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The microsolvation of verbenone (CioH140)-(H20), (n = 1, 2, 3) was experimentally investigated in a
supersonic expansion using a cavity-based Fourier transform microwave spectrometer, in the 2.8-14
GHz frequency range. Thanks to computationally optimized structures at the B3LYP-D3BJ/def2-TZVP
and MP2/6-311++G(d,p) levels using the Gaussian 16 software, the spectra of two mono- and two
dihydrates, and that of the lowest energy conformer among the four expected trihydrates, could be
assigned. A similar study replacing normal water with 180 labeled water allowed the identification of the
spectra of all possible isotopomers, leading to the calculation of the substitution coordinates of water
oxygen atoms, and of the effective structure of the water molecule arrangements around verbenone.
The computed rotational constants and structural parameters were found to be quite close to the
experimental ones both at the DFT and ab initio levels. A comparison between the structures of the
hydrates of camphor previously studied by Pérez et al. [J. Phys. Chem. Lett, 2016, 7, 154-160] and of
those of verbenone shows that the chain of water molecules adapt their structure according to the geo-
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metry of the host molecule. The general trend is that bond angles in the water chain are much wider in

rsc.li/pccp verbenone than in camphor.

1 Introduction

Volatile organic compounds (VOCs) are ubiquitous in the atmo-
sphere where they are released by trees and plants.! Isoprene
and the monoterpenes, pinenes, limonene, camphene and
some of their oxygenated derivatives are the main emitted
molecules. It is well established through studies in atmospheric
simulation chambers or from atmospheric sampling that the
oxidation of the hydrocarbons emitted by plants leads to semi-
volatile organic compounds which partition into the condensed
phase to form secondary organic aerosols.>* Chemical reaction
mechanisms are often inferred from the identification and
quantification of end products.*® However, what happens at a
molecular level is far from understood, in particular, the role
water might play in the nucleation and oxidation processes is
unclear.®® It could be quite important to know how water might
interact with the products of oxidation, especially with mono-
terpenoids (bicyclic alhedydes and ketones comprising 10 atoms
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of carbon). Supersonic jet coupled to Fourier-transform micro-
wave spectroscopy combined with quantum chemical calculations
is a powerful technique to study the microsolvation of such
molecules. The rotational spectra of monohydrates were investi-
gated most of the time. For instance, Melandri et al.® studied the
first hydrate involving a ketone, the cyclobutanone-water complex.
In 2016, Pérez et al.'® observed the first trihydrate of camphor,
which is the first example of such a ketone surrounded by a chain
of three molecules of water. The carbonyl group of ketones is the
preferred site of hydration due to the available lone pairs of the
oxygen atom. The chemical environment around this anchor site
governs the possibility of forming the hydrates since the cohesion
of the structures is also due to van der Waals interactions (or even
secondary hydrogen bonds) between the oxygen atoms of the water
molecules and the closest hydrogen atoms of the host molecule. It
could be interesting to characterize hydrates with several mono-
terpenoids in order to compare their structural features and to
show how the layout of the water molecules adapts to the geometry
of the host molecule. We chose to study the hydrates of verbenone,
which is a ketone whose rotational spectrum was recently inves-
tigated by Mashall et al.™

Verbenone (C;0H1,0 - 4,6,6-trimethylbicyclo[3.1.1]hept-3-
en-2-one) is represented in Fig. 1, where the numbering scheme
of its atoms is shown. It is a bicyclic ketone with an endocyclic
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Fig. 1 Labels of the atoms of verbenone. Carbon atoms are numbered
according to the official nomenclature and the hydrogen atoms involved in
the formation of the hydrates with letters. The oxygen atom is numbered O.

carbon-carbon double bond (C;=—C,) conjugated with the
carbonyl bond, which implies that the atoms C; to Cs, O and
Cyp lie almost in the same plane (dihedral angles of x4°). The
use of verbenone in chemistry takes advantage of its chirality."
Verbenone produced by insects, for instance bark beetles,'® is a
pheromone which can be used as semiochemicals instead of
using pesticides. Verbenone was detected in samples collected
in Finnish pine forests along with pinonaldehyde.* Their
presence could be due to the photo-oxidation of a-pinene.

In this study, we present the results obtained on the
hydrates of verbenone. We first present the outputs of quantum
chemical calculations which prompted us to search for the
experimental evidence of possible conformers. We then report
on the analysis of the spectra of the hydrates and of their **0
substituted isotopic species. Derivations of experimental structures
were carried out and the results are compared with those obtained
in the case of camphor.

