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Abstract: The hydrogen bonds involving sulfur in the furfuryl mercaptan monohydrate
are compared with the interactions originated by the hydroxyl group in furfuryl alcohol.
The dimers with water were created in a supersonic jet expansion and characterized using
microwave spectroscopy and supporting molecular orbital calculations. In furfuryl
alcohol — water a single isomer is observed, in which the water molecule forms an
insertion complex with two simultaneous hydrogen bonds to the alcohol (O-H---Ow) and
the ring oxygen (Ow-H---Or). When the alcohol is replaced by a thiol group in furfuryl
mercaptan — water two isomers are observed, with the thiol group preferentially behaving
as proton donor to water. The first isomer is topologically equivalent to the alcohol analog
but the stronger hydrogen bond is now established by water and the ring oxygen, assisted
by athiol S-H---Ow hydrogen bond. In the second isomer the sulfur group accepts a proton
from water, forming a Ow-H-:--S hydrogen bond. Binding energies for the mercaptan —
water dimer are predicted around 12 kJ mol™ weaker than in the alcohol hydrate (B3LYP-
D3(BJ)). The non-covalent interactions in the furfuryl dimers are dominantly electrostatic
according to a SAPT(0) energy decomposition, but with increasing dispersion
components in the mercaptan dimers, larger for the isomer with the weaker Ow-H---S

interaction.
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Introduction

Hydrogen bonds (HBs) to sulfur centers have been conventionally dismissed as
weak interactions of dispersive character, with reduced structural influence compared to
conventional first-row HBs like O-H---O, O-H---N or N-H---0.[*? However, as recently
reviewed by Biswal ] and Wategaonkar,!! sulfur HBs are multifaceted interactions with
several points of interest: 1) Sulfur forms ¢ and = HBs as donor (S-H:--O, S-H---S, S-
H---m, etc) and acceptor (O-H---S, N-H---S, etc), 2) Sulfur HBs can be as strong as
conventional HBs, 3) Sulfur HBs may display considerable electrostatic character and 4)
Sulfur HBs influence structure and function of many proteins and organic crystals.
Additionally, interest has grown in recent years to sulfur and other atoms in groups 14-
16 acting as electrophilic centers in more general three-center chalcogen, pnictogen or
tetrel bonds.”! In consequence, molecular studies are justified to gain information on the
structural, energetic and physical aspects involved in the definition of HBs for low
electronegativity atoms like the heavier chalcogens S and Se. Previous information on
sulfur HBs comes primary from crystal datal®" and theoretical calculations.[®°% Matrix
FT-IR[*! and double-resonance UV-UV and UV-IR laser spectroscopy!*?l have been
applied to selected molecular clusters, providing vibrational evidence of sulfur HBs.
However, vibrational information not always results in unequivocal structural
information. Alternatively, rotational spectroscopy delivers inertial data directly
comparable to theoretical molecular calculations, but its use concerning sulfur HBs is
scarce. To date, a small set of intral*®4 and intermolecular sulfur HB interactions have
been analyzed rotationally, including O-H---S,[*® F-H...S 6] C-H...§ 171 S_H...5 18] 5.
H---N¥T and S-H---,120.21.22] gjther in hydrogen sulfide clusters(*®-??l or sulfur-containing

complexes.[*>171 The generation of intermolecular complexes in supersonic jets may thus
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contribute to enlarge the empirical data on sulfur HBs, offering benchmark comparisons
with the condensed phase and theoretical calculations.

Here we report on the monohydrated dimers of furfuryl mercaptan (FM---H-O)
and furfuryl alcohol (FA---H20), offering competing intra/intermolecular HB
possibilities for the furfuryl, thiol and alcohol groups. The furfuryl compounds display a
simplified (two-rotor) bi-dimensional potential energy surface, providing alternative
O/S/= binding sites and sufficient conformational flexibility to establish different, even
simultaneous, HBs with water. Since both FM and FA themselves can be stabilized by
O/S-H---O or O/S-H---mt intramolecular HBs, the insertion of a water molecule may
disrupt the conformational preferences of the bare molecules, offering a possibility to
investigate the influence of water addition on the conformational balance and
intramolecular hydrogen bonding. The solvation of both furfuryl derivatives will
therefore allow comparing the donor/acceptor strength of water against the OH and SH
groups. The experiment will be assisted by quantum chemical calculations with different
dispersion-corrected density functional theory (DFT) models and the MP2 method,
simultaneously assessing the theoretical calculations. Finally, an energy decomposition
analysist?! will be used to examine the underlying basis of the intermolecular interactions

