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Internal rotation arena: Program performances on the low barrier 

problem of 4-methylacetophenone 

Sven Herbersa*, Oliver Zingsheimb, Ha Vinh Lam Nguyenc,d*, Luis Bonahb, Bettina Heyneb, Nadine 

Wehresb, Stephan Schlemmerb*

Abstract: In the rotational spectroscopy community, several 

popular codes are available to treat multiple internal rotors in a 

molecule. In terms of the pros and the cons of each code, it often is 

a difficult task to decide which program to apply to a specific internal 

rotation problem. We faced this issue when dealing with the 5 

spectroscopic fingerprint of 4-methylacetophenone (4MAP), 

recently investigated in the microwave region, which we here extend 

into the millimeterwave region. The methyl group attached to the 

phenyl ring in 4MAP undergoes internal rotation with a very low 

barrier of only 22 cm1. The acetyl methyl group features a much 10 

higher barrier of about 580 cm1. The performances of a program 

using the so-called “local” approach in terms of Herschbach’s 

perturbative treatment, SPFIT, as well as three programs XIAM, 

ERHAM, and ntop, representing “global” fits, were tested. The 

results aim at helping spectroscopists in the decision on how to 15 

tackle their own internal rotation problems.  

1. Introduction 

Internal rotation is an intramolecular, large amplitude motion (LAM), 

which causes all rotational lines to split into multiplets. The number 

of multiplet components depends on the quantity and fold number 20 

of internal rotors in the molecule. Rotational spectra of molecules 

featuring one or more internal rotors can no longer be treated with a 

semi-rigid rotor model. A Hamiltonian needs to be developed that 

addresses the specific internal degree of freedom, coupling to the 

overall rotation [1-3]. Model Hamiltonians dealing with internal 25 

rotation can then be implemented in programs, and many such 

programs are available, e.g., at the ‘‘Programs for ROtational 

SPEctroscopy’’ (PROSPE) website [4]. Among them, the XIAM 

code is particularly popular. It can deal with internal rotation effects 

of up to three rotors [5], though being somewhat limited with respect 30 

to available parameters. More flexible programs allow for the use of 

a much larger variety of parameters, e.g., the ones written by 

Groner, to treat up to two internal tops [6], by Kleiner, to treat a 

number of single-top [7,8] and two-top molecules [9] with Cs and C1 

symmetry, by Ilyushin, to deal with a single-top with Cs [10] and two-35 

top molecules with C2v symmetry [11], or the code developed by 

Ohashi and Hougen for methylamine-like molecules [12].  

Internal rotation programs can be generally divided into four classes 

with the most important criterion being the coordinate system in 

which the Hamiltonian is defined: The Principal Axis Method (PAM), 40 

the Internal Axis Method (IAM), the  Axis Method (RAM), and the 

Combined Axis Method (CAM). It follows a short description of the 

different methods and associated programs. 
 

PAM: The PAM works in the principal axis system, which is 45 

commonly used in pure rotational Hamiltonians. Only diagonal 

elements in the overall rotational moment of inertia tensor are non-

zero. Some examples are the programs aixPAM [13], ntop [14], and 

PAM-C2v-2tops [11]. A version of the BELGI program, BELGI-Cs-

2Tops, uses a slightly different method called “quasi-PAM” [9,15].  50 

IAM: There is no explicit coupling between internal rotation 

and overall rotation in the IAM. One of the three reference axes is 

parallel to the coupling vector , the other two axes rotate in 

dependence of the torsional angle . Therefore, the moment of 

inertia tensor has off-diagonal elements and also depends on , 55 

making the IAM method complicated to use, and there is no popular 

program set up in the IAM [2]. 

RAM: The RAM approximates the IAM with one axis parallel 

to the coupling vector , but in contrast to the IAM, the coordinate 

system is fixed and does not rotate with . Since the RAM does not 60 

work in the principal axis system, additional constants Dab, Dac, and 

Dbc, associated with the off-diagonal elements of the moment of 

inertia tensor, are inevitable. Programs working with the RAM are 

BELGI in its single-top version [7,8], RAM36 [10], and the 

IAMCALC/SPFIT combination of programs [16] integrated into 65 

Pickett’s Calpgm suite of programs [17]. None of these is commonly 

applied in the treatment of multiple rotors. Since the Hamiltonian is 

defined in the  axis system, the meaning of fitted parameters is 

often not as clear to the users, who are usually more familiar with 

the interpretation in the principal axis system. The codes are very 70 

flexible and a large number of fit parameters are available [10,16]. 

