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Abstract 

 

The broadband rotational spectrum of methyl butyrate from 8-18 GHz, recorded using a chirp-

pulsed Fourier transform microwave (FTMW) spectrometer, was combined with high resolution 

FTMW measurements over the 2-26.5 GHz region to provide a comprehensive account of its 

microwave spectrum under jet-cooled conditions.  Two low-energy conformers, one with a fully 

extended, heavy-atom planar anti/anti structure (a,a), and the other with a gauche propyl chain 

(g±,a), were assigned in the spectrum.  Torsional A/E splittings due to the internal rotation of the 

methoxy methyl group were resolved for both lower energy conformers, and were fitted using the 

program XIAM and BELGI, providing an estimate of the barrier to methyl internal rotation of V3  

420 cm–1. The conformational landscape of methyl butyrate occurs on a two-dimensional potential 

energy surface, which was mapped out by quantum chemical calculations at the B2PLYP-

D3BJ/aug-cc-pVTZ level of theory.  The low torsional barrier about the CC(=O)O bond leads to 

collisional removal of population originally in the (a,g±) and (g±,g±) minima into the (a,a) and 

(g±,a) minima, respectively, during the cooling in the expansion.  Analysis of experimental 

intensities in the spectrum provide percent populations downstream in the expansion of 41  4 % 

(a,a), and 59  6 % (g±,a).  
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1.  Introduction 

 

Methyl esters of fatty acids are important components of biologically-derived diesel fuel 

(“biodiesel”), produced by reacting vegetable oils or animal fats with an alcohol [1]. By 

comparison with petroleum diesel, which contains straight-chain alkanes, the alkyl chains in the 

fatty acids serving as a source of biodiesel are a mixture of straight-chain, branched-chain, and 

with partial unsaturation [2].  Not surprisingly, the combustion chemistry of fatty acid methyl 

esters will thus have reactions characteristic of the long alkyl or alkenyl “tail” and methyl ester 

“head” groups. While the alkyl chains are common to petroleum diesel, the presence of the ester 

functional group complicates the combustion chemistry of biodiesel, which needs to be 

investigated in some detail as sources for biodiesel become more common and begin to be 

incorporated into modern transportation fuels more pervasively.   

Methyl butyrate or methyl butanoate, CH3-CH2-CH2-C(=O)-O-CH3, combines the methyl ester 

with an alkyl chain just long enough to capture some of the key features anticipated for the 

combustion chemistry of longer-chain methyl esters.  As a result, methyl butyrate serves in 

combustion studies as a model system in which to study the ester group’s combustion chemistry, 

despite its deficiencies in not fully capturing the chemistry of the longer alkyl chains fatty acid 

[3,4].  Beyond its role in combustion, methyl butyrate is interesting in its own right as a natural 

product, possessing a fruity odor similar to that of many natural-product methyl esters.  It is widely 

used in perfumery as an odorant and food flavoring. 

Methyl butyrate has an alkyl chain sufficiently long to support conformational isomers. As a 

result, whether in the context of combustion or detection by smell, the inherent conformational 

preferences of gas phase methyl butyrate are important to understand.  Thus, in the present work, 

we describe a study of the title molecule by supersonic jet Fourier transform microwave (FTMW) 

spectroscopy, aided by quantum chemical calculations.  Our goal is to determine the preferred 

conformations of methyl butyrate and their relative populations. Identifying the inherent 

conformational preferences of this model alkyl methyl ester is a necessary first step in subsequent 

studies of methyl butyrate’s pyrolysis intermediates, as well as in understanding the molecular 

origin of its fruity odor.  

Regarding the internal dynamics, we expected that torsional splittings arising from the internal 

rotation of the methoxy methyl group C(=O)-O-CH3 could be resolved, as this aspect of its 

chemical structure is similar to other methyl alkylates, such as methyl acetate [5] and methyl 

propionate [6], studied previously by some of the authors.  On the other hand, the barrier to internal 

rotation, arisen from the second methyl group at the end of the alkyl chain (called the propyl methyl 

group), is estimated to be about 1100 cm–1; similar to that of the ethyl methyl group in ethyl acetate 

[7].  As we shall see, we are not able to fully resolve the splittings from this large amplitude motion 

with our spectrometers. 

Some of us have recently introduced the technique of strong-field coherence breaking 

(SFCB) that combines excitation of the sample by broad-band chirped-pulse microwave excitation 

with multi-resonant single-frequency pulses to achieve selective detection of a set of microwave 
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transitions due to one molecular component in a mixture, thereby aiding the analysis of spectra of 

such samples.  In the context of conformational isomers, this previous study used methyl butyrate 

as example, showing how SFCB studies can identify the two observed conformers of methyl 

butyrate [8].  