2 Methods

2.1 Computational

Quantum chemical calculations were performed using Gaus-
sian 16 Revision B.01 software’® implemented in the computa-
tional facilities of our laboratory. The guessed structures of the
hydrates were optimized using the Ahlrichs’s def2-TZVP'® basis
sets at the density functional theory (DFT) B3LYP'” level with
inclusion of the D3 Grimme’s dispersion scheme'® >’ with
the Becke-Johnson’s damping function®'>*(GD3BJ). Ab initio
calculations were done using the Pople’s 6-311++G(d,p) basis
set?®® with diffuse and polarization functions at the second order
Moller-Plesset theory (MP2)* level of the theory. Optimizations
were conducted in the frozen-core approximation using tight
convergence criteria. Harmonic frequency calculations were
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done to ensure that the structures corresponded to minima
on the potential energy surface, to get the zero-point-energy
(ZPE) corrected electronic energies and to evaluate the centri-
fugal distortion constants. Counterpoise corrections (basis sets
superposition errors, BSSE) to the energy were calculated at the
optimized geometries using the Boys-Bernardi*® function in order
to obtain the interaction energy between water and verbenone.
The electrostatics, exchange, dispersion and induction terms
contributing to this energy were calculated at the zeroth and
second orders of symmetry adapted perturbation theory levels of
the theory (SAPTO and SAPT2)*'"** using the truncated Dunning’s
basis set jun-cc-PVDZ basis set as implemented in the Psi4
program package.®® In order to highlight the weak interactions
which take place between water and verbenone, non-covalent
interaction (NCI)** analysis was performed using the Multiwfn
program® with input files generated with Gaussian at the
MP2/6-311++G(d,p) level. Plots were made using the VMD
visualization program.®®

2.2 Experimental

The spectroscopic part of the work was performed using a
cavity-based Fourier transform spectrometer already described
in previous papers®’*® working in the 2-20 GHz range. A small
quantity (0.1 mL) of verbenone (Sigma-Aldrich, (15)-(—)-
verbenone, 94%) used without further purification was placed
in the reservoir of an injector.’® It was heated up to 363 K
(90 °C) in order to increase its vapour pressure to around 900 Pa
calculated using the thermodynamic data of Stejfa et al.,*°
assuming that they can be extrapolated to this temperature.
We noticed that it was not possible to heat it at a higher
temperature without degrading it. Droplets (x~0.1 mL) of
normal water or '®0O-labeled water (Sigma-Aldrich, 97% atom
'80) were introduced in a Teflon tube of 6 mm diameter and
10 cm in length connected upstream of the reservoir. The tubes
and the reservoir were maintained under a pressure of 4 bars
of neon, which was used as the carrier gas. A short opening
(800 ps) of an orifice (Iota One, General Valve) at a repetition
rate of 1 Hz enabled the gas mixture to expand into the cavity
maintained under vacuum to create a supersonic jet where the
rotational temperature of the molecular species was expected to
be of a few Kelvins. The hydrates potentially formed in the
Fanno channel and frozen in the jet were polarized by a 2 ps
microwave pulse, the power of which was adjusted to get the
maximum polarization (known as the m/2 condition). After a
delay ranging from 10 ps to 100 ps according to the working
frequency and the response of the cavity, the free induction
decay was recorded using heterodyne detection to lower its
frequency down to around 30 MHz. This signal was digitized by
an acquisition device operating at a sampling frequency of
120 MHz. The frequency grid and hence the accuracy of the
measurements were determined by the number of collected
samples. When set at 65 536 or 131 072, the line positions were
expected to be measured within +2 kHz or +1 kHz respectively.
The coaxial arrangement of the two mirrors and of the jet splits
each line into two Doppler components, the average of which
was taken as the frequency of the transition.
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3 Results

3.1 Optimized geometries

In this part, we present descriptions of the optimized structures
of the hydrates. The oxygen atom of verbenone was given the
number 0 as the starting point of the formation of the hydrates,
and those of the water molecules were numbered from 1 to 3
depending on the hydrate we are dealing with. The hydrogen
atoms of the water molecules were given numbers, while those
of verbenone which play a role in the stabilization of the
hydrates were labeled using small letters (Ha, Hb, etc., see
Fig. 1). The hydrates were named nw, where n stands for the
number of water molecules, associated with a Roman numeral
which designates the conformers by order of energy, starting at
I for the lowest energy one.

The formation of a monohydrate is based on the establishment
of a hydrogen bond between a molecule of water, which is the
hydrogen donor and the oxygen atom of verbenone. We were able
to optimize the structures of two monohydrates where water is
attached on one side or the other of the -C—O0 bond. Towards the
C,; carbon, the positioning of water is governed by interactions
with the water oxygen atom O; and the hydrogen atoms of
verbenone Ha and Hb (see Fig. 2a and Fig. S2, ESI). In conformer
1w-II (see Fig. 2b and Fig. S2, ESI{), the water molecule points
towards the carbon C; where only the methine hydrogen atom
labeled Hj is available for a secondary interaction.

