrometers: High resolution 

and sensivity but time-consuming for survey spectra 

In a molecular sample, the electric dipole interaction occurs while exposing to a 

standing wave field of the microwave radiation which propagates in a “transverse electric 

magnetic“-mode of a Fabry-Pérot-type resonator formed by two spherical mirrors, 

typically made of aluminum, with equal curvature at a distance d. Today, resonator based 

molecular jet FTMW spectrometers in the frequency range below 26 GHz are commonly 

used in many microwave laboratories and have shown their superior sensitivity and 

resolving power [29-40]. For medium-size or large biomolecules or volatile compounds 

important for atmospheric chemistry and biology ( 15 atoms), this frequency range is 

suitable because of the small rotational constants. Therefore, lower J and K rotational 

transitions, which are easier to assign, fall in this range. Spectrometers from 26 to 40 GHz 

are fairly rare, but extremely useful for studying small molecules (< 15 atoms) abundant 

in the Earth’s atmosphere or in astrophysical objects such as molecular clouds or planetary 

atmospheres [41].  
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A diluted gas mixture of about 1% sample seeded in a rare gas at a total pressure 

in the range of 50 to 200 kPa is expanded into the vaccum chamber which contains the 

resonators. The simplest form of the nozzle consists of a circular orifice with a diameter of 

0.5 – 2.0 mm. The exit channel of the nozzle of 2 mm length is widened conically to 4 mm. 

The signals appear as doublets due to the Doppler effect in the case of a coaxial 

arrangement between the resonator and the molecular beam (COBRA-type). The typical 

measurement accuracy is about 2 kHz. Figure 1 depicts a typical broadband scan and a 

spectrum recorded at high resolution using a COBRA-type molecular jet FTMW 

spectrometer [33]. 

 

 

 

 

 

 

 

 

 

Figure 1. A typical broadband scan (left hand-side) and a spectrum recorded at high resolution 

(right hand-side) of allyl acetate using a COBRA-type molecular jet FTMW spectrometer [33]. The 

broadband scan was recorded by overlapping spectra at step size of 0.25 MHz, where only the line 

positions are present. The linewidth in the high resolution spectrum of the 404  303 rotational 

transition, A torsional species, is 8 kHz. The line frequency can be determined with a measurement 

accuracy of about 0.8 kHz [42]. 

  

2. Chirped-pulse molecular jet FTMW spectrometers: How to reduce the time 

requirements for survey spectra? 

The classical version of resonator-based molecular jet FTMW spectrometers have an 

unrivalled resolution, but suffer from the time requirement to acquire survey spectra 

(scans), because the resonator has to be tuned mechanically for every frequency element 
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at rather narrow steps of less than 0.25 MHz (< 105 cm1), see for example the figure 

caption of Figure 1 [42]. An approach to overcome this problem was developed a decade 

ago using the chirped-pulse (CP) method, which relies on a very short but powerful 

frequency-ramp signal with a band width of 1 GHz (3333 times 105 cm1) or even more, 

and thus can reduce the time requirements for scans dramatically [43].  

The fast passage excitation arises when the frequency of an electromagnetic field is 

swept through a molecular resonance in a time which is much shorter than the relaxation 

time. Desprite this very short resonance time, the population of the states changes 

remarkably, which leads to a detectable oscillating macroscopic polarization. Although 

traditional narrow-band resonator-based spectrometers can provide better resolution of 

the spectra of a target molecule, CP-FTMW provides unparalleled speed for highly 

complex broadband spectra arising from mixtures of reaction products, isomers, or 

weakly bound molecular clusters. In many studies where optimizations of the molecular 

jet are required, e.g. van der Waals complexes or electric discharges to produce ions or 

radicals, the use of a CP machine is indispensable. It is necessary to monitor a wide spectral 

range in real-time in order to recognize changes in the spectrum while the strength of 

discharge and other parameters are varied. Furthermore, the line intensities of CP spectra 

are more reliable than those of a resonator-based apparatus. This is an important feature 

for assignments of the spectra and for conformational analysis.  

With all of these advantages, CP-FTMW is the spectrometer of choice for many 

scientists worldwide and has been equipped in almost all microwave spectroscopic labs 

[44-59]. 
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Quantum chemical calculations 

 

The combination of microwave spectroscopy and quantum chemical calculations is a 

powerful tool to determine the conformational landscape of medium-size and large 

molecules as well as LAM parameters. Studies where the microwave heavy atom strutures 

were determined experimentally, such as those on methyltetrahydrofuran [60], 2-

ethylfuran [61], and 2- and 3-nitrobenzonitrile [62], have proven that the molecular 

geometries can be sufficiently well-calculated. In the present review, we constraint the 

scope of quantum chemical calculations on geometry optimizations. They are crucial and 

serve as a supporting tool for the assignment of microwave spectra by delivering predicted 

values to start the assignment [63]. If the molecules are large, it is often not possible to 

obtain rs geometries from the experiments, as not all isotopologues can be observed, but 

geometry information can be indirectly obtained from the rotational constants, which can 

be compared with those of the theoretical results. Like Townes and Schawlow [3] and 

Gordy and Cook [4] for microwave spectroscopists, details on quantum chemistry are 

referred to the two books written by Cramer [64] and Jensen [65]. The present review will 

only address the use of quantum chemistry as a supporting tool for rotational 

spectroscopy. 

The relation between the positions of all nuclei in a molecule and the corresponding 

potential of the molecule can be described by the PES. Each energy minimum on the PES 

represents a stable conformer, because any change in geometry parameters such as bond 

angles or lengths would lead to a conformation with a higher energy. The absolute 

miminum is the energetically lowest, i.e. the most favorable, conformation of the molecule. 

Transition states are also present on the maxima of the PES as saddle points. Figure 2 

illustrates the PES of phenetole depending on the rotations of the phenyl ring and the ethyl 

group as an example [66]. This PES discribes completely the conformational landscape of 

phenetole. 
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1. Geometry optimizations: How to start? 

To calculate the stable conformers of a molecule, geometry optimizations are 

carried out on different starting geometries computed in quantum chemical programs like, 

for example, the commercially available Gaussian [26] or the freeware GAMESS [27] where 

the total energy is minimized by varying the atom positions in small steps until 

convergence. 

As stated in Scheme 1, theoretical investigations can be started immediately after 

deciding to study a system of interest (called molecule X in Scheme 1), even before the 

experimental spectrum is recorded. However, several points should be carefully thought 

before running the first calculation. The first point is to decide which level of theory is 

most suitable to treat molecule X and how accurate the results will be. The choice of course 

depends on the available experimental data. 

 

 

Figure 2. The PES of phenetole calculated at the MP2/6-311++G(d,p) level of theory obtained by 

rotating the phenyl ring (dihedral angle α) and the ethyl group (dihedral angle β) [66]. The 

numbers in the color code indicate the energy (in per cent) relative to the energetic minimum 

Emin = 385.0444525 Hartree (0%) and the energetic maximum Emax = 385.02509670 Hartree 

(100 %). Two energy mimina (I and II) are found on this PES. II* is the enantiomer of II. 
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2. Method choice: Be careful. Discrepancy! 

Different methods are available to optimize the geometry of a molecule and find 

the stable conformations. The two methods with a reasonable ratio between calculation 

time and efficiency ratio most commonly used are probably the density functional theory 

(DFT) using the B3LYP functional [67,68] and the MP2 method [69]. They mainly differ in 

their optimized quantity. While it is the electron density for DFT, the wave function is 

optimized by MP2. If the molecule belongs to a systematic investigation on a molecular 

class, a certain level of theory is often preferred, which has yielded more reliable results in 

previous studies [70]. Otherwise, MP2 is usually recommended and represents one of the 

most favorable methods in the microwave spectroscopic community because of the 

reasonable rate between accuracy and required computational time. However, an 

advantage of the semi-emperical B3LYP method over the pure ab initio MP2 method is that 

it is much faster and more cost efficient. However, a disadvantage of the B3LYP functional 

is its underestimation of intramolecular interactions. As a consequence, energy minima 

may be overlooked during the conformational analysis [71]. This can be improved by 

using Grimme’s dispersion correction [72,73], which turned out to be quite helpful for 

large molecules containing internal rotation. The case study on methyl jasmonate and 

zingerone, two substances produced by plants, has shown that a wrong choice of the 

theoretical method can lead to misinterpretation of experimental results (see Figure 3) [74]. 

 

Figure 3. Schematic representation of the prototype behavior of theoretical methods in the 

conformational casuistry of zingerone. For details see Ref. [74]. 
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The discrepancy between B3LYP and MP2 found in methyl jasmonate and 

zingerone is not unusual and can also be observed in smaller molecules. An example is 

the case of diethyl ketone, where MP2 predicts a tilt angle of about 10° for each of the ethyl 

group and the corresponding symmetry is C2, while B3LYP calculates a C2v symmetry with 

all heavy atoms located on the symmetry plane (see Figure 4) [75]. There are also more 

accurate methods, for example higher orders of perturbation theory (MP4) [76] or the 

golden standard in quantum chemistry, coupled cluster calculations [77], but they are 

much more expensive than the B3LYP and MP2 methods. Therefore, a conformational 

analysis at a level higher than B3LYP or MP2 is not recommended. However, it might be 

interesting to re-optimize the geometries of the lowest energy conformers obtained from 

the PES at a higher level to predict more accurate structures. 