 

2. Theoretical Calculations 

 

2.1. Conformational Analysis 

Since the rotations of the two methyl groups in methyl butyrate do not create new 

conformations, the conformational landscape is completely defined by three dihedral angles 1 = 

(C1,C2,C3,C4), 2 = (C2,C3,C4,O6), and 3 = (C3,C4,O6,C7), corresponding to the rotations 

about the C2-C3, C3-C4, and C4-O6 bonds (for atom numbering see Figure 1).  The rotation about 

the C4-O6 bond by varying the dihedral angle 3 results in trans (3 = 180°) and cis ester (3 = 0°) 

conformations. As known from our previous investigations on other esters [7,9] and theoretical 

studies [10], only trans esters can be observed using the supersonic jet technique, where the 

rotational temperature is very low, approximately 2 K, because cis esters are much higher in energy 

(often more than 25 kJmol–1, in methyl butyrate more than 35 kJmol–1).  Hence, we only take the 

trans conformations into consideration in what follows. 

To locate the conformational minima and to better understand the potential energy landscape, 

we thus calculated a relaxed two-dimensional potential energy surface (2D-PES) depending on 1 

and 2.  These angles were varied over a grid of (1, 2) points separated by 15° while optimizing 

all other coordinates. DFT calculations were employed using the B2PLYP functional, including 

Grimme’s dispersion correction [11] and a Becke-Johnson damping [12], with a correlation 

consistent basis set, aug-cc-pVTZ, using the program GAUSSIAN [13].  The result is shown in 

Figure 2.  This functional and basis set were chosen because in recent studies of alkyl chains [14–

16], this level of theory has been shown to give excellent results for the relative energies of 

conformers. Four conformers of methyl butyrate were identified on the PES and subsequently re-

optimized under full geometry optimizations at the MP2/6-311++G(d,p) level of theory. This level 

of theory was chosen for the geometries because it yields rotational constants which are in close 

agreement with experiment for many types of molecules [17–19]. The optimized geometries are 

illustrated in Figure 3 in order of their energies relative to that of the most stable conformer. 

Harmonic frequency calculations at both levels of theory confirm that these structures are true 

minima. We named the conformers according to the conformational arrangement of 1 and 2 

dihedral angles. Using a for antiperiplanar conformations (corresponding torsional angles 

between 150 and +150), g± was used for gauche or synclinal conformations (±30 to ±90).  

Only conformer (a,a) located at (1,2) = (180.0°,180.0°) has Cs symmetry; all other 

conformers, (g±,a), (g±, g±), and (a,g±), possess C1 symmetry and exist in what are essentially 

enantiomeric pairs by virtue of the direction of curvature of the alkyl chain, though there are no 

chiral centers. The enantiomers have the same electronic energy and rotational constants, and 

therefore cannot be distinguished under our measurement conditions. Comparing the present 
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nomenclature to that in Ref. [20], (a,a), (g±,a), (g±,g±), and (a,g±) are equivalent to aa, aM/aP, 

PP/MM, and Ma/Pa used in that work, respectively. 

The global minimum conformer (g±,a) is calculated to occur at (1,2) = (∓68.5°, 158.7°) 

and has the propyl methyl group tilted out of the molecular frame spanned by the C4, O5, O6, C7 

atoms that make up the methyl ester.  Two other conformers, (g±, g±) and (a,g±), that are higher 

in energy, both have 2  60°.  The rotational constants A, B, C for all conformers, their dipole 

moment components, and energies relative to that of conformer (g±,a) (including zero-point 

energy correction) are summarized in Table 1.  The atom positions in the principal axis system can 

be found in Table S-1 in the supplementary material.  

It is known that in a supersonic expansion the gas undergoes collisional cooling which, 

depending on their barrier to isomerization, can affect the population of certain conformers and 

funnel the population down to lower energy minima [21]. In order to predict the conformer 

distribution prior to the expansion cooling, the fractional populations of each of the local minima, 

𝐹(𝑖) =
𝑁𝑖

𝑁𝑡𝑜𝑡
=

 𝑔𝑖exp (−
∆𝐺(𝑖)

𝑅𝑇
)

∑ 𝑔𝑖exp (−
∆𝐺(𝑖)

𝑅𝑇
)𝑖

 , were calculated at 300 K, where G(i) is the Gibbs energy difference 

of minimum “i” relative to the global minimum at standard conditions, using the free energies 

predicted at B2PLYP-D3BJ/aug-cc-pVTZ and MP2/6-311++G(d,p) levels of theory. The results 

for the percent populations are given in Table 2. 

 

2.2. Basis Set Variation 

As mentioned in section 2.1, full geometry optimizations for the four conformers were first 

carried out at the MP2/6-311++G(d,p) and B2PLYP-D3BJ/aug-cc-PVTZ levels of theory. 