Although this point is not clearly established, the formation
of dihydrates is likely based on the interaction of verbenone
with the water dimer, rather than a sequential addition of water
to verbenone (i.e., a subsequent addition of a molecule of water
to the monohydrates), as already suggested by Domingos
et al.** One of the water molecules of the dimer is hydrogen
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bonded to verbenone and the second one imposes its positioning
through its interactions with the hydrogen atoms of verbenone.
In the conformer 2w-I shown in Fig. 3a, the water dimer is
directed to the carbon Cg which bears the two methyl groups.
The water dimer is firmly anchored to verbenone by a short
hydrogen bond and by two secondary interactions between O,
and one hydrogen atom of each methyl group. Towards the C—C
carbon-carbon double bond, two very close structures of the
dihydrate 2w-II differing by the orientation of the two water
molecules could be optimized, referred to as 2w-II(a) as shown
in Fig. 3b and 2w-1I(b) which is represented in Fig. S4 (ESIt). In
these two structures, the atoms C,, O,, O; and O, are almost
coplanar.

For the trihydrate, the last molecule of the water chain can
interact with verbenone far beyond the -C—O bond and the
chain can distort to adapt itself to the geometry of verbenone. We
were able to optimize the structure of four different conformers
which are shown in Fig. S5 (ESIT). In conformers 3w-I and 3w-1V,
the chain of water molecules is directed on the opposite side of
the C=C double bond, respectively below and above the plane
defined by the -C—=0 and -C—C- bonds. In conformers 3w-II
and 3w-III, the chain is directed towards the C—C double bond.

3.2 Rotational spectra

The rotational spectra of the hydrates were investigated one by
one, starting by the monohydrates. All the species should
exhibit rather intense a-type spectra since their component of
the dipole moment along the a axis lies in the range from 1.66
to 3.55 D. A scan showing signals related to each hydrate is
presented in Fig. 4, where the intensity axis is in an arbitrary
logarithmic scale. The scan shows that all the hydrates exhibit

113.04/112.88
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(b) 1w-II

Fig. 2 The rp structure of the monohydrates of verbenone 1w-| and 1w-Il. ro values are written below those of the MP2 and DFT calculations in this
order. The values in red are relative to the C,, Og, Oy, O, and Oz atoms. The values in blue are relative to the C,, Og and H; atoms. The shortest distances
between the oxygen atoms of water and hydrogen atoms of verbenone are indicated in purple. Lengths are expressed in A and angles in °.
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(a) 2w-I
Fig. 3 The ro structure of the dihydrates of verbenone 2w-I and 2w-Il. ro and the ry(0,0,) values are written below those of the MP2 and DFT
calculations in this order. The values in red are relative to the C,, Og, Oy, O, and Oz atoms. The shortest distances between the oxygen atoms of water
and hydrogen atoms of verbenone are indicated in purple. Lengths are expressed in A and angles in °.
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Fig. 4 A discrete scan (with a step of 250 kHz) between 6125 and 6350 MHz showing signals (each peak represents the maximum intensity in each
portion of the spectra) corresponding to all the hydrates formed with normal water. Repetition rate of the nozzle: 1 Hz, number of averaged FIDs per step:
30, pulse condition set for a dipole moment of ~2.5 D. As an example, the high resolution recording (resolution of 1 kHz, 250 acquisitions) of the
514 < 443 line of the hydrate 1w-Il showing the Doppler doubling (36.6 kHz in this case) is displayed in the panel.

lines, which clearly emerge from the noise and only a few lines
remained unassigned. The starting point of the identification
of each spectrum consisted in searching the Jo; < (J — 1)o7—1)
and Ji; < (J — 1)1g_1) “Ro,1 lines which are intense and in this
case are separated by few MHz (for instance ~13, 29 and
21 MHz for 1w-I, 2w-I and 3w-I respectively, and J = 7,
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see Tables S4, S14 and S32 of the ESIt). These lines could be
found within 200 MHz from the predictions made using the
ab initio rotational constants. We were able to measure from
49 to 74 lines according to the hydrate, of both a and b types, in
the 2.8-14 GHz range. They are listed in Tables S4, S9, S14, S24
and S32 of the ESI.T Splittings due to a tunneling motion of the
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hydrogen atoms of water were reported in some cases,*” but it
was not the case in any of the water complexes of verbenone. It
could be an indication that water molecules are firmly
anchored to verbenone.

The spectra of the hydrates where H,'°0O was partially and
totally substituted by H,"'®0 were also analyzed. The number of
isotopic species to be studied is one for each monohydrate,
three for each dihydrate and seven for the trihydrate. Lines of the
isotopic species were generally found within +2 MHz around the
predictions of their frequencies calculated using constants scaled
by Kisiel's COR program*® (excepted for triple substitution, not
included in the program). Once labeled water was introduced in
the system, the lines of the totally substituted species could be
easily measured. For the dihydrate, and even more for the

Paper

trihydrate, the lines of the partially substituted species were
found to be weak or even very weak, as the proportion of normal
and labeled water was difficult to adjust.