 

 

 

2. Basis set choice: Make a lot of tests… 

The second point is to choose a suitable basis set. The Pople valence triple-zeta basis 

set 6-311++G(d,p) is often used in combination with the MP2 and B3LYP methods, because 

the valence shell electrons are described well and the diffuse functions (++) and the 

polarization function (d,p) are included [78]. A set of polarizing d-functions is used on all 

atoms heavier than helium and a set of p-functions on all hydrogen and helium atoms is 

included. Dunning correlation consistent basis sets, e.g. aug-cc-pVDZ and aug-cc-pVTZ 

Figure 4. Left hand side: a potential energy curve of diethyl ketone calculated at the 

MP2/6-311++G(d,p) level of theory. Right hand side: the same potential curve calculated at the 

B3LYP/6-311++G(d,p) level of theory. For details see Ref. [75]. 
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are also often chosen [79]. It is obvious that the same level of theory should be used 

throughout the conformational analysis for a reasonable comparison. 

For each energy minimum harmonic frequency calculations have to be performed 

to verify whether an optimized geometry on the PES is an energy minimum or a saddle 

point (transition state). Zero-point energy corrections on the equilibrium energy can also 

be obtained which yields the energy of the system in the vibrational ground state.  

The accuracy of calculations with different methods or basis sets depends on the 

system of interest X. Therefore, the method/basis set combination should be chosen 

carefully before running the calculations. A level often used in the spectroscopic 

community is MP2/6-311++G(d,p), which has provided good starting values in 

investigations of many small to medium-size molecules [80-82]. The geometries, and 

consequently the predicted rotational constants, usually agree well with the experimental 

values. However, the B3LYP/6-311++G(d,p) level of theory turns out to be more reliable in 

some cases such as the three isomers of mono-methylanisoles [83-85]. For some esters like 

ethyl valerate [86] or molecules containing aromatic rings such as coumarin [87], 

quinolone [88], and isoquinoline [88], MP2/6-31G(d,p) turns out to be a “magic level” 

which calculates rotational constants accidentally closest to the experimental values and 

has eased significantly the assigment process. It is therefore recommended for any new 

class of molecules to first test which combination of methods and basis set is appropriate, 

and then apply it for all following investigations in the series.  

Finally, it should be mentioned that the predicted rotational constants refer to the 

equilibrium structure and the experimental rotational constants obtained from the 

microwave spectrum are those of the vibrational ground state. Since the deviations are 

often only about 1%, the theoretical Be values are usually compared directly with the 

experimental B0 results [89]. Though this comparison is not physically meaningful, 

theoretical Be values offer cost-efficient calculations with sufficient accuracy for spectral 

assignment purposes. Theoretical B0 rotational constants at the vibrational ground state 

can be provided by anharmonic frequency calculations, which are sometimes important, 

for example to determine the semi-experimental equilibrium reSE structure [90]. However, 
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for the assignment of microwave spectra, these calculations are firstly, very time-

consuming and secondly, often does not predict rotational constants in much better 

agreement to the experimental values due to error compensation. 

3. Estimation of the torsional barriers: Still challenging 

Barriers hindering the LAMs can be obtained from potential energy scans where 

the large amplitude motion coordinates are varied in a certain grid while all other 

geometry parameters are allowed to relax. Though geometry optimizations yield reliable 

results in many cases, calculating energies still remains a challenge for today’s quantum 

chemistry with even growing computational capacity. Especially, if the energy differences 

are small, it is difficult to predict the conformers of lowest energy or the barriers of LAMs 

with a suffisant accuracy to guide the spectral assignment [91]. Although for quantum 

chemistry, an accuracy of 1 kJ·mol−1, which is approximately 84 cm−1, states energy 

calculations with high quality, it is far from accurate regarding the experimental 

requirements. By a change of only one cm−1 in the potential barrier, the predicted 

frequencies can differ hundreds of MHz from the experimental values. However, the order 

of magnitude is often given correctly and serves as a good orientation for studying the 

effects of LAMs in the spectrum. 
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Large amplitude motions  

 

One of the first recorded rotational spectra were probably those of ammonia with 

its inversion tunneling motion of the nitrogen atom through the plane spanned by the 

three hydrogen atoms [92]. Ammonia thus exists in two energetically equivalent 

geometries, which are connected by a tunneling path with the shape of a double minimum 

potential [4]. 

The spectra of many molecular systems are dominated by the tunneling splittings 

of their LAMs. In some cases, two or more LAMs simultaneously generate tunneling 

splittings, sometimes with Coriolis couplings between them. There are several types of 

LAMs, but the two most frequent are the internal rotation, typically of methyl groups, and 

inversion tunneling. The present review does not consider the puckering LAMs of 

saturated rings and pseudorotation, as occurring for example in tetrahydrofuran [93]. 

Furthermore, the investigations are limited to isolated molecules and do not consider 

weakly bound complexes, where complex LAMs also often occur, such as in the methyl 

glycidate–water complex [94]. 

A small historical perspective on large amplitude motions 

1. Internal rotation 

Internal rotation is a LAM where an internal rotor rotates with respect to the rest of 

the molecule, called the frame. The internal rotor can be symmetric, e.g. a methyl group, 

or asymmetric, e.g. OH, SH, NH2 groups. Depending on the symmetry of the rotor and the 

frame, the number of equivalent minima of the torsional potential can be different.  

1.1. Symmetric internal rotor  

A threefold potential is present if the internal rotor is a group with C3 symmetry 

like the methyl group attached to an asymmetric frame, as described in equation (1) [4]: 
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𝑉(𝛼) =
1

2
𝑉3(1 − 𝑐𝑜𝑠3𝛼) +

1

2
𝑉6(1 − 𝑐𝑜𝑠6𝛼) +

1

2
𝑉9(1 − 𝑐𝑜𝑠9𝛼) …     (1)  

The height of this potential, i.e. the V3 value, can be quite different, from essentially free 

rotation (almost 0 cm1) to over 1000 cm1.  

The first internal rotors studied in the microwave domain were often molecules 

detected in the astrophysical medium. The history of internal rotation is thus closely 

related to the history of astrophysics detections. Methanol, a very important molecule in 

chemistry and industry, is one of the simplest molecules with hindered internal rotation, 

with a barrier height of about 380 cm1, and was therefore studied since a long time by 

numerous experimental and theoretical investigations, for example by Koehler and 

Dennison already in 1940 [95]. The structure of methanol has been determined in 1951 by 

Hughes, Good, and Coles [96]; the millimeter-wave spectrum was investigated by Lees 

and Baker [97]. The studies were extended by De Lucia et al. in 1989 [98] and then 

continued by Xu et al. [99]. 

 The barrier to internal rotation of 398(14) cm1 of another astrophysical molecule, 

acetaldehyde, was estimated by Lin and Kilb in 1956 [100]. The spectral analysis was 

completed later by Bauder [101], Liang [102], and Maes et al. [103]. Methyl formate, a 

further important astrophysical molecule, was studied in the microwave region in 1959 by 

Curl [104], reporting a barrier to methyl internal rotation of 416(14) cm1. Later on, 

Plummer [105], Demaison [106], Oesterling [107], and Oka et al. [108] improved the 

spectral analysis to great accuracy. Acetic acid, a structural isomer of methyl formate, also 

shows internal rotation [109,110] where the methyl torsional barrier of 174 cm1 was 

determined in 1957 by Tabor [111] and later improved to be 168.16(17) cm1 by Krischer 

and Saegebarth [112]. A review of molecules with internal rotation is available in Ref. [113].  

1.2. Asymmetric internal rotor  

An example among many asymmetric internal rotors is the primary amino group 

–NH2. The typical example, ethyl amine, for which Fischer and Botskor reported on the 

spectrum of the trans conformer in 1982 [114] and two years later also on the gauche 

conformer [115]. Another interesting example is water, which can also acts as an 
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asymmetric internal rotor, causing a V2 energy potential, as observed in a number of 

complexes like nitric acid−water [116] or water–carbon oxide [117] or, but we will not 

consider it further in this review. 

1.3. Why is internal rotation important?  

The smaller the barrier to internal rotation is, the larger are the splittings in the 

spectrum [4], and the more complicated is the spectrum analysis. Why should we care 

about the laboratory analysis of those spectra? One reason is to understand the molecular 

structure itself which can be used to study chemical and biochemical intrinsecal properties. 

With increasing sensivity in atmospheric detection, internal rotors have been frequently 

observed and play an even more important role in the chemistry of the earth atmosphere 

though they are present only in traces as volatile organic coumpounds. Another reason is 

that knowledge about internal rotation is essential for the detection of molecules in the 

interstellar medium. More than 200 molecules have been found in the circumstellar shells 

or interstellar medium. A number of them show methyl internal rotation with observable 

splittings. The classical example is methanol, one of the simplest molecules showing 

methyl internal rotation with a barrier height of about 380 cm1,  which was detected in 

Orion-A by Lovas et al. in 1976 [118]. About at the same time, Churchwell and 

Winnerwisser found methyl formate in Sgr B2 with the A-E doublet of the 110 ← 111 

transition [119]. Acetaldehyde was also found in Sgr B2 [120], and then in two other clouds 

TMC-1 and L134N [121]. Acetic acid was first detected in the ISM by Mehringer et al. [122]. 

Many internal rotor molecules were observed in Orion-KL such as dimethyl ether [123]. 

Larger molecules like acetone [124] and ethyl methyl ether [10] have been detected as well. 

