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Abstract 

The effect of sulfur hydrogen bonding on the conformational equilibrium of methyl 

3-mercaptopropionate was investigated using microwave spectroscopy in a supersonic jet 

expansion. The two most stable conformers (I and II) were assigned in the rotational spectra and 

complex splitting patterns owing to the methyl internal rotation and SH tunneling motion were 

resolved and analyzed in detail. For both conformers, the experimental torsional barriers for the 

methyl top are similar and of about 5.1 kJ mol-1, which reveal that their geometrical differences do 

not affect the methyl internal rotation. The experimentally-derived rotational and centrifugal 

distortion constants, along with the methyl internal rotation barriers are discussed in detail and 

compared with results from density functional theory and ab initio calculations. Quantum theory 

of atoms in molecules, non-covalent interactions, and natural bond orbital analyses show that the 

global minimum geometry (I), which has the thiol hydrogen oriented towards the carbonyl of the 

ester, is stabilized by an SH…O=C hydrogen bond. The presence of a hydrogen bond is confirmed 

by the derivation of an accurate experimental geometry that reveals a hydrogen bond distance and 

angle S-H-O of 2.515(4) Å and 117.4(1)º, respectively. These results are key benchmarks to 

expand the current knowledge of sulfur hydrogen bonds and the relationship between internal 

motions and conformational preferences in esters.  
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Introduction 

The laudable goal of developing an improved understanding of structural, energetic and 

physical characteristics of non-covalent interactions has driven a range of recent experimental and 

theoretical studies.1–3 This is due to the importance of such interactions in molecular recognition, 

for example, which directs chemical, biological, and technological processes.2,4 For many decades, 

hydrogen bonding (HB) has been known to be the principal effect that governs the three 

dimensional structures of proteins, organic and organometallic molecules, and play a key role in 

the modulation of important reaction pathways.5,6 Consequently, the nature of HBs has motivated 

numerous scientific investigations but these have mainly focused on strong HBs formed by oxygen 

and nitrogen, while much less attention has been devoted to weak interactions, such as the ones 

involving sulfur. Sulfur HBs are dispersive in nature, and due to their strength, it had been assumed 

that they are not the key factor that determines the structures of S-containing molecules. However, 

recent experiments have highlighted the influence of sulfur HBs in ruling processes and 

conformational preferences, such as the determination of the secondary structures of proteins.4 

Consequently, benchmarking, characterizing, and understanding the nature of sulfur HBs are of 

increasing interest in the literature.7–9 As recently reviewed by Biswal,4 many systems still need to 

be experimentally analyzed in order to correctly address the nature, strength, and directionality of 

sulfur interactions. 

 Important initial steps in the characterization of non-covalent interactions involve 

determining the structures of model systems and establishing their relative stabilities using 

spectroscopic techniques along with computational methods. When it comes to interactions with 

low binding energies, such as sulfur HBs, the experimental elucidation becomes challenging as the 

interactions are easily disrupted depending on the physical state or solvent, for example. Fourier 

transform microwave (FTMW) spectroscopy is a useful approach to address the dearth of 
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experimental data in the literature on weak non-covalent interactions as the molecules are 

interrogated in the gas phase in a collision-free supersonic jet expansion isolated from crystal 

packing and solvent effects.2 Hence, the FTMW technique is a powerful method for the accurate 

determination of geometrical parameters associated with weak interactions, and for benchmarking 

purposes as shown by a few recent reports dealing with the characterization of sulfur HBs.7,8,10 

FTMW studies of S-containing compounds show that sulfur forms a variety of intra- and 

intermolecular non-covalent interactions in the gas phase, where it can act as a proton donor and/or 

proton acceptor, as shown for the S-H…S, S-H…O, and S-H…O=C HBs in the H2S dimer,7 

monohydrated clusters of furfuryl mercaptan,8 and in the monomer of 3-mercaptopropionic acid,10 

respectively. In the latest study, the biologically important interaction between a thiol and a 

carbonyl group has been proven for the first time in the gas phase, where the importance of this 

interaction in ruling the conformational equilibrium of the investigated compound was highlighted.  

A related molecule for the study of intramolecular S-H…O=C HBs is methyl 

3-mercaptopropionate [HS-CH2-CH2-(C=O)-O-CH3]. The presence of a methyl group in the ester 

version can lead to complex splitting patterns in the rotational spectrum which also makes this 

molecule a prototype system for the investigation of methyl internal rotation barriers (V3) in esters 

and for probing the relationship between V3 and conformational preference.11–13 For thioacetic 

acid,11 for example, the anti conformation has an experimental V3 barrier that is approximately five 

times larger than the syn one mainly due to both steric repulsion and conjugative effects. In 

contrast, conformational differences in the cis and trans conformers of 5-methyl furfural14 were 

shown to not play a role in the barriers for the methyl internal rotor. Determining the experimental 

V3 in a variety of systems is often difficult but necessary for the development of improved 

methodologies to accurately model the spectra and dynamics of molecules in the gas phase and 
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beyond. For large, flexible molecular systems that adopt multiple conformations,11 such as methyl 

3-mercaptopropionate, understanding the effects that govern the V3 barriers brings more challenges 

since their values can be a result of the competition between steric hindrance, electronic 

delocalization, and conformational relaxation. 

