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Abstract 

The conformational spaces of the diallyl ether (DAE) and diallyl sulfide (DAS) 

monohydrates were explored using rotational spectroscopy from 6-19 GHz. Calculations 

at the B3LYP-D3(BJ)/aug-cc-pVTZ level suggested significant differences in their 

conformational behaviour, with DAE-w exhibiting 22 unique conformers and DAS-w 

featuring three stable structures within 6 kJ mol-1, however, only transitions from the 

lowest energy conformer of each were experimentally observed. Spectral analysis 

confirmed that binding with water does not alter the conformational preference for the 

lowest energy structure of the monomers but it does influence the relative stabilities of all 

other conformers, particularly in the case of DAE. Non-covalent interaction (NCI) and 

quantum theory of atoms in molecules (QTAIM) analyses showed that the observed 

conformer for each complex is stabilized by two intermolecular hydrogen bonds (HBs), 

where water primarily interacts with the central oxygen or sulfur atom of the diallyl 

compounds, along with secondary interactions involving the allyl groups. The nature of 

these interactions was further elucidated using symmetry-adapted perturbation theory 

(SAPT) which suggests that the primary HB interaction with S in DAS is weaker and more 

dispersive in nature compared to the primary HB in DAE. This supports the experimental 

observation of a tunneling splitting exclusively in the rotational spectrum of DAS-w as the 

weaker contact allows water to undergo internal motions within the complex as shown 

based on calculated transition state structures for possible tunneling pathways. 
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Introduction 

The omnipresence of water in nature and its ability to influence the structure and 

reactivity of molecules in chemistry and biology has long been of great interest to 

researchers.1–5 The ability of water to stabilize the different geometries of highly flexible 

molecules through formation of intermolecular contacts is central to understanding 

solvation processes at the molecular level and can be probed experimentally using high 

resolution spectroscopic techniques. This is particularly true within the Fourier transform 

microwave spectroscopy community, given the power of this technique to precisely 

differentiate the unique conformations of molecules and their complexes with partner 

molecules (e.g., water) in a step-wise fashion in a cold molecular beam.6–10 From a 

fundamental perspective, investigating microsolvated complexes as prototypes of 

solvation allows us to explore the correlation between the nature of non-covalent 

interactions and molecular dynamics (e.g., quantum tunneling, large amplitude motions) 

on the microscopic scale.11–17 Hydrogen bonding (HB) emerges as the most dominant 

and indispensable non-covalent interaction responsible for stabilizing molecules and their 

complexes.18–26 

HBs involving oxygen and sulfur have garnered considerable interest due to their 

influence on the structure and function of proteins, including protein hydration, self-

assembly, and overall folding.27–30 Despite their importance, however, sulfur HBs are still 

not well-characterized at the molecular level compared with their oxygen analogues.31,32 

A few exceptions include, for example, recent studies on monohydrated complexes of 

furfuryl mercaptan and furfuryl alcohol,33 thenyl mercaptan (TM) and thenyl alcohol (TA),34 

trimethylene oxide and trimethylene sulfide,14 and thiophene13 by rotational spectroscopy 
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which have helped to fill this gap. These studies showed that the electronic properties of 

the chalcogen atom (O or S) plays a major role both in the conformational stabilities of 

the organic compound, and in the preferred binding sites for water and internal dynamics 

of the complex. The thiophene-water dimer, for instance, is formed by the water molecule 

binding primarily to the π-electrons of the ring, while in the furan-analogue35 water 

interacts preferentially with the oxygen atom of the ring. Furthermore, tunneling splittings 

were observed in the rotational spectrum of the ground state structures of both complexes 

due to internal motions of water within the clusters. In thiophene-water, where the sulfur 

HB is weaker, a highly averaged structure was observed with water situated over the ring 

nearly in the thiophene σv plane rather than off-center closer to one π-bond of the ring as 

in the equilibrium structure.13 This was likely due to smaller energy barriers for the internal 

motions of water when bound to the π-system, although a comprehensive analysis on 

furan-water have not been reported to date for comparison.36 For the TA and TM 

monohydrates, fundamental differences were observed in their binding topologies as 

water primarily acts as a HB acceptor in TA via a O–H…Ow HB and as a HB acceptor in 

TM through a Ow–H…S HB (where Ow refers to the oxygen from water). Both 

monohydrates are further stabilized from secondary Ow–H…π interactions between the 

water and the ring π-electrons.  