Most of the identifications were enabled by the interplay between laboratory studies of 

the rotational spectra and observations of interstellar surveys in the microwave, sub-

millimeter wave, and millimeter wave frequency ranges. The laboratory investigations 

yield reliable data such as line lists and intensity needed for the interpretation of 

interstellar survey.  

Only a few years ago, 215 unblended lines as well as 163 lines moderately blended 

with other species of methyl acetate with its five torsional splittings arising from two 
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inequivalent methyl rotors were detected in the Orion cloud [126]. The detection is fully 

secured taking into account (i) the large number of detected lines and (ii) the fact that the 

systematic pattern of the lines arising from the different internal rotation states is always 

present (Figure 5). This success was due to the laboratory work and understanding of the 

molecular transitions occurring in the microwave spectra of a two-top internal rotor. 

 

 

 

 

 

 

 

1.4. Understanding two-top molecules towards astrophysical detections 

All rotational lines of a one-top molecule split into an A and an E torsional 

component. As illustrated in Figure 6, in the case of two non-equivalent internal rotors, 

all A components split into the so-called AA-AE doublets, and all E components into the 

EA-EE-EE* triplets, according to the notation by Dreizler based on the direct product 

C3v
(1)
C3v

(2)
 [127]. In the spectra of molecules with two equivalent rotors, AA-AE-EE-EE* 

quartets arise instead of quintets due to the degeneracy of the AE and EA torsional 

components (see Figure 6). Filled circles in Figure 6 indicate the non-rotating state of the 

rotors and round arrows symbolize the two rotating states. If the molecular symmetry of 

the rest of the molecule excluding the methyl groups (so-called the “frame”) is Cs, new 

labeling schemes using the semi-direct products have been introduced for both, the two 

inequivalent and two equivalent rotor cases. The torsional species are denoted as (00), (01), 

(10), (11), and (12) [128], where (01) = (10) in equivalent rotor cases [129]. The molecular 

symmetry groups are G36 and G18, respectively. Laboratory studies on the smallest acetate, 

Figure 5. Selected lines (in red) of methyl acetate, CH3COOCH3, at 2 mm toward Orion-IRc2. The 

lines from the different torsional states are identified. The continuous green line corresponds to 

all lines already modeled from Ref. [126]. 
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methyl acetate, first by Sheridan and Bauder [130], then by Tudorie et al. [20] and Nguyen 

et al. [131], and the understanding of molecular energy levels have eventually provided 

reliable line lists and line intensities for the succesful search and unambiguous detection 

of this molecule in the Orion cloud, as shown in Figure 5 [126]. 

 

 

 

 

There are also some other investigations on two inequivalent top Cs molecules such 

as 2-acetyl-5-methyl-furan [132], ethyl methyl ketone [133], methyl propionate [134], 

dimethylbenzaldehydes [135], dimethylanisoles [128,136,137], and 4-methylacetophenone 

[138], but the number is still scarce. To our knowledge, so far only one molecule with two 

inequivalent tops and C1 symmetry for the frame, isopropenyl acetate, was reported in the 

literature [139]. The spectra show splittings arising from a low barrier internal rotation of 

the acetyl methyl group (135.3498(38) cm1) and a high barrier hindered rotation of the 

isopropenyl methyl group (711.7(73) cm1). 

For two equivalent methyl internal rotors, only a handful of molecules like acetone 

[140], dimethyl ether [141], dimethyl diselenide [142], diethyl ketone [75], 2,5-

dimethylfuran [143], 2,5-dimethylthiophene [129], and dimethyl sulfide [144] were 

reported in the literature.  

 

Figure 6. Splittings due to internal rotation in the rotational spectrum of molecules with one 

rotor, two non-equivalent rotors, and two equivalent rotors. 
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1.5. Beyond two internal rotors 

Considerably fewer molecules with more than two methyl internal rotors such as 

trimethyl silyl iodide, (CH3)3SiI [145] and similar systems [146] and N,N-

dimethylacetamide [147] have been studied. The number of methyl tops is three in all cases. 

In N,N-dimethylacetamide, interactions between the methyl internal rotations and the 

overall rotation were characterized by Coriolis-like coupling parameters, which allowed 

the determination of the torsional barrier heights to be 677 cm1 for the C-methyl top, 237 

cm1 for the trans-N-methyl top, and 183 cm1 for the cis-N-methyl top [147].  

2. Inversion tunneling 

An well-known inversion process is the case of ammonia, NH3, with a double 

minimum potential tunneling pathway [92]. Nevertheless, this effect is not only found 

there but also in larger and more complex molecules. 

In an investigation on ethylene diamine, NH2−CH2−CH2−NH2, Marstokk and 

Møllendal reported two conformers, in both of which tunneling LAMs occurred when the 

amino groups interchanged their donor and acceptor roles [148]. Separately fitting the (+) 

and (−) energy levels yielded quite different inversion splittings of 1.564(66) MHz and 

86.356(21) MHz and for the two conformers. After theoretical improvements, a global fit 

could be achieved by Merke and Coudert [149]. Hydrazine, NH2−NH2, is another molecule 

possessing two amino groups, where three LAMs simultaneously occur, namely an 

internal rotation about the N−N bond and the inversion motions asiring from both amino 

groups. The rotational spectrum of hydranzine was first assigned by Kasuja et al. [150] and 

then improved by Tsunekawa, Kojima, and Hougen [151] as well as by Kreglewski et al. 

in the sub-millimeterwave range [152] and in the infrared range [153,154]. Inversion 

tunneling was also observed in almost all primary amines such as aniline C6H5−NH2 [155].  

Tunneling motion is also linked to many complexes like dimers as the weak van 

der Waal bonds are usually quite “floppy”. In a theoretical study, Ohashi and Hougen 

suggested 25 tunneling motions which might occur in methanol dimers in addition to the 

internal rotations of the two methyl groups [156]. The group theoretical results had been 

confirmed by the experiments where Lovas et al. revealed in the microwave spectrum 15 
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different tunneling states of the a-type R-branch Ka = 0 rotational transitions [157]. While a 

considerable number of studies on molecules with internal rotations are available, 

investigations on inversion tunneling are scarce. Furthermore, this effect is often combined 

with internal rotation(s). An example is the inversion of the two protons in the amino 

group found in primary amines, which is accompanied by the internal rotation of the 

entire amino group. Only in a few molecules like planar secondary amines such as 

dimethyl amine, CH3−NH−CH3, [158] ethyl methyl amine, CH3−CH2−NH−CH3, [159] and 

diethyl amine CH3−CH2−NH−CH2−CH3, [160] the inversion tunneling of the proton is not 

coupled with internal rotations (though small splittings from methyl torsions can be 

resolved). In phenyl formate, the tunneling of the phenyl ring also represents the only 

LAM of this molecule [161]. 

 

3. Interaction of internal rotation(s) with tunneling motion(s): from rotation-wagging to 

hydrogen transfer 

One of the classical example is the coupling between the methyl internal rotation 

and the inversion motion of the amino group in methyl amine, where the back-and-forth 

motion of the amino group triggers a 60° corrective rotation of the methyl group, thereby 

resulting in six energetically equivalent molecular framworks. The coupling of inversion, 

vibration, and torsion states of methyl amine has been studied by Gulaczyk, Kreglewski, 

and Horneman in the infrared spectral range [162,163] and more recently the excited 

torsional states in the far-infrared range [164]. 

Another interesting example where a methyl internal rotation interacts with 

another LAM, the proton tunneling, is 2-methylmalonaldehyde. Similar to the case of 

malonaldehyde, the hydrogen transfer in 2-methylmalonaldehyde is accompanied by 

tautomeric rearrangements of single and double bonds [165], but the additional 

consequence is a rotation of the methyl group by 60°. Chou and Hougen [166] developed 

a tunneling-rotation Hamiltonian based on the G12m molecular symmetry group to 

perform global fits of several isotopologues with root-mean-square deviations close to 

measurement accuracy [167].  
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The microwave spectrum of pinacolone also caused surprises with splittings 

arising from the acetyl methyl group in A-E doublets coupled with the oscillation LAM of 

the tert-butyl group with splittings into the vt = 0 and 1 states [168]. The same problems 

occur in the spectrum of acetanilide [169], where the internal rotation of the acetyl methyl 

group interacts with the tunneling motion of the phenyl ring, which is tilted out of the 

acetyl plane and a double minimum potential is present. Probably, there are more cases 

where such coupled LAMs are observed, but the number of publications on those systems 

are still very limited. According to Scheme 1 in the Introduction section, such “problematic” 

molecules require extensive measurements and spectral analysis, as well as very often new 

program code to fit their spectra. All of these usually inhibit the way to publication. On 

the other hand, they are ideal systems for the development of new group theory as well 

as for testing the Hamiltonian and theoretical models.  



 
24 

Spectral modeling 

  

1. Global fits of rotational spectra with LAMs: The way to achieve standard deviations 

within experimental accuracy 

Treating the microwave spectrum of a rigid rotor is a classical approach where a 

rigid rotor Hamiltonian 𝐻𝑟 supplemented by centrifugal distortion terms 𝐻𝐶𝐷 is sufficient 

for a fit of high quality. Many programs are available to treat rigid rotor rotational spectra, 

considering even higher J and K transitions as well as several vibrational excited states. 

The programs most frequently used in the high resolution spectroscopic community for 

this type of molecules are probably SPFIT/SPCAT [9], XIAM in its rigid rotor mode [16], 

JB95 [24], AUTOFIT [170], etc. A number of softwares for rigid or non-rigid molecules are 

available with examples of input/output files at the PROSPE website [15]. 