 In this paper, we report the first rotational spectroscopic investigation of methyl 

3-mercaptopropionate (3MP) using chirped-pulse and cavity-based FTMW spectroscopy 

supported by quantum mechanical calculations. The observed spectrum of 3MP is dominated by 

features that arise from two conformers (I and II) where the lowest energy one (I) is stabilized by 

an intramolecular HB involving sulfur. Further insights into the S-H…O=C HB are provided 

through the determination of an accurate experimental geometry for conformer I from analyzing 

the spectra of five heavy atom isotopologues, and from the energies derived from the topological 

quantum theory of atoms in molecules and non-covalent interaction analyses. The experimental 

methyl internal rotation barriers for conformers I and II and the conformational influences on their 

values are analyzed in detail aided by computational models. Together, these results expand the 

current understanding of both sulfur HBs and the relationship between tunneling motions and 

conformational preference in the gas phase. 
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Computational Details 

Theoretical calculations are first used to identify low-energy conformations and to derive 

relevant molecular properties, such as rotational constants and dipole moment components, which 

are crucial for the assignment of the conformers in the rotational spectrum. Based on the principle 

that each conformation has its unique rotational spectral fingerprint, comparison between 

experimental and calculated data is used to distinguish among the different species and to confirm 

the assignments. 

For 3MP, forty-one possible geometries were identified using the Merck Molecular Force 

Field (MMFF94),15 implemented in the Marvin Sketch 16.10.10 program (ChemAxon version 

6.1). These geometries were further optimized using the DFT dispersion-corrected B3LYP 

functional with Becke-Johnson (BJ) damping, named B3LYP-D3BJ,16–18 and the ab initio second-

order Møller-Plesset (MP2)19 perturbation theory method with the aug-cc-pVTZ20 basis set. The 

chosen levels of theory have provided satisfactory results when compared to experimental data for 

the carboxylic acid analog of 3MP.10 Frequency calculations were also carried out to verify the 

nature of the stationary points and to derive the electronic energy with zero-point energy (ZPE) 

corrections and the Gibbs free energies at 298 K. The optimization and frequency calculations led 

to nine true energy minima with relative energies below 11.0 kJ mol-1. These calculations were 

carried out using the Gaussian 16 revision B.0121 software.  

Natural bond orbital (NBO),22 quantum theory of atoms in molecules (QTAIM),23 and non-

covalent interaction (NCI)24 analyses were performed to visualize and quantify intramolecular 

interactions in the observed conformers. These were carried out using the NBO 6.0,25 AIMAll,26 

and NCIPLOT27 programs, respectively. 
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Experimental Section 

The pure rotational spectra of 3MP (Sigma-Aldrich Canada, 98.0%) were recorded using 

chirped-pulse (cp) and Balle-Flygare28 Fourier transform microwave (FTMW) spectrometers, 

which have been described in detail previously.29,30 Briefly, liquid 3-MP (bp: 327 - 328K/ 1.8 kPa) 

was placed into a glass bubbler and neon (100 kPa) was used as a carrier gas to deliver the sample 

into the spectrometers’ high vacuum (P ~10-6 Torr) chambers through a pulsed nozzle (1 mm 

diameter). The pressure difference between the sample manifold and the chambers result in a 

supersonic jet, where the rotational temperature of the sample is cooled down to a few Kelvin 

favoring low-energy conformers. Initial measurements were performed using the cp-FTMW 

instrument, where the broadband spectra of the compound were recorded from 8-18 GHz in 

segments of 2 GHz. Final measurements were performed in the same frequency range using the 

Balle-Flygare FTMW spectrometer which provides better resolution and sensitivity. In this design, 

the molecular beam is coaxial with the resonator axis and thus, all rotational transitions are split 

into two Doppler components. The transitions typically have line widths of ~7 kHz (FWHM), 

while the line positions are determined to within about ±1 kHz. 
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RESULTS 

The nine conformers of 3MP are depicted in Figure 1, while their Cartesian coordinates 

are given in Tables S1-S9 in the Supporting Information (SI) file. The calculated relative energies 

and rotational parameters (rotational constants and dipole moment components) are provided in 

Table 1. We report the conformers with relative energies below 11.0 kJ mol-1 since only low-

energy conformations are expected to be sufficiently populated in the supersonic jet expansion and 

consequently, observed in the rotational spectra. The conformers are labeled using Roman 

numerals, from I to IX which represents their order of stability based on the relative Gibbs free 

energies (∆G) from B3LYP-D3BJ/aug-cc-pVTZ. 