While previous reports on O and S-containing dimers have focused on cyclic 

monomers rather than more flexible molecules,13,14,33,34,37–42 it is valuable to explore the 

conformational landscape of larger compounds with more diverse conformer distributions. 

Such studies would provide key information on how binding with a partner such as water 

impacts the conformer distribution of the monomer systems. This has been demonstrated 
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previously in the case of allylmethylamine-water,8 for example, where the interaction with 

water was sufficient to re-order the relative stabilities of conformers compared to the 

ordering of the isolated monomers. To build on this, diallyl ether (DAE)43 and diallyl sulfide 

(DAS)43 are chosen as model systems in the present work as we recently reported 

surprising differences in the competitive nature of their conformational landscapes using 

rotational spectroscopy. Although both species have similar arrangements of the allyl 

sidechains in their ground state structures, the rotational spectrum of DAE exhibited 

transitions from nine low-energy conformers while for DAS, features due to only the 

lowest energy conformer were observed. With addition of a single water molecule, we are 

interested in investigating how the conformational equilibrium of ethers and sulfides are 

modified in the presence of intermolecular interactions and how the nature of the 

chalcogen binding partner influences the strength and topology of the interactions. 

In this paper, we explore the conformational landscapes of the DAE and DAS 

monohydrates, DAE-w and DAS-w, using Fourier transform microwave (FTMW) 

spectroscopy and quantum chemistry calculations. Rotational transitions arising from the 

global minimum of each complex were observed and successfully assigned. Tunneling 

splittings associated with internal motions of water were observed for the DAS-w 

transitions which provides experimental evidence of a weaker HB interaction through its 

influence on the barrier to the water internal motions.  Quantum theory of atoms in 

molecules (QTAIM), noncovalent interaction (NCI) analyses and symmetry-adapted 

perturbation theory (SAPT) calculations provide deeper understanding of the unique 

interactions responsible for the stability of the monohydrates of DAE and DAS. 
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Experimental Methods 

The rotational spectra of DAE-w and DAS-w were collected using a broadband chirped 

pulse (8–18 GHz) and a cavity based Balle-Flygare (6–19 GHz) Fourier transform 

microwave (FTMW) spectrometer. The technical details and operating principles of each 

instrument have been described in detail elsewhere.44,45 To produce the monohydrated 

complexes, a gas mixture containing ~1% of DAE or DAS vapour from a room 

temperature liquid sample was seeded in Ne and bubbled through a reservoir containing 

water. The resultant mixture was inserted into the high vacuum chamber of the 

instruments via a pulsed solenoid valve (1 mm diameter orifice) creating a supersonic jet.  

Initially, survey spectra from 8–18 GHz were recorded in segments of 2 GHz each using 

the chirped pulse FTMW instrument. For each measurement, a total of one million free 

induction decays (FIDs) were collected and averaged. In the broadband spectra, the most 

intense transitions of the monohydrates were readily identified leading to preliminary 

assignments. Next, the assignments were confirmed by additional measurements using 

the cavity-based spectrometer which features higher resolution and sensitivity allowing 

less intense lines to be recorded and small splittings to be resolved. Spectral lines 

recorded using the cavity-based instrument appear as Doppler doublets due to the 

instrument setup in which the molecular beam and resonator axis are collinear. Observed 

line widths for transitions measured with the BF-FTMW instrument are usually ~7 kHz 

(FWHM) and the uncertainty in assigning the line positions is about ± 2 kHz.  
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Computational Methods 

In our study of the DAE and DAS monomers, transitions from nine stable 

conformers of DAE were observed in the rotational spectrum while only spectral 

signatures for the global minimum of DAS were detected.43 Since the inclusion of a water 

molecule to form the monohydrated complexes may disrupt intramolecular interactions 

occurring in the monomers and alter their relative energy orderings, a comprehensive 

conformational search for DAE-w and DAS-w was needed for all possible orientations of 

the monomer geometries and interaction sites for the water molecule. Initial 

conformational searches for the energy minima of DAE-w and DAS-w were carried out at 

the GFN2-xTB46 level of theory using the iMTD-GC algorithm of the conformer-rotamer 

ensemble sampling tool (CREST) available in the extended tight binding (xTB)47,48 

program package. During the searches, the possible geometries of the DAE and DAS 

monomers and binding sites for the water molecule were automatically considered by 

CREST. The automated search yielded 137 and 25 possible geometries for DAE-w and 

DAS-w, respectively. These geometries were then fully optimized using density functional 

theory (DFT) B3LYP49-D3(BJ)50,51 with Dunning's aug-cc-pVTZ52 basis set. These 

calculations identified 78 and 15 distinct minima for DAE-w and DAS-w, respectively.  It 

is noteworthy that certain initial geometries from CREST exhibited unusual orientations 

(e.g. water subunit extremely distant from the monomers) and did not converge. 