originated by the thiol and alcohol groups.
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Results
Rotational spectra of FM and FA
As a preliminary step in the analysis of the two hydrates we reinvestigated the rotational
spectra and conformational and energetic properties of both FM and FA in a cooled
supersonic expansion, extending the previous measurements on thermalized static
samples (-15°C and 5°C, respectively) conducted in the K, band (26.5-39.5 GHz). [23.24]
The rotational spectra of the monomers revealed a dominant skew conformation
in which the thiol or alcohol groups are nearly perpendicular to the ring plane and the
terminal hydrogen atom is oriented towards the ring heteroatom, forming a S-H:--O or
O-H---O intramolecular hydrogen bond in FM and FA, respectively (+gauche/-gauche or
GG’ in Figure 1 for dihedrals t1=S/O-C-C-O and t.=H-S/O-C-C, respectively). The
second most stable conformation shares the heavy-atom skeleton, but the terminal
hydrogen atom points to the ring, consistent with a weak S-H---n or O-H---% hydrogen
bond (+gauche/+gauche or GG). Tables S1-S4 of the Supporting Information (SI) show
the predicted atomic coordinates. The energy separation between the two most stable GG’
and GG conformations was previously estimated as 2.3(5) and 1.5(4) kJ mol?,
respectively, for FM[2%l and FA.1?*I These values are comparable to the theoretical MP2
estimations in Tables S5 and S6 (SI), giving relative Gibbs energies of 1.5 and 1.3 kJ
mol, respectively. Noticeably, the GG isomer, previously detected in a static sample for
the two compounds, was observed in the jet for FM but not for FA. This fact is consistent
with a lower interconversion barrier in FA, permitting the conformational relaxation(?°!
to the global minimum GG". Interconversion barriers GG —GG were previously
available only for FAI?8] (B3LYP) and have now been extended to both molecules in
Figure S1 (SI) using MP2. For the most abundant GG~ isomer of FM and FA all *C

isotopologues were detected in natural abundance, together with the **S and one of the
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180 species in FM and FA, respectively. Finally, a new third conformer could be assigned
for FM (trans/-gauche or TG™ in Figure 1). The spectroscopic parameters, effective and
substitution structures and transition frequencies for FM and FA are collected in Tables
S7-S31 (SI).

Rotational spectra of the monohydrates

We generated the neutral monohydrates of furfuryl mercaptan and furfuryl alcohol
coexpanding the ring compounds and water vapor with a pressurized neon carrier gas.
The near-adiabatic expansion into an evacuated chamber created the dimers by many-
body intermolecular collisions in the vicinity of the nozzle, later freezing the clusters in
the transient expansion. The rotational spectrum was analyzed in the region 2-18 GHz,
with support from three DFT/ab initio molecular models. The most stable isomers for
FM---H20 and FA---H>O (and adopted notation) are shown in Figures 2 and 3, with
predicted rotational parameters in Tables 1 and 2 (B3LYP-D3(BJ)/def2-TZVP; see
Tables S32-S33 for alternative B3LYP-D3/6-311++G(d,p) and MP2/6-311++G(d,p)
predictions). For both complexes two types of dimers with water resulted from the
conformational search: 1) insertion complexes, in which the water molecule bridges the
two polar groups of FM or FA, establishing two simultaneous HBs and closing a seven-
membered ring, or, alternatively: 2) addition complexes, in which water is primarily
attached to the thiol/alcohol group but not to the endocyclic oxygen, eventually forming
secondary weak interactions with the furfuryl ring. Intermolecular interactions between
the thiol/alcohol groups and the water molecule may proceed in both cases either through
donor (S-H/O-H---Owater) or acceptor (Owater-H---S/O) HBs. Water may exhibit the well-
known donor/acceptor role, while the furfuryl monomers may favor the most stable GG’
or GG conformations or eventually become distorted by hydration. This sum of factors

made difficult to establish a priori which of the isomers in Figures 2 and 3 could be most
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stable. The theoretical calculations predicted close relative energies between all isomers
(AG < 5-8 kJ mol* in Tables 1-2 for both FM---H,0 and FA.--H;0), but with different
energy orderings depending on the quantum chemical model (compare with Tables S32-
S33, SI).