The microwave spectrum of a molecule undergoing methyl internal rotation 

features splittings of each rotational transition into torsional components, and can no 

longer be treated using a rigid rotor model. In comparison to the large number of rigid 

rotor programs, only a few programs have been developed to deal with the effects of 

internal rotations.  

1.1. The SPFIT/SPCAT (IAMCALC) package 

A fitting and prediction program which is very convenient and familiar to many 

spectroscopists is the SPFIT/SPCAT package of Pickett with addition of the front-end 

program IAMCALC [10], as described the case of propane, a two-top molecule with high 

torsional barriers [171]. The Mathieu function was used to generate a set of parameters 

connecting torsional sublevels (vt = 0, 1, 2, A, E). The theoretical model takes into account 

interactions between the lowest torsional states. This package is also often used in the 

astrophysical communtities, as well as in the JPL [10] and CDMS databases [11]. 
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1.2. The XIAM code  

Another program popularly used to model rotational spectra with spittings arising 

from up to three symmetric internal rotors, typically methyl groups, is XIAM, written by 

Hartwig [16]. Geometry parameters like the rotational and centrifugal distortion constants 

as well as internal rotation parameters such as the V3 and higher potential terms, the angles 

between the internal rotor axes with the principal axes, the moment of inertia of the 

internal rotors, some top-top potential and kinetic coupling terms can be fitted. In addition, 

XIAM uses a first order approximation to treat the hyperfine structures arising from 

nuclear quadrupole interactions of one nucleus. The fit quality is often quite satisfactory 

in the cases of nuclei with small quadrupole moments such as 14N.  

The rigid frame-rigid top Hamiltonian for an asymmetric molecule with a methyl 

top in the principal axis system can be written as: 

𝐻 = 𝐴𝑃𝑎
2 + 𝐵𝑃𝑏

2 + 𝐶𝑃𝑐
2 + 𝐹(𝑝𝛼 − 𝜌𝑎𝑃𝑎 − 𝜌𝑏𝑃𝑏 − 𝜌𝑐𝑃𝑐)2 + 𝑉(𝛼)        (2) 

Where 𝑃𝑔 (g = a, b, c) are the components of the total rotational angular momentum and 𝑝𝛼 

is the internal rotation angular momentum associating with the torsion angle . The 

relations between the rotational constants A, B, C of the molecule, the rotational constant 

F of the internal rotor, and the 𝜌𝑔 components of the  vector to the principal moments of 

inertia 𝐼𝑔 of the molecule  and to the moment of inertia of the top 𝐼𝛼 can be expressed as: 

𝐴 =
ℏ2

2𝐼𝑎
, 𝐵 =

ℏ2

2𝐼𝑏
,   𝐶 =

ℏ2

2𝐼𝑐
, 𝐹 =

ℏ2

2𝑟𝐼𝛼
, 𝜌𝑔 =

𝜆𝑔𝐼𝛼

𝐼𝑔
, 𝑟 = 1 − ∑ 𝜆𝑔

2
𝑔

𝐼𝛼

𝐼𝑔
    (3) 

where 𝜆𝑔 = cos ∠(𝑖, 𝑔) are the direction cosines of the internal rotation axis i of the top. 

The program XIAM uses a combined axis method where the internal rotation 

problem is first set up in the principal axis system. For each individual internal rotor, the 

Hamiltonian matrix is transformed into a rho axis system to eliminate the Coriolis 

coupling terms which occur in Eq. (2). In the rho axis system, the eigenvalues are 

calculated in the product basis of planar rotor functions for the torsion and symmetric top 
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functions for the overall rotation. Subsequently, the eigenvalue matrix is transformed back 

to the principal axis system.  

The XIAM code is very user-friendly and offers a reasonable compromise of 

accuracy and speed of the calculations because of suitable basis transformations and 

matrix factorization. Therefore, it rapidly became one of the programs most frequently 

used to fit rotational spectra of many molecules where internal rotations take place. 

However, a known weakness of XIAM is the treatment of methyl torsions with low barrier 

heights, for example in 3-pentin-1-ol [172], vinyl acetate [173], and N-ethylacetamide [174], 

where in the fits standard deviations within measurement accuracy cannot be achieved.   

1.3. The BELGI code  

The program BELGI, initially written by Kleiner, Hougen, and Godefroid, is also 

popularly used to deal with internal rotation problems [18]. The Hamiltonian is written in 

the Rho Axis Method (RAM): 

𝐻𝑅𝐴𝑀 = 𝐻𝑟 + 𝐻𝐶𝐷 + 𝐻𝑇 + 𝐻𝑖𝑛𝑡       (4) 

where 𝐻𝑟  is the rotational Hamiltonian,  𝐻𝐶𝐷 is the centrifugal distortion Hamiltonian, 𝐻𝑇 

is the torsional Hamiltonian, and 𝐻𝑖𝑛𝑡  consists of higher order torsional-rotational 

interaction terms: 

𝐻𝑅 = 𝐴𝑅𝐴𝑀𝑃𝑎
2 + 𝐵𝑅𝐴𝑀𝑃𝑏

2 + 𝐶𝑅𝐴𝑀𝑃𝑐
2 + 𝐷𝑎𝑏(𝑃𝑎𝑃𝑏 + 𝑃𝑏𝑃𝑎), 

𝐻𝑇 = 𝐹(𝑝𝛼 − 𝜌𝑃𝑎)2 + 𝑉(𝛼).         (5) 

𝐷𝑎𝑏 is an out-of-plane parameter arising from the use of a non-principal system.  

The relation between the rotational constants A, B, C in the principal axis system given in 

Eq. (2) and the constants in the rho axis system in Eq. (5) is obtained by diagonalizing the 

3x3 matrix of the RAM rotational constants [175]. 

There are two versions of BELGI for molecules with a Cs frame symmetry, BELGI-

Cs for one internal rotor [18] and BELGI-Cs-2Tops for two internal rotors of C3v symmetry 

[20], as well as BELGI-C1 for one rotor and a C1 frame symmetry [19]. BELGI-Cs was tested 

extensively on acetaldehyde [176,177]. Later, spectra of other molecules like acetic acide 
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[178,179] and 13C-methyl formate (H13COO−CH3) [180] were treated with this program as 

well. The BELGI-CS-2Tops code was applied to methyl acetate [20,131], ethyl methyl ketone 

[133], methyl propionate [134], and dimethylbenzaldehyde [135]. Unlike XIAM, BELGI-Cs 

and BELGI-C1 use only the rho axis method.  

The program BELGI in its recently developed hyperfine versions BELGI-Cs-

hyperfine and BELGI-C1-hyperfine [184] as well as BELGI-Cs-2Tops-hyperfine [185] includes 

weak nuclear quadrupole coupling using a first order perturbation approximation and has 

proved its predictive power for a number of molecules such as N-tert-butylacetamide (Cs, 

one-top) [184], N-ethylacetamide (C1, one-top) [174,184], 3‐nitrotoluene (Cs, one-top) [186], 

and 4,5-dimethylthiazole [185]. 

1.4. The RAM36 code  

Similar approaches are utilized by the program RAM36, written by Ilyushin and 

collaborators, currently existing in a version for fitting a V6 potential with its application 

on e.g. toluene [22] as well as 3,5- and 2,6-difluorotoluene [181]. The combination of 14N 

quadrupole coupling and methyl internal rotation can be handled with the program 

RAM36, but so far only for molecules with Cs symmetry, for example in the case of 

nitromethane with a V6 potential [182] or N-methylformamide with a V3 potential [183]. 

RAM36 is very fast and uses a procedure which allows the user to choose various higher 

order terms and to achieve fits for very high J values.  

1.5. The ERHAM code  

A futher program often applied to treat rotational spectra of molecules with up to 

two internal rotors and Jmax = 120 is ERHAM, written by Groner [21]. The C3v symmetry of 

internal rotors restricted in XIAM and BELGI does not applied for ERHAM. In molecules 

with one rotors or two non-equivalent rotors, the frame symmetry can be Cs or C1, as well 

as C2, C2v, or Cs for two equivalent rotor cases. The physical meaning of the fitted 

parameters is not as clear as in XIAM, BELGI, or RAM36, as ERHAM sets up and solves an 

Effective Rotational HAMiltonian. For example, the rotational barrier is not a fit parameter 

and needs to be extracted. On the other hand, ERHAM is very fast and therefore 
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advantageous in fitting large data sets. The fit quality is usually quite satisfactory with 

standard deviation close to experimental accuracy. Dimethyl ether was the first molecule 

fitted by ERHAM, first by its author [187] and then by Endres et al. [188] Another two-top 

molecule with equivalent rotors, acetone, was also extensively studied with ERHAM [140]. 

A large number of one-top molecules were treated by ERHAM, such as methyl carbamate 

[189], pyruvic acid [190], methyl formate [191], pyruvonitrile [192], methyl isobutyl ketone 

[193], as well as molecules with two inequivalent rotors like isopropenyl acetate [139]. 