Additionally, numerous geometries converged to the same minima after being optimized 

at the higher level of theory, which further reduced the number of conformers. To verify 

the nature of the stationary points and to calculate electronic energies with zero-point 

corrections (ZPE) as well as quartic centrifugal distortion constants, vibrational frequency 
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calculations were carried out within the harmonic approximation at the same levels of 

theory. All optimization and harmonic frequency calculations were performed using the  

Gaussian 1653 program with the inclusion of Boys and Bernardi's counterpoise method54 

in all calculations to address the basis set superposition (BSSE) error.   

As conformers with relative energies larger than 6 kJ mol-1 are not expected to be 

sufficiently populated in the supersonic jet based on the performed calculations, we 

focused on the energy minima located within 6 kJ mol-1 of the global minimum for further 

consideration. In total, 22 and three stable conformers were found within this energy 

window for DAE-w and DAS-w (Table 1 and Figure 1), respectively, at the 

B3LYP-D3(BJ)/aug-cc-pVTZ level using this approach. Given that many conformers of 

DAE-w were close in energy, we also performed optimization calculations for the 

conformers of DAE-w and DAS-w from Table 1 using the double-hybrid B2PLYP-D3(BJ) 

method with the aug-cc-pVTZ basis set to confirm the conformer geometries and their 

relative electronic energies. The results for this second method are compiled as 

supplementary information. 

To confirm the dramatic differences observed in the conformational landscapes of 

DAE-w and DAS-w, we performed additional optimization and frequency calculations at 

the B3LYP-D3(BJ)/aug-cc-pVTZ level in which the oxygen atom in the 22 low energy 

structures of DAE-w was replaced by sulfur. This identified 15 higher conformers of 

DAS-w with relative energies ranging from 6.4 to as high as 21.9 kJ mol-1 and one 

additional conformer that is 5.8 kJ mol-1 higher than the global minimum. A complete list 

of the relative energies and rotational parameters of all conformers is given in the 

supplementary material while the relative energies and spectroscopic parameters for the 
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most significant conformers of each complex, within 6 kJ mol-1 of the global minimum, are 

compiled in Table 1. Their geometries are depicted in Figure 1. The Cartesian coordinates 

corresponding to each of these minima are given in Tables S1-S26 of the Supplementary 

Material file. 

To better understand the observed spectral patterns for DAE-w and DAS-w, 

additional optimization and vibrational frequency calculations were carried out at the 

B3LYP-D3(BJ)/aug-cc-pVTZ level to find possible transition state structures consistent 

with the internal motion of water within the complex to interconvert the two hydrogen 

atoms. Furthermore, post-optimization calculations were conducted to elucidate the 

intermolecular forces responsible for the most stable conformers of the monohydrates 

using non-covalent interaction (NCI)55, quantum theory of atoms in molecules (QTAIM),56 

and symmetry-adapted perturbation theory (SAPT)57 methods. These analyses were 

conducted using the NCIPLOT,58 AIMALL59 and Psi460 programs, respectively and were 

performed on the equilibrium structures obtained at the B3LYP-D3(BJ)/aug-cc-pVTZ 

level. For the energy decomposition SAPT analysis, we used the higher order 

SAPT2+(3)δMP2 method, also with the aug-cc-pVTZ basis set, which has been shown to 

provide more accurate interaction energies.60  
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Table 1. Calculated energies and spectroscopic parameters for the conformers of DAE-w 

and DAS-w within 6 kJ mol-1 at the B3LYP-D3(BJ)/aug-cc-pVTZ level of theory. 