The conformational behaviour of 3MP reveals that the geometries adopted by its 

conformers have C-C-C-S dihedral angles of either approximately 60-70º or 180º, as exemplified 

by the structures of I and II in Figure 1, respectively. A similar conformational equilibrium has 

been recently observed for its carboxylic acid analog, 3-mercaptopropionic acid.10 For 3MP, the 

presence of a methyl group in its structure results in a competitive conformational equilibrium 

where nine energy minima are significantly populated at room temperature. The three most stable 

conformers (I, II, and III) closely resemble the ones obtained for its acid analog such that the 

global minimum geometry has the hydrogen of the thiol group directly oriented towards the 

carbonyl of the ester. Energy calculations show that the most stable geometry is favored by at least 

2.1 kJ mol-1 when compared to the remaining conformations. In the case of the higher energy 

conformations, close relative energies between specific geometries are observed, and their energy 

orderings and abundances vary depending on the level of theory, as exemplified by the theoretical 

results obtained for II and III (Table 1). Overall, the predicted rotational parameters for each 

conformer in the two levels of theory are consistent. 
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Based on the fact that the intensity of the rotational transitions depends on the dipole 

components along the principal axes system and population of the rotational energy levels, 

populated species with sizeable dipole moments are good candidates to start with the experimental 

investigations. As all have sufficient dipoles, we focused first on the assignment of rotational 

transitions belonging to the most stable geometries of 3MP. 

 

Figure 1. Nine conformers of methyl 3-mercaptopropionate. Carbons, oxygen, sulfur and 

hydrogen atoms are depicted in grey, red, yellow, and white colours, respectively. 
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Table 1. Calculated rotational parameters and relative energies (DFT B3LYP-B3BJ and ab initio MP2, aug-cc-pVTZ) for the conformers 

of methyl 3-mercaptopropionate. 

 
 B3LYP-D3BJ MP2 

Conformer A/B/C[a] |μa|/|μb|/|μc|[b] ΔEZPE
[c]/ΔG[d] P(ΔEZPE)[e]/ P(ΔG)[f] A/B/C[a] |μa|/|μb|/|μc|[b] ΔEZPE

[c]/ΔG[d] P(ΔEZPE)/ P(ΔG) 

I 5046/1055/987 2.0/1.7/0.2 0.0/0.0 60.2/42.1 4916/1093/1021 2.0/1.9/0.2 0.0/0.0 61.0/44.6 

II 8256/796/739 1.8/1.6/0.6 4.2/2.1 11.6/18.6 8267/806/748 1.7/1.7/0.7 5.0/2.9 7.8/14.1 

III 4290/1101/1055 0.9/1.2/2.2 4.2/2.9 11.2/13.0 4099/1172/1107 0.6/1.2/2.5 4.2/2.9 11.0/14.6 

IV 5984/864/796 0.9/1.1/0.1 7.9/3.8 2.4/8.8 6025/876/808 0.8/1.1/0.2 8.4/4.6 2.2/7.0 

V 8160/807/745 1.3/0.5/0.0 6.3/4.2 2.3/3.9 8173/819/754 1.2/0.5/0.0 7.1/5.0 1.8/3.1 

VI 4163/1124/1060 0.5/0.9/1.0 8.4/5.4 2.0/4.4 3921/1219/1119 0.0/0.8/1.1 8.8/6.3 2.0/3.8 

VII 3422/1295/1180 0.2/0.2/2.1 6.3/5.8 4.7/4.2 3404/1346/1232 0.4/0.4/2.3 5.4/5.0 6.8/6.0 

VIII 3483/1294/1124 0.5/0.7/2.3 6.3/5.8 4.8/4.2 3474/1331/1171 0.4/0.6/2.6 5.4/5.0 6.4/5.6 

IX 3537/1249/1175 0.1/0.8/3.1 10.9/9.6 0.8/0.8 3519/1297/1231 0.4/0.6/3.4 10.0/9.2 1.0/1.2 

[a]Rotational constants (A, B, and C) in MHz; [b]Absolute values of the electric dipole moment components in D; [c]Relative energies with 

respect to the global minimum accounting for zero-point energy (ZPE) corrections in kJ mol-1; [d]Relative Gibbs free energies with 

respect to the global minimum calculated at 298K in kJ mol-1;[e]Population based on the relative energies with ZPE correction in %; [f] 

Population based on the relative Gibbs free energies in %. 
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To identify conformers in the rotational spectrum, we used the predicted data from Table 

1 to obtain a simulated spectrum for each using the PGOPHER program.31 Initial study of the cp-