1.6. The PAM-C2v-2tops code 

A further program written explicitly for molecules with two equivalent methyl 

rotors and a C2v symmetry at equilibrium is PAM-C2v-2tops, written by Ilyushin and 

Hougen.  PAM-C2v-2tops was applied first to acetone [23,194], then to 2,5-dimethylfuran 

[143]. It uses a two-dimensional potential function and can fit rotational transitions of 

different torsional states simultaniously. Under group theoretical considerations, the 

program is based on the G36 permutation-inversion group. PAM-C2v-2tops utilizes the 

principal axis method and applies a two-step diagonalization procedure. The two-top 

torsion-rotational Hamiltonian matrix under the full G36 permutation-inversion group is 

split into four submatrices under the G9 permutation-inversion group, corresponding to 

the (00), (01), (11), and (12) symmetry species, for blockwise diagonalization. These (00), 

(01), (11), and (12) blocks represent the (A1  A2  A3  A4), G, (E3  E4), and (E1  E2) 

symmetry species in G36, respectively. 

 

2. Separate fits of LAM species: Quick check of the assignments 

With the use of supersonic expansion, torsional symmetry species in the vibrational 

ground state (vt = 0) can be observed. The excited states are no longer populated because 

of the very low rotational temperature of the jet. Consequently, it is often not possible to 

determine the contributions of higher order terms (V6, V9…) in the potential function of Eq. 

(1). Simultaniously fitting the potential terms and moments of inertia of the internal rotors 

often fails. It is also difficult to determine the potential or kinetic coupling terms in the 
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case of coupled internal rotors. Cheking the assignments and finding new lines become 

very difficult and time-consuming tasks using a global fit. For these purposes, fitting the 

different symmetry species separately and treating them as individual species without any 

coupling with each other turn out to be helpful. This is a method which is known to work 

usually well for the A species where a semi-rigid rotor Hamiltonian supplemented by 

centrifugal distortion corrections, 𝐻 = 𝐻𝑟 + 𝐻𝐶𝐷, is sufficient to obtain a fit with standard 

deviation close to the measurement accuracy, even for molecules where the barriers to 

methyl internal rotation are lower than 10 cm1, such as 3-pentyn-1-ol (fit A in Table 2 of 

Ref. [172]).  

By adding effective terms in the Hamiltonian, taking into account the E species lines, 

and using a model including a number of interactions within the torsional bath, a stardard 

deviation close to measurement accuracy of 2 kHz can be achieved. In the above 

mentioned example on 3-pentyn-1-ol, the global fit was performed with the program 

BELGI-C1 with a standard deviation of 1.5 kHz [172]. However, such global fits only work 

with relatively well-assigned data sets. The initial assignment of torsional excited species 

(E species for one-top molecules, (01), (10), (11), and (12) for two-top molecules and so on) 

is often performed with the program XIAM. This procedure is very time-consuming and 

uncertain because of the large standard deviation of the XIAM fit, especially for low barrier 

cases. Furthermore, with more than two rotors, no effective Hamiltonian programs are 

available to check the assignment. Checking the asssignments with combination difference 

loops is not always possible. 

2.1. Test case 1:  A very low barrier (10 cm1 ) with C1 symmetry 

The question to be addressed is how to get a good prediction for all torsional 

species to ease the assignment purpose. As mentioned, this works well for the torsional 

ground state (A or (00) species and so on) which can be fitted separately with 𝐻 = 𝐻𝑟 +

𝐻𝐶𝐷. However, such separate fit can be done for any other symmetry species if angular 

momentum operators of odd power, e.g. 𝑃𝑎 , 𝑃𝑏, 𝑃2𝑃𝑎, are included in the Hamiltonian. A 

computer code, called “Separately Fitting Large Amplitude Motion Species (SFLAMS)”, 
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was written for this purpose [138]. The main part of the Hamiltonian of Eq. (2) 

implemented in SFLAMS has the form: 

𝐻 = 𝐴𝑃𝑎
2 + 𝐵𝑃𝑏

2 + 𝐶𝑃𝑐
2 + 𝑄𝑎𝑝𝑃𝑎 + 𝑄𝑏𝑝𝑃𝑏 + 𝑄𝑐𝑝𝑃𝑐     (6) 

where all terms are even order. If the 𝑄𝑎𝑝, 𝑄𝑏𝑝, and 𝑄𝑐𝑝 terms are substituted by the 

expectation value ⟨𝐸|𝑝|𝐸⟩ of p and become 𝑄𝑎
′ , 𝑄𝑏

′ , 𝑄𝑐
′ , the power of some terms in the 

Hamiltonian becomes odd. The expectation value is obviously zero for the A species. A 

similar approach was applied in the program JB95 [24] and a program written by Ohashi 

to fit separately the five torsional species of N-methylacetamide [195]. Under the time-

reversal operation, the odd power terms of the angular momentum components 𝑃𝑎 , 𝑃𝑏, 

and 𝑃𝑐 change sign. The 𝑄𝑎
′ , 𝑄𝑏

′ , 𝑄𝑐
′   coefficients enclose numerical expectation values of an 

odd power of the torsional angular momentum operators of the methyl group (𝑝𝛼 ), 

making the torsion-rotational Hamiltonian effective. Nevertheless, 𝑝𝛼 would also change 

sign under time reversal as the odd power 𝑃𝑎  , 𝑃𝑏 , and 𝑃𝑐  operators did if they were 

included explicitly in the Hamiltonian. The cancelation of sign changes makes the 

Hamiltonian invariant as it should be. 

Coming back to the example on 3-pentyn-1-ol mentioned above: While the 

program SFLAMS was applied, the standard deviation of 2.3 kHz was obtained for 51 A 

species lines by fitting only the three rotational and five quartic distortion constants. A 

similar standard deviation of 3.2 kHz could be obtained for 36 E species lines by adding 

the q, r, and s parameters, which are 𝑄𝑎
′ , 𝑄𝑏

′ , 𝑄𝑐
′ , respectively, in Eq. (6) and some higher 

odd order parameters such as qJ, qJK, rK etc. (see Table 1).  

 

2.2. Test case 2:  A four-top molecule 

The use of SFLAMS is best demonstrated in the case of 2,3,4,5-tetramethylthiophene, 

a molecule featuring four methyl rotors, two of which are in close proximity to the sulfur 

atom and are equivalent, the other two are also equivalent (see Figure 7). Group theoretical 

treatment has shown that there are 25 torsional species for this molecule, among them 13 

species could be assigned [196]. A typical spectrum is illustrated in the left hand-side of 
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Figure 8. No global fit could be made due to the lack of suitable program. Separate two-

top and three-top fits were carried out with the program XIAM, but the results of all those 

fits are not sastisfactory as they do not reach the experimental accuracy [190].  

Table 1. Molecular parameters of the A and the E species of 3-pentyn-1-ol obtained with 

the program SFLAMS. 

a Watson’s S reduction and Ir representation were used. b Standard errors in parentheses are in the units 

of the last digit. c The product of the parameter and operator from a given row yields the term actually 

used in the Hamiltonian. d Number of line. e Root-mean-square deviation of the fit. 

 

Using SFLAMS, the torsional species are fitted well separately with standard 

deviations close to measurement accuracy. From the q and r parameters, the symmetry 

species could be unambigiously assigned. For example, the q and r values of the (0101) 

species should be the sum of the q and r values of the (0001) and (0100) species for each 

3-pentyn-1-ol A 

 

3-pentyn-1-ol E 

Par.a Unit Valuesb 

A MHz 8.45793216(76) 

B MHz 1.68514419(72) 

C MHz 1.46706317(70) 

DJ kHz 0.8730(32) 

DJK kHz 4.524(19) 

DK kHz 56.48(18) 

d1 kHz 0.20637(51) 

d2 kHz 5.57(34) 

Nd  51 

rmse kHz 2.3 

 

 

 

 

 

 

Par.a Unit Valuesb Operatorc 

A GHz 8.39348(24) Pa2 

B GHz 1.6843810(23) Pb2 

C GHz 1.4674993(45) Pc2 

DJK kHz 44.16(67) P4 

DK MHz 0.680(66) P2Pa2 

d1 MHz 0.09318(62) Pa4 

q GHz 14.834780(97) Pa 

qJ kHz 20.97(67) P2Pa 

qJK kHz 1.900(19) P2Pa3 

qK MHz 1.53(22) Pa3 

r GHz 1.20349(10) P+ + P 

rJ kHz 8.10(13) P2 (P+ + P) 

rK MHz 1.093(78) {Pa2, (P+ + P)} 

rKK MHz 0.2506(51) {Pa4, (P+ + P)} 

s GHz 0.192863(23) P  P+  

Nd  36  

rmse kHz 3.2  
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parameter (see Table 2). A small deviation occurs because this sum rule does not take into 

account the higher order terms connecting to q and r. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

SFLAMS and all effective programs fitting separately the torsional states yield very 

precise predictions for spectral assignment purposes. Extracting the barrier heights from 

the q, r, and (if allowed by symmetry) s parameters or vice versa is possible, however is 

currently performed manuelly and only for certain one-rotor cases. The use of global 

approaches taking all states into account simultaneously and allowing a direct 

Figure 8. Left hand-side: Splittings due to internal rotation in the rotational spectrum of 2,3,4,5-

tetramethylthiophene with two pairs of equivalent rotors. Right hand-side: Spin statistical 

weights of the allowed b-type transitions [190]. 

Figure 7. The four-top molecule 2,3,4,5-tetramethylthiophene. The two upper tops 1 and 2 as 

well as the two bottom tops 3 and 4 are equivalent [190]. The preliminary torsional barriers 

are given. 
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determination of the potential barrier is thus complementary to this so-called “local” 

approach.  