CAM: An approach combining the convenience of the PAM 

with the benefits of the RAM is the so-called Combined Axis Method 

(CAM) [18,19], as used in the program XIAM [5]. In a first step, the 

internal rotation is treated in the  axis system, and subsequently, a 75 

rotation matrix is used for a transformation into the principal axis 

system. An advantage of this method is the clear physical meaning 
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of internal rotation parameters used in the fits such as the barrier to 

internal rotation V3, the reduced internal rotation constant F, and 

geometric angles  and  between the principal axes and the internal 80 

rotation axis, while providing rotational constants and centrifugal 

distortion coefficients in the principal axis system. An approach 

similar to the CAM is used in ERHAM [6,20] in the sense that there 

is a transformation between different axis systems. However, 

ERHAM treats the internal rotation in a quite different way, setting 85 

up matrix elements as Fourier series, and not explicitly solving the 

internal rotation Hamiltonian, which justifies giving ERHAM its own 

class [20]. An ERHAM-like treatment with SPFIT has been done, 

e.g., in the case of propane [21].  

 90 

These different methods allow treatments with parameters 

shared between the different torsional species in terms of so-called 

global fits. However, it is also possible to carry out local fits with a 

set of independent parameters for each species. This is typically 

done by starting in the principal axis system and then proceeding in 95 

terms of Herschbach’s perturbation treatment [22]. Here, each of the 

torsional species can be treated with their own “local” Hamiltonian: 

 

𝐻𝜈𝜎 = 𝐻r + ∑ 𝑊𝑣𝜎
(𝑛)(𝝆𝑷)𝑛

𝑛      (1) 

 100 

where 𝐻r is the (semi) rigid rotor Hamiltonian, 𝝆 is the coupling 

vector, whose absolute can have values between 0 (no coupling) 

and 1 (internal rotation and overall rotation are identical). The vector 

𝑷 is the angular momentum of the overall rotation. The series 

coefficients 𝑊𝑣𝜎
(𝑛)

, also known as Herschbach’s barrier dependent 105 

perturbation coefficients for each torsional state 𝜈 and symmetry 

species 𝜎, depend on the reduced constant F of the internal rotor 

and on the reduced barrier 𝑠 =  4𝑉3/9𝐹 with 𝑉3 being the barrier of 

a threefold periodic potential. Terms in the sum for uneven values 

of 𝑛 are zero for the states in which 𝜎 is zero (A species) but non-110 

zero for states with 𝜎 =  ± 1 (E species). Some values of 𝑊𝑣𝜎
(𝑛)

 in 

dependence of 𝑠 are tabulated in Ref. [22].  

Note that in the literature, the expression “local” often refers 

to different treatment of vibration-torsional states, but we will discuss 

only the vibrational ground state spectra. “Local” will thus refer to 115 

separate treatments of the symmetry species with no shared 

parameters, as can be done for example with the programs 

SPFIT [17] and SFLAMS [23]. Terms with even powers of 𝑛 in the 

series of Eq. (1) can be incorporated in parameters of the semi-rigid 

rotor Hamiltonian. In this way, in particular the A species can be 120 

described solely by “effective” rotational parameters. For the E 

species, coefficients corresponding to the first order 𝑛 =  1  terms 

 

𝐷g = 𝐹𝑊𝜈𝜎
(1)

𝜌g  with g = a, b, c   

and 𝜌g = cos(∢α, g)𝐼α/𝐼g  (2) 125 

 

are often well-determined and can thus be used to derive the 

reduced barrier and geometric angles. 𝐼α is the moment of inertia 

related to the methyl top, 𝐼g are moments of inertia related to overall 

rotation. The angles ∢α, g are those between the internal rotation 130 

axis and the principal axes.  

 

Eq. (1) works well for small values of 𝜌, apparent in the 

molecule 4-methylacetophenone (4MAP) of the present study. The 

two methyl groups in 4MAP, illustrated in Fig. 1, both undergo LAM. 135 

The para-methyl group attached to the ring features a very low 

torsional barrier of only 22 cm1 and has a value of 𝜌  = 0.022 

associated with it. The acetyl methyl group has a much higher 

barrier of about 580 cm1 and  the absolute of the coupling vector is 

𝜌  = 0.015 [23].These small values of 𝜌 make the series in Eq. (1) 140 

converge quickly due to the dependence on 𝜌𝑛. In contrast, this 

approach does not work for large values of , typically found in small 

molecules composed of only a few atoms, like  methanol with a 

value of 𝜌 = 0.81 [24]. 

 145 

As briefly mentioned above and shown in some reviews on 

LAMs [1,2,25], each internal rotation program has its own 

advantages and drawbacks. The advantage of the CAM together 

with the user-friendly application of XIAM has made XIAM one of the 

most popular codes used in the spectroscopic community. A 150 

drawback of XIAM is its failure when it comes to low barrier cases 

observed in many previous studies [26-30] (𝑠 = 0.3 to 20.8), which 

was often claimed to be due to the negligence of interaction between 

the different torsional states [25].  