All spectra could be fit to the Hamiltonian set up by
Watson”* in the A reduction, representation I" as implemented
in the CALPGM program suite (SPFIT, SPCAT) developed by
Pickett.*> The experimental constants are respectively listed in
Tables 1-3 for the mono-, di- and trihydrates respectively, with
the computed equilibrium rotational constants from the
ab initio and DFT calculations and their deviations from the
experimental ones. At the MP2 level, the deviations do not
exceed 2%, except in the case of the monohydrate 1w-I where
they reach almost 3%. Deviations from the DFT values are
slightly higher. The inclusion of quartic centrifugal distortion

Table1l Experimental rotational and quartic centrifugal constants of the two monohydrates of verbenone in the ground state, along with the equilibrium
computational rotational constants and components of the dipole moment

1w-1 1w-II

Exp.” Mp25¢ DFT*? Exp.* Mp25¢ DFT?
A/MHz 1219.96064(36) 1223.84 (0.32) 1225.37 (0.44) 1253.75046(10) 1250.21 (—0.28) 1260.99 (0.58)
B/MHz 763.38424(10) 785.38 (2.88) 781.56 (2.38) 666.514908(72) 675.90 (1.41) 676.48 (1.50)
C/MHz 608.198816(63) 626.32 (2.98) 620.78 (2.07) 554.132012(38) 560.85 (1.21) 561.99 (1.42)
A;/kHz 0.26209(55) 0.095 0.147 0.09194(40) 0.092 0.084
Aj/kHz 0.0286(26) 0.024 0.064 0.0880(26) —0.006 0.033
Ax/kHz —0.1345(48) 0.066 —0.052 — 0.209 0.119
d,/kHz 0.02454(20) 0.009 0.018 0.00750(21) 0.006 0.007
dx/kHz 0.1004(29) 0.049 0.071 —0.0693(48) —0.075 —0.062
ot/ kHzZ 1.39 — — 0.82 — —
Nlines 67 - - 68 - -
K° —0.493 —0.468 (5.07) —0.468 (5.07) —0.679 —0.667 (1.77) —0.672 (0.70)
|1a| /D — 2.78 3.51 — 3.55 4.04
| |/D — 1.14 1.19 — 1.19 1.48
|| /D — 0.07 0.26 — 0.82 0.93
AE/K] mol Y/ — 0.00 0.00 — 2.02 0.64
AE/K] mol ¢ — 0.00 — — —0.30 —

“ The errors in parenthesis are the standard error (confidence level 67%) in units of the last significant digits. * MP2/6-311++G(d,p). ¢ B3LYP-D3BJ/
def2-TZVP. ¢ Deviation (%) calculated as (calc. — exp.)/exp. © k = (2B — A — C)/(A — C).” Difference in energy, including ZPE correction, with respect
to the conformer 1w-I. ¢ Difference in energy, including BSSE correction, with respect to the conformer 1w-I.

Table 2 Experimental rotational and quartic centrifugal constants of the two dihydrates of verbenone in the ground state, along with the equilibrium
computational rotational constants and components of the dipole moment

2w-1 2w-11(a)

Exp.? mP2° DFT® Exp.” mP2° DFT*
A/MHz 1043.33007(54) 1046.00 (0.26) 1051.10 (0.74) 1063.5954(14) 1070.50 (0.65) 1071.82 (0.77)
B/MHz 546.942431(65) 550.52 (0.65) 560.08 (2.40) 473.579785(93) 471.32 (—0.48) 481.30 (1.63)
C/MHz 437.078352(28) 440.48 (0.78) 447.63 (2.41) 395.166703(58) 391.87 (—0.83) 401.60 (1.63)
A;/kHz 0.04043(33) 0.033 0.031 0.08289(31) 0.046 0.060
Ajx/kHz 0.2593(22) 0.223 0.197 0.1051(26) 0.193 0.072
Ax/kHz —0.202(22) —0.171 —0.151 — —0.096 0.058
0,/kHz 0.00525(16) 0.005 0.005 0.00550(22) 0.004 0.004
Ox/kHz 0.1095(32) 0.099 0.096 0.1095(32) 0.010 —0.017
ofi/kKHz 0.62 — — 0.81 — —
Nlines 74 - - 49 - -
K* —0.637 —0.637 (0.00) —0.627 (1.57) —0.765 —0.765 (0.00) —0.762 (0.39)
|ta|/D — 2.56 3.21 — 3.18 3.77
|| /D — 0.65 0.90 — 0.78 1.12
|ue| /D — 0.93 0.91 — 0.07 0.07
AE/K] mol~*? — 0.00 0.00 — 4.30 3.06
AE/K] mol~'? — 0.00 — — 1.32 —

“ See Table 1. ” See Table 1, with respect to the lowest energy conformer 2w-1.
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Table 3 Experimental rotational and quartic centrifugal constants of the
trihydrate of verbenone 3w-I in the ground state, along with the equili-
brium computational rotational constants and components of the dipole
moment