 

DAE-w ΔE0a A/B/Cb |µa|/ |µb|/ |µc|c 
I 0.0 2071/1248/881 2.1/0.1/0.9 
II 0.8 2501/1122/888 0.2/2.5/0.5 
III 1.0 2279/1082/889 0.7/2.1/0.3 
IV 1.4 2248/1070/825 0.1/1.8/1.0 
V 2.3 2432/1060/812 1.3/2.5/0.6 
VI 2.3 2585/1021/850 1.0/2.2/0.5 
VII 2.6 1928/1263/885 1.7/1.1/0.3 
VIII 2.6 2423/1010/762 0.9/2.6/0.1 
IX 2.6 2015/1087/744 1.7/2.0/0.7 
X 2.7 2995/920/750 1.0/2.1/0.1 
XI 2.9 2664/924/737 0.0/2.4/0.6 
XII 3.1 2121/1203/891 1.7/1.5/1.3 
XIII 3.3 2755/1035/874 1.0/2.0/0.4 
XIV 3.4 2080/1274/915 1.2/2.1/1.0 
XV 3.5 2389/1148/997 0.9/2.7/0.3 
XVI 3.6 3148/944/775 0.9/1.9/0.0 
XVII 3.9 2804/1036/847 1.0/3.0/0.0 
XVIII 4.4 1823/1263/838 1.6/1.9/0.0 
XIX 4.8 2305/1147/919 0.5/2.4/0.9 
XX 4.8 2148/1241/925 1.5/1.8/0.6 
XXI 4.8 2196/1148/816 0.7/2.1/0.2 
XXII 5.3 2341/1177/981 0.4/3.2/0.7 

DAS-w ΔE0a A/B/Cb |µa|/ |µb|/ |µc|c 
I 0.0 1764/1042/814 1.4/0.4/0.5 
II 5.8 1758/925/805 0.0/1.3/0.4 
III 5.9 1824/911/738 0.6/0.4/0.4 

aZero-point energy (ZPE) corrected relative energies in kJ mol-1, bRotational constants in MHz, 
cMagnitude of the electric dipole moment components in Debye. 
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Figure 1. Minima energy conformers within 6 kJ mol-1 of the global minimum of A) DAS-

w and B) DAE-w at the B3LYP-D3(BJ)/aug-cc-pVTZ level of theory. 
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Results 

The calculated spectroscopic and energy parameters for stable complexes within 

6 kJ mol-1 (B3LYP-D3(BJ)/aug-cc-pVTZ) of the global minimum of DAE-w and DAS-w are 

provided in Table 1 and the geometries are displayed in Figure 1. Roman numerals were 

used to label the stability ordering of conformers from B3LYP-D3(BJ), with conformer I 

being the most stable geometry. Comparison with the results from the B2PLYP-D3(BJ) 

method, given as supplementary material using the same conformer labels, reveal that 

the same conformational equilibrium is captured by both methods although in some 

cases, the relative energy orderings change for DAE-w conformers. This is not surprising 

given the highly competitive conformational landscape of this complex. 

Experimentally, after subtracting transitions from the parent and singly-substituted 

isotopologues of the DAE and DAS monomers as well as known lines due to the water 

dimer, an additional set of transitions were observed in the broadband spectrum of each 

gas mixture. The observed patterns were consistent with those predicted for the most 

stable conformers of DAE-w-I and DAS-w-I in Table 1. With the high-resolution of the BF-

FTMW instrument, a tunnelling splitting was detected in the spectrum of DAS-w-I, an 

example of which is shown in Figure 2. The splitting components present a typical 3:1 

ratio of intensities related to the ortho-para nuclear spin statistics for exchange of two 

hydrogen atoms. No resolvable splittings were observed in the transitions of DAE-w-I. In 

total, 48 a-type and 21 c-type rotational transitions were observed for DAE-w-I. The 

observed types of transitions align well with the calculated dipole moment components 

(Table 1). No b-type transitions were detected for DAE-w as the predicted value of μb is 

small. For DAS-w, 49 a-type and two b-type transitions were observed for the most 
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intense tunneling component, whereas 40 a-type and one b-type transition were seen for 

the other component due to its less intense transitions. Although the absolute values 

predicted for µb= 0.4 D and µc= 0.5 D are similar, no c-type transitions could be observed 

for DAS-w-I. The absence of c-type transitions in the spectrum of DAS-w-I provide a clue 

to identify the tunneling motion associated with the water dynamics that averages out 

along the dimer c-axis. 