Since the conformational predictions were model dependent and could not totally
ascertain the identity of the global minima, the initial spectral surveys of the FM and FA
hydrates targeted systematically all the isomers predicted in Tables 1 and 2. In FM---H,O
we observed the spectra from two asymmetric rotors denoted isomers | and 11, comprising
both pe- and pp-type R-branch (J+1«J, J=0-8, pa > up) rotational transitions (Figure S2,
SI). The spectral dataset was fitted to experimental accuracy with a semirigid-rotor
Watson’s Hamiltonian[?1 (S reduction), determining all quartic centrifugal distortion
constants (except d for isomer I). In order to check the assignment, we added isotopically
labeled H,'80 water to the jet. A new spectrum at lower frequencies of the parent species
was consistent with the expected shifts in the moments of inertia, confirming
unequivocally the spectral identification (Figure S3, ESI). Conversely, the spectrum of
FA---H20 (Figure S4, Sl) revealed a single isomer with R-branch transitions (ua> >
le), that was analyzed similarly. The spectral identification was again verified by
detection of the H280 isotopologue (Figure S5, SI). The experimental spectroscopic
parameters for FM---H,O and FA:--H,O are collected in Tables 1-2 and S34-S35 (SI),
while the observed transitions are listed in Tables S36-S41 (SI). The observation of the
H80 isotopic species allowed determining the atomic coordinates of the water oxygen
atom in the monohydrate for the three detected species. The resulting coordinates
obtained from the Kraitchman!?®! equations are presented in Tables S42-S43 (SI).

The conformational assignment relied on a comparison of the experimental

rotational constants and water oxygen coordinates with the theoretical DFT/ab initio
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predictions in Tables 1-2, S32-S33 and S42-S43 (Sl). The assignment of the furfuryl
alcohol monohydrate FA---H>O was relatively straightforward, as the rotational constants
clearly pointed to the identification of the observed cluster as the insertion complex GG’-
Wiaa, predicted as global minimum using B3LYP-D3(BJ). This isomer exhibits a network
of two consecutive O-H---O HBs, in which the hydroxyl group acts as proton donor to
the water oxygen and water similarly behaves as proton donor to the ring oxygen atom.
On the other hand, the conformational assignment of the two observed furfuryl mercaptan
hydrates FM---H20O I/ Il was more difficult, as the theoretical predictions were not totally
consistent and the rotational constants of the three predicted insertion complexes were
relatively close. Finally, inspection of the experimental evidence led to the identification
of isomer | as GG'-Wga and isomer Il as GG-Wgqy. In both complexes water
simultaneously binds to the ring oxygen and to the thiol group, with the thiol group
engaging to water either as proton donor (isomer I) or proton acceptor (isomer II).
Vibrationally-averaged effective structures were calculated for the three observed dimers
by a least-squares fit of the moments of inertia.l?®3% For FA.--H,O we could fit both the
position of the water oxygen and the orientation of the water moiety (using an auxiliary
dummy atom in the C» water axis), satisfactorily reproducing all observed rotational
constants with a five parameters fit, as observed in Table S44. For FM---H,O a reduced
set of three parameters adjusting only the water oxygen position was determinable (Tables
S45-S46). In all cases the rest of the dimer was frozen at the B3LYP-D3(BJ) geometry.
A comparison of the equilibrium, vibrationally-averaged structures and water oxygen
substitution coordinates is shown in Figure 4. The atomic coordinates from the effective

structure can be compared with the DFT predictions in Tables S47-49.
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Discussion

We have examined the non-covalent interactions stabilizing the water adduct of furfuryl
mercaptan and observed the binding consequences of replacing a thiol by an alcohol
group in the furfuryl monomer. Two isomers of monohydrated furfuryl mercaptan (GG’-
Wia and GG-Wqq4) and one isomer of the analog alcohol dimer (GG"-W4a) were detected
in the isolation conditions of a supersonic jet. Several structural and energetic arguments
rationalize these observations. The detection of two different isomers in FM---H2O is
partly due to the different conformational composition of the monomers in the jet. FM
and FA display similar preferences for the thiol or alcohol group, with the exocyclic S/O
heteroatom gauche to the ring (monomer structures in Tables S1-S4, SI) and terminal
hydrogen atoms pointing to the ring heteroatom. The thiol/alcohol internal rotation
barriers are apparently similar (5.8 vs 4.9 kJ mol™, respectively, in Figure S1, SI), but the
slightly larger value in FM effectively prevents conformational relaxation between the
GG and GG’ isomers, since both monomers are detected in the jet. Conversely, the lower
interconversion barrier in FA, closer to the empirical threshold of 2kTnozze,?® actually
depopulates the higher energy isomer GG by relaxation to the global minimum GG”. The
availability in the expansion of two isomers of FM kinetically favors the formation of two
different dimers with water, while in FA only the global minimum appears bound to
water.