In the previous microwave studies of 4MAP and studies on 155 

m-methylanisole, larger deviations in the XIAM fits were also 

observed. However, these deviations were traced back not to the 

negligence of interaction terms, but rather the limited amount of 

parameters available in the program [13,23,31]. Motivated by these 

findings, two additional parameters were implemented in the XIAM 160 

code, reproducing the chirped-pulse transition frequencies for 

4MAP with Jmax = 20  to measurement accuracy [23]. Results with 

similar accuracy were obtained with the program ntop working with 

the PAM [23]. Afterwards, the extended code, called XIAMmod, was 

successfully applied on two other low barrier problems [32], but no 165 

attempts were made to test XIAMmod on torsional excited states, 

where for low barriers, near degenerate A species levels might 

cause additional problems.  

Even in the ground state, some questions still remain in 

Ref. [23]. First, the data set is limited to relatively low J obtainable 170 

under the jet-cooled conditions and the performance of XIAMmod at 

high J is unknown so far. Second, local fits performed with SFLAMS 

in that study are unstable due to the small numbers of resolvable 

splittings arising from the high barrier acetyl methyl group which are 

close to the accuracy of 25 kHz of the spectrometer, and thus limit 175 

the predictive power of the fits. Finally, there are questions regarding 

the interpretability of the rotational constants obtained with XIAM in 

low barrier cases, as they might absorb internal rotation effects. 

Figure 1. Geometry of 4MAP in its principal axis system optimized at the CAM-

B3LYP/aug-cc-pVTZ level of theory. The hydrogen atoms are white, carbon 

atoms gray, and the oxygen atom is red. The barriers to internal rotation are 

22 cm1 (𝑠 = 1.77) for the lower barrier para-methyl and 580 cm1 (𝑠 = 49) for 

the higher barrier acetyl methyl group. 
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To answer these questions, we (i) extended the rotational 

spectrum of 4MAP to the millimeterwave (mmw) range recorded 180 

under room temperature to access high J data; (ii) recorded 

molecular jet Fourier transform spectra with an accuracy of about 

5 kHz to resolve the torsional splittings arising from the acetyl methyl  

group for more rotational transitions; and (iii) compared the 

rotational constants obtained with different programs with respect to 185 

their interpretation as structural rotational constants. 

2. Experimental Section 

The dataset comprises a variety of experiments. One set of 

investigations was carried out on a cold molecular jet either in 

course of chirped pulse (expected accuracy about Δν = 25 kHz) or 190 

resonator measurements (Δν = 5 kHz). These experiments worked 

in the cm-wave region. The other set of experiments was carried out 

in a room temperature absorption cell in the mmw region 

(Δν = 50 kHz). The mmw experiments were sometimes aided with a 

double modulation scheme to properly identify weak signals. The 195 

given accuracies are used as line uncertainties in the fits. 

 

2.1. Chirped-pulse Fourier transform microwave (CP-FTMW) 

spectrum (Δν = 25 kHz) 

The microwave data from 8-18 GHz previously recorded at Purdue 200 

University [23] were extended by measurements in the range of 18-

26.5 GHz using a broadband CP-FTMW spectrometer at the 

University of Cologne described in an earlier configuration in 

Ref. [33]. In the current configuration, the CP can be generated 

directly in the desired frequency range by a new arbitrary waveform 205 

generator (Keysight M8195A 65 GSa/s), which no longer requires 

mixing up the CP and mixing down the molecular signal. The 

substance was put on cotton wool and heated to 105°C in a 

reservoir screwed onto the General Valve Series 9 used in Ref. [33] 

to increase the vapor pressure. Neon was used as carrier gas at an 210 

absolute pressure of 1.5 bar. The measurement accuracy is 

estimated to be 25 kHz, similar to that of the Purdue spectra. 

2.2. Resonator FTMW spectrum (Δν = 5 kHz) 

Resonator measurements of selected signals between 2 and 

26.5 GHz were recorded using a molecular jet FTMW spectrometer 215 

with a coaxially oriented beam-resonator arrangement (COBRA) 

described previously [34] to resolve torsional splittings of the high 

barrier rotor. The substance was kept in a steel tube in front of the 

nozzle and heated to 50°C. Helium as a carrier gas was allowed to 

stream at stagnation pressures of 1-2 bar over the sample before 220 

the helium-substance mixture was expanded into the resonator 

chamber. 