All rotational transitions observed for conformer I of DAE-w and DAS-w were fit 

using Pickett's SPFIT program61 (Watson's S-reduced Hamiltonian, Ir representation) to 

derive experimental rotational and quartic centrifugal distortion constants. The resulting 

parameters are given in Table 2, while the transition frequencies are listed in Tables S28-

S30. The two tunneling states observed for DAS-w-I were analyzed independently and 

are labeled in Table 2 as I+ and I-. It is worth noting that although DAE-w is predicted to 

have a more competitive equilibrium with many other low energy conformers (Table 1), 

only lines due to the global minimum conformer I could be assigned. After removing lines 

from all detected species, many low intensity features remain in the DAE-w spectra which 

may arise from other conformers of DAE-w or from higher-order hydrates, however, no 

convincing assignment was achieved. 
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Figure 2. Equilibrium structures (B3LYP-D3(BJ)/aug-cc-pVTZ) and BF-FTMW spectra of 

the 101,10–91,9 rotational transitions of conformer I of DAS-w (left) and DAE-w (right). 
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Table 2. Ground state spectroscopic parameters for the observed conformers of DAE-w 

and DAS-w including the two tunnelling states for DAS-w. 

 

Parameter DAE-w DAS-w 

 I I+ I- 

A/MHza 2109.51322(23) 1774.0279(24) 1774.0327(28) 

B/MHz 1223.563388(88) 1021.31707(20) 1021.31552(24) 

C/MHz 870.307757(72) 799.01585(13) 799.01393(13) 

DJ/kHzb 0.64402(59) 1.7555(11) 1.7525(20) 

DJK/kHz 2.1011(40) -11.264(15) -11.265(18) 

DK/kHz 5.814(12) 26.25(17) 26.42(24) 

d1/kHz -0.12870(37) 0.06985(57) 0.0702(11) 

d2/kHz -0.07005(20) -0.02091(47) -0.02136(46) 

µa/µb/µcc y/n/y y/y/n y/y/n 

Nd 69 51 41 

σ/kHze 1.5 2.2 1.9 
aRotational constants; bquartic centrifugal distortion constants; celectric dipole moment 
components (“y” if observed and “n” if not observed); dtotal number of lines in the fit; eroot-mean-
square deviation of the fit. A complete list of calculated parameters at the B3LYP-D3(BJ)/aug-cc 
pVTZ level of theory is provided in Table S27 for comparison. 
 

 

Discussion 

In the presence of a single water molecule, the overall conformational landscapes 

of the DAE and DAS monomers remain surprisingly different as DAE-w is predicted to 

form many low energy conformers whereas DAS-w adopts only one particularly stable 

geometry (Table 1). For the lowest energy of forms of each monohydrate (Conformer I), 

the ether and sulfide geometries closely match those previously reported for the isolated 

DAE43 and DAS43 monomers (Appendix 8 of supplementary material) with dihedral angles 

describing the heavy atom backbone maintained to within two degrees.  Although the 
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geometries themselves are not significantly altered, the relative stabilities of conformers 

beyond the global minimum change following complexation with water, particularly for 

DAE (Table 1). This is exemplified, for example, by the destabilization of conformer II of 

DAE,43 which becomes only the fifteenth most stable dimer, conformer XV of DAE-w 

(Table 1), indicating that interactions with water disrupt the conformational equilibrium of 

DAE. Specifically, conformer II of DAE adopts a W-shaped structure, stabilized by orbital 

LP(O) → σ*C-C interactions involving the lone-pairs on oxygen and the allyl side chains.43 

Upon binding to water in DAE-w, these intramolecular interactions in the monomer are 

diminished as now the central oxygen atom of DAE also binds to the water subunit leading 

to the higher energy of DAE-w conformer XV (Figure 1). A similar effect is also observed 

for DAE conformer IV, that exhibits a V-shaped structure (only one allyl side chain pointing 

up) and is destabilized upon binding with water to form the DAE-w conformer XIII (Figure 

1). This does not extend to every V- or W-shaped structure of the monomers, however, 

as the second most stable dimer, DAE-w-II, has a V-shaped arrangement within the 

organic framework and corresponds to conformer III of the DAE monomer. This indicates 

that there are more effects at play and that the stabilization of the dimers also depends 

on the orientation of the other allyl group on the opposite side and how it interacts with 

water. From these examples of the effect of water on the relative stabilities of the 

monomer structures, it is evident that the orbital interactions involving the lone-pairs on 

the chalcogen are central to stabilizing the monomer geometries that give rise to its highly 

competitive conformational equilibria.43 These intramolecular contacts appear even more 

important than in the case of the allylmethylamine monohydrate (AMA-w) dimer,8 in which 

binding to water only disrupted the relative energy ordering of the higher energy forms of 



17 
 

AMA while in DAE-w and DAS-w, the conformational stabilities are altered for most 

complexes beyond the global minimum geometries. 