FTMW broadband spectrum led to the identification of two sets of R-branch a- and b-type 

rotational transitions belonging to two different conformers suggesting that the carriers are species 

with significant values of |μa| and |μb|. To confirm the quantum number assignments and predict 

related transitions for each, initial fits were carried out using the PGOPHER program. By 

comparing the experimental rotational constants with the calculated ones in Table 1, the assigned 

transitions were attributed to the parent species of conformers I and II which both have sizeable 

|μa| and |μb| dipole components. Additional measurements were carried out using the cavity-based 

FTMW spectrometer to record transitions with higher resolution and sensitivity. Despite accurate 

line positions, no c-type transitions could be assigned in the spectra of I and II which is consistent 

with the small predicted values of |μc|. 

The cavity-based spectra observed for the parent species of both conformers show complex 

patterns due to the A/E splitting of the methyl internal rotor. Surprisingly, for the less intense set 

of transitions, attributed to II, additional splitting ascribed to a torsional motion of the SH group 

around the C-C-S-H dihedral angle was also observed. We describe the methyl top and SH 

tunnelling motions in detail below. For conformer I, the intensities of the transitions were 

sufficient to proceed with the identification of the rotational transitions of its singly substituted 34S 

and all four 13C isotopologues in natural abundance. The spectra of the minor isotopes also exhibit 

the complex A/E splitting pattern which is analogous to the pattern observed for the parent species 

of I. A sample of the broadband spectrum illustrating some assigned rotational transitions for the 

parent species of both conformers and for the isotopic species of I is presented in Figure 2. Two 
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specific a-type transitions showing the very different splitting patterns observed for the parent 

species of I and II using the Balle-Flygare instrument are shown in Figure 3.  

 

 

Figure 2. Portion of the broadband cp-FTMW spectrum of methyl 3-mercaptopropionate 

highlighting some rotational transitions observed for the species of conformers I and II. In the 

figure, the A-E splitting cannot be distinguished on this scale. 
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Figure 3. Sample of the cavity-based rotational spectra showing the different splitting patterns 

observed for the parent species of conformers A) I and B) II. The splitting is due to the internal 

rotation of the methyl top (A/E) and the torsion motion of the SH group (+/-). 

 

The experimental transition frequencies for the parent and isotopic species of I were fit 

using the XIAM program32 which applies the combined axis method (CAM) to account for the 

methyl internal rotation. The program is suitable for relatively high barrier cases such as the ones 

experienced here. For II, on the other hand, due to the presence of the additional splitting, two 

different approaches were used to test which would provide a better model. First, separate XIAM 

fits were performed for each of the two tunnelling states associated with the torsion of the SH 

group, labeled by us as II+ and II-. This approach has also been used in the study of monohydrate 

complexes containing similar internal motions.33,34 Afterwards, we were also able to fit the A and 

E states independently using Pickett’s SPFIT program.35 Since the structures of both conformers 

are that of near prolate asymmetric tops, Watson’s S-reduced Hamiltonian36 in the Ir representation 
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was used for all performed fits. The experimental rotational, centrifugal distortion, and internal 

rotation constants for species I and II are shown in Tables 2 and 3, respectively. The full lists of 

measured rotational transitions, assignments and residuals for the least squares fits are given in 

Tables S10-S19 of the SI. 
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Table 2. Experimental spectroscopic parameters for the species of conformer I of 3MP. Watson’s S-reduced Hamiltonian (Ir 

representation). 

[a] Number of lines in the fit; [b]Root-mean-square deviation of the fit. Values in [] were fixed to the calculated values. 

Table 3. Experimental spectroscopic parameter for the parent species of conformer II of 3MP. Watson’s S-reduced Hamiltonian (Ir 

representation).  

 [a] Number of lines in the fit; [b]Root-mean-square deviation of the fit. Values in [] were fixed to the calculated values.

 Parent 34S 13C2 13C3 13C4 13C7 B3LYP-D3BJ 

A (MHz) 5067.02148(76) 5026.1976(21) 5020.1700(33) 4992.109(40) 5063.684(51) 5049.805(66) 5046 

B (MHz) 1064.48640(79) 1040.28494(17) 1058.63732(41) 1064.47025(18) 1062.77678(21) 1043.83172(19) 1055 

C (MHz) 995.13673(89) 973.43053(18) 989.18841(39) 992.21527(17) 993.67461(23) 976.74003(22) 987 

DJ (kHz) 0.40681(50) 0.39954(66) 0.3987(13) 0.40117(56) 0.40595(67) 0.39227(69) 0.39 

DJK (kHz) -6.1099(29) -6.1497(71) -5.895(14) -5.9614(65) -6.1109(74) -6.0213(85) -6.00 

