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The hydrates of the monoterpenoid fenchone (C;3H;50)-(H,0), (n=1,2,3) were investigated both
DOL:00.0000000000000¢ by computational chemistry and microwave spectroscopy. Two monohydrates, three dihydrates and
for the first time three trihydrates have been identified through the observation of the parent and 180
isotopologues in the rotational spectrum from 2 to 20 GHz. For each hydrate, the sets of rotational
constants enabled the determination of the substitution coordinates of the oxygen water atoms as
well as an effective structure accounting for the arrangement of the water molecules around fenchone.
The hydrates consist in water chains anchored to fenchone by a —C=0---H—0 hydrogen bond and

further stabilized by numerous —H—0---H—C— secondary hydrogen bonds with the alkyl hydrogen

atoms of fenchone.

1 Introduction

The voluptuous and pleasant smells of some plants and fruits
are due to volatile organic compounds present in their essential
oils. The sweet atmosphere produced by citrus trees on a warm
summer evening is due to limonene. The strong smell of pine
trees comes from pinenes. These molecules are olefins compris-
ing 10 atoms of carbon and are part of a class of molecules called
monoterpenes. Their oxygenated derivatives - alcohols, aldehy-
des and ketones - are called monoterpenoids and they also ex-
hibit pleasant or strong smells. For instance, the delicate odor
of lavender is due to linalool, the rather strong odor of rosemary
comes from verbenone. The previous considerations should not
hide the fact that these compounds are involved in the formation
of atmospheric secondary organic aerosols (SOAs) and ozone in a
complex interplay with oxidants typical of human activities, like
the nitrogen oxides NOx.2"3 The formation of SOAs is a major
environmental problem, influencing air quality and global climate
change.* The mechanisms of SOAs formation involve nucleation
and uptake by atmospheric aerosol droplets driven by the interac-
tion between the organic molecules and water. Recently, in order
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to add insight into SOAs formation, have shown

that water is efficiently trapped by nopinone surfaces, using envi-
ronmental beam experiments and molecular dynamics to improve
the understanding of what happens at a molecular level.% Some
recent theoretical studies aimed at taking into account the micro-
solvation of reactants in chemical mechanisms,”or at developing
efficient models to predict the geometry of microsolvated species
to approach solvation.19 In this context, the study of the inter-
action at a molecular level of oxygenated organic molecules pre-
cursors of SOAs with water is of crucial importance to adequately
model the atmospheric processes of aerosol formation.

Rotational spectroscopy has been used for decades to study
molecular complexes, 12 first limited to small size complexes,
but evolving towards complexes of larger and larger sizes as
the access to high quality computational chemistry improved
along with the development of supersonic expansions coupled to
chirped-pulse (CP) Fourier transform microwave (FTMW) spec-
trometers. Once formed, the molecular clusters are frozen in the
expansion and stabilized by the absence of collisions, allowing
their detection. Rotational spectroscopy is particularly well suited
to identify how water molecules are attached to a substrate since
the technique is very sensitive to any change in the geometry of
a molecular species. It is particularly useful to distinguish molec-
ular clusters with extremely close geometries. It was successfully
applied to the study of the microhydration of several monoter-
penoids and monoterpenes including camphor, verbenone, 14
myrtenal and perillaldehyde, verbenol,Z and limonene.18
These studies have provided novel information on the interac-
tions of terpenoids with one to three water molecules. In all of
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them, the first water molecule binds to the nucleophile in the ter-
penoid, either a carbonyl or hydroxyl oxygen, by establishing a
O—H--O hydrogen bond (HB). Additional water molecules bind
to the first water and the whole ensemble is further stabilised by
secondary interactions between the water oxygen atoms and the
alkyl hydrogens of the terpenoid.