The formation of insertion complexes with a network of two simultaneous HBs is
preferred to addition complexes. The strongest HB in the FA monohydrate is formed by
the ring alcohol, acting as proton donor to water (O-H---Ow). Simultaneously water binds
as proton donor to the ring (Ow-H---Or), reminiscent of the conformation of the furan
monohydrate.®Y The stronger character of the alcohol HB is apparent in the geometry of

the complex, with the water oxygen considerably displaced with respect to the furfuryl
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plane and shorter hydrogen bond distances to the alcohol group (r(OH---Ow)=1.956(3) A
vs. r(OwH---0n)=2.16(1) A in Figure 4). The O-H---Oy hydrogen bond distance is close
to that observed in the gas-phase for water adducts with cyclic ethers and alcohols, where
only a main HB is formed (ethylene oxide:*? 1.92(1) A; propylene oxide:% 1.908(7) A;
oxetane:*4 1.86(2) A; tetrahydropyrane: 31 1.91(2) A; 1,4-dioxane: ¥ 1.90(3) A; tert-
butyl alcohol:11.903 A). In the FM hydrate the situation is reversed, as evidenced in the
bonding distances and the oxygen position, now closer to the furfuryl ring. In isomer |
(GG"-Wya) the primary HB is now formed by water acting as proton donor to the ring
(r(OwH---00)=1.99(2) A), while the thiol forms a weaker secondary HB
(r(SH---0w)=2.44(3) A). For comparison, the analysis of the furan monohydrate found
an effectively planar dimer with a slightly shorter hydrogen bond (rowor=2.8561(18) A,
r(OwH---0r)=1.95 A). B4 The thiol group preferentially behaves as proton donor to water,
as observed by comparison of isomers GG-Wga and GG-Wgq. The predicted
complexation energies favor GG -Waa by 1.0 ki mol™? (B3LYP-D3(BJ)) to 2.9 ki mol*
(MP2). When the thiol group behaves as proton acceptor in isomer GG-Wqq the water
molecule is weakly bound to the sulfur atom (r(OwH---S)=2.95(3) A), and the water
oxygen similarly sits closer to the furfuryl plane (r(OwH---0r)=1.95 A), as in the furan
hydrate. In tetrahydrothiophene-water the only OwH---S hydrogen bond was found much
shorter (r(OwH---S)=2.37(4) A).' For comparison, in the prototype hydrogen sulfide
dimer the hydrogen bond distance is r(SH---S)=2.779(4) A.[*®l However, a systematic
structural comparison of gas-phase sulfur HBs is presently not possible considering the
limited experimental data. Our results for furfuryl alcohol qualitatively confirm the
tendency of aromatic alcohols to behave as proton donors to water,[*] as opposed to
aliphatic alcohols,®”-3%1 where the alcohol behaves as proton acceptor. Additional

comparison with the glycidol monohydratet® is worth noting because both an alcohol

10
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and an endocyclic oxygen are available for water binding, making the dimer chemically
similar to FA--- HO. Interestingly, the water insertion in glycidol---H>O produces a
considerable (9 degree) rearrangement of the O-C-C-O side chain (a torsional change of
18 degrees was previously reported for the hydrate of 2-aminoethanol®®Y). In the FA and
FM hydrates the experimental rotational constants were reproduced considering that the
monomer is not modified on complexation. The theoretical predictions suggest changes
in the S/O-C-C-O dihedral on complexation below 2 degrees.