As shown in Figure 1, in all low energy geometries of DAE-w and DAS-w , water 

binds preferentially to the central chalcogen atom through a OH…X (X= O, S) HB. 

Additionally, secondary HBs between the oxygen of water and the allyl substituents 

become possible due to the favourable orientation of these groups within most isomers. 

To gain a deeper understanding of the topology of the interactions present in the observed 

conformers of DAE-w and DAS-w, we carried out NCI analyses and the outcomes are 

illustrated in Figure 3. The NCI isosurfaces of both clusters are similarly placed and 

confirm the presence of both primary and secondary HBs with the strongest contact being 

the intermolecular OH…X (X= O, S) interaction (blue isosurface). For a quantitative 

comparison of the HB strengths, we analyzed in detail NCI plots of reduced density 

gradient (RDG) values against the sign of the second eigenvalue of the electron density 

Hessian matrix sign(λ2)ρ, which can also distinguish between attractive (λ2 < 0) and 

repulsive (λ2 > 0) interactions.55,58 In these plots, the primary HB is identified by the most 

negative peak, and it is evident from the figure that the sulfur contact (sign(λ2)ρ ~ -0.02) 

is weaker than the oxygen one (sign(λ2)ρ ~ -0.03). The secondary CH…O HB, represented 

by the negative peak around sign(λ2)ρ ~ -0.01 for both clusters, is slightly stronger in 

DAS-w. Additional support of the NCI findings is obtained from QTAIM molecular graphs 

(Figure S1 and Table S31) which show the presence of a bond critical point (BCP) 

between the atoms involved in the HB interactions. The QTAIM results confirm the nature 

of the primary and secondary HBs with the primary contact being considerably smaller in 

DAS-w (-16.7 kJ mol-1) than in DAE-w (-36.7 kJ mol-1) but the secondary interaction 
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showing the reverse trend (-5.0 kJ mol-1 versus -3.5 kJ mol-1 for DAS-w and DAE-w, 

respectively). The magnitude of the interactions is consistent with the bond lengths 

between the participating atoms from the equilibrium structures at the 

B3LYP-D3(BJ)/aug-cc-pVTZ level (OH…O= 1.86 Å and CH…O= 2.79 Å in DAE-w, and 

OH…S= 2.39 Å and CH…O= 2.59 Å in DAS-w). Apart from the HBs with water, the NCI 

graphs also exhibit weak intramolecular contacts (either attractive or repulsive) between 

the allyl moieties in DAE and DAS shown as green isosurfaces in Figure 3. These 

interactions were also observed in the NCI graphs of the corresponding monomers in the 

absence of water indicating that binding with water does not significantly alter the 

intramolecular contacts in these geometries. 
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Figure 3. NCI isosurface (top) and graphs of reduced density gradient (RDG) versus 

sign(λ2)ρ (bottom) for conformer I of DAS-w (left) and DAE-w (right). 
 

The nature of the intermolecular HBs was further investigated using symmetry-

adapted perturbation theory (SAPT) calculations at the SAPT2+(3)δMP2/aug-cc-pVTZ 

level of theory, shown in Figure 4. The total SAPT energy for DAE-w and DAS-w are -27.9 

kJ mol-1 and -21.2 kJ mol-1, respectively, in agreement with the DFT interaction energies 

(-28.7 kJ mol-1 for DAE-w and -23.5 kJ mol-1 for DAS-w), which are the energy difference 

between the product complex and its monomer components accounting also for the BSSE 

error and ZPE corrections. Decomposing the overall SAPT energy into the three 

stabilizing components (electrostatics, induction, and dispersion) and the one 
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destabilizing exchange-repulsion component reveals that the electrostatic portion is the 

most significant contributor to the stabilization of both DAE-w and DAS-w, followed by 

dispersion and induction effects. Upon chalcogen substitution from DAE-w to DAS-w, 

there is an increase of approximately 7% in the contribution from dispersion, which aligns 

well with the knowledge that sulfur HBs are more dispersive in nature than oxygen HBs 

due to the weaker HB acceptor character of sulfur. 