 

Table 2. The rotational constants, q, r parameters, and the root-mean-square deviations of 

some assigned species of 2,3,4,5-tetramethylthiophene obtained with the program 

SFLAMS [138].  

  (0000) (0001) (0011) (0012) (0100) 

A GHz 1.831412151 1.831174074 1.830935893 1.830936122 1.816106857 

B GHz 1.386904417 1.386632349 1.386359251 1.386359726 1.385709333 

C GHz 0.800078070 0.800078483 0.800078536 0.800078238 0.800110164 

q MHz 0.0 19.6 0.0 39.3 1224.3 

r MHz 0.0 22.4 44.9 0.8 285.9 

rms kHz 2.6 2.7 1.8 1.4 1.2 

 

  (0101) (0110) (0111) (0120) 

A GHz 1.815876903 1.815838209 1.815602766 1.815863307 

B GHz 1.385426931 1.385433503 1.385150624 1.385429503 

C GHz 0.800110910 0.800111933 0.800110473 0.800110210 

q MHz 1244.9 1205.4 1226.1 1246.3 

r MHz 309.9 308.3 332.4 262.6 

rms kHz 4.6 2.8 1.5 2.9 
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Variety of large amplitude motions in molecules and 

their applications  

 

This section gives an overview of different molecular classes, each of which features 

an invididual character on LAMs. The information deduced from the interpretation of the 

microwave spectra is discussed, mainly the barrier heights but also their applications on 

structure determinations. 

 

1. Challenges in internal rotation problems: Some examples 

1.1. Torsional barriers in acetates: Low (100 to 150 cm1) and predictable  

The barriers to internal rotation of the acetyl methyl group in acetates (acetic acid 

esters), CH3-COO-R, have been thoroughly studied. Almost all acetates studied sofar can 

be divided into three classes, as illustrated in Figure 9. Class I encloses ,β-saturated 

acetates, where the barrier to internal rotation is usually around 100 cm–1. Examples are 

n-alkyl acetate from methyl acetate [131] up to n-hexyl acetate [175,197-200]. Even in the 

case of isopropyl acetate [201] and isoamyl acetate [202] where the alkyl chain is branched 

as, or when a double bond is present at the end of the alkyl chain as in allyl acetate [42], 

the barrier height seems to be almost unaffected.  

Class II comprises  ,β-unsaturated acetates where the C=C double bond is located 

in the COO plane. The torsional barrier increses from 100 cm–1 to 150 cm–1 due to extended 

conjugation over the C=C bond. Vinyl acetate [173] and the E and the Z isomer of 

butadienyl acetate [203] are two representatives in this class. The two molecules have 

proven that when the number of conjugated double bonds is augmented, there is no 

further increase in the barrier height of the acetyl methyl torsion. The configuration of the 

conjugated double bond system does not influence the barrier significantly, either, since 

the value of this parameter remains almost the same in the E and Z isomers of butadienyl 

acetate [203].  
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Finally, class III contains ,β-unsaturated acetates where the double bond is not 

located in the COO plane. Since the molecule is not planar, the conjugation is less effective 

than that in the molecules in class II, and the torsional barrier is around 135 cm–1. Two 

typical examples of class III are isopropenyl acetate [139] and phenyl acetate [204]. 

 

Figure 9. Torsional barriers of the acetyl methyl group in acetates (in cm–1). Class I: (1) Methyl 

acetate [131], (2) ethyl acetate [175], (3) n-propyl acetate [197], (4) n-butyl acetate [198], (5) n-pentyl 

acetate [199], (6) n-hexyl acetate [200], (7) isopropyl acetate [201], (8) isoamyl acetate [202], and (9) 

allyl acetate [42]. Class II: (10) Vinyl acetate [173], (11) E butadienyl acetate [203], and (12) Z 

butadienyl acetate [203]. Class III: (13) Isopropenyl acetate [139] and (14) preliminary results of 

phenyl acetate [204]. 
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1.2. Torsional barriers in acetamides: Unpredictable. 

The barrier to internal rotation of a methyl group varies strongly, but generally 

could be devided in three classes. Molecules with torsional barriers higher than 600 cm–1 

belong to the first class with ethane as the classical example (~1000 cm–1) [205]. The second 

class comprises of molecules with intermediate barrier heights from about 200 to 600 cm–

1. A vast number of one or two-top molecules like o-methylanisole [83], 2,5-dimethylfuran 

[143], and methyl methacrylate [206] fall in this class. Splittings arising from the internal 

rotation(s) are typically up to some hundreds of MHz. In most cases, taking into account 

the V3 term and the internal rotor position is sufficient to model the rotational spectrum 

with high accuracy. Finally, the last class contains molecules where the methyl group(s) 

undergo(es) internal rotation(s) with barrier heights lower than 200 cm–1, with a sub-class 

of very low barriers (say < 30 cm–1). The torsional splittings can be in the order of several 

GHz, making the assignment of the rotational spectra challenging.  In many cases, high 

order terms are required in the Hamiltonian to model the spectra to experimental accuracy. 

In the previous section on acetates, a classification can be reliably predicted (see Figure 9). 

This is not yet the case of acetamides, where a summary is given in Figure 10. 

We now focus on the the acetyl methyl group in Figure 10. The acetyl methyl group 

in acetamide has a remarkably low barrier of 25 cm–1 [207]. Probably, the electronic 

configuration from the amide bond with two hydrogen atoms attached to the nitrogen 

atom influences the V3 potential of the methyl group on the other side of the carbonyl 

group. If one of these hydrogen atoms are substituted, secondary acetamides are obtained, 

where the barrier is higher than the value found for acetamide, but still low, and varies 

between 65 and 75 cm–1, depending on the type of the substituent. While the acetyl methyl 

group in N-tert-butylacetamide has a barrier to internal rotation of approximately 65.6 cm-1 

[184], the respective values of N-methylacetamide [195] and N-ethylacetamide [174] are 

both about 73.5 cm–1. Currently, there is no conclusive explaination for this difference.  

 It is quite impressive that the substitution of one hydrogen atom leads to a 

difference of approximately 50 cm–1 in barrier height between acetamide and the 

secondary acetamides. If both hydrogen atoms in acetamide are substituted, the effect is 
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even greater as the barrier height increases by an order of magnitude. For all tert-

acetamides, the barriers are high, in the order of 500 – 800 cm–1 [91,147,208]. Because the 

substituents are well-separated from the acetyl methyl group by the amide moiety (C=O)N, 

the reason is probably electronic rather than steric effects. Obviously, the electronic 

situation is quite special in amides, where information on the electron density can be 

transferred more easily through the amide bond to the acetyl methyl rotor.  

 

 

Figure 10. Torsional barriers of the acetyl methyl group in acetamides (in cm–1). (1) Acetamide [207], 

(2) N-methylacetamide [195], (3) N-ethylacetamide [174], (4) N-tert-butylacetamide [184], (5) N,N-

dimethylacetamide [147], (6) two conformers of N,N-diethylacetamide [91], and 

(7) N-methyldiacetamide [208]. 

 

1.3. Essentially free internal rotation of the propynyl methyl group: Very low (< 10 cm1), 

very challenging 

Many torsional barriers were accurately determined by using microwave spectroscopy, 

but only a few studies concern molecules where the barriers are lower than 30 cm–1. 

Acetamide, mentioned previously in Section 1.2, represents a typical example where the 

barrier height of the threefold potential is 25 cm–1 [207]. Surprisingly, the number of very 

low barrier investigations does not increase much in the modern ages of microwave 

spectroscopy. Probably, the reason is the challenge in assigning and fitting roational 

spectra of molecules with very low torsional barriers, which are in addition hard to 
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calculate by quantum chemistry. As a consequence of the small number of available 

studies, the barrier heights cannot be predicted by chemical intuition, either. In some cases 

such as trans-methyl nitrite [209] or m-fluorotoluene [210], the comparable values of the 

threefold- and sixfold potential terms complicated the spectral analysis. 

The torsional barriers of the two methyl groups in ethane is high, at around 1000 

cm–1 [205]. But if a C≡C-triple bond is inserted as a spacer to separate the methyl groups, 

as in 2-butyne (dimethylacetylene), CH3−C≡C−CH3, it is assumed that the molecule 

exhibits two essentially free methyl internal rotations [211]. Though dimethylacetylene 

cannot be investigated by microwave spectroscopy due to the lack of a permanent dipole 

moment, the basic concepts of this chemical bonding suggest that a methyl group 

connected to an acetylene fragment CH3−C≡C−R (called the propynyl methyl group) 

features an extremely low torsional barrier (V3 < 10 cm–1). This assumption was confirmed 

by dimethylacetylene-d3 (molecule (1) in Figure 11) [212] and methylsilylacetylene (2) [213], 

two molecules related to dimethylacetylene possessing a barrier to methyl internal 

rotation of 5.62(16) and 3.77(70) cm–1, respectively. Very low V3 potentials of 1.00900(42) 

and 2.20(12) cm–1 were observed for 2-butynoic acid (9) (when R = COOH) [214] and 

tetrolyl fluoride (8) (R = COF) [215], respectively. 