Here we report on the hydrates of fenchone, a terpenoid that is
an isomer of camphor. Fenchone shares the same bicyclic struc-
ture as camphor, but differs in the position of two of the three
methyl groups attached to the bicyclic skeleton. The rotational
spectrum of fenchone has been investigated by Loru et al|,X? as
well as its complexes with ethanol,?? and with phenol and ben-
zene.?!! We have studied fenchone-water complexes using a CP-
FTMW spectrometer at King’s College London that allows to have
a global view of the rotational spectrum in the 2-8 GHz range,
and a cavity-based FTMW spectrometer in Lille allowing mea-
surements up to 20 GHz with an accuracy of up to 1kHz. Our
investigation has resulted in the experimental characterisation of
two monohydrates, three dihydrates and for the first time of three
trihydrates, and has revealed a complex network of non-covalent
interactions determining their preferred conformations.

2 Methods

A systematic search of the possible conformers of the water
adducts of fenchone was first carried out using the conformer-
rotamer ensemble sampling (CREST) tool program.2223 Using
an extensive metadynamics sampling, CREST generates a col-
lection of conformers and rotamers, the geometry of which are
optimized by the GFN-xTB semiempirical method.?* The geome-
tries of the adducts were further optimized by DFT and ab initio
calculations, which provide an estimate of the equilibrium rota-
tional constants, of the permanent dipole moment components
along the three principal axis of inertia, and of the relative ener-
gies between conformers. Calculations were carried out at two
levels of theory which proved their reliability in previous stud-
ies. The density functional B3LYP2® with Grimme’s dispersion
scheme20%28 and Becke-Johnson’s dumping functions22+32 was
used in combination with the Ahlrichs’ def2-TZVP basis set.3
Ab initio calculations were performed at the Mgller-Plesset sec-
ond order of theory®# with the 6-311++G(d,p) basis set.2>37
Harmonic frequencies calculations were carried out at the opti-
mized geometries to confirm that the geometries corresponded
to true minima and to obtain the zero-point energy (ZPE) cor-
rections. The basis sets superposition errors (BSSE) were cal-
culated at the ab initio optimized geometries using the Boys-
Bernardi®® counterpoise method in order to obtain the interac-
tion energy between water and fenchone, which was indepen-
dently decomposed into individual Coulombic, exchange, induc-
tion, and dispersive contributions using the symmetry-adapted
perturbation theory (SAPT2+)224% in combination with the aug-
cc-PVDZ basis set. SAPT calculations were performed considering
two fragments: the host molecule fenchone and either one wa-
ter molecule, the water dimer or the water trimer. This may be
a rough approximation for the complexes of fenchone with two
and three water molecules but it provides insight on the differ-
ent energy contributions. Non-covalent interactions (NCI) analy-
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sis is based on the graphical representation of the reduced den-
sity gradient of the electronic density (p) and its derivatives4L43,
The interactions are visualized as isosurfaces (s(p) = 0.5) with
a color scale indicating the strengths of attractive (blue) or re-
pulsive (red) interactions using the Multiwfn program#4 and the
USCF Chimera software.4>

Chirped-pulse and cavity-based FTMW spectrometers in respec-
tively London and Lille were used in the experimental study of
the hydrates. In both experiments, R-fenchone (Sigma-Aldrich,
> 98%) was placed in a bespoke heating nozzle inside the vac-
uum chamber in London and outside in Lille,4® at a temperature
of ca. 373 K. Water was added to the injection line in a reser-
voir outside the chamber at room temperature. Fenchone and
water were seeded in neon at 5 bar and conducted to the vac-
uum chamber. The fenchone-water complexes are produced by
collisions in the initial stages of the supersonic expansion. The
CP-FTMW spectrometer at King’s College London?47 which op-
erates in the 2-8 GHz frequency range, was used to record the
broadband microwave spectrum of fenchone-water. The molecu-
lar species present in the supersonic expansion were polarized
by four chirped microwave pulses of 4us duration. Each mi-
crowave pulse was followed by the collection of the molecular
free induction decay (FID) for 20us and transformed to the fre-
quency domain using a FFT algorithm. The final rotational spec-
trum of fenchone-water recorded had 1.1M FIDs. In Lille, we
have employed a cavity-based spectrometer working in the fre-
quency range 2 - 20 GHz. The orifice (diameter of 1 mm) was
opened during 800us at a repetition rate of 1 Hz and the species
were polarized by a 2 us microwave pulse. A heterodyne detec-
tion lowers the frequency of the FIDs down to 30 MHz. They were
digitized using an acquisition device operating at 120 MHz. Af-
ter the Fourier transform, lines were observed as Doppler doublet
due to the coaxial arrangement of the cavity mirrors and of the
jet. The frequency of the transitions was taken as the arithmetic
average of the frequencies of each component of the doublet. The
frequency grid used enabled an accuracy of 1 to 2 kHz.