However, after the rotational spectrum had been assigned (see section 3.2. and section 4 on 

discussion), we recognized that the calculated rotational constants at the MP2/6-311++G(d,p) level 

differ by up to 9 % from the experimentally determined values.  At the B2PLYP-D3BJ/aug-cc-

pVTZ level of theory, these constants differ by less than 2.5% from experiment, a smaller but still 

significant difference.  To explore further the level of theory that best matches experimental 

rotational constants, a series of MP2 and DFT calculations with different basis sets were carried 

out on the two assigned conformers. The calculated rotational constants are summarized in 

Table S-2 in the supplementary material. 

 

2.3. Internal Rotation 

The barrier to internal rotation of the methoxy methyl group was calculated for the lowest 

energy conformers, (g±,a) and (a,a), by rotating the methyl group about the O6-C7 bond. This was 

done by varying the dihedral angle 4 = (C4,O6,C7,H) in 10 increments, while all other 

parameters were optimized at the same levels of theory previously mentioned in section 2.2. 
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3. Microwave spectroscopy 

 

3.1. Experimental Details 

3.1.1. Broadband spectrum 

The broadband rotational spectrum of methyl butyrate was recorded in the 8-18 GHz frequency 

range using a chirped pulse FTMW spectrometer located at Purdue University.  The instrument 

has been described in detail elsewhere [8].  A gas mixture of 1% methyl butyrate in He as the 

carrier gas at a backing pressure of 2.3 bar, was introduced into the chamber through a 1 mm nozzle 

orifice via a pulsed valve (Parker General, Series 9).  The solenoid valve was triggered at 10 Hz 

repetition rate using a home-made driver.  The experimental timing scheme allowed the collection 

of 25 molecular free induction decays (FIDs) per gas pulse.  The molecular emission was phase 

coherently averaged in the time domain and digitized for 16 µs with a 13 GHz, 40 GS/s real-time 

digitizer (Guzik ADC6131), yielding an experimental resolution of 60 kHz.  The corrected FID 

baseline was obtained using a custom Matlab routine.  The data was filtered with a Kaiser-Bessel 

Digital filter and a Fast FT was performed to obtain the frequency domain spectrum.  The 

broadband survey scan, which is shown in Figure 4, was used as an overview spectrum for the 

initial assignment (see section 3.2). 

 

3.1.2. High resolution measurements 

High resolution measurements were recorded in the frequency range from 2-26.5 GHz using a 

molecular jet FTMW spectrometer described in Ref. [22].  A gas mixture containing 1% methyl 

butyrate in helium at a total pressure of 1 bar was used for all measurements.  All lines appear as 

doublets due to the Doppler effect.  The molecular transition frequency is taken as the center 

frequency between these doublets.  A typical spectrum for a high resolution measurement is also 

given in Figure 4.  The estimated measurement accuracy is better than 2 kHz for an isolated line 

[23].  However, due to the internal rotation of the propyl methyl group, many A species transitions 

are split into doublets and E species transitions into triplets. Sometimes, multiplets are found, 

which are difficult to assign. The splittings are up to 70 kHz in magnitude.  

 

3.2. Spectral assignment 

3.2.1. Conformer (g±,a) 

As mentioned in the introduction, all rotational lines in the spectrum split into two torsional 

components of A and the E symmetry, due to the internal rotation of the methoxy methyl group.  

The Hamiltonian can be written as 𝐻 = 𝐻𝑟𝑜𝑡 + 𝐻𝑐𝑑 + 𝐻𝑖 , where 𝐻𝑟𝑜𝑡  refers to the rigid rotor 

Hamiltonian, 𝐻𝑐𝑑 is the Hamiltonian associated with the centrifugal part, and 𝐻𝑖 is the internal 

rotation of the methyl top [24]. 

In initial fitting, we neglected the last of these terms and treated methyl butyrate as a rigid 

rotor, considering only the unsplit A levels.  The results of quantum chemical calculations in 

section 2.1 indicated four conformers within an energy range of only 3 kJ mol1.  We started the 

assignment with the lowest energy conformer, (g±,a) conformer.  The microwave spectrum from 
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8-18 GHz was calculated using the rotational constants predicted at the chosen levels of theory, 

and a preliminary assignment was done with the spfit/spcat suite of programs using a Watson-A 

reduced Hamiltonian [25], using the conformer specific transitions provided by the SFCB method, 

which is described in more detail in Ref. [8].  The SFCB tailored sequential chirp multiple-

selective excitation scheme (SFCB(TSC)/MSE) identified a set of 47 lines whose intensities were 

modulated more than 20% by the set of three single-frequency pulses.  Refinement of the fit 

through inclusion of centrifugal distortion constants led to A-symmetry methyl rotor lines in the 

spectrum being reproduced to experimental accuracy in the broadband spectrum.  