DK (kHz) 43.65(15) 44.27(37) [43.65] [43.65] [43.65] [43.65] 45.17 

d1 (kHz) 0.01276(53) 0.01050(75) 0.0106(19) 0.01026(87) 0.0136(10) 0.0124(11) 0.01 

d2 (kHz) -0.00359(28) -0.00231(46) [-0.00359] [-0.00359] [-0.00359] [-0.00359] -0.003 

V3 (kJ/mol) 5.0696(87) 5.0696(13) 5.0858(47) 5.0782(18) 5.0821(21) 5.0887(21)  

F0 (GHz) 161.12(26) [161.12] [161.12] [161.12] [161.12] [161.12]  

δ (rad) 0.6330(13) 0.6376(16) 0.6115(55) 0.6210(21) 0.6234(24) 0.6123(24)  

Iα (uÅ2) 3.1365(50) [3.1365] [3.1365] [3.1365] [3.1365] [3.1365]  

Na 117 101 53 51 47 41  

σb (kHz) 2.2 3.0 3.5 1.5 1.6 1.4  

 XIAM SPFIT B3LYP-D3BJ 

 II+ (A+/E+) II- (A-/E-) A+/A- E+/E-  

A (MHz) 8242.8876(34) 8242.8885(43) 8244.1907(20) 8242.2278(57) 8256 

B (MHz) 801.74647(17) 801.74804(19) 801.74070(21) 801.73912(23) 796 

C (MHz) 744.12096(16) 744.12031(19) 744.12821(20) 744.12826(27) 739 

DJ (kHz) 0.02566(73) 0.02556(86) 0.02659(98) 0.0250(11) 0.02 

DJK (kHz) [0.21] [0.21] [0.21] [0.21] 0.21 

DK (kHz) [13.49] [13.49] [13.49] [13.49] 13.49 

d1 (kHz) [-0.002] [-0.002] [-0.002] [-0.002] -0.002 

d2 (kHz) [0.00009] [0.00009] [0.00009] [0.00009] 0.00009 

V3 (kJ/mol) 4.567(28) 4.563(36)    

F0 (GHz) 144.67(74) 144.32(99)    

δ (rad) 0.236(20) 0.227(24)    

Da (MHz)    19.271(17)  

Iα (uÅ2) 3.493(18) 3.502(24)    

Na 57 59 60 53  

σ b (kHz) 4.8 5.8 6.4 6.8  
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DISCUSSION 

Rotational Spectroscopic Data  

The highly accurate experimentally-derived ground state rotational constants (A, B, and C) 

for 3MP show good agreement with those of the equilibrium geometries obtained theoretically. 

This unequivocally confirms the assignment of conformers I and II. The B3LYP-D3BJ method 

provides the best match with the experimental data, where the largest deviation (~21 MHz) is 

observed for the A rotational constant of the parent species of I. The quartic centrifugal distortion 

constants (DJ, DJK, DK, d1, and d2) agree very well with the calculated ones obtained through 

anharmonic frequency calculations at the B3LYP-D3BJ/aug-cc-pVTZ level of theory, providing 

an additional check for the assignments. The B3LYP-D3BJ method also showed the best results 

for the carboxylic acid version of 3MP, 3-mercaptopropionic acid.10 The experimental three-fold 

barrier to internal rotation V3, along with other internal rotor parameters, such as the rotational 

constant of the methyl top (F0), the angle between its α-axis and the principal a-axis of the 

molecule (δ), and its moment of inertia (Iα), were successfully obtained with the XIAM code.  

The parameters that were not well-determined in the fits were fixed to either the parent 

species values, as in the case of some centrifugal distortion and internal rotation constants for the 

singly substituted isotopes of I, or the calculated ones, as for some centrifugal distortion constants 

of II. In the case of the latter, we also performed both the XIAM and SPFIT fits by varying only 

DJ, while the other centrifugal distortions constants were set to zero. For the SPFIT fits, the errors 

in the fits were similar to the ones reported in Table 3 (σ = 6.4 kHz for A+/A-, and σ = 6.3 kHz for 

E+/E-), while for the XIAM fits the values of σ were 2.8 kHz and 7.0 kHz for II+ and II-, 

respectively. With the constants fixed, satisfactory fits were obtained, which confirms that isotopic 



17 

 

substitution does not significantly change the parameter values, and that the employed level of 

theory describes the system under investigation well.  

For conformer II, it is worth noting that the absence of cross-tunneling c-type rotational 

transitions in our spectrum prevented us from determining the energy difference between the 

A+/A- or E+/E- in the conformer II states in the SPFIT fits but the A and E states were fit 

independently. This fitting approach is typical for molecular systems having both an internal V3 

rotor and a separate tunnelling motion that involves the torsion of a water subunit in a complex, as 

specified previously in ref. 33 and 34. However, when the second tunneling involves  ~120° 

rotation of a hydroxyl  (-OH) or even bigger group,37 the fits for the + and – states are coupled. 