The torsional barrier of the propynyl methyl group increases to 6.93(9) cm–1 in 2-

butynol (4) (R = CH2OH) [216]. Currently, the largest value for this group was observed in 

1-chloro-2-butyne (3) [217] (R = CH2Cl), for which Solwijk and van Eijck reported a V3 

potential of 10.05(9) cm–1. Three further alkynols, 3-pentyn-1-ol (5) [172], 3-pentyn-2-ol (6) 

[218], and 4-hexyn-3-ol (7) [219], were studied to find out the effects of the alkyl length on 

the torsional barrier of the propynyl methyl group. From the results summarized in Figure 

11, we found a trend that the barrier height decreases slightly by longer alkyl chain. The 

barrier height of 2-butynol (4) [216] does not fit in this trend, but the authors have reported 

about a lot of fitting difficulties. Therefore, the barrier of 6.93(9) cm–1 might not be as exact 

as the barriers observed for 3-pentyn-1-ol (5), 3-pentyn-2-ol (6), and 4-hexyn-3-ol (7). 

The microwave spectrum of 2-butynoic acid has given the lowest barrier height 

ever analyzed with a rho axis method Hamiltonian (1.00900(42) cm–1) [214]. The questions 
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are: Is it still possible to lower this barrier? Can we deduce how structural changes affect 

the methyl torsional barrier? From the study on the alkynols mentioned aboved, where a 

decreasing trend by longer alkyl chain was observed, two molecules were investigated 

where the COOH group in 2-butynoic acid was lengthened to a methoxylate (COO−CH3) 

(10) and an ethoxylate group (COO−CH2−CH3) (11). The barrier of 0.4690(36) cm–1 found 

in methyl-2-butyonate (10) [218] provides a new record in low V3 potential, proving that 

the methyl group is a good sensor of the molecular structure. For the two conformers of 

ethyl-2-butyonate (11), the internal rotation of the propynyl methyl group is quasi free. A 

V3 potential could not be fitted and therefore was fixed to zero in fits with root-mean-

square deviation within the measurement accuracy [218]. 

 

Figure 11. Torsional barriers of the propynyl methyl group (in cm–1). (1) Dimethylacetylene-d3 [212], 

(2) methylsilylacetylene [213], (3) 1-chloro-2-butyne [217], (4) 2-butynol [216], (5) 3-pentyn-1-ol 

[172], (6) 3-pentyn-2-ol [218], (7) 4-hexyn-3-ol [219], (8) tetrolyl fluoride [215], (9) 2-butynoic acid 

[214], (10) methyl-2-butyonate [218], and (11) ethyl-2-butyonate [218]. 

 

 

 

2. Sensing the molecular conformations of natural substances by internal rotors  
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2.1. Acetyl methyl torsion in honey bee pheromones: Is the barrier height 180 or 230 cm–1? 

Previous sections have shown that the barriers to methyl internal rotation can be 

linked to functional groups and other structural characteristics of the molecules, making 

the methyl group a spectroscopic “detector” of the structure. This is quite important if we 

want to understand eventually the structure and intrinsic properties of larger and more 

complicated molecules, such as those present in natural substances produced by the plants 

or biomolecules. 

A series of saturated methyl alkyl ketones, naturally present in the honey bee 

pheromone cocktail, was investigated, starting from ethyl methyl ketone (butan-2-one) to 

octan-2-one. Except for ethyl methyl ketone, at least two conformers are present in the 

microwave spectra. One of the two features a Cs structure, where all heavy atomes are 

located on a symmetry plane, and the other one(s) exhibit(s) C1 symmetry, where the γ-

carbon atom of the alkyl chain is bent in a nearly synclinal position. While different 

conformations possess almost the same barrier height in the cases of n-alkyl acetates and 

methyl alkynoates, this is not the situation found for methyl alkyl ketones where a scheme 

with two different classes can be drawn, as summarized in Figure 12. 

 The first class comprises of ketones with a Cs structure where the barrier height is 

always around 180 cm–1. Examples are ethyl methyl ketone [133], the Cs conformer of 

pentan-2-one [220], hexan-2-one [221], heptan-2-one [222], and octan-2-one. Even, if the 

alkyl chain is branched, as in the case of methyl neopentyl ketone, the barrier height seems 

to be almost unaffected [223].  

The second class contains molecules with C1 symmetry and a higher torsional 

barrier of approximately 240 cm−1. The C1 conformer of pentan-2-one [220], heptan-2-one 

[222], octan-2-one, two C1 conformers of hexan-2-one [221], allyl acetone [224] and methyl 

isobutyl ketone [193] belong to this class. Within each class, the same trend as found for 

propynyl group containing molecules (Section 1.3.) also applies, i.e. a slightly decrease of 

the barrier height by longer alkyl chain. This trend is more pronounced in the Cs than in 

the C1 series (see Figure 12). 
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Figure 12. Torsional barriers of the acetyl methyl group in methyl alkyl ketones (in cm–1). (1) Ethyl 

methyl ketone [133], (2) pentan-2-one [220], (3) hexan-2-one [221], (4) heptan-2-one [222], (5) octan-

2-one (preliminary results), (6) methyl neopentyl ketone [223], (7) methyl isobutyl ketone [193], and 

allyl acetone [224]. 

 

2.2. Conformational determination by internal rotor in lavender oil 

Linalool, illustrated in Figure 13, is an acyclic monoterpene. With its agreeable, floral, and 

refreshing scent, linalool is an important component in several essential oils of plants e.g. 

lavender (40%), coriander (70%), and ho-leaf (80%). The large size and open chain of 

linalool offer a rich conformational landscape with hundreds of possible conformers [225]. 

Among them, finally only one is observed in the jet-cooled microwave spectrum, which is 

shown in the lower trace of Figure 14. Compared to the spectrum in the same spectral 

range of the natural product “essence de lavendin”, purchased in the Provence, France, 

(see the upper trace of Figure 14), almost all lines of the linalool spectrum are present with 

very similar intensity in the spectrum of lavender oil. This shows that high resolution 
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spectroscopy can be applied to study the chemical compounds used in olfaction as an 

analytic tool, and to determine the compounds that play an important role for the scent of 

a perfume. 

 

 

 

 

 

Figure 13. The globular geometry of the lowest energy conformer of linalool in two different views 

(A and B) corresponding to the respective Newman projections given in the upper trace. The three 

methyl groups are labelled with numbers; two of them show resolvable torsional splittings in the 

experimental spectrum. 

 

 

 

 

 

 

 

Figure 14. Upper trace: the spectrum of essence de lavendin (lavender oil). Lower trace: the linalool 

spectrum. The frequencies are in MHz; intensities are given in a logarithmic scale and in arbitrary 

units. 

A standard opinion is that a comparison of the experimental rotational constants 

and those calculated by quantum chemistry is sufficient to validate the molecular structure. 
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Nevertheless, in the case of linalool, due to the large number of conformers with low 

energy, the calculated rotational constants of three conformers close in energy are very 

similar. All of them are in good agreement with the experimentally deduced constants. In 

order to identify the observed conformer, the angles between the methyl internal rotor 

axis and the principal axes provided decisive information since those of only one 

conformer (that given in Figure 13) agree with the experimental ones. Therefore, the 

internal rotation analysis is crucial for structure determinations in large molecules. 

 

3. Coupled internal rotations  

Coupled internal rotations are reported much more rarely. The present section will 

give an example on a systematic investigation of six isomers of dimethylanisole given in 

Figure 15 [204]. 

3.1. From no trouble... 

The only member in the family which does not cause fitting troubles is 3,4-

dimethylanisole (molecule (5) in Figure 15) [128]. It is also the only isomer which exists as 

two conformers in the microwave spectrum, called syn and anti, with different orientations 

of the methoxy group. The torsional barrier of the methyl group in the methoxy 

moiety -OCH3 (called the methoxy methyl group) is so high, that its internal rotation 

splittings are not observable with the resolution of the experimental setup. This is in 

agreement with the study on anisole, which can be treated as a rigid rotor [226]. The 

coupled LAMs in 3,4-dimethylanisole is therefore a two-top problem, where the methyl 

groups at the meta- and para-position relative to the methoxy group are the two internal 

rotors. Because they are located in close proximity, steric hindrance causes an intermediate 

barrier between 400 and 550 cm−1 for both methyl tops which can be modeled well without 

any top-top coupling term in the Hamiltonian.  
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Figure 15. Torsional barriers of the methyl groups in six isomers of dimethylanisole (in cm–1). (1) 

2,3-Dimethylanisole [136], (2) 2,4-dimethylanisole [137], (3) 2,5-dimethylanisole [204], (4) 2,6-

dimethylanisole [204], (5) 3,4-dimethylanisole [128], and (6) 3,4-dimethylanisole [204]. For each 

compound, “o”, “m”, or “p” corresponds to the barrier height of the methyl group in the ortho-, 

meta-, or para-position relative to the –OCH3 methoxy group, respectively. “–OCH3” corresponds 

to the barrier height of the methoxy methyl group, which is only determinable in 2,6-

dimethylanisole (4). 

 

3.2. … to some troubles 

Two other isomers, 2,4- (2) [137] and 2,5-dimethylanisole (3) [204], feature an 

intermediate and a low barrier height. Also in these cases, splittings from the internal 

rotation of the methoxy methyl group are not observable. The immediate V3 potential of 

about 450 cm−1 found for the o-methyl group is similar in both molecules and probably 
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also arises from steric hindrance from the neighboghring methoxy group. The methyl 

rotor at the para or meta position of 2,4- or 2,5-dimethylanisole, respectively, possesses 

much lower barrier heights of less than 70 cm−1 (see Figure 15) and is thus challenging for 

the fitting process. The top-top coupling term multiplying (1  cos1)(1  cos2) and higher 

order effective parameters are required in the Hamiltonian to achieve standard deviation 

close to measurement accuracy [137,204]. The spectral assignments are quite extensive, 

because every frequency has to be verified by combination difference loops to assure a 

correct assignment. 