The rotational transition sets built off the A and E internal rotor levels have different nuclear 

spin symmetry, and therefore do not interconvert during the collisional cooling in the supersonic 

expansion.  In principle, the SFCB method could be used to selectively modulate transitions due 

to either A or E methyl rotor levels, aiding in their assignment.  However, due to their close 

proximity (typical splittings < 2 MHz), selective excitation of only A or only E levels under strong-

field conditions were not possible.  This is mainly due to power leakage of the high power, short 

(150 ns)coherence breaking pulses.  With previous experiments we have found that by applying 

specific window functions to the excitation pulses this “cross-talk” can be minimized; however, a 

clean separation of A and E levels was not possible in methyl butyrate.  

Characteristic patterns of transitions appeared close to those of the A levels, suggesting 

themselves as the E level components of the same rotational transitions.  The program XIAM [26] 

was then used to predict the methyl rotor splittings of the E symmetry lines using the rotational 

constants and centrifugal distortion constants of the A levels as starting parameters.  The barrier 

to hindered rotation of the methoxy methyl group was set to 420 cm1, which is approximately the 

barrier found for methyl acetate [5] and methyl propionate [6].  The angles between the internal 

rotor axis and the principal axes were set based on the calculated geometry of conformer (g±,a) 

obtained by quantum chemical calculations at the B2PLYP-D3BJ/aug-cc-PVTZ level of theory. 

In so doing, the E level frequencies of many transitions were predicted accurately by the 

calculations, leading to their straightforward assignment. 

Finally, we could assign 35 A and 32 E lines, with a standard deviation of 29 kHz, in the 8-18 

GHz spectrum broadband spectrum.  Using the prediction from this fit, high resolution 

measurements were performed in the frequency range 2-26.5 GHz, leading to an expanded 

assignment of 53 A and 60 E lines of (g±,a), and reducing the standard deviation on the fits to 4 

kHz.  A fit using the program BELGI-C1 [27], which can include more higher order terms, did not 

reduce the deviation significantly (3.6 kHz). While the standard deviation is still twice the 

measurement accuracy, the additional splittings due to the propyl methyl rotor, which were not 

modeled, prevented further improvement.  A list of all fitted transitions using the XIAM and the 

BELGI-C1 codes along with their residues is available in Table S-3 in the supplementary material. 

The BELGI-C1 parameters in the Rho-Axis-Method [26] are summarized in Table S-4. 
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3.2.2. Conformer (a,a) 

Based on the initial SFCB measurements, 18 transitions due to a second conformer were 

identified.  Based on the experience of some of us on linear alkyl acetates, it was known that a 

planar Cs conformer was typically low enough in energy to be observed in their experimental 

spectra [28,29].  This is in agreement with the calculations in section 2.1 (B2PLYP-D3BJ/aug-cc-

pVTZ level of theory), where the (g±,a) and (a,a)  conformers are very close in energy, while other 

two conformers are more than 2 kJmol1 higher.  Therefore, the next conformer we consider is 

(a,a).  Noticing that the experimental conformer-specific transitions from SFCB(TSC)/MSE 

matched the pattern of the calculated 8-18 GHz microwave spectrum for this conformer, we 

proceeded to do a preliminary assignment of the A species as a rigid rotor.  In the broadband 

spectrum, we were also able to resolve the splitting of the internal rotation of the methoxy methyl 

group for conformer (a,a), which were approximately 2 MHz in the low-frequency region.  Thus, 

we used the program XIAM to assign the transitions associated with the E internal rotor levels in 

the same manner as done for conformer (g±,a).  In the broadband scan, a total of 32 A and E b-

type R-branch transitions with Ka = 0, 1 were assigned and fitted to a standard deviation of 41 kHz.  

The assignment of higher Ka transitions in (a,a) was more difficult than in the case of 

conformer (g±,a), because the A rotational constant of conformer (a,a) is much larger and less 

well-constrained by the fit.  Additional high-resolution scans in the region 20-23 GHz were carried 

out that detected transitions that could be assigned as b-type Q-branch transitions with Ka = 2 ← 

1.  In total, 42 A transitions and 43 E transitions were assigned involving transitions up to J = 15, 

with a standard deviation of 7.8 kHz on the fit.  The program BELGI-Cs [30] provided the same fit 

quality with somewhat better deviation of 5.2 kHz using 13 parameters (see Table S-4 in the 

supplementary material).  We note that some c-type transitions involving E internal rotor levels 

were observable, which are also included in the frequency lists (Table S-3). It is known that for 

the E levels, such forbidden transitions can be observed, as previously found in e.g. ethyl acetate 

[7], vinyl acetate [30], and butadienyl acetate [9].  In the case of rigid rotors and the A species of 

molecules with internal rotation, the Ka Kc pseudo quantum numbers can be used to derive the 

symmetry and thereby the selection rules.  This is no longer true for the E species. Here the Ka Kc 

quantum numbers just give the order of the energy levels and do not contain any symmetry 

information.  Consequently, also by accident c-type transitions may be found even if no c dipole 

moment component is present.  Once again, many lines, especially those that belong to the E 

species, appear as triplets with splittings up to 70 kHz, which arise from the internal rotation of 

the propyl methyl group. As a result, also in this case, we did not attempt to reduce the standard 

deviation to measurement accuracy (2 kHz), since this large amplitude motion was neglected in 

the analysis. 