Interestingly, this might be one of the first cases where a system containing tunneling splitting 

from both internal V3 rotation and another torsional motion provide reasonable independent fits 

without the consideration of Coriolis coupling effects. For example, in the rotational spectroscopic 

study of the formic-acetic acid complex,38 which presents complex splitting patterns due to 

coupled internal motions from methyl internal rotation and double proton transfer, the authors 

mention that they were not able to treat the A and E states independently, since the fits for the E 

state were not satisfactory without the inclusion of transitions that connect the tunneling states. 

 

Tunneling Motions  

 The potential energy surface for the internal rotation of a methyl group possess three 

equivalent energy minima and gives rise to a non-degenerate (A) and twofold degenerate (E) state 

which result in rotational transitions that are tunneling split. Figure 4 shows the theoretical 

potentials for the rotation of the methyl group in conformers I and II where both B3LYP-D3BJ 

and MP2 methods predict the two geometries to have similar barriers to internal rotation of 
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approximately 3.6 kJ mol-1 and 4.8 kJ mol-1, respectively. The experimentally determined three-

fold barriers V3 obtained for each conformer are indeed similar and have values of about 5.1 kJ 

mol-1 and 4.6 kJ mol-1 for I and II, respectively. Although it has been shown that conformational 

changes can lead to significant variations in V3, as shown in the rotational study of thioacetic acid 

for example,11 the differences in the geometries of I and II do not strongly affect the methyl 

internal rotation in 3MP. Since the V3 barriers depend on steric hindrance and the electronic 

structure of molecules,11,14 the experimental outcomes in this work suggest that the electronic 

distribution of the methyl groups in I and II are very similar. Thus, even though I is expected to 

be stabilized by an SH…O=C intramolecular hydrogen bond (IHB), this interaction does not seem 

to play an important role in the rotation of the methyl top. The experimental V3 barriers obtained 

for the 3MP conformers are also similar to values reported in the literature for its smaller version 

(methyl thioglycolate, V3 ~ 4.9 kJ mol-1)39 and other studied systems containing esters as functional 

groups, such as its hydrocarbon version: methyl propionate (V3 ~ 5.1 kJ mol-1).40 By comparing 

the results, one can see that changes in the side chain of the molecule with respect to the ester 

group in those examples, such as the presence of a five-membered ring in the former, and the 

absence of the SH group in the latter, do not lead to significant variations in the internal of rotation 

of the methyl top.  
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Figure 4. Potential energy curves for the methyl internal rotation in conformers A) I and B) II. 

The plots were obtained using the B3LYP-D3BJ and MP2 methods with the aug-cc-pVTZ basis 

set by varying the C-O-C-H dihedral angle in 36 steps of 10 degrees each. 

 

To better understand the additional tunneling splitting observed in the rotational transitions 

of II, attributed to a torsional motion of the SH group, we performed scan calculations by rotating 

the C-C-S-H dihedral angle in 36 steps of 10 degrees each. This shows that the observed tunneling 

is characterized by a double-well potential energy function (Figure 5) that allows the 

interconversion between the two equivalent forms (mirror images) of II through a calculated 

energy barrier of approximately 7.0 kJ mol-1. The predicted barriers are consistent with the small 

splitting observed experimentally. 
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Figure 5. Potential energy curve for the torsional motion of the SH group in conformer II. The 

plot was obtained by the rotation of the SH group around the C-S bond in 36 steps of 10 degrees 

each using the B3LYP-D3BJ and MP2 methods with the aug-cc-pVTZ basis set. 
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Relaxation Pathways 

Despite an extensive experimental search, transitions due to other conformers were not 

identified in the rotational spectrum of 3MP. The experimentally observed conformers I and II are 

predicted to account for more than 58.7% (Table 1) of the total conformational equilibrium 

(100.0%) at room temperature, while the remaining population is spread among the other true 

energy minima. Since we were able to detect transitions belonging to the 13C singly substituted 

isotopes of I which are about 1.0% of the intensity observed for the parent species, one may expect 

the observation of other higher energy conformations in the supersonic jet, such as conformer III 

(Table 1). 