2.3. Room temperature millimeter-wave absorption cell 

(Δν = 50 kHz) 

The cooled molecular jet experiments were supported with data 225 

from room temperature absorption cell measurements using the 

frequency lock-in detection technique in the region of 76-119 GHz, 

carried out at Cologne University. The experimental scheme was 

described in detail before [35,36]. A 14 m long single path 

absorption cell with an approximate diameter of 10 cm was filled 230 

with 10 µbar of gaseous 4MAP. No heating was required. Due to the 

2f-demodulation, absorption features appear close to a second 

derivative of a Voigt profile. Broadband scans were not viable 

because of inevitable long integration times. Hence, only parts of 

particular interest of the spectrum were recorded.  235 

For a few signals of interest, in particularly dense regions of the 

spectrum, double-modulation double-resonance (DM-DR) 

measurements were conducted with a second, more powerful 

(~60 mW) (pump-)radiation source, whose polarization is 

orthogonal to the probe beam (~1 mW) [37]. As a central feature of 240 

the DM-DR technique only probe transitions which share an energy 

level with the pump transition appear in the spectra. Therefore, the 

DM-DR spectrum pulls these specific transitions out of the plethora 

of transitions of a conventional absorption spectrum. These 

confusion- and baseline-free spectra dramatically simplify the 245 

analysis as seen in the lower part of Fig. 2. 

 

 

3. Results and Discussion 
 250 

3.1. Double-modulation double-resonance experiments  

The mmw spectra were very dense and most of the lines measured 

at room temperature remained finally unassigned. We suspect that 

they belong to vibrational or torsional excited states. In the 

beginning, all assigned mmw lines were R-branch transitions. 255 

Torsional splittings due to the low barrier rotor typically ranged from 

a few MHz up to about 80 MHz. Splittings due to the higher barrier 

rotor remained unresolved. However, predictions performed by the 

program XIAM indicated that some Q-branch b-type transitions with 

splittings larger than 900 MHz for the low barrier and resolvable 260 

splittings for the high barrier rotor lie in the mmw region with low, yet 

detectable intensities. When attempting to measure these signals, 

we faced the problem that the mmw spectrum of 4MAP was too 

dense for a clear assignment. The DM-DR scheme was employed 

Figure 2. Upper trace: A section of the 2f-absorption mmw spectrum. The 

(10), (11), and (12) symmetry species of the JKa
′ ,Kc

′
′ ⎯JKa

′′,Kc
′′

′′ = 841,83 − 840,84 

transition predicted with the program XIAM are indicated as colored vertical 

lines. The spin statistical weight was considered [23]. As can be seen, no 

clear features are resolvable. Lower trace: The same portion of the spectrum 

in the double-modulation double-resonance experiment. The (12) 

component appears to be missing and is predicted by ERHAM to be 

degenerate with the (11). The pump transition was the degenerate pair of 

851,85 − 841,84 and 850,85 − 840,84 at 111193.279 MHz, all three 

aforementioned symmetry species are degenerate for this pump transition. 
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to display the otherwise undetectable lines, see Fig. 2. We 265 

succeeded to record six Q-branch transitions with their fine 

structures. When assigning these signals, we found that the (12) 

symmetry species was missing from the spectrum (for the labelling, 

see Ref. [23]), despite the observation of all other symmetry species 

and the spin statistical weight stating that (12) should be as intense 270 

as (11) and half as intense as (10) [23]. Instead, the (10) and (11) 

species were found equally intense, as shown exemplarily in Fig. 2, 

indicating that either the frequency prediction is wrong and (11) and 

(12) are degenerated for these transitions, or, rather unlikely, the 

intensity predictions are wrong. In contrast ERHAM predicts the (11) 275 

and (12) lines to be degenerate, which is in agreement with our 

observations, and shows the superior predictive power of the 

ERHAM fits for these lines. 

 

3.2. Fit performance 280 

 

The different fitting methods used in this study reproduce the 

experimental spectrum with varying success. Following the 

procedure of starting with small datasets limited to microwave data 

with small quantum numbers and a small number of variables 285 

followed by sequentially increasing dataset and number of 

variables, we expect the fits to converge on global minima on the 

root-mean-square deviation hypersurface. This is supported by the 

small remnant deviations in our fits. 

Local fits obtained with SPFIT achieve experimental 290 

accuracy. The global ERHAM fit performs slightly worse than the 

local fits but still shows satisfactory rms deviation. XIAM performs 

worse than ERHAM and fails to reproduce the spectrum to 

experimental accuracy, but still qualitatively catches most of its 

features. The input and output files of all fits are provided in the 295 

Supplementary Material. 