 

4. Discussion 

4.1 Barriers to Internal Rotation 

In the microwave spectrum of methyl butyrate recorded under jet-cooled conditions, rotational 

transitions due to two conformers were identified and assigned.  A total of 85 rotational transitions 
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belonging to the Cs conformer (a,a) were fitted using three rotational constants, five quartic 

centrifugal distortion constants, the V3 potential, and the angle δ between the internal rotor axis 

and the principal a axis to a standard deviation of 7.8 kHz.  Because only transitions in the torsional 

ground state are available, the rotational constant of the methyl rotor F0 was fixed at 158 GHz, 

corresponding to a moment of inertia of Iα = 3.2 uÅ2, to reduce the very strong correlation with V3.  

For the more stable C1 conformer (g±,a), we use the same set of parameters to fit 113 rotational 

lines to 4 kHz.  In this case, also the polar coordinate ε, which describes the angle between the b-

axis and the projection of the internal rotor axis onto the bc-plane, was determined.  The torsional 

barrier of the methoxy methyl group extracted from the model is essentially the same in both 

assigned conformers, which is approximately 420 cm−1.  We conclude that the electronic and steric 

environment around the ester methyl group is similar in both conformers [32].  These values are 

also very similar to those obtained for methyl acetate (424.581(56) cm−1) [5] and methyl 

propionate (429.324(23) cm−1) [6].  We surmise on that basis that the length and conformation of 

the alkyl chain on the opposite side of the ester group does not affect significantly the internal 

rotation of the methoxy methyl group. 

 

4.2 Torsional Surface and Conformational Preferences 

The calculated 2D-PES involving the two flexible torsional coordinates (φ1, φ2) shown in 

Figure 2 serves to pictorialize the inherent conformational preferences of methyl butyrate.  This 

minimalist fatty acid surrogate incorporates an alkyl chain of sufficient length to produce a total 

of seven low-lying conformational minima:  the single (a,a) minimum, and three enantiomeric 

pairs (g±,a), (g±, g±), and (a,g±).  In the pure alkyl chain analog pentane, a similar set of two 

torsional coordinates would give rise to a total of nine minima, with each torsion occurring in a 

three-fold potential.  In methyl butyrate, the two “missing” minima are in the upper left and lower 

right corners of the 2D surface in Figure 2, associated with the (g±, g∓) pair.   

Figure 5 presents three minimum-energy pathways along the 2D surface.  Figure 5(a) shows a 

cut along φ1 through the (a,a) and (g±,a) minima.  These minima are nearly isoenergetic, and 

contain all the observed population in this corridor at the nominally “anti” φ2 configuration, which 

places the first two carbon atoms of the propyl chain near the plane of the ester group.  The barriers 

to hindered rotation of the alkyl chain about φ1 are more than 10 kJmol–1 (900 cm–1).  

The other two minimum energy pathways involve motion primarily along the φ2 coordinate.  

The 2D surface is much softer along φ2 than φ1, creating long troughs along this coordinate.  Figure 

5(b) is the minima energy pathway nominally associated with the gauche propyl chain 

conformations (g+ or g–). As previously mentioned, the (g±, g∓) configurations are not minima 

and therefore only two minima are present along this pathway. 

A slice of the 2D surface along φ2 with the propyl chain in the fully-extended “anti” 

configuration (φ1 = 180o) is shown in Figure 5(c).  Its shape is very much like that involving the 

ethyl group in methyl propionate [6], with a single deep (a,a) minimum and two secondary minima 

near the perpendicular configuration, whose exact location and barrier height are sensitive to the 

level of theory employed.   
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The (g±,a) minima has the C2-C3 bond nearly in-plane (out-of-plane tilt angle of about 15o) on 

the oxygen side of the C=O group, with the terminal methyl group of the alkyl chain nearly 

perpendicular to that plane.  It is noteworthy that this configuration places one of the CH bonds of 

C(2) so that it interacts with the carbonyl oxygen, forming a weak CH…O=C hydrogen bond.  In 

so doing, it forms a five-membered H-bonded ring, much as occurs in peptides between adjacent 

NH and C=O groups in -sheet secondary structures [33].  A second, less-stable pair of minima at 

(g±, g±) swings the propyl group around to the ester oxygen side of the structure, where it takes 

on a configuration closer to that of a free alkyl chain, as shown in Figure 5(c).   