Exp.? MP2° DFT?
A/MHz 786.57406(35) 789.22 (0.34) 786.83 (0.03)
B/MHz 422.802573(55) 428.49 (1.35) 432.56 (2.31)
C/MHz 342.662068(35) 345.81 (0.92) 347.74 (1.48)
A;/kHz 0.04753(15) 0.035 0.033
Aj/kHz 0.1414(15) 0.121 0.100
Ax/kHz — 0.006 0.057
0;/kHz 0.004 51(12) 0.003 0.005
Ox/kHz — —0.009 —0.005
Gﬁt/kHZ 0.67 - -
Niines 66 - -
K* —0.639 —0.627 (1.88) —0.614 (3.91)
| 4al/D — 1.66 2.31
|| /D — 0.32 0.55
| e|/D — 0.05 0.25

% See Table 1.

constants was found to be necessary in order to adequately fit
the spectra. A comparison shows that the calculated constants
in the harmonic approximation can not be trusted, although
they are in some cases in very good agreement with the
experimental ones like for the dihydrate 2w-I (Table 2). We then
preferred not to fix the constants at their calculated values when
they could not be determined by the fit. In the fits of the spectra
of the '®0 labeled species, the distortion constants were given
the values of the parent species (or of the totally substituted
species in the case of the disubstituted species of the trihydrate
3w-I). The experimental constants of the %0 labeled species are
given in Tables S1, S6, S11, S19 and S29 of the ESL.¥

4 Structures

First of all, due to the large differences between the sets of
rotational constants, each observed species present in the jet
could be ascribed to a unique optimized structure, except in the
case of the dihydrate 2w-1I where two very close structures could
be optimized. The analysis of the spectra of the isotopic species
allowed us to determine the experimental structures. Partial
and total substitutions of H,'°O by H,'®0 yielded 3 additional
constants for the monohydrate, 9 for the dihydrate and 21 for the
trihydrate. The coordinates of each substituted atom of oxygen
(except Oy) in the principal axes frame could be calculated using
the Kraitchman’s equations*® as implemented in the KRA program
written by Kisiel.**” The program is fed only with experimental
data (molecular mass, difference of mass upon substitution,
rotational constants of the parent species and of each mono-
substituted species). The error on a coordinate z is the sum of
the error calculated in the KRA program propagating the errors on
the rotational constants and of the error suggested by Costain:*®
8z = 0.0015 A%/|z|. The method yields the absolute values of the
coordinates. Their signs were inferred by comparison with those
given by the quantum chemical structure optimizations.
Structures in the ground vibrational state (r, or effective
structure) could also be derived by fitting internal coordinates
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(bond lengths, bond angles and dihedral angles) to all the
available rotational constants of each hydrate using the Kisiel’s
STRFIT program.*>*” Additional data were necessary since the
number of structural parameters to be fitted was much higher
than the number of rotational constants. We first assumed that
the structure of verbenone was not modified upon complexa-
tion with water. Its geometry was then fixed to its r, structure
we have recalculated using the rotational constants of verbe-
none and of its isotopic species obtained by Marshall et al.,"*
but with additional information (all those implying the hydro-
gen atoms) from a MP2/6-311++G(d,p) structure optimization.
The effective geometry of the water molecules (r,(O-H) = 0.965 A
and / o(H-O-H = 104.8°)) was also fixed to that reported in
ref. 49. In order to still reduce the number of structural para-
meters to be adjusted, all the other parameters involving the
hydrogen atoms of the water molecules were taken from
ab initio calculations in better agreement with the determined
rs structural parameters than those obtained at the DFT level.
The fitted structural parameters were essentially those involving
the water oxygen atoms. The position of O; was defined relative
to the three atoms O,, C, and Cs, and the position of O, relative
to O4, Oy and C, and that of O; to the three previous oxygen
atoms. We discuss now the structures we have determined,
comparing them to those optimized by quantum chemistry and
those of the hydrates of camphor.

Monohydrates

The effective structural and computationally optimized para-
meters we have obtained for each monohydrate are displayed in
Fig. 2 for an easy comparison. The substitution coordinates of
1w-I and 1w-II (see Tables S2 and S7, ESIf) are in good
agreement with the computational ones, the largest absolute
deviations being 0.134 A. Semi-experimental effective structures
could be obtained, setting free four structural parameters,
among them the bond angle / (H;0,0,), necessary to improve
the standard deviations of the fits by one order of magnitude.
The standard deviations of the fits of 0.015 pA® and 0.036 pA?
for hydrates 1w-I and 1w-II respectively indicate a high-quality
convergence. For conformer 1w-II, the r, values of the fitted
parameters (see Table S8, ESIT) are consistent with the quantum
chemical ones, which is not absolutely the case for 1w-1. Two fits
were performed for 1w-I using as input geometry in STRFIT the
DFT or the MP2 optimized position of the water molecule. The
four fitted structural parameters are given in Table S3 (ESIT).
The bond length r,(0,0,) is rather high (3.015 A) compared to
those established in the monohydrates of camphor'® (2.857 and
2.897 A) or in the conformer 1w-II of verbenone (2.868 A). The
bond angle / (0;0,0,) and the dihedral angle t(0,0,C,C,) are
compatible with the computed values. The value of the bond
angle / (H;0,0,) is sensitive to the input value of the dihedral
angle 7(H,0;H,0,) (from the MP2 or DFT calculations), converging
to 29.5° or 34.0°, quite different from the calculated values of 11.4°
(DFT) or 13.8° (MP2). In this case, it seems that quantum chemistry
failed to correctly predict the geometry, which is corroborated
by the deviations on rotational constants (see Section 3.2) and
by the experimental Ray’s asymmetry parameter x of —0.493,
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quite different from the calculated one of —0.468. Such devia-
tions were also observed in the very recent study of the hydrates
of acrolein.>®