In order to study the complexes containing the '30 water iso-
topologues, a 1:1 mixture of H,!'0 and H,'0 (97% purity,
Chem-Cruz) was used in London, while in Lille we used a sample
of H2180 (98% purity, Sigma-Aldrich or Eurisotop) without dilu-
tion with normal water. The final CP spectrum of fenchone with
isotopically '30 enriched water was 6.8M FIDs.

3 Results and discussion

The automatic search of conformers using CREST identified two
monohydrates, four dihydrates and five trihydrates in an energy
window of 8kJmol~!. The results of the quantum chemical cal-
culations are summarized in Table|1| The hydrates are named ac-
cording to the number of their water molecules (1w, 2w, or 3w),
followed by a roman numeral indicating their relative stability,
starting at I for the lowest energy conformers.

According to the MP2 calculated permanent dipole moment
components, the rotational spectrum of the hydrates should be
composed of rather intense a-type transitions with much weaker
b- and c-type transitions. The “Rg; (corresponding to selec-
tions rules AJ = +1, AK, = 0 and AK, = +1) groups of transi-
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Fig. 1 A portion of the fenchone-water spectrum, showing peaks of three different trihydrates, using the cavity-based spectrometer in Lille. Repetition
rate of the nozzle : 1Hz, number of averaged FIDs per step : 30, pulse condition set for a dipole moment of =~ 1.5D. Note in particular the two close
intense transitions 616 < 515 and 6gg < 505 of 3w-l and 3w-IIl that can serve as starting points for assignment. The fact that the 6,4 + 5,5 transition
of 3w-Il is weak is due to the fact that the line was on the side of the cavity mode during the automatic survey.

Table 1 Computed rotational constants, dipole moments and relative energies of the hydrates of fenchone

MP2/6-311++G(d,p) B3LYP-D3BJ/def2-TZVP
A/B/C* |Hal/ |15 /1P AE € A/B/CY [al/ 1] /1> AE €
1w-1 1297.6/746.8/614.1  2.9/0.3/0.2 0.0 1301.8/754.8/620.6  3.0/0.4/0.3 0.0
lw-II  1163.7/796.2/675.1 2.5/0.5/0.0 1.5 1167.1/805.3/685.3  2.5/0.6/0.0 2.6
2w-I 988.7/602.8/532.2 0.8/0.2/0.2 0.0 990.6/608.9/536.1 1.3/0.3/0.3 0.0
2w-II  898.9/602.4/561.1 0.7/0.3/0.1 2.1 899.3/614.6/568.6 1.2/1.0/0.2 1.5
2w-III  1128.4/480.0/418.6  2.9/0.1/0.8 6.4 1137.1/490.4/423.5 3.4/0.3/0.6 3.7
2w-IV. 1136.3/482.1/408.3 3.0/0.2/1.1 6.8 1147.0/490.7/419.2  3.4/0.2/0.2 3.8
3w-I 835.9/412.7/401.3 1.0/0.5/0.1 0.0 822.8/423.3/410.5 1.3/0.3/0.0 0.0
3w-Il  774.6/435.9/402.9 1.2/0.9/0.4 1.6 776.7/447.1/412.3 1.5/0.8/0.3 0.9
3w-III  826.3/448.1/390.2 1.3/1.0/0.8 2.0 828.9/462.7/399.0 1.8/1.0/1.1 1.9
3w-IV  746.0/424.6/396.8 1.8/0.9/0.8 4.5 751.9/439.2/407.5 2.0/1.2/1.2 4.1
3wV 913.9/387.4/314.6 1.7/0.5/0.1 7.3 917.8/390.9/318.7 2.2/0.2/0.5 5.6