The shape of the PES presented in Figure 2 and the potential energy curves in Figure 5 also 

helps explain why only two of the four stable conformational minima are observed downstream in 

the expansion.  The rotational temperature was determined with a Boltzmann plot by using the 

relationship between the integrated line intensities (W) and corresponding lower state energy (El), 

see supplementary material (Figure S-1) [34].  Interestingly, best-fits to the rotational intensity 

patterns consistently led to slightly different rotational temperatures for the two conformers (0.86 

± 0.19 K vs. 0.35 ± 0.08 K), indicating some conformer specificity to the collisional cooling, with 

conformer (a,a) more efficiently cooled than (g±,a). 

We used the experimental rotational temperatures and the relationship between experimental 

integrated line intensities and column densities to obtain fractional abundances [35].  The percent 

abundances at our experimental conditions were 41 ± 4 % (a,a) and 59 ± 6 % (g±,a) (Table 2).  

Based on the experimental signal-to-noise ratio, we were also able to place upper bounds on the 

percent populations of (g±,g±) and (a,g±) of less than 0.1 %.  By comparison, as Table 2 

summarizes, using the calculated relative free energies of the four conformers at the pre-expansion 

temperature (300 K), the percent populations of the (g±, g±) and (a,g±) conformers are predicted 

to be within a factor of 0.3-0.6 of the population of the most abundant (g±,a) conformer, and 

therefore should have been easily detectable. 

However, there are many examples in the literature of collisional removal of the population of 

secondary minima during the supersonic expansion process if the barrier to isomerization to a 

lower-energy minimum is small compared to the average internal energy initially available to the 

conformer [14].  Indeed, as Figure 5 shows, the barrier separating the (a,g±) from the (a,a) well is 

predicted to be only 370 cm–1 (4.4 kJmol–1), a value small enough that the (a,g±) population can 

be completely transferred into (a,a) during the collisional cooling in the expansion.  Similarly, the 

barrier separating (g±,g±) from (g±,a) is 602 cm–1 (7.2 kJmol–1), significantly smaller than the 

average internal energy available to the conformers prior to the expansion (Eave  1900 cm–1).  The 

RRKM rate constant for the (g±,g±) → (g±,a) isomerization at this initial energy is k(Eave)  1108 

s–1, a rate sufficient to enable collisional relaxation into the (g±,a) minimum.  In contrast, the 

barriers separating the (g±,a) and (a,a) minima are 928 cm–1 (11.1 kJmol–1), with an isomerization 

rate of approximately 1106 s–1, so that population initially residing in one of the vertical troughs 

is incapable of isomerizing into the other on the timescale of the cooling, and is thus trapped in the 

(a,a) or (g±,a) wells. 
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We thus propose that the final population in the (a,a) well should be the sum of the room 

temperature populations in the (a,a) and (a,g±) wells (38 %), while the final (g±,a) population is 

the sum of the initial (g±,g±) and (g±,a) populations.  The predictions of the B2PLYP-D3BJ 

calculations (Table 2) are in excellent agreement with experiment ((a,a) + (a,g±) = 38 % calculated 

vs. 41 % experiment; (g±, g±) + (g±,a) = 62 % calculated vs. 59 % experiment).  This check 

provides evidence that the B2PLYP-D3BJ/aug-cc-pVTZ relative energies are more accurate than 

the standard MP2/6-311++G(d,p) level of theory (Table 2) often used in microwave studies. 

 

4.3 Rotational Constants and Calculated Geometries 

For the Cs conformer (a,a), the rotational constants calculated using a range of levels of theory 

are in close agreement with the rotational constants derived from experiment, with deviations of 

less than 1 % typical.  This level of agreement is sufficiently close that the identification and 

assignment of transitions to a particular conformer is greatly facilitated. 

However, the rotational constants of the C1 conformer (g±,a) obtained at the widely used 

MP2/6-311++G(d,p) level of theory are in much poorer agreement than this, with a deviation 

between experiment and theory of almost 9 % in the A rotational constant.  This is a likely 

consequence of the relatively flat-bottomed potential along the 2 dihedral angle, which makes the 

optimized structure sensitive to the shape of this well and thus the level of theory.  Indeed, it is in 

just such circumstances that the SFCB method is of use in identifying a set of transitions that can 

reliably be associated with a single conformer, despite having poor agreement with the predictions 

of calculation, as was done for methyl butyrate.   

Since microwave data on larger molecules rely heavily on a close correspondence between 

calculated and experimental rotational constants, it is worth considering further the reason for the 

discrepancy.  We carried out geometry optimizations using a range of computational methods and 

basis sets, as is summarized in Table S-2 in the supplementary material.  We found that the A 

rotational constant of conformer (g±,a) varies widely with level of theory, while it stays quite 

consistent in the case of conformer (a,a).  More specifically, while the dihedral angle 1 varies by 

no more than 1° (between 69° and 70°), the 2 dihedral angle varies from 146° to 169°.  