 

The problems of the XIAM fits can be traced back to the lines 

showing the highest deviations. Except for the missing (12) lines of 

the transitions described under Section 3.1., initial fits carried out 300 

with XIAM could reproduce the frequencies of most transitions to 

experimental accuracy. Nevertheless, a few mmw lines, typically R-

branch high K transitions, still remain with rather large deviations 

from 300 to 500 kHz. Also a few lines measured with the resonator 

in the microwave region show deviations of up to 104 kHz, in 305 

contradiction with the measurement accuracy being 5 kHz or better. 

It should be noted at this point, that even in the local fits with SPFIT, 

deviations in the resonator data of up to 16 kHz occur because of 

additional splittings or line broadening. Such splittings have been 

reported in previous studies on phenyl containing two-top molecules 310 

using the same setup [38,39] and are probably caused by spin-

rotation coupling arising from the hydrogen atoms of the methyl 

rotors. This assumption is supported by the fact that the splittings or 

line-broadening are more pronounced for the A species lines with 

spins of the three hydrogens aligning 𝐼H3
= 1.5 compared to the E 315 

species with 𝐼H3
= 0.5. An example is given in Fig. 3. 

 

3.3. Fit interpretation 

We will now look at the interpretability of fit parameters and compare 

the local and global fits. We will see that results from local fits can 320 

be translated to structural rotational constants and energetic 

barriers. ERHAM and ntop provide significantly different rotational 

constants compared to XIAM and local fits carried out with SPFIT. 

 

3.3.1. Local fits 325 

Local fit parameters must be converted using Herschbach’s 

perturbation coefficients for interpretation. The local rotational 

constants 

 

𝐵𝑣𝜎 = 𝐵𝑣 + 𝑊𝑣𝜎
(2)

𝐹𝜌b
2     (3) 330 

 

are related to the structural rotational constants 𝐵𝑣, the second order 

perturbation coefficients 𝑊𝑣𝜎
(2)

, the reduced rotational constant 𝐹 of 

the internal rotor, and the respective coupling vector component 𝜌b. 

In some cases, similar to centrifugal distortion corrections when 335 

applying Watson’s A or S reduction, higher order corrections should 

be taken into account. The magnitude of quartic centrifugal 

distortion coefficients in the local fits is an indication whether these 

corrections are required or not. In the case of 4MAP the largest 

coefficient is that of DK = 58.10(5) kHz in the (10) species local fit. 340 

Based on this rather small value, we will neglect the higher order 

corrections. 

For high barrier one-top cases, the approximation  

 

𝑊𝑣A
(2)

≈ −2𝑊𝑣E
(2)

     (4) 345 

 

can be applied to derive the structural rotational constants 𝐵𝑣 as a 

simple weighted average [40]: 

 

𝐵0 =
𝐵0A+2𝐵0E

3
      (5) 350 

 

where  = 0 and 𝐵0A and 𝐵0E are the rotational constants of the 

separate A and E species fits, respectively. The weighted average 

results in rotational constants comparable to those of the XIAM 

global fits. This is also found in the recent study of 2-acetylfuran [43] 355 

and can generally be found in other studies of high barrier rotors. 

 

Figure 3. The 624 − 515 transition of 4MAP recorded using the COBRA 

spectrometer, showing that (i) the splitting between the (00) and (01) 

torsional species is well-resolved and (ii) additional splittings are observed 

for the (00) species. For this spectrum, 205 free induction decays were co-

added. Due to the experimental geometry, transition signals appear as 

Doppler doublets. 
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In 4MAP, the high barrier approximation has been applied to 

the higher barrier acetyl methyl rotor (𝑉3 = 580 cm1, 𝑠 = 49) to 

reduce the five sets of rotational constants of the different species 360 

to two sets 𝐵0A and 𝐵0E related to the low barrier para-methyl rotor: 

𝐵0A was calculated as in Eq. (5) from 𝐵0,(00) and 𝐵0,(01). The  𝐵0E was 

calculated by taking the mean average of the rotational constants of 

the (10), (11), and (12) species. This results in values of 

𝐴0A = 3694.35818(31) MHz,  𝐵0A = 784.650163(60) MHz, 365 

𝐶0A = 650.443967 MHz for the “A species” of the low barrier rotor 

and  𝐴0E = 3639.41162(48) MHz, 𝐵0E = 784.641511(12) MHz, 

𝐶0E = 650.458506(11) MHz for the “E species”.   

For the low barrier para-methyl rotor (𝑉3 = 22 cm1, 𝑠 = 1.77), 

the approximation given in Eq. (4) is no longer valid, and appropriate 370 

second order perturbation coefficients 𝑊𝑣𝜎
(2)

 must be calculated 

when deriving the structural rotational constants. We computed a 

plot of 𝑊𝑣𝜎
(2)

 in Fig. 4, which shows its dependence on the reduced 

barrier 𝑠.  