@ Equilibrium rotational constants, in MHz ; © absolute values of the components of the permanent dipole moment, in Debye ; ¢
Relative energy, including ZPE corrections, in kImol~!.
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tions of a given species form clusters of lines regularly spaced by
the sum of the rotational constants B+ C, rather distinctly visi-
ble in a broadband spectrum. The two intense “R | transitions
Jo,s < (J—1)o, 1) and Jy ; < (J—1); (y_p) are predicted to
be close and can also be used as starting point in the identifi-
cation, as shown in Fig. Using the constants from quantum
chemical calculations, the transitions belonging to two monohy-
drates, three dihydrates and three trihydrates could be assigned.
Some b- and c-types transitions were measured for the monohy-
drates, but they were too weak to be measured for any other hy-
drate. Some transitions of one of the dihydrates (correspond-
ing to the lowest energy conformer 2w-I) measured using the
cavity-based spectrometer were found split into two components
separated by a few kHz. The splitting could be due to a wa-
ter tunnelling motion, which results in an interchange between
the bonded and non-bonded water hydrogen atoms, despite the
fact that the expected ratio 1:3 is not respected. An example of
such a line is given in Fig. [S4(ESIT). Such a splitting was ob-
served for instance in the acrolein-water complex,® and in the
methyl glycidate-water complex.%2 The origin of the tunnelling
motion was not investigated, since most of the lines exhibit non
resolved splittings, and in addition, they can not be observed in
the chirped-pulse spectra. In the analysis, we have taken into
account the frequencies of the ortho component each time the
splitting was resolved. We observed no splitting in any transition
of the other hydrates. The rotational constants of the water-'80
isotopologues were predicted by scaling the rotational constants,
using the MP2/6-311++G(d,p) geometries. The spectra of the
mono- and dihydrates were directly searched for using the cavity-
based spectrometer, as well as the spectra of the trihydrates with
three H,'80 molecules. The lines were located very close to their
predicted frequencies, i.e. within +2MHz. However, the numer-
ous spectra related to the three trihydrates with one or two H,'80
molecules were analysed from the broadband spectra. The mea-
sured transitions (see ESIt) were successfully fitted using a Wat-
son’s Hamiltonian set up in the I" representation and reduction
A, as implemented in the Pickett’s suite of programs (SPFIT, SP-
CAT).2% The inclusion of quartic centrifugal distortion were found
necessary in order for all transitions to be fitted within their ex-
pected measurement accuracy. The results of the fits are given in
Table |2} and those related to the isotopologues in the ESIf.

Each spectrum could be unambiguously ascribed to its corre-
sponding geometry by comparing the experimental and computed
rotational constants, except for one dihydrate. Indeed, two very
close geometries corresponding to the highest energy conform-
ers were optimized, namely 2w-III and 2w-IV. Despite the en-
ergy ordering, comparison of experimental data with the com-
puted ones are in favour of the highest conformer 2w-IV. The ex-
perimental second planar moment P, is 126.4174(23) u2A, which
agrees very well with the value 127.59 uA obtained from the com-
puted rotational constants of 2w-IV. Using those of 2w-III, we ob-
tained 146.68 uZA, far away from the experimental one. The other
two second planar moments P,, and P,, are also in fair agree-
ment with the values related to 2w-IV. All hydrates have similar
centrifugal distorsion constants, except the monohydrate 1w-II,
which has A;, Ajx and &, one order of magnitude larger, and
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larger Ag and k. This indicates that the water molecule is not as
tightly anchored to fenchone in 1w-II as in the other hydrates.