Furthermore, initially, we anticipated that the tilt angle  = 180° – |2| of the C(2) carbon atom of 

the ethyl group relative to the C3-C4-O6 plane would be near zero degrees, so that only the propyl 

methyl group would be out of plane.  However, the results in Table S-2a show that this is not the 

case at all levels of theory tested.  This type of symmetry breaking has frequently occurred in 

quantum chemical calculations on other esters previously studied, for example in ethyl pivalate 

[36] and ethyl valerate [37].  Based on the results in Table S-2a, we found that the largest deviations 

between calculated and experimental values are observed when diffuse functions are included in 

the MP2 calculations, which produce tilt angles  near 30°.  If the diffuse functions are omitted, 

calculations with the MP2 method provide the same quality as those with other methods such as 

B2PLYP-D3BJ/aug-cc-PVTZ.  In those cases,  is between 14 and 22°.  

The most likely cause of this discrepancy between experiment and theory is the large 

intramolecular basis-set superposition error that plagues MP2 calculations without sufficient 
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diffuse basis functions [38,39].  For the basis set sizes explored in this work, addition of the diffuse 

functions decreases the agreement with experiment, but their removal reaches the correct answer 

for the wrong reason.  It is noteworthy that, at least in this case, the MP2 calculations also do a 

poorer job than dispersion-corrected DFT in accounting for the observed relative populations of 

the conformers, as shown in Table 2 [40,41]. 

 

5. Conclusions 

The microwave spectrum of methyl butyrate (CH3-CH2-CH2-(C=O)-O-CH3) was measured 

over the 2-26 GHz range, leading to the identification and assignment of its two lowest-energy 

conformers.  As a short-chain analog of the methyl esters of fatty acids, the conformational 

preferences of methyl butyrate shed light on how the first few members of longer alkyl chains are 

likely to configure relative to the methyl ester.  A conformer in which the alkyl chain is a fully-

extended, heavy-atom-planar Cs symmetry structure, labeled as (a,a), has 41 ± 4 % of the 

population downstream in the expansion.  The most abundant conformer (g±,a), with 59 ± 6 % of 

the population, has the methyl group at the end of the propyl chain preferentially on the carbonyl 

oxygen side of the molecule, extending nearly perpendicular to the plane of the ester group.      

Both conformers have A/E splittings in the microwave spectrum due to the methyl ester that 

could be fitted within a simple 1D hindered rotor model to obtain three-fold barriers to methyl 

internal rotation of about 420 cm–1.  The calculations indicate that the preferred orientation for the 

methyl group has one CH in the plane of the ester group, on the ether oxygen side.  Finally, 

calculation of the full 2D torsional surface for the propyl chain provided an explanation for the 

lack of observation of two other low-lying conformers, (g±,g±) and (a, g±), anticipated to have 

population in a 300 K distribution.  The small barriers separating these wells from the (g±,a) and 

(a,a) minima, respectively, provided low-energy pathways for population transfer to the lower 

energy minima during the collisional cooling process.  
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Tables 

 

Table 1. The rotational constants A, B, C (in GHz), dipole moment components μa, μb, μc (in 

Debye), and relative energies Erel. (in kJ·mol1) of the indicated conformers of methyl butyrate 

calculated at the MP2/6-311++G(d,p) and B2PLYP-D3BJ/aug-cc-PVTZ levels of theory. The 

dipole moment components are with respect to the principal axes of inertia; signs refer to 

coordinates given in the supplementary materials. All energies are electronic energies including 

vibrational zero-point correction and are relative to the lowest energetic conformer (g±,a) with its 

absolute energy of E + ZPE = −345.988667 and −346.734269 Hartrees at the MP2 and B2PLYP 

levels of theory, respectively.  

 

 MP2/6-311++G(d,p) B2PLYP-D3BJ/aug-cc-PVTZ 

Conf. (g±,a) (a,a) (g±,g±) (a,g±) (g±,a) (a,a) (g±,g±) (a,g±) 

A 5.521 8.339 4.251 6.134 5.935 8.388 4.323 6.307 

B 1.452 1.198 1.703 1.306 1.426 1.198 1.667 1.291 

C 1.414 1.076 1.572 1.180 1.351 1.076 1.551 1.174 

a 0.239 –0.067 –0.606 0.646 –0.386 0.103 –0.503 –0.511 

b 1.621 –1.756 –1.792 –1.963 1.554 –1.708 –1.790 –1.904 

c –0.593 –0.001 –1.073 –0.305 0.557 0.000 –0.950 –0.245 

Erel. 0 0.96 1.15 2.51 0 0.13 2.54 2.63 
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Table 2: Comparison between theoretical and experimental Boltzmann distribution. The 

theoretical values were calculated using B2PLYP-D3BJ/aug-cc-pVTZ level of theory. 