In both the conformers 1w-I and 1w-II, the second inertial
moments®' P, and P. of the parent and isotopic species are
nearly equal (see Tables S1 and S6, ESIT). This means that the
atom O, almost lies in the plane defined by axes b and c. This is
corroborated by the small values of their coordinates along these
two axes. In addition to 1w-II, the dihedral angle 1(0;0,C,Cy) of
2.578° shows that the water oxygen atom is on the plane defined
by the two conjugated bonds, C,—0O, and C;—C,.

Dihydrates

The experimental and computational constants and parameters
of the highest energy conformer 2w-I are listed in Table 2, and
those of its isotopic species with the calculated second moments
of inertia in Table S11 (ESIt). The substitution coordinates of the
atoms O; and O, along with those given by the optimizations are
given in Table S12 (ESIt). They are in very good agreement, except
for the value of the coordinate of O, along the ¢ axis, but as it is
small, it should be considered with caution. To determine the
effective structure, five structural parameters listed in Table S13
(ESIt) were fitted to the twelve moments of inertia. The 74(0;0,)
bond length (2.842 A) is in very close agreement with its r, value
(2.848 A). The bond angles / (0,0,C,) and / (0,0,0,), and the
dihedral angle 7(0,0,0,C,) were well predicted by computational
chemistry with deviations which do not exceed 1°. The structure
of the dihydrate 2w-I is likely to be reliable.

Two close structures of the highest energy conformer 2w-II
were optimized (see Section 3.1). The difference of electronic
energy between the two structures, including ZPE correction is
0.2 k] mol™' at the MP2/6-311++G(d,p) level, which is not
significant. If each conformer had given rise to its own spectrum,
lines of about the same intensity separated by a few MHz should
have been observed, which is not the case. Deviations between
calculated (MP2/6-311++G(d,p)) and experimental rotational
constants were found to be a bit smaller in the case of
conformer 2w-II(a) (—0.8 to +0.7%), compared to the case of
conformer 2w-I1(b) (+1.1 to +1.4%). This comparison carried out
between equilibrium and effective constants is not conclusive
since they are nevertheless of the same order of magnitude.
Comparison with the coordinates taken from the MP2/6-
311++G(d,p) optimizations (see Tables S20 and S22, ESIt) shows
that they match structure 2w-II(a) slightly better, but it is still
hard to conclude that it is this conformer that was observed in
the jet. Effective structures were also calculated. Two fits were
performed. Using the geometry of conformer 2w-II(b) as the
starting point, we found that it was necessary to set free the
dihedral angle t(H,0,H30;), which converged to a value far
from those predicted by quantum chemical calculations (see
Table S23, ESIT). When the geometry of the dihydrate 2w-II(a)
was used, the five parameters defining the position of the two
water oxygen atoms could be adjusted. They converged to values
compatible with those calculated. Although the arguments are
tenuous, they all indicate that the conformer 2w-II(a) is likely to
be observed in the jet. The use of deuterated water could have
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been useful as a definitive proof. It is known that substitution of
a hydrogen atom with a deuterium deeply affects the molecular
structure, especially when they are involved in a hydrogen bond.
In their study on the cyclobutanone-water complex, Melandri
et al.’ showed that the use of deuterated water led to data that
was hard to use. We therefore did not try to perform experi-
ments with deuterium.

Trihydrate 3w-I

The rotational constants of the trihydrate monosubstituted in
each position were used to calculate the substitution coordinates
of the three water oxygen atoms presented in Table S30 (ESIt).
There is a very good agreement between the experimental and
computational coordinates, except when they have small values,
which mainly occur along the ¢ principal axis. In this case, the
reliability of the rg coordinates may be questioned. The positions
of the three atoms of oxygen are then likely to be reliable. Never-
theless, the deviation between the experimental and calculated Ray’s
asymmetry parameter of the trihydrate 3w-1 is rather high, 1.9% and
3.9%, considering the MP2 and DFT values respectively (Table 3).
This may be due to inexact positions of the hydrogen atoms of
water. It was not possible to set free some structural parameters
involving these atoms in the fit of a semi-experimental effective
structure. The three bond lengths {0y-0;), {0;-0,), {0,-03) and
the dihedral angles 7(0,0,0,C,) and 1(03;0,0,0,) were fitted. Their
output values are listed in Table S31 (ESI{) and the structural data of
the trihydrate 3w-I are graphically summarized in Fig. 5. The bond
lengths 7{0;-0,) and r(0,-O3) can be compared with those
calculated using the ry coordinates. They are in agreement
within their uncertainties. The two adjusted dihedral angles
take values close to the ab initio ones.