To explore the absence of transitions related to additional geometries in the rotational 

spectra, we carefully investigated the complex conformational distribution and predicted 

relaxation pathways for the conversion of higher energy conformations to lower energetic ones. It 

is well known from empirical studies that in the supersonic jet expansion, energy barriers of re-

arrangements of ~4.8 kJ mol-1 or higher prevent relaxation and allow the observation of metastable 

conformers.41 For example, the only difference in the geometries of II and V is in the orientation 

of the SH group and thus, relaxation from V to II could take place in the supersonic jet depending 

on the energy required for this SH torsional motion. The conversion pathway from V to II, 

calculated by the rotation of the SH group in 24 steps of 10 degrees each (Figure 6A), reveals an 

energy barrier of approximately 3.2 kJ mol-1 – 3.9 kJ mol-1. Thus, V is expected to experience 

facile relaxation in the supersonic jet and will not be observed experimentally. Likewise, we 

carried out several scan calculations for possible relaxation pathways between other similar 

conformer pairs and the obtained potential energy curves are shown in Figures S1 of the ESI. The 

calculations indicate that the following relaxations may occur during the experiments: V→II (3.2 
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kJ mol-1 – 3.9 kJ mol-1), VI→I (0.0 kJ mol-1 – 0.3 kJ mol-1), VIII→I (2.3 kJ mol-1 – 2.9 kJ mol-1), 

and IX→VIII (1.1 kJ mol-1 – 1.6 kJ mol-1). Therefore, conformers V, VI, VIII, and IX are not 

expected to be observed experimentally. 

 

Figure 6. Conversion pathway between conformers A) II and V and B) III, I, and VI obtained by 

varying the torsional motion of the SH group. The potential energy curves were calculated using 

the B3LYP-D3BJ and MP2 methods with the aug-cc-pVTZ basis set. 

 

Theoretically, the barrier of conversion (approximately 8.4 kJ mol-1 – 7.6 kJ mol-1) from 

III to I (Figure 6B) would prevent its relaxation in the supersonic jet and III should be observed 

experimentally. It is worth noting that the conversion VI→I, which also involves the SH torsion 

motion, is estimated to be barrier-less while that calculated from III→I is relatively high. The 

main reason for the high energy barrier in the latter is because in the conversion pathway from III 

to I, the transition state structure adopts a geometry where the SH group is oriented towards the 

non-carbonyl oxygen of the ester (C-C-S-H ≈ 0º) which likely increases the energy of conversion. 

Although III should be metastable in the supersonic jet, its spectrum is dominated by c-type 
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transitions and as only a few fall within the range of our spectrometer, a convincing assignment 

for conformer III was not attained.  

 

Intramolecular Hydrogen Bond and Structural Determination Analysis  

To confirm the stability and to estimate the strength of the S-H…O=C intramolecular 

hydrogen bond (IHB) in conformer I, we carried out quantum theory of atoms in molecules 

(QTAIM) and non-covalent interactions (NCI) analyses. The NCI analysis (Figure 7A) shows a 

weak attractive (blue-greenish isosurface) interaction for the S-H…O=C close contact. The 

interaction is confirmed by the QTAIM analysis (Figure 7B) where a bond path (BP) and a bond 

critical point (BCP) are visualized between the thiol hydrogen and the carbonyl oxygen. The 

QTAIM molecular graph also shows a ring critical point (RCP) related to the repulsive interactions 

of the six-membered ring which arises upon HB formation. The energy of the S-H…O=C IHB can 

be estimated using the electronic potential energy at the BCP (VBCP), as EIHB = 0.5|VBCP|.42 The 

calculated EIHB in I is of about 6.6 kJ mol-1 which confirms the weak character of the S-H…O=C 

IHB. In addition to the QTAIM and NCI topological analyses, we also carried out the natural bond 

orbital (NBO) calculations at the B3LYP-D3BJ/aug-cc-pVTZ level of theory. The NBO results 

show charge transfer from both lone-pairs [LP1(O) and LP2(O)] of the carbonyl oxygen to the anti-

bonding orbital of the S-H bond (σ*
S-H), evidenced by LP1(O) → σ*

S-H = 0.3 kJ mol-1 and LP2(O) 

→ σ*
S-H = 1.4 kJ mol-1 hyperconjugative interactions, which also confirms the occurrence of the 

weak S-H…O=C IHB in I. Overall, the three computational approaches suggest that the presence 

of the sulfur IHB in I is the main reason for its higher stability over the other conformers. The role 

of this interaction has also been shown to be the explanation for the stabilization of the global 

minimum geometry of its acid analog.10 
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Figure 7. A) NCI isosurface (s= 0.5 au; colour scale of -0.02 < ρ < 0.02) and B) QTAIM molecular 

graph of conformer I. ρ, ∇2ρ, and V are the electron density, its Laplacian, and the potential energy 

at the BCP S-H…O=C. 