 375 

Furthermore, local fit results are related to internal rotation 

parameters and structural rotational constants via the perturbation 

coefficients. Due to the Cs symmetry, the angle 𝛿 ≙ ∢α, a can 

directly be derived from the first order parameters Da and Db : 

 380 

𝛿 = arctan (
−𝐴0𝐷b

𝐵0𝐷a
).    (6) 

 

Solving  Eq. (2) for 𝑊𝑣𝜎
(1)

 gives the perturbation coefficients as:   

 

𝑊𝑣𝜎
(1)

=
𝐹0𝐷a

𝐹cos(𝛿)𝐴0
    (7) 385 

 

where  

 

𝐹0 = 𝐹 ∙ 𝑟  with   𝑟 = 1 −
cos(𝛿)2𝐴0+sin(𝛿)2𝐵0

𝐹0
 (8) 

is the structural rotational constant of the internal rotor. 390 

The 𝛿 calculated from Eq. (6) can be inserted into Eq. (7) to 

obtain 𝑊𝑣𝜎
(1)

, which in turn can be related to the reduced barrier s. 

Once s is known, the 𝑊𝑣𝜎
(2)

 coefficient can be derived, and thus the 

structural rotational constants and 𝐹 can be determined from 

Eq. (3). At this point, a vicious cycle is obviously involved: The 395 

unknown structural rotational constants 𝐴0, 𝐵0, 𝐶0, 𝐹0 and reduced 

rotational constant 𝐹 of the internal rotor are derived from the 

reduced barrier 𝑠; but to derive 𝑠, Eq. (7) requires the ratio 𝐹0/𝐹 and 

𝐴0 to be known.  

An iterative procedure, starting with a guess of 𝑠 and 𝐹0, was 400 

formulated to solve this problem. There is some flexibility in choice 

of details regarding such iterative procedures, and different 

solutions to this problem can be found in studies of several 

molecules, with one example being N-acetyl-alanine N’-

methylamide [44]. The specific scheme used for 4MAP is described 405 

in the supplementary material. 

 

 

3.3.2. Global fits 

In global fits with ERHAM, rotational constants and geometric 410 

angles from the fit output might be used directly. Though the barrier 

is not a fit parameter in ERHAM, the torsional energy difference 

𝐸𝜈E − 𝐸𝜈A and the 𝐹 constant are provided in the output. They are 

related to zero order Herschbach coefficients as follows: 

 415 

𝑊𝜈E
(0)

− 𝑊𝜈A
(0)

=
𝐸𝜈E−𝐸𝜈A

𝐹
.     (9) 

 

The quantities in Eq. (9) can be related to the reduced barrier 

𝑠. We used the Mathieu program, written by Wolfgang Stahl, for this 

purpose. That Eq. (9) is a possible method to derive barriers from 420 

ERHAM fits can be demonstrated for high barrier cases; for 

example, the recently studied propylene oxide in its first torsional 

excited state. In that study, a reduced barrier of 67.92 was 

determined with XIAM. Fits using ERHAM were also provided, 

giving an energy level splitting of −231 MHz and a 𝐹 constant of 425 

176 GHz, which results in 𝑠 = 67.89 [45].  

 

3.3.3. Fit comparison  

 

The reduced barrier of 4MAP is provided in Tab. 1 along with 430 

the rotational constants  𝐵g,0 and angles .  Values obtained from 

different programs and from quantum chemical predictions are 

compared. Calculations were performed using the Coulomb-

attenuating method, Becke, three-parameter, Lee-Yang-Parr 

functional [46] combined with Grimme’s D3 dispersion corrections 435 

[47] and Becke-Johnson damping function BJ [48] at an aug-cc-

pVTZ basis set (CAM-B3LYP-D3BJ/aug-cc-pVTZ), put to work in a 

geometry optimization with subsequent anharmonic frequency 

calculations as implemented in the Gaussian 16 program package 

[49]. The combination of optimization with subsequent vibrational 440 

calculation was used to obtain ground state rotational constants 𝐵g,0. 

The CAM-B3LYP-D3BJ/aug-cc-pVTZ method was chosen as it 

provided rotational constants with a typical accuracy of about 0.5% 

in previous structural determination studies [50]. 

The 𝐴0 rotational constants obtained from the XIAM and ntop 445 

fits deviate significantly from the quantum chemically predicted 

value by 0.9% and 1.2% respectively. While these deviations might 

still be explainable with errors in the quantum chemical prediction 

method, they are large enough to question the plausibility of the 

results. It is stated in Ref. [5] that rotational constants obtained with 450 

XIAM can be interpreted as structural parameters, however, this 

statement has never been confirmed for low barrier cases. 