113.10/119.39
o= 113.10(22)

'3 = 122.35/113.37
$119.30(18)/122.35(29)

Fig. 5 The rq structure of the trinydrate of verbenone 3w-I. rg values, the
r<(010;) and rs(O,05) values are written below those of the MP2 and DFT
calculations in this order. The values in red are relative to the C,, Og, O4, O,
and Oz atoms. The shortest distances between oxygen atoms of water and
hydrogen atoms of verbenone are indicated in purple. Lengths are
expressed in A and angles in °.
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Comparison of structures

The structures of the hydrates of verbenone can be compared to
those obtained in the case of camphor.'® The general trend is
that the bond angles in the chain of water molecules are wider
in the case of verbenone. For instance, the / 4(0,0,0,) values
are 82.17° and 89.17° in the two dihydrates of camphor, and
101.37° and 104.50° in those of verbenone. Some structural
parameters of the trihydrates of verbenone and camphor are
listed in Table 5. Again, the main differences concern the bond
angles. The angle connecting Oy, O, and O3 (named f in Fig. 5)
is 122.35° in the trihydrate of verbenone and 103.44° in that of
camphor. To explain these large differences, we can invoke the
presence of the two hydrogen atoms, Ha and Hj (Fig. 3 and 5)
which exert a repulsion on the hydrogen-bonded water
hydrogen atoms. Indeed, the NCI plots depicted in Fig. S6
(ESIT) and nci, shows that the isosurface is composed of green
parts (weak attractive interactions) and brown-orange parts
(weak repulsive interactions). In particular, the NCI plot of
the trihydrate of verbenone shown in Fig. 6a reveals that the
three water oxygen atoms establish weak attractive interactions
with the hydrogen atom Ha while there are weak repulsions
between the hydrogen atoms of water H;, H; and Hs, at the
origin of a more opened structure. In verbenone, the three
molecules of water seem to wrap around verbenone, while in
camphor they are away from the host molecule. We can also

(b) 3w (camphor)

Strong attractive interaction
(hydrogen bond)

Strong repulsive interactions
(steric)

Fig. 6 NCI plots showing the interactions in the trihydrates of verbenone
and camphor.
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state that in camphor, the last oxygen atom of the water chain
interacts with hydrogen atoms located at distances of 2.837 A
and 4.237 A from the oxygen atom of the carbonyl moiety, while
in verbenone the distances are 4.339 A and 5.111 A. It also
explains that the chain closes on itself in camphor, in order to
reach the hydrogen atoms. Finally, the dihedral angle t(0y0;,0,05)
is larger in verbenone than in camphor, which shows that the
arrangement is not necessarily close to planarity.

SAPT and BSSE calculations

The contributions of the electrostatics, exchange, induction
and dispersion to the total interaction energy for the mono-
hydrates and the dihydrates at the SAPT2 level are given in
Table 4 (those at the SAPTO level are listed in Table S40, ESI).
Two fragments were considered in the calculations: verbenone
and the chain of water molecules. According to these results,
the main contribution to the cohesion of the hydrates is due to
the electrostatic part mainly related to the -C—=O0- - -H-O hydrogen
bond, with values slightly higher than —50 kJ mol™" and
—70 kJ mol 7, respectively, for monohydrates and dihydrates.
The hydrogen bond is then much stronger in the latter case
which is the reflection of hydrogen bond cooperation. While
the values are very close for the dihydrates, there is a difference
of 4.84 k] mol ! between 1w-I and 1w-II, which corroborates the
longer hydrogen bond determined in 1w-I (see Fig. 2). Dispersion
mainly due to the weak interactions between water oxygen atoms
and verbenone hydrogen atoms also contribute to the cohesion
of the structures in a non-negligible way, with values ranging
from —11.30 to —19.15 kJ mol~". The higher absolute value of
the dispersion energy in 1w-I partly compensates for the relative
weakness of the hydrogen bond. For dihydrates, there is a large
difference between dispersion energies of 3.63 k] mol * in favor
of 2w-1. This is particularly striking in the NCI plots (see Fig. S6,
ESIT), with a wide isosurface in 2w-I1 due to multiple interactions
compared with 2w-II(a). Complexation energies (two last
columns of Table 4) obtained from the SAPT2 and counterpoise
calculations are in fair agreement, except for 3w-I which could
be due to the geometry of the fragment made of three mole-
cules of water known to be cyclic® in an isolated environment,
but which adopts a very different geometry in the complex.
They increase from the mono- to the trihydrate, which is due
both to stronger hydrogen bonds and higher absolute disper-
sion energies. It should be mentioned that 1w-I is the lowest
energy conformer considering the ZPE corrected energy by
2.02 k] mol™", but the highest energy one considering the