The computational results emphasize the need to properly account for dispersion
contributions for weak non-covalent interactions like the sulfur HBs. The B3LYP
functional with the Grimme-Becke-Johnson empirical correctionst 42431 (D3(BJ))
provided a satisfactory approximation to the experimental rotational constants in terms of
efficiency and cost. As an example, the relative deviations for FM---H>O | and FA:--H;0
amount to 0.2-1.2% and 1.1-2.3%, respectively (for comparison the MP2 relative
differences represent 0.3-3.2% and 0.5-1.2%, respectively). On the other hand, neither
B3LYP-D3(BJ) nor MP2 could correctly identify the global minimum for the mercaptan
hydrate and establish a definitive energy ordering. Despite we did not observe any
internal dynamics associated to the light water molecule that could introduce
interpretational problems, the differences in structural and energetic predictions between
the three computational models highlight the real level of uncertainty in the calculations.
This indicates that as the HB interactions become weaker the selection of a computational
model becomes critical.

We found in Tables 1 and S33-S34 (SI) much larger complexation energies for
the B3LYP models than for MP2 (i.e., -27.5, -23.8 and -17.9 kJ mol?, respectively, for
B3LYP-D3(BJ), B3LYP-D3 and MP2 in the GG"-W4a isomer of FM---H20). Previous

estimations of binding energies involving sulfur HBs depend considerably on the

11
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molecular groups and calculation level. The complexation energies of dimethylsulfide
with methanol or water were estimated at -22.8(°1 and -16.1 kJ mol™,[*% respectively,
using CCSD(T) and G2-MP2. The binding energies in a series of p-cresol dimers and
sulfides are in the range -10.4 to -26.1 kJ mol™.¥l Noticeably, our predictions indicate a
consistent increase in complexation energies of 11.2-12.2 kJ mol* (B3LYP-D3(BJ)) or
8.2-11.1 (MP2) when passing from the furfuryl mercaptan hydrate 1/11 to furfuryl alcohol,
confirming the weaker character of the interactions involving sulfur in the furfuryl
mercaptan adducts. Comparative values have been reviewed, including cases where the
sulfur HB strength presents stabilizations energies comparable to the alcohol group.t
Finally, information on the nature of the non-covalent interactions in the furfuryl
— water dimers was obtained from an energy partition analysis?l based on symmetry-
adapted perturbation theoryl**451 (SAPT), evaluated at the observed geometries. The
energy decomposition in Table 3 shows dominant electrostatic contributions for
FA:--H20, FM:--H2O-1 and FM-H2O-Il, representing 184%, 196% and 171%,
respectively, of the total complexation energy. The dispersion terms are of smaller
magnitude, but considerably larger in the sulfur compound than in the alcohol (56%-59%
vs 42% of the complexation energy, respectively). Differences can also be observed
between the two hydrates of furfuryl mercaptan, with less electrostatic and more
dispersion components in the second isomer, which correlates satisfactorily with the
structural data. For comparison purposes Table 3 offers additional results for the dimers
of water®! and hydrogen sulfide,™® together with two clusters dominated by dispersion
(pyridine-methane*l) or mixed-regime (sevoflurane-benzenel*®) forces. In consequence,
while the interactions in the three clusters can be categorized as dominantly hydrogen
bonding, we appreciate a noticeable decrease in binding energy and larger dispersion

character in the interactions involving sulfur.

12
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In conclusion, the synergy between rotational spectroscopy and quantum
mechanical calculations has revealed the structural and energetic differences between the
thiol and alcohol groups in the furfuryl monohydrates. Rotational data complement the
electronic and vibrational experiments in the gas-phase, providing a test-bed for selection
and adjustment of molecular orbital methods. Additional theoretical and experimental
investigations of other thiol clusters will be necessary to gain a systematic view of the

hydrogen bonding and non-covalent interactions involving sulfur.

13
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Experimental and computational methods

The monohydrated FM and FA dimers were created by a near-adiabatic jet expansion of
the sample vapors and a carrier gas seeded with water. Neon was used as carrier gas, with
backing pressures in the range 1-3 bars (0.8-1.3 mm diameter nozzle). The supersonic jet
was probed using both fast-passage!*®% and cavity®*2 Fourier-transform microwave
(FTMW) spectrometers, covering the frequency regions 2-8 GHz and 8-20 GHz,
respectively. In the fast-passage spectrometer (BrightSpec) a microwave chirped pulse (4
us, 20 W) simultaneously excites the full bandwidth in a single experimental event. In
the cavity spectrometer the jet expands within a tuned multi-pass Fabry-Perot resonator
and is probed at individual frequencies by bandwidth-limited pulses (1 ps, 0.1 W). The
free-induction decay is recorded in the time-domain and Fourier transformed to produce
the frequency spectrum. The collinear arrangement of the jet and the resonator axis in the
cavity spectrometer results in longer decays and associated smaller linewidths (full widths
at half maximum ca. 10 kHz), but restricted to short bandwidths of about 1 MHz.
Conversely, the perpendicularly expanding jet in the chirped-pulse experiment produces
much shorter decays and enlarges the typical linewidths to about 100 kHz. Frequency
oscillators in the two systems are locked to a rubidium standard, providing frequency
accuracies of the rotational transitions below 5 kHz.