The set of rotational constants of each hydrate (normal and
isotopic species) was used to derive experimental structures by
two independent methods. Both rely on the assumption that
the molecular geometry is not affected by isotopic substitutions,
which is generally the case for heavy atoms. The first method con-
sists in calculating the absolute values of the coordinates of the
substituted oxygen atoms by solving Kraitchman’s equations,=>!
which make use of the slight variations of the second planar mo-
ments upon substitution. The signs of the coordinates can be
inferred from those of the optimized geometries. The compar-
ison of the substitution coordinates, collected in the ESI}, with
those given by the quantum chemical calculations confirms that
the observed hydrates are correctly identified. Large substitution
coordinates are expected to be reliable. For all the hydrates, this
mainly concerns the coordinates along the a axis. In these cases,
the agreement between experimental and computed coordinates
is very satisfactory. For small coordinates (typically less than 1A),
the agreement may be poorer, especially in the case of 2w-IV
(see Table ESIYT). It should be mentioned that in the case
of the trihydrates, all the coordinates are in very good agreement
with each other, which at first glance may be surprising since ro-
vibrational contributions are expected to be larger in trihydrates
than in monohydrates.

The second method consists in fitting internal structural param-
eters (bond lengths, bond angles and dihedral angles) to all avail-
able inertial moments of a given hydrate to obtain the ground
state or effective ry structure. The fit was limited to the arrange-
ment of water molecules around fenchone. Indeed, the number
of structural parameters to be fitted is much higher than the avail-
able number of rotational constants, which means that additional
experimental and theoretical data have to be used. In particular,
the geometry of fenchone is believed to be slightly affected by the
complexation with water. The effective geometry of fenchone de-
termined by|Loru et al. 12 was then fixed in the fit. In addition, the
structural parameters involving the water hydrogen atoms were
taken from the computed geometry of the adducts at the MP2/6-
311+ +G(d,p) level and were also fixed in the fit. We are left with
the bond lengths, bond angles and dihedral angles involving the
water oxygen atoms. The results of the fits are presented in the
ESIt, and are also displayed in Fig. |2} along with ab initio and
substitution structural data.

The energy ordering of the hydrates given by the BSSE and
SAPT calculations listed in Table [3|can be viewed in parallel with
their structural features. Indeed, the stability of the complexes
is mainly affected by the characteristics of the HBs and of the
secondary interactions. Ideally, a —C=0---H—O HB should lay in
the plane defined by the C=0 carbon-oxygen double bond and
the two oxygen lone pairs. In addition, the /(—C=0---O—H) HB
angle should be close to 120° in order to maximise the overlap be-
tween molecular orbitals. The most significant secondary interac-
tions take place when the r(H—O--H—C) distance is smaller than
the sum of van der Waals radii of O and H, i.e. 2.72 A. In this case,
they can be classified as secondary hydrogen bonds H—O---H—C,
where fenchone acts as a hydrogen bond donor.2223 They can



Table 2 Experimental ground state rotational and centrifugal distorsion constants of the hydrates of fenchone

Monohydrates Dihydrates

Parameter %% 1w-I 1w-II 2w-1 2w-1I 2w-1IV
A/ MHz 1288.79191(18) 1150.18315(30) 983.2739(21) 882.5076(36) 1153.237(12)
B/ MHz 739.998659(45) 793.033620(63) 591.32083(20) 591.87733(21) 479.53721(25)
C / MHz 608.776708(32) 672.035636(34) 523.53413(14) 549.00620(16) 407.80026(27)
Ay/ kHz 0.05199(20)  0.54348(34)  0.05632(49)  0.07147(97)  0.0437(15)
Ayx/ kHz 0.25089(93)  —0.7295(25) 0.2722(75) 0.320(14) 0.284(10)
Ag/ kHz —0.1799(86) 0.632(12) - - -

&5/ kHz 0.00628(10)  —0.03943(18) 0.00546(44) 0.00672(72) -

Ox/ kHz 0.0444(25) 0.0961(23) - - -

one / kHz 1.99 8.01 3.89 4.09 4.51

Mines 91 74 60 40 51

Trihydrates
3w-I 3w-II 3w-III

A/ Mz 825.2745(94)  756.3620(34)  820.5228(14)