 

 Experimental 

abundance / % a  

Boltzmann Population Ratio (300 K) / % 

B2PLYP-D3BJ/aug-cc-pVTZ MP2/6-311++G(d,p) 

(a,a)  41(4) 21.7  14.6 

(g±,a)  59(6)  45.8 42.8 

(g±,g±)b < 0.1 16.5 27.0 

 (a,g±)b < 0.1 15.9 15.6 

 
a Experimental abundances of (a,a) and (g±,a) were derived using the experimental temperatures from the 

Boltzmann plot (Figure S-1).  Errors denote 1 uncertainty in the last digit.   
b Calculated percent populations for these non-observed conformers are based on an average of the 

rotational temperatures of the observed conformers (0.595 K).  The percentages for all conformers except 

(a,a) were multiplied by a factor of 2 to account for the enantiomeric pairs. 

 

  



Page 15 of 19 

 15 

Table 3. Molecular parameters of conformers (g±,a) and (a,a) of methyl butyrate obtained from 

the best fits to the frequencies. 

 

Par.a Unit (g±,a) (a,a) 

A GHz 6.05932256(59) 8.3497789(17) 

B GHz 1.42134885(29) 1.19776059(23) 

C GHz 1.33334892(33) 1.07654601(21) 

J kHz 0.6018(37) 0.0493(11) 

JK kHz 5.930(15) 0.440(17) 

K kHz 51.785(52) 8.78(33) 

J kHz 0.13468(33) 0.00478(14) 

K kHz 12.289(57)  

F0
b GHz 158. 158. 

Ic uÅ2 3.199 3.199 

V3 cm1 419.447(59)  420.155(71)  

sd  34.28326 33.74499 

(i,a) ° 30.528(54) 19.903(81) 

(i,b) ° 59.521(98) 70.097(81) 

(i,c) ° 88.4(20) 90.0e 

f kHz 4.0 7.8 

NA/NE
g  53/60 42/43 

 
a All parameters refer to the principal axis system. Watson’s A reduction in the Ir representation 

was used. b Fixed to a reasonable value often obtained for a methyl group (see text). c Moment of 

inertia of the internal rotor, derived from its rotational constant F0. 
d Reduced barrier s = 4V3/9F. e 

Fixed due to symmetry. f Standard deviation of the fit. g Number of the A (NA) and E species lines 

(NE). 
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Figures 

 

Figure 1: Optimized geometries of the assigned conformers of methyl butyrate calculated at the 

B2PLYP-D3BJ/aug-cc-pVTZ level of theory.  Upper trace: front view, lower trace: view along the 

C4-O5 bond.  A tilt angle of the ethyl group ( = 180° – |2| = 15°), relative to the C4, O5, O6, C7 

plane, was calculated for the more stable conformer (g±,a) (lower left). 

 

 

 
 

 

Figure 2: Potential energy surface of methyl butyrate for conformational analysis. Here four stable 

conformers were found: 1= (g+,a), 2 = (g+,g+), 3 = (a,g–), 4 = (a,a), 5 = (a,g+), 6 = (g–,g–), 7 = 

(g–,a).  Conformer 1 and 7, 2 and 6, and 3 and 5 are enantiomers.  This surface was obtained by 

rotating the dihedral angles 1 = (C1,C2,C3,C4) (rotation about the C2-C3 bond) and 2 = 

(C2,C3,C4,O6) (rotation about the C3-C4 bond).  Calculations were performed at the B2PLYP-

D3BJ/aug-cc-pVTZ level of theory.  The absolute energy of the lowest conformation is 

E = -346.95152 Hartree. Dash lines indicate the minimum energy pathway shown in Figure 5. 
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Figure 3: The trans conformers of methyl butyrate in order of their energies relative to that of the 

most stable conformer (g±,a) calculated at the MP2/6-311++G(d,p) level with and without zero 

point energy correction as well as at the B2PLYP-D3BJ/aug-cc-pVTZ level (for values see Table 

1). 

 

 

 
 

 

 

 

Figure 4: The CP-FTMW broad band scan over the 8-18 GHz region and a high-resolution 

measurement of the A species of the 313  202 transition of conformer (g±,a) of methyl butyrate. 
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Figure 5: Presents three minimum-energy pathways along the 2D surface illustrated in Figure 2. 

a) A cut along φ1 through the (a,a) (4) and (g±,a) (1 and 7) minima. b) A cut along φ2 through the 

(g±, g±) (2) and (g±,a) (1) minima.  c) A cut along φ2 through the (a,g±) (3 and 5) and (a,a) (4) 

minima.  The barrier heights are indicated in blue and in red the relative energies.  The numbers 

in black indicate which minima we are referring according to Figure 2. 

 

 
 

 