Table 4 Decomposition of the interaction energy between verbenone
and water as calculated at the SAPT2/jun-cc-PVDZ level of theory, values
in kJ mol™%, and BSSE corrected interaction energies at the MP2/6-
311++G(d,p) level

Eclcc Eexch Eind Edisp ESAPTZ EBSSE
1w-1 —43.87 47.84 —14.82 —13.61 —24.47 —25.22
1w-II —48.71 51.41 —16.01 —11.30 —24.61 —25.61
2w-1 —69.16 75.11 —27.72 —19.15 —40.92 —42.17
ow-ll(a) —68.30 70.31 —26.14 —15.52 —39.65 —40.71
3w-1 —93.89 77.55 —36.65 —22.65 —75.64 —50.28
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Table 5 Comparison of effective structural parameters of the trinydrates
of verbenone and camphor (from the data of Pérez et al.*°)

Parameter” 3w-I verbenone 3w camphor
r(0g-0,)/A 2.794(34) 2.804(5)
r0,-0,)/A 2.760(11) 2.761(3)
1(0,-05)/A 2.819(11) 2.800(3)
(0o - Hy)/A 1.831(8) 1.84(1)
1Oy - ‘Hs)/A 1.798(7) 1.81(1)
(0, - Hs)/A 1.854(8) 1.84(1)
1(05-Hg)/A 2.620(7) 2.592(16)
r(05-Hj)/A 2.560(8) 2.518(14)
£ (C,-04-04)/° 118.83(18) 114.97(24)
/. (0p-04-0,)/° 113.10(22) 100.59(13)
£.(0,-0,-05)/° 122.35(29) 103.44(8)
7(09g=01-0,-03)/° 24.73(73) 10.51(22)

“ The labels of the atoms are those indicated in Fig. 5 for verbenone and
may not correspond to the labeling chosen for camphor.

counterpoise corrected energy, with a difference of 0.30 k] mol ™.
The SAPT2 complexation energies confirm this fact, but they are
calculated with errors of ~0.5 k] mol~*,** higher than the difference
of energy between 1w-I and 1w-II. We can hence not conclude which
of 1w-I and 1w-II is the lowest energy conformer.

Regarding the trihydrates, in 3w-I, the atoms of oxygen of
water O; and O, interact with hydrogen atoms of verbenone Ha,
Hi, and Hc at distances lower than 2.800 A, which is not the
case in conformers 3w-II to 3w-IV with the smallest distance
being 3.095 A in 3w-IIl. The comparison of the NCI plots
(see Fig. S7, ESIT) shows that the interactions are the weakest
in conformers 3w-1I and 3w-IV and the strongest in conformers
3w-I and 3w-III. The dihedral angle 7(0,0,0,03) also plays a
role in the ordering of the energies. A high value disadvantages
the cooperativity between hydrogen bonds and increases the
energy. Absolute values of 47.3° and 29.5° in 3w-III and 3w-IV
(Fig. S5, ESIt) are indeed related to the highest energy conformers.

5 Conclusions

In this study, the complexes of verbenone with water, up to the
trihydrates, were characterized using quantum chemical calcula-
tions and microwave Fourier transform spectroscopy. The struc-
ture of two mono-, three di- and four trihydrates were optimized at
the B3LYP-D3BJ/def2-TZVP and MP2/6-311++G(d,p) levels. They
consist in a single molecule of water, a water dimer or an open
water trimer attached to verbenone by a strong hydrogen bond
-C—0-H-O and mainly interacting with the hydrogen atoms of
the two methyl groups and with the methine hydrogen on each
side of the carbonyl bond. We were able to analyse the spectra of
the two monohydrates, of two dihydrates and of the lowest energy
conformer of the four predicted trihydrates. In order to determine
experimentally the layout of the molecules of water around
verbenone, the spectra of the hydrates where normal water was
partially and totally substituted by *°0 labeled water were analyzed.
Substitution coordinates of the oxygen atoms were obtained using
Kraitchman’s equations. Both DFT and ab initio methods were
able to correctly predict the position of the water oxygen atoms,
but not necessarily the orientation of the water molecules.
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Semi-experimental effective structures were also derived by
fitting structural parameters to all the available moments of
inertia of each hydrate. Our study showed in particular that the
chain of three water molecules adopts an opened structure. The
characterization of the isotopic species where the oxygen atom
of the host molecule is itself substituted may also be of great
help to get even more reliable experimental structures. The
observation of the highest energy conformers of the trihydrates,
as well as the observation of even more solvated verbenone, is
also a challenging task.
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