B/ MHz 406.893833(93) 431.82218(20) 449.00647(12)

C / MHz 396.499381(82) 396.89694(11) 393.456862(81)

Ay / kHz 0.04150(21) 0.05504(57) 0.05590(45)

Ask / kHz 0.0208(35) 0.1442(65) -

Ax / kHz ; ; ;

8; / kHz 0.00397(29)  0.01016(52)  0.01313(40)

6k / kHz - - -

oy / kHz 2.99 1.55 1.42

MNiines 45 37 37

@ A, B, C are the ground state rotational constants ; A; to 8k are the five quartic centrifugal distorsion constants ; og;, is the standard
deviation of the fit and M;,es are the number of transitions included in the fit ; b Numbers in parentheses are standard errors (1o, 67%
confidence level) in units of the last digit.

Table 3 Decomposition of the interaction energy between fenchone and
water as calculated at the SAPT2+ / aug-cc-PVDZ level of theory, and
BSSE corrected interaction energies at the MP2/6-311++G(d,p) level.
All values in kJmol™!.

Eelec FEexch Eind Eqisp Esapro+ EBssE
1w-1 —46.50 52.78 —16.37 —19.91 —-27.27 —29.99
1w-II —38.56 44.39 —13.88 —18.61 —24.43 —26.67
2w-1 —55.76 64.73 —22.58 —31.03 —44.64 —36.53
2w-11 —58.52 68.90 —24.50 —29.32 —43.44 —35.90
2w-IIT —56.27 62.07 —22.74 —23.94 —40.89 —33.05
2w-IV —55.80 62.43 —22.76 —-23.99 —40.11 —33.08
3w-I —69.62 80.24 —29.71 —35.83 —54.92 —44.69
3w-II —71.27 84.01 —30.99 —35.29 —53.54 —43.64
3w-IIT —66.56 79.79 —29.94 —36.39 —53.09 —42.22

be visualized in the NCI plots depicted in Fig. |2| as dark green
surfaces. The results of the SAPT calculations are presented in
Table [3] along with the complexation energies from BSSE cal-
culations at the MP2/6-311++G(d,p) level. The energy order-
ing of the monohydrates can be easily rationalized considering
the HB and the secondary interactions. Indeed, the difference
in energy between 1w-I and 1w-II is mostly due to the electro-
static contribution to the total energy, with a significant difference
close to 8 kJmol~!, correlated with the strength of the O—H---0=C
hydrogen bond, and hence to the r(H---O) bond lengths, calcu-
lated to be 1.940(7) A in 1w-I and 1.965(2) A in 1w-II from the
ro coordinates given by the fits. In addition, in 1w-I the water
molecule lays in the plane of the —C=0 bond, while in 1w-II
the 7yg(—C—C=0---H) dihedral angle is —44.60(20)°, due to the

presence of a methyl group, which strongly disadvantages the es-
tablishment of the HB.

The interpretation of the results concerning the dihydrates is
not straightforward. In 2w-I and 2w-II, the HB angle is respec-
tively 125.4(15)° and 124.09(55)°. The deviation from the ideal
value of 120° is then very small and can not explain the differ-
ences of the electrostatic contributions to the energy. We have to
refer to the 1y (—C—C=O0---H) dihedral angle to account for the
differences. Indeed, the value of tyg = —54.0(2)° in 2w-I strongly
disadvantaged the establishment of the HB, which may explain
why the electrostatic contribution in 2w-I is the smallest among
the four dihydrates. It is the highest in 2w-II and it can not be
only due to the HB, but also to a secondary interaction occurring
at a rather short distance of 2.427(10) A which may contribute
significantly to the electrostatic part of the total energy. The con-
tribution of dispersion is much higher in 2w-I and 2w-II than in
2w-IV because in this conformer, there is only one interaction at
a short distance between the last oxygen atom and an hydrogen
atom of one of the methyl group (Fig.[2€). In 2w-I, there are three
such interactions (Fig. [2d), and two in 2w-II, with one occurring
at the short distance of 2.427(10) A. The first oxygen atom of the
water dimer does not interact with hydrogen atoms of fenchone
in any of the dihydrates, at least at distances lower than 2.7 A.
These differences qualitatively appear when comparing the NCI
plots shown in Fig.[2dand Figs.[2d|and [2€] Indeed, in 2w-I, there
is a wide green isosurface related to numerous secondary inter-
actions between the two water molecules and fenchone, while in
2w-II and 2w-1V, they are more directional. The other two dihy-
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drates 2w-III and 2w-IV are separated by 0.78 kimol~! according
to the SAPT calculations, but are calculated at the same energy
according to the BSSE calculation.