 

Based on the experimental determination of the rotational constants for the parent species 

of I and its minor 34S and 13C singly substituted isotopic species, we derive key geometric 

parameters from its partial ground state geometry r0 using Kisiel’s STRFIT43 least squares fitting 

program. Since our interest lies in understanding the IHB SH…O=C, we focused our structural 

determination on the bond lengths and angles associated with the six-membered ring formed due 

to the IHB. The set of 18 rotational constants were used to fit six parameters which are the S1-C2, 

C2-C3, and C3-C4 bond distances, S1-C2-C3 and C2-C3-C4 bond angles, and the S1-C2-C3-C4 

dihedral angle, while the other distances and angles were fixed to the values from 

B3LYP-D3BJ/aug-cc-pVTZ. By using the principal coordinates and their estimated uncertainties 

from the STRFIT outcome, the HB distance O5…H8 and angles C4-O5-H8 and S1-H8-O5, and the 

distance of the S1-H8 and C4=O5 bonds were determined trigonometrically along with their 

propagated uncertainties using the EVAL program.44 The values for the fit parameters and their 

associated uncertainties along with the equilibrium geometries obtained theoretically are shown in 
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Table 4. The derived parameters confirm the gauche arrangement of the backbone where the 

dihedral angle S1-C2-C3-C4 is equal to -68.9(2)º and reveal that the HB distance H8…O5 and 

angle S1-H8-O5 are 2.515(4) Å and 117.4(1)º, respectively. The H8…O5 is less than the sum of 

their van der Waals radii (~2.72 Å), and the angle S1-H8-O5 is consistent with the ones observed 

for six-membered ring HBs. The HB distance involving the carbonyl oxygen in I is slightly smaller 

when compared to the intermolecular SH…O HB distance of 2.44(3) Å observed in the 

monohydrated cluster of furfuryl mercaptan.8 By comparing the hydrogen bond parameters 

obtained for the S-H…O=C in 3MP with the ones of the six-membered ring O-H…O=C  in 

3-hydroxypropionic acid,45 once can see that the HB distance S-H…O [2.515(4) Å] in the former 

is slightly longer when compared to the O-H…O (2.127Å) in the latter. On the other hand, the angle 

S-H-O [117.4(1)º] is slightly smaller than the O-H-O (129.6º). The observed differences in the HB 

distances and angles are consistent with the fact that the oxygen analog is expected to present 

stronger HBs when compared to the sulfur one. Although weaker than the O-H…O=C, the 

experimental results in this work clearly shows the importance of the S-H…O=C IHB in ruling the 

conformational equilibrium of S-containing compounds, in particular, 3MP. 
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Table 4. Ground state effective (r0) and equilibrium (re) (B3LYP-D3BJ/aug-cc-pVTZ) structural 

parameters determined for conformer I. Bond distances and angles are reported in angstroms (Å) 

and degrees, respectively. 

 

Parameter r0 re 

S1-H8 1.344(3) 1.344 

S1-C2 1.819(2) 1.834 

C2-C3 1.546(7) 1.520 

C3-C4 1.491(4) 1.510 

C4=O5 1.206(3) 1.207 

O5…H8 2.515(4) 2.552 

S1-C2-C3 114.1(1) 114.2 

C2-C3-C4 112.1(3) 113.1 

S1-H8-O5 117.4(1) 117.5 

C4-O5-H8 96.4(1) 95.6 

S1-C2-C3-C4 -68.9(2) -69.0 

 Values in italics were directly obtained from the STRFIT. 
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Conclusions 

The ground state rotational spectrum of methyl 3-mercaptopropionate was measured and 

analyzed in detail using chirped-pulse and cavity-based Fourier transform microwave 

spectroscopy from 8-18 GHz. Rotational transitions belonging to the two most stable conformers 

(I and II) were successfully assigned in the rotational spectra, and the lines present complex 

splitting patterns due to the methyl internal rotation and/or SH tunneling motion. The similar 

experimental V3 barriers for the two conformers reveal that the electronic distribution of I and II 

is not strongly affected by their geometrical differences. QTAIM, NCI, and NBO analyses show 

that conformer I is favored in the conformational equilibrium due to a stable SH…O=C IHB, which 

is estimated to have an energy of about 6.6 kJ mol-1 based on the potential energy at the bond 

critical point. On the basis of the ground state effective (r0) and equilibrium (re) geometries of I, 

we were able to derive the experimental geometric parameters associated with the sulfur HB, 

which reveals that the HB distance and angle S-H-O are 2.515(4) Å and 117.4(1)º, respectively. 

The non-observation of additional conformers was rationalized based on their conversion 

pathways to lower energy forms and/or low population in the supersonic jet expansion. The present 

study provides key experimental data on sulfur HBs at the molecular level in isolation of crystal 

packing and solvent effects and serves as a benchmark for improved understanding and modelling 

of these important non-covalent interactions. 

 

Supporting Information  

Cartesian coordinates for the equilibrium structures of conformers I, II, III, IV, V, VI, VII, VIII, 

IX; Observed frequencies and residuals for the assigned species of conformers I and II; Relaxation 

pathways between conformers VII, VIII and IX, I and VIII, and VI, VII and IX. 
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