The experimental work was supported by a combination of molecular mechanics
and quantum mechanical methods. The conformational space of the two dimers was first
explored with the MMFFs? force field, generating a set of plausible initial structures
within a 25 kJ mol* window. All isomers of FM---H,O and FA---H.O were later
reoptimized using both ab initio (MP2) and DFT (B3LYP). Empirical dispersion terms
using the Grimme correction (D3[*?) or Becke-Johnson (D3(BJ)“2) damping function

were added to the B3LYP functional. Vibrational frequency calculations (harmonic

14
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approximation) and basis-set superposition errors were later calculated for each method.
The computational models used both Ahlrichs’ def2TZVP and Pople’s 6-311++G(d,p)
triple-C basis sets, implemented in Gaussian09.l %1 Zero-order symmetry-adapted
perturbation theory!>*4 (SAPT(0)) and a truncated double-¢ aug-cc-pVDZ (denoted jun-
cc-pVD2Z) basis set was used for energy partition in both complexes, as this calculation
level is reported to provide acceptable error cancellation.[*”] SAPT(0) was implemented

in Psi4.b®]
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Figure 1. Theoretical Gibbs energies (MP2, kJ mol™) for the lowest-lying conformations
of furfuryl mercaptan (FM) and furfuryl alcohol (FA), as collected in Table S1 (ESI).
Molecular conformations are labeled according to the O-C-C-S/O (t1) and C-C-S/O-H

(t2) dihedrals (G= +gauche, G"= -gauche, T=trans).
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Figure 2. Conformational preferences of the furfuryl mercaptan monohydrate
(FM---H20), relative Gibbs energies (kJ mol™*) and hydrogen bond distances (A, B3LYP-
D3(BJ)). Isomers are labeled according to the conformation of the monomer
(GG'/GG/GT) and the donor/acceptor (Wasa) character of water. The red circles indicate
the two isomers observed experimentally. Energy values (in red and green) denote the

B3LYP-D3(BJ) and MP2 predictions, respectively.
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Figure 3. Conformational preferences of the furfuryl alcohol monohydrate (FA:--H-0),
relative Gibbs energies (kJ mol) and hydrogen bond distances (A, B3LYP-D3(BJ)).
Isomers are labeled according to the conformation of the monomer (GG'/GG/GT) and
the donor/acceptor (W) character of water. The red circle indicates the only isomer
observed experimentally. Energy values (in red and green) denote the B3LYP-D3(BJ)

and MP2 predictions, respectively.
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Figure 4. Hydrogen bonding in the monohydrates of furan (top), furfuryl mercaptan and
furfuryl alcohol (bottom), comparing the vibrationally-averaged effective structures
(solid water molecules), the theoretical predictions (transparent water molecules), and the
substitution coordinates of the water oxygen (blue spheres). For the furan hydrate the only
structure corresponds to the theoretical calculations (all predictions B3LYP-D3(BJ)/def2-
TZVP). The hydrogen bond distances represent both the effective (blue digits) and

theoretical equilibrium values (red digits).
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Table 1. Rotational parameters of the dimer furfuryl mercaptan — water.