In camphor, no dihydrates exhibiting the same geometries as
our 2w-I and 2w-II conformers (i.e. with the water dimer directed
towards the methyl group) could be assigned,12 even though this
part of the molecule is the same in camphor and fenchone.

The isolated water trimer adopts a cyclic H-bonded structure
which maximizes the cooperativity between HBs. It has been
shown that in the trihydrates of aromatic hydrocarbons, the cyclic
structure is retained. The water trimer sits above the aromatic
rings, in complexes with benzene4 and acenaphtene.>>>% How-
ever, in terpenoids, water has the opportunity to form a strong HB
with the —C=0 moiety, as documented in studies involving car-
boxylic acids,2Z>%aldehydes,1® and ketones.1214 The results on
fenchone hydrates confirm this trend. For the first time, three tri-
hydrates were experimentally characterized, which gives us the
opportunity to compare their geometry. One end of the chain
of three molecules of water is linked to fenchone by a HB that
has a length of 1.837(22) A in 3w-I, of 1.769(38) A in 3w-II and
of 1.887(20) A in 3w-IIL. They are shorter than in the monohy-
drates (1.940(7)A in 1w-I) and dihydrates (1.904(20)A in 2w-
I). The internal HB of the water dimer attached to fenchone is
also slightly shorter (1.913(17)A in 2w-I) than in the isolated
water dimer (1.949A calculated at the MP2/6-311++G(d,p)
level). For instance, in 3w-I, we have r(H,;0,) = 1.868(15)A
and r(H,s0,) = 1.826(12)A. This is a consequence of the coop-
erativity between HB that confers a higher stability to the trihy-
drates.220 The length of the —C=0---O—H HB is correlated to
the electrostatic contribution to the complexation energy and can
explain the difference of 1.65kJmol~! between 3w-I and 3w-II,
and of 4.71kImol~! between 3w-II and 3w-III. The latter differ-
ence is also due to a tilt in the arrangement of the water chain
with a dihedral angle 7(OfO,0,0;) = 12.82(78)° that reduces the
effect of cooperativity. Dispersion is almost the same in the three
trihydrates since the last oxygen atom interacts with two alkyl hy-
drogen atoms of fenchone. Nevertheless, as in 2w-I, a continuous
green isosurface is observed in 3w-I (Fig. , and to a lesser ex-
tent in 3w-1II (Fig. 2h), but not in 3w-II (Fig. [2g). It should be
noticed that the last oxygen atom of the chain interacts with the
same alkyl protons of fenchone in 3w-I and 3w-III. But in this last
conformer, the first HB (O—H---O=C) is directed towards the two
methyl groups (i.e. in the opposite direction relatively to 3w-I),
and the chain of water molecules then turns towards the methyl
group to finally interact with it. The conformer 3w-II is the ana-
logue of the trihydrate found for camphor.13