 

 

Figure 4. Histogram of the stabilizing (electrostatic, induction, dispersion) and 

destabilizing exchange-repulsion components of the total SAPT interaction energy of 

DAS-w (-21.2 kJ mol-1) and DAE-w (-27.9 kJ mol-1). The percentages represent the 

contribution of that specific term to the total stabilizing energy (electrostatic + induction + 

dispersion). The values of each term are provided in Table S32. 

 

Finally, to further explore how the HB strengths contribute to the distinct energy 

barriers associated with the internal motions of water, we identified and optimized 

transition state (TS) structures for potential tunneling pathways for each complex at the 
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B3LYP-D3(BJ)/aug-cc-pVTZ level. During the TS search, we focused on pathways that 

would lead to exchange of the protons of water as the observed tunneling for DAS-w 

shows a typical 3:1 ratio (Figure 2) of intensities as one would expect based on ortho-

para nuclear spin statistics for exchange of two hydrogen atoms. The possible TS 

structures identified for DAS-w and DAE-w are given in Figure 5 and their Cartesian 

coordinates are provided in Tables S33 and S34, respectively. For each, we found a 

vibrational imaginary frequency linked to a motion which interconverts the hydrogen atom 

of water that binds to the central chalcogen atom. Notably, the position of water in the TS 

structures for DAE-w and DAS-w are significantly different. In the DAE-w TS, the water 

molecule is positioned near the lone pairs of the ether oxygen with both hydrogen atoms 

approximately 2.4 Å from the bridge atom and its C2V axis slightly tilted toward one of the 

allyl groups. This is likely a consequence of the disruption to the primary HB making the 

water molecule adopt a slightly more favourable location. In contrast, in the DAS-w TS, 

the water subunit remains on one side of the molecule closer to one allyl fragment but 

now positions one hydrogen atom facing the sulfur, while the other hydrogen is oriented 

towards the allyl side chain. The difference in the TS geometries likely reflects the 

dominance of the primary HB interaction in DAE-w and its greater electrostatic nature in 

comparison to DAS-w whereas in the latter, the secondary interaction between water and 

the allyl group is sufficiently strong to maintain the interaction between these groups in 

the TS. The tunneling motion in DAS-w occurs through a TS barrier of 6.0 kJ mol-1 

accounting for zero-point corrections, while the analogous barrier in DAE-w is 9.4 kJ mol-

1 which are consistent with the strength of the S and O HBs that are disrupted during the 

water internal motion. This barrier difference of 3.4 kJ mol-1 is sufficient to prevent the 
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observation of tunneling splittings for DAE-w in our frequency range given that the 

tunneling components were barely-resolved for DAS-w (Figure 2).  

 

 

Figure 5. Possible transition states for the water internal motion within the DAE-w (left) 

and DAS-w (right) that have a vibrational imaginary frequency consistent with a motion of 

water that leads to the exchange of the water protons. 

 

Conclusions 

The powerful combination of rotational spectroscopy and quantum chemistry 

calculations has provided insights into the impact of a single water molecule on the 

conformational landscape of DAE and DAS at the molecular level. Compared to the ring 

monohydrate analogues like thiophene-water13 and furan-water,35,36 as well as thenyl 

alcohol-water34 and thenyl mercaptan-water,34 where the binding sites are different for 

the O and S congeners, the investigation of the DAE-w and DAS-w conformational 

landscapes shows that the overall topology of the intermolecular interaction with water is 

more similar for the two species. On closer inspection, however, the binding to water 

disrupts the stability ordering of the flexible monomer backbones in both DAE and DAS 
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which speaks to the importance of the intramolecular orbital interactions involving the 

LP(O) and LP(S) in stabilizing the associated monomer systems. Differences in the HB 

acceptor character of O and S also lead to unique features in the spectra of these 

complexes with the weaker binding between water and DAS giving rise to a more dynamic 

complex. In summary, our study demonstrates how the nature of the chalcogen atom in 

large and flexible monomers affects their interactions with binding partner molecules and 

impacts their conformational equilibria. Characterizing these features at the molecular 

level fosters novel insights into solvation processes and internal dynamics of organic 

ethers and sulfides. 
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