Therefore, we determined the structural constants of 4MAP from 

different (global and local) procedures to compare the results (see 

Tab. 1). Despite the very low torsional barrier of one methyl group 455 

in 4MAP, the rotational constants derived from SPFIT local fits agree 

qualitatively well with those from XIAM with deviations not 

exceeding 0.8 MHz. Such deviations might arise from the derivation 

process in the local fits. Also the 𝐹0 constant of about 164 GHz 

derived from the local fits is somewhat too large, when it is 460 

Figure 4. 𝑊0𝜎
(2)

coefficients in dependence of the reduced barrier. At very 

small reduced barriers (say 𝑠 < 5), significant deviations from the high barrier 

approximation 𝑊0,E
(2)

𝑊0,A
(2)

⁄  = 0.5 occur. 
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compared to the well-known value of 160 GHz found for 

unsubstituted toluene [51]. This might be due to model errors when 

assuming a pure threefold potential and no top-top interactions, 

leading to variations in the weight coefficients when deriving the 

structural rotational constants and 𝐹0 from the local fits. In addition, 465 

none of the models considers a dependence of 𝐹  on the torsional 

angle , which might also contribute to the observed deviations 

between the methods, though such a dependence is expected to be 

small for the para-methylrotor of 4MAP. A rough estimate of 𝐹() 

can be obtained from relaxed potential energy surface scans [52]. 470 

Such rough estimates put the variation at about 2.4 GHz and more 

details are provided in the supplementary material. Nevertheless, 

the agreement between local fits and XIAM supports the idea that 

XIAM provides structural rotational constants, while ntop does not. 

The rotational constants obtained from ERHAM differ 475 

significantly from those derived from the local fits and XIAM. 

Contrary to ntop, these deviations are towards a larger 𝐴0 constant. 

The parameter set used in ERHAM yields rotational constants 

following the high barrier approximation - nearly identical to those 

obtained with Eq. (5) when inserting rotational constants from SPFIT 480 

local fits. This suggests that for low barrier cases, rotational 

constants obtained from ERHAM are not to be used for structure 

determination purposes. The para-methyl barrier derived from the 

torsional energy difference and the 𝐹 constant is also not in 

agreement with those derived from other methods, providing a 485 

somewhat smaller value of only 𝑠 = 1.61 compared to 1.77 for XIAM 

and to 1.75 for local fits. Also, the derived 𝐹0 constant is probably 

too large with a value of 169 GHz. The deviations for the low barrier 

rotor are likely a consequence of the effective nature of the 

parameters fitted, correlation problems, and the fact, that the 490 

internal rotation Hamiltonian is not solved explicitly in ERHAM. Low 

barriers in general might cause trouble, as mentioned by Groner in 

Ref. [20]. On the other hand, the results for the acetyl methyl rotor 

agree well with those of the other methods, as expected for a high 

barrier rotor. Despite the lack of interpretability with respect to the 495 

variables of the fit, ERHAM reaches almost experimental accuracy 

for the global data set with a performance that can be put between 

XIAM and local fits (the local fits provide somewhat more accurate 

reproductions of the experimental frequencies). 

 500 

3.4. Fitting time 

Regarding the usability of a program, the time required to 

carry out a fit when high quantum numbers are involved might be 

important. The bottleneck of the fitting procedure is the setting up 

and subsequent diagonalization of the matrix representations of the 505 

Hamiltonian. The highest J quantum number in the dataset 

(Jmax = 91 in the case of 4MAP) reflects the time demand in fitting. 

For ntop, the calculations were too expensive. Therefore, we limit 

the use of ntop to fit the microwave data as published in Ref. [23]. 

XIAM succeeds to deal with such matrix sizes, but a fit typically 510 

requires up to a day. The local fits with SPFIT require only seconds 

and are as fast as ERHAM. 

Conclusions 

Two general approaches, global fits and local fits of each 

torsional species, were tested on the rotational data set with 515 

Jmax = 91 of the two-top molecule 4MAP, featuring a high barrier 

(about 580 cm1) and a very low barrier (22 cm1) to methyl internal 

Table 1. Rotational constants and internal rotation parameters as obtained from the XIAM and ERHAM fits as well as calculated at the CAM-

B3LYP-D3BJ/aug-cc-pVTZ level of theory. Derived rotational constants from the local SPFIT fits are also summarized. 1-σ errors are given in 

parentheses. The program PIFORM [4] was used to derive 1-σ statistical errors of SPFIT parameters.  