The relative abundances of the hydrates in the jet were esti-
mated by the ratio of the intensities of common selected a-type
lines present in the CP spectrum over the square of the corre-
sponding dipole moment component calculated at the MP2/6-
311+ +G(d,p) level. The estimated values of the relative abun-
dances are 1w-I:1w-II = 3.2:1.0, 2w-1:2w-I1:2w-III = 59:46:1,
and 3w-LI:3w-II:3w-III = 2.7:1.3:1.0. These abundances are in
qualitative agreement with the relative energies of the complexes
and the values of the interaction energies in Table 3. The theoreti-
cal abundances calculated at 298 K using the BSSE corrected elec-
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tronic energies given in Table[3]are 3.8:1.0 for the monohydrates,
4.1:3.2:1.0 for the dihydrates and 2.7:1.8:1.0 for the trihydrates.
The experimental estimations of the relative abundances match
the calculated ones in the case of the mono- and trihydrates. The
abundance of 2w-I relative to 2w-II (59 :46 ~ 1.3 : 1.0) is also in
very good agreement with the calculated one (4.1:3.2~1.3:1.0).
The very large difference in the estimated relative abundance for
the 2w-IV complex is most likely due to the rotational transitions
of 2w-IV lying at very different frequencies than those of 2w-I
and 2w-II due to its different rotational constants. The dipole
moment of 2w-IV along the « inertial axis (3.06 D at the MP2/6-
311+ +G(d,p) level) is much larger than those of 2w-I and 2w-II
(respectively 0.83 D and 0.72 D at the same level). The optimal
conditions of polarization are then very different for the hydrates.
This may skew the estimated value of the relative abundance of
2w-IV, but although it must be taken with caution, it is evident
that 2w-IV is much less abundant than the other 2w complexes.
For the same reason, the estimations of the relative abundances
of the trihydrates and dihydrates with respect to the monohy-
drates would be meaningless due to the very different values of
the dipole moments.

In the dihydrates and trihydrates, the lowest energy conform-
ers are those where the chain of water avoids the steric hindrance
of the methyl groups. There is a notable change in the conforma-
tional preferences in going from the monohydrates to the di- and
trihydrates. In the monohydrates, the most abundant complex
is the one that maximises electrostatic interactions by optimising
the O—H---O hydrogen bond, the overlap between the carbonyl
oxygen lone pair and the hydrogen atom of water. However, in
the 2w and 3w complexes this preference is reversed to favour a
less optimal O—H---O bonding to fenchone that is compensated
with a higher number of secondary interactions between water
and fenchone and an arrangement that enhances hydrogen bond-
ing within the water molecules.

The observed conformational preferences of the hydrates of
fenchone show how subtle changes in structure completely
change the relative arrangements of the water subunits. Cam-
phor, a structural isomer of fenchone, has a methyl substituted
carbon in alpha with respect to the carbonyl group like fen-
chone, but the dimethyl substituted carbon is in a different po-
sition and does not directly affect primary O—H---O bonding by
water. Hence water preferentially binds to camphor through the
lone pair of the carbonyl oxygen away from the methyl substi-
tuted alpha carbon, and this preference is maintained in the di-
hydrate and trihydrate observed. In fenchone, the presence of
two additional methyl groups in alpha modifies the possible in-
teractions and results in a more intricate conformational picture.
This has also been observed in the complexes of fenchone with
ethanol, phenol and benzene, 2221l where the preferred binding
site changed as dispersion interactions became more prominent.

4 Conclusions

In this study, we have experimentally characterized two monohy-
drates, three dihydrates and three trihydrates of fenchone using
both chirped-pulse and cavity-based Fourier transform microwave
spectrometers. The molecular cohesion is due to a hydrogen bond
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between the carbonyl moiety of fenchone and water, but a com-
plex network of secondary hydrogen bonds involving the water
oxygen atoms and the hydrogen alkyl groups complete the an-
chor of water molecules to fenchone. In addition, they govern
the energy ordering of the hydrates, as shown by SAPT calcula-
tions. Considering that the hydrates may be formed from preex-
isting water clusters (although this point has never been clearly
established), and that clusters of up to ten water molecules were
characterized in supersonic jets,®1%3! it should be interesting to
extend the investigations to even more solvated molecules, and
learn how the balance of forces changes. Could a chain of four,

five, six water molecules be attached to a molecule like fenchone
?
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