3.3. … and a lot of troubles 

Since the 3,4-isomer is a “no-trouble-case” due to steric hindrance of the two 

neighboring methyl groups, which increases the barrier heights to intermediate values, 

one tends to assume that 2,3-dimethylanisole (1), also featuring two neighboring methyl 

groups, would not cause any fitting troubles, either. This assumption finally turns out to 

be wrong. In 2,3-dimethylanisole (1), while the V3 potential of 519 cm−1 of the m-methyl 

group is intermediate can be treated well, the surprisingly low barrier to internal rotation 

of about 27 cm−1 of the methyl group at the ortho position cannot be captured correctly 

with the XIAM program [136]. Assuming that a methoxy group and a methyl group are 

similar, then the o-methyl group, featuring a C3v symmetry, would experience potentials 

on a frame with C2v symmetry, similar to the cases of toluene [22] or nitromethane [182], 

where the V3 contribution of the potential vanishes and only a small V6 term exists. In the 

case of 2,3-dimethylanisole, the frame symmetry is out-of-balance from C2v, resulting in a 

small V3 term of about 27 cm−1. This very low V3 potential term is challenging for the 

spectral analysis. The situation gets even worse in the case of 3,5-dimethylanisole (6), 

where both ring methyl groups undergo internal rotation with low torsional barriers [204]. 

3.4. But also some nice surprise: Lowering the torsional barrier by sterical hindrance 

Sterical hindrance is known to increase the barrier to methyl internal rotation, 

because the methyl torsion is not only hindered quantum mechanically, but also 
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mechanically if a bulky group is present in close proximity of the methyl group. However, 

there are exceptions. 

In all five isomers of dimethylanisole mentioned previously, slittings due to the 

internal rotation of the methoxy methyl group have never been observed. This is in 

agreement with the experimental results of anisole, as well as the high torsional barriers 

of over 1000 cm−1 predicted by quantum chemistry. All these isomers have a common 

structural feature: the methoxy group is always located on the phenyl ring plane, which is 

at the same time the symmetry plane. 

The situation changes in 2,6-dimethylanisole (4): Because of steric hindrance caused 

by the two methyl groups occupying both ortho-positions of the phenyl ring, the methoxy 

group located between them is forced to tilt out of the phenyl plane by 90°. The molecular 

symmetry is still Cs, but the symmetry plane is now perpendicular to the plane containing 

the phenyl ring, and the two ring methyl groups are equivalent [204] (see Figure 15). This 

extraordinary orientation of the methoxy methyl group in 2,6-dimethylanisole has 

decreased its torsional barrier height from over 1000 cm−1 to 457 cm−1, and torsional 

splittings become resolvable. Therefore, this isomer surprisingly presents a three-top 

problem with totally 10 torsional species. The potential barriers of the two equivalent 

methyl groups are approximately 200 cm−1 [204]. 

 

 4. Inversion tunneling 

As mentioned in the section on Large Amplitude Motions, much less investigations 

have been reported on inversion tunneling motions than on internal rotations. In addition, 

inversion tunneling is often combnied with internal rotation. Only in very few molecules 

like planar secondary amines, the inversion tunneling of the proton at the nitrogen atom 

is not accompanied by internal rotation. This section will focus on a series of such 

molecules, starting from dimethyl amine [158], then ethyl methyl amine [159], and diethyl 

amine [160]. 
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The c-component of the dipole moment changes sign, while the b-component 

retains its sign during the proton inversion (see Figure 16). Therefore, tunneling splittings 

are observed in the spectrum for all c-type transitions, which are twice the separation 

between the lowest symmetric and anti-symmetric inversion energy levels. The values of 

these splittings are given in Figure 17. A trend can be easily recognized that the splittings 

decrease in larger molecules.  

 

Figure 16. The potential energy curve describing the inversion tunneling at the nitrogen atom of 

diethyl amine. The angle  is the angle of the NH bond against the NCC plane. Inset: Horizontal 

lines indicate the lowest torsional energy levels vt = 0, 1, 2, 3, which are doubly degenerated. The 

two versions of the equilibrium geometry given in the lower trace correspond to the two energy 

minima of the nitrogen tunneling process. The two equilibrium structures on the lower figure show 

that the dipole moment, indicated as a red arrow, changes sign in the c-direction upon proton 

tunneling. 

 

Figure 17. Tunneling splittings of c-type transitions in secondary amines (in MHz). (1) Dimethyl 

amine [158], (2) ethyl methyl amine [159], and (3) diethyl amine [160]. 
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Phenyl formate also features a pure inversion tunneling motion, which is the 

tunneling of the phenyl ring [227]. At the beginning, phenyl formate was expected as a 

normal rigid-rotor molecule, but a rigid-rotor model has failed completely to reproduce 

its microwave spectra with a root-mean-square deviation of 3 MHz while the 

measurement accuracy was 2 kHz. Quantum chemical calculations have hinted that some 

state other than the ground state is populated in the molecular jet, as a consequence of the 

ring tunneling quantum effect. This low-lying vt = 1 tunneling state is calculated to lie at 

48.24 GHz (1.6 cm1) above the vt = 0 ground state, corresponding to tunneling splittings 

in the order of about 100 GHz for all c-type transitions. For a comparision, the largest 

splittings observed for the secondary amines illustrated in Figure 18 are 2.6459 GHz, found 

in dimethyl amine [158]. The splittings arising for b-type transitions due to Coriolis 

interaction are up to 100 MHz, three order of magnitude larger than those found in the the 

secondary amines, as depicted in Figure 18. 

 

 

 

 

 

 

 

Figure 18. Upper figure, left hand side: A portion from 8 to 16 GHz of the survey spectrum of phenyl 

formate (upper trace) compared to the theoretical spectrum (lower trace) predicted using the 

program SPFIT/SPCAT. Transitions of the vt = 0 ground state are marked in blue, those of the vt = 

1 excited state in red. Right hand side: The frequency range from 12.1 to 12.4 GHz in an enlarged 

scale, capturing the vt = 0 and vt = 1 components of the 413  303 transition which are separated by 

62 MHz due to Coriolis interactions. Lower figure: Two versions of the equilibrium geometry 

corresponding to the two energy minima of the ring tunneling process. 
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Conclusion 

 

A large variety of molecular systems with applications in diverse research fields, 

from molecular biology, astrophysics, to environmental sciences contain large amplitude 

motions. Studying them at the molecular level is an extremely lively field. The focus of the 

present review was on two types of large amplitude motions which frequently occur: 

internal rotation and inversion tunneling. The combination of molecular jet Fourier 

transform microwave spectroscopy, spectral modeling, and quantum chemical 

calculations is particularly successful in decoding complex spectra with large amplitude 

motions and providing reference data for astrophysical research, atmospheric chemistry, 

or general applications in physical chemistry.  

 The two most popular types of state-of-the-art Fourier transform microwave 

spectrometer technology based on pulsed supersonic jet expansions are resonator-based 

and chirped-pulse spectrometers. The former version is commonly used in many 

microwave laboratories and has shown its superior sensitivity and resolving power, but 

suffers from the time requirement to acquire survey spectra, because the resonator has to 

be tuned mechanically for every frequency element at rather narrow steps of less than 0.25 

MHz. The later version relies on a very short but powerful frequency-ramp signal with a 

band width of 1 GHz and thus provides unparalleled speed for scans with more reliable 

line intensities. 

The use of quantum chemistry using programs such as Gaussian or GAMESS as a 

supporting tool for rotational spectroscopy is becoming very popular. The most common 

methods used by many microwave spectroscopic labs is the density functional theory 

using the B3LYP functional and the MP2 method, along with the Pople valence triple-zeta 

basis set 6-311++G(d,p). Conformational analysis performed by calculating potential 

energy surfaces and geometry optimizations are sufficiently accurate to start the spectral 

assignment. In the contrary, predicting the barriers of large amplitude motions, 
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corresponding to calculations of energy, is not yet sufficiently accurate to satisfy 

experimental requirements and needs experimental values for benchmark calculations.  

Several computer codes for global fits of rotational spectra with splittings arising 

from large amplitude motions have been developed along the last four or five decades, 

among them, not exhautively SPFIT/SPCAT, IAMCALC, JB95, XIAM, BELGI, RAM36, 

PAM-C2v-2tops, and Erham, just to mention some of them. A local approach such as in the 

SFLAMS code for separately fitting the large amplitude motion species can ease the 

assignments of the microwave spectra, especially when a large number of internal rotors 

(> 3) and low torsional barriers have to be conquered and it is still challenging to model 

the splittings in a global approach. Some “problematic”, yet unsolved cases remain where 

the internal rotation(s) interact(s) with tunneling motion(s) or with other small amplitude 

vibrations. Theoretical developments and new codes are needed for those cases. 

Some examples on chemical aspects and comparison of barrier heights in 

systematic investigations on acetates, amides, propynyl group containing molecules, 

ketones, and dimethylanisoles as well as the inversion tunneling in secondary amines and 

phenyl formate have given information about how large amplitude motions can help us 

to understand molecular structures and conformations in nature. Applications of large 

amplitude motions on conformational determinations are only at their beginning on 

natural substances and biomolecules where they can provide unique “sensors” of the 

molecular structure. There is no doubt that many future investigations towards this 

direction with great potential will be performed.  
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