Experiment Theorytl

Isomer | Isomer 11 GG-Wy GG-Wy GG-Wa GG-Wy GG -Wga GT-Wag
A/ MHz® 2164.0642(22)1  2183.8117(29) 2289.26 2279.40 2214.48 2289.88 2168.91 2307.36
B/ MHz 1160.11174(62) 1142.99515(73) 1187.61 1119.12 1171.58 1140.09 1173.86 1139.52
C/MHz 828.46438(29) 830.52727(40) 957.38 826.22 936.03 835.82 823.46 840.96
D,/ kHz 0.1795(44) 0.2285(46) 0.201 0.260 0.390 0.159 0.206 0.179
Dik / kHz 0.409(44) 0.554(49) 1.784 0.940 6.328 0.618 0.929 0.783
Dk / kHz 2.03(18) 5.05(25) 0.883 1.969 -1.058 2.350 3.080 1.625
d: / kHz -0.0236(27) -0.0599(31) -0.022 -0.072 0.054 -0.038 -0.070 -0.054
d2>/ kHz [0.]® -0.0184(18) 0.017 -0.020 0.028 -0.012 -0.015 -0.018
lual I D +++ +++ -1.3 0.0 -2.6 3.1 2.8 2.2
luo| / D + + -3.3 0.3 -0.8 -2.6 0.4 -2.2
luc| / D 0.4 -0.4 0.1 0.5 -0.5 0.6
NE! 29 30
ol kHz 9.2 8.3
AE/kJ mol© 0.0 2.5 3.9 2.9 3.6 5.0
AG / k] mol* 0.0 1.2 15 1.9 2.0 5.0
Ec / ki mol? -23.5 -24.2 -21.5 -22.8 -23.8 -24.7

l{IRotational constants (A, B, C), Watson’s S-reduction centrifugal distortion constants (D, Dik, Dk, d1, d2) and electric dipole moments (ua,
a = a, b, ¢). PINumber of transitions (N) and rms deviation (o) of the fit. [IRelative energies corrected with the zero-point energy (ZPE),
Gibbs energy (AG, 298K, 1 atm) and complexation energy (including BSSE corrections) relative to the monomers in the geometry of the
dimer. IStandard errors in units of the last digit. *IValues in square brackets were fixed to zero. 1B3LYP-D3(BJ) / def2-TZVP.
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Table 2. Rotational parameters of the dimer furfuryl alcohol — water.

Experiment Theory

FA --- Hy'®O GG -Wga GG-W, GG-Wy GG -Wyg GG-Wyg GT-Wgg
A/ MHzH 3053.15493(75) 3019.26 2688.69 3218.56 2545.14 3150.80 3117.54
B/ MHz 1444.99486(39) 1478.45 1539.60 1300.37 1581.06 1376.40 1400.42
C/MHz 1036.46161(16) 1055.00 123259 998.93 1255.77 1016.39 1026.29
D,/ kHz 0.3881(43) 0.42 0.92 0.78 2.05 0.55 0.62
Dk / kHz -0.289(28) -0.48 4.47 -2.89 12.29 -1.76 -2.06
Dk / kHz 5.59(14) 6.51 -2.58 10.94 -11.75 8.25 10.74
di/ kHz -0.1252(28) -0.12 0.01 -0.22 -0.31 -0.19 -0.22
d> / kHz -0.02017(69) -0.03 -0.02 -0.02 0.06 -0.02 -0.02
|tal / D ++ + 2.22 -2.65 -0.59 -2.40 4.45 2.52
|| / D ++ 1.94 -1.88 1.16 2.74 -2.21 2.38
ltc| / D + -0.27 -0.09 -0.34 -0.28 -0.63 0.99
N 50
ol kHz 5.4
AE / kJ mol? 0.0 1.4 4.5 5.5 5.7 10.3
AG / kJ mol? 0.0 0.9 1.8 2.6 4.8 8.4
Ec / kJ mol? -35.0 -32.1 -29.9 -25.0 -26.2 -26.7
lalParameter definition as in Table 1.
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Table 3. Binding energy decomposition for the monohydrates of furfuryl alcohol and
furfuryl mercaptan (SAPT(0)/jun-cc-pVDZ, kJ mol™?), and comparison with dimers

dominated by electrostatic (water dimer), dispersion (pyridine-methane) or mixed

OCoO~NOUAWNE

(sevoflurane-benzene) intermolecular interactions.

AEEIectrostatic AEInduction AEDispersion AEExchange AETotaI
FM---H,0 — GG™-WgA -41.8 -12.4 -12.9 45.8 -21.3
FM---H,0 — GG-Wygd -35.3 -7.0 -11.8 33.5 -20.6
FA---H,0 — GG"-Wg,™ -61.3 -17.7 -14.6 60.1 -33.4
(H2S), ™ -12.9 -4.4 -5.2 18.0 -4.5
(H20). -37.0 -9.0 5.3 29.4  -21.8
Pyridine-methanel™ -17.9 -4.1 -42.0 46.1  -17.8
Sevoflurane-benzene!® -36.9 -10.5 -37.0 59.4 -25.0
[@This work. PIRef. 18. FIRef. 46. [IRef. 47. FIRef. 48.
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