 

 global local Prediction 

Parameter ntopa ERHAM b XIAMmod SPFITc Ab initio 

A0 /MHz 3604.7132(19) 3657.72743(25) 3619.025(61) 3619.83674(66) 3650.2 

B0 /MHz 784.64659(30) 784.644311(34) 784.65137(18) 784.63843(16) 787.8 

C0 /MHz 650.43931(23) 650.453948(30) 650.44271(12) 650.46369(15) 653.6 

s1 = 4V3,1/9F1 1.7963323(2) 1.6125(56)   1.7722(22) 1.74642233(76) 1.49d 

1 /° 0.763225(57) 0.76494(33) 0.7648(11) 0.76261(49) 0.26d 

F0,1 /GHz 161.29(fixed) 168.7(11) 162.16(13) 163.9444(18) 161.29d 

s2 = 4V3,2/9F2 49.12(1) 49.43(13) 48.58(26)e – 37.79d 

2 /° 123.0(32) 127.50(52) 129.2(13) – 122.98d 

F0,2 /GHz 159.54(fixed) 162.2(22) 159.54(fixed) – 159.54d 

Npar
f 19 26 22 7/8/15/10/10  

NRes/NCP/Nmmw
g 0/88/0 579/335/350 579/335/350 579/335/350  

Res/CP/mmw /kHzh –/26/– 4.1/32.6/65.5 25.7/38.0/80.0 3.8/33.4/33.2  

Δmax,Res/CP/mmw /kHzi –/88/– 30/100/305 104/112/463 16/115/138  

Time – Seconds Hours Seconds  
a Microwave data from Ref. [23].  
b Barriers for ERHAM were determined from provided torsional energies and F constants. 
c The V6 term only has a small influence on the values derived purely from V3 and F and is therefore neglected in the derivation from local fits. 
d Internal rotation parameters taken from calculations at the B3LYP-D3BJ/def2TZVP level provided in Ref. [23]. 
e Note that this value is not the same as the value given by XIAM. There was a bug in the program when deriving the reduced barrier for the high barrier rotor. 
Therefore, we recalculated it from F and V3. 
f Number of fitted parameters. For the separate fits, the values given are for (00)/(01)/(10)/(11)/(12), respectively.  
g Number of COBRA/chirped-pulse/millimeter-wave transitions. The total number of assigned transitions is 1264, but only 1078 frequencies of lines are 
determined due to degeneracy of some transitions. 
h Root-mean-square (rms) deviation of COBRA/chirped-pulse/millimeter-wave lines.  
I Maximum deviation of COBRA/chirped-pulse/millimeter-wave lines. 
 

 



Manuscript    

7 
 

rotation. Based on the results summarized in Tab. 1, it is highly 

recommended to use both approaches when assigning spectra of 

molecules with low-barrier methyl torsion. Deviations in the fits can 520 

hint towards errors and is of great help in assigning rotational 

spectra. At least, this was the case when we investigated 4MAP.  

If a reasonable XIAM fit is achievable, the rotational constants 

derived from XIAM are reliable for structure determination purposes, 

even though the rms deviation is not quite within the measurement 525 

accuracy. SPFIT local fits reached experimental accuracy and 

ERHAM reached almost experimental accuracy. Regarding the 

interpretability of the parameters, however, deriving physically 

meaningful parameters from local fits is a tedious task. When done 

correctly, they can still be useful. For ERHAM, the rotational 530 

constants and low barrier rotor parameters are not rationalized by a 

physical model compared to the other procedures. They deviate so 

much in fact, that we suggest considering ERHAM only for spectral 

fitting and predictions, and not for interpretations in terms of 

structure determinations or barrier comparisons, if low barriers are 535 

present. For the higher barrier, the local fits show problems that 

arise because Db is not determined, thus prohibiting derivation of 

internal rotation parameters without additional assumptions. The 

program ntop provides experimental accuracy fits for small 

datasets, but requires unaffordable computation times when large 540 

quantum numbers are involved. In addition, the 𝐴0 rotational 

constant provided by ntop for 4MAP is in strong disagreement with 

all other methods and the quantum chemical predictions. This 

implies that ntop does not provide structural rotational constants, at 

least when low barrier rotors are present. 545 

Finally, we suggest testing these conclusions in a structure 

determination study involving isotopic substitutions using either 

4MAP or a similar molecule. The time demand of such a study will 

be large, since it will be required to fit more than just the three 

rotational constants for each substitution. Also internal rotation 550 

parameters must be fit for each isotopologue independently, 

demanding for large data sets. From a computational point of view, 

the rotational constants of each isotopologue must then be 

corrected from experimental vibrational ground state constants to 

equilibrium constants. The supplemented fit files will be of help in 555 

approaching such study. 
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