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The interactions of two molecules of water with the terpene limonene are characterised by chirped-
pulse Fourier transform microwave spectroscopy. Seven isomers of limonene—(H,0), have been
observed, and identified from the comparison of their experimental spectroscopic parameters with
those predicted by computational methods. In all isomers a distorted water dimer binds to limonene
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Accepted 14th October 2022 equatorial conformations of limonene. O—H---n hydrogen bonds to both endocyclic and exocyclic
double bonds of limonene are established. In one of the isomers the water dimer forms a bridge
between the endocyclic and exocyclic double bonds of limonene. Our results help advance our under-

standing of the interactions of water with atmospheric compounds.
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1. Introduction

Monoterpenes are a large group of natural compounds pro-
duced and released by plants to the atmosphere."> They are
formed by condensation of two isoprene units, thus having the
molecular formula C;0H;¢, and can be open chain, monocyclic
or bicyclic. By extension, the term monoterpene is sometimes
applied to derivatives including alcohol, carbonyl or aldehyde
groups, which are also known as monoterpenoids. Monoterpenes
are components of essential oils and many show antifungal,
antimicrobial and anti-inflammatory activities, among others."?
Therefore, they play a key role in the development of new drugs.'?
Many monoterpenes are also used as perfumery ingredients due to
their volatility.?

Once monoterpenes are in the atmosphere, they react quite
quickly with ozone and radicals such as OH and NOj;, produ-
cing a range of oxidised products that are involved in the
formation of secondary organic aerosol (SOA).*”® Water, which
is the third most abundant species in the Earth’s atmosphere,’
has an active role in atmospheric processes and can modify the
formation and composition of SOA.”* Water has been found
to participate in atmospheric reactions as a reactant, and to
influence reaction rates acting as a catalyst or inhibitor through
the formation of hydrogen-bonded complexes with other atmo-
spheric molecules.”**'* Some reactions may be relevant both
in aqueous and gas phases, such as the water hydrolysis of
aldehydes and ketones to form gem-diols,">*® and others may
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be relevant at the surface of aqueous aerosol droplets, such as
those involving ozone.'” Understanding the interactions of
water with other atmospheric compounds in the gas phase is
essential to accurately modelling its effects and getting insight
into the behaviour of more complicated systems like water
droplets.

Limonene is one of the most abundant natural monoter-
penes and a precursor of SOA.® It is a major constituent of
the emissions of the boreal'® and hemiboreal®® forest, and of
various trees used in urban development.”* Limonene is formed
of a cyclohexene ring with a methyl and isopropenyl group in para
position. Four conformers of limonene, three equatorial and one
axial, have been observed in the gas phase**?* (see Fig. 1). We have
recently investigated the interactions of limonene with water using
chirped pulse Fourier transform microwave (CP-FTMW) spectro-
scopy, and identified seven isomers of limonene-H,O involving
equatorial and axial limonene conformations and different water
configurations.** Water showed a preference to bind to equatorial
limonene through the endocyclic double bond.

Limonene-H,O presented a ridged potential energy surface
with many possible low-energy minima that display only small
structural changes from one to another. Rotational spectro-
scopy was key to discriminate between different minima in
limonene-H,0 thanks to its strong dependence on molecular
structure and the use of isotopologue data, which allows deter-
mination of the atomic coordinates of the substituted isotopo-
logue.? In addition, rotational spectroscopy yields the relative
arrangement of the molecules in the complex and insight on
the non-covalent interactions driving the preferred structures.
This information is relevant to understand atmospheric nuclea-
tion, which occurs when stable clusters are formed sponta-
neously from gas-phase molecules. Furthermore, the gas-phase
data obtained from rotational spectroscopy is directly comparable
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Fig. 1 The six possible conformers of limonene. Those observed experi-
mentally have their label encircled in blue. The possible binding sites for
water and their nomenclature are shown for the conformer at the top.

with predictions from theory, and can be used to benchmark
different computational methods.

Using CP-FTMW spectroscopy in combination with compu-
tational calculations, we have examined further the interactions
of limonene with water through the study of the limonene-
(H,0), complex. We aimed to determine its preferred config-
urations and address several questions: would there be changes
in the water binding preferences with respect to limonene-H,0?
Would the number of possible minima be reduced or increased
when more water molecules bind to limonene? Would two water
molecules bind limonene as a water dimer? Interactions of
limonene with the water dimer could occur in the atmosphere.
The water dimer was predicted to be in significant concentrations
in the atmosphere by Goldman et al. in 2001,>® and was observed
at atmospherically relevant temperatures in 2013.>” It has been
found to react with the simplest Criegee intermediate.**°

We have observed seven isomers of limonene—(H,0),, which
have been identified by carefully comparing the experimental and
theoretical rotational constants, including those of '*0 isotopo-
logues. Water maintains a preference to bind to equatorial con-
formers of limonene. A unique structure has been identified
where the two water molecules link the endocyclic and exocyclic
double bonds of limonene. Several theoretical methods have been
used and benchmarked against the experimental data.

2. Methods

2.1. Experimental

The rotational spectrum of limonene-(H,0), was investigated in
the 2-8 GHz range with our broadband rotational spectrometer,
which has been described previously.>**" (R)-(+)-limonene (97%)
was purchased from Sigma Aldrich and used without further
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purification. Limonene, in a bespoke reservoir attached to the
nozzle heated to ca. 304 K, and water, in an external reservoir in
the injection line at room temperature, were seeded in neon at
stagnation pressures of 6 bar. Optimal spectral intensities were
obtained using molecular pulses of 1000 pis to create an adequate
supersonic expansion in our vacuum chamber. The limonene-
water complexes in each molecular pulse, formed at the throat of
the nozzle by collisions, were polarised with 4 chirped microwave
pulses of 4 ps duration varying linearly in frequency from 2-8 GHz
and spaced 30 ps. Between microwave pulses, free induction
decays (FID) were collected for 20 ps, amplified by a low noise
amplifier, and then stored in the time domain in a fast oscillo-
scope. The final spectrum was obtained by coherently adding 1 M
FIDs and using a fast Fourier transform algorithm to convert it to
the frequency domain. Further experiments to observe '*0 iso-
topologues were performed with a 1:1 mixture of H,'°0: H,'®0
(97%, Chem-Cruz) to obtain a final spectrum with 2.7 M FIDs.

2.2. Computational

The possible configurations of limonene-(H,0), were initially
generated by considering the lower-energy limonene-H,0O com-
plexes and adding an additional water molecule in different
positions. A subsequent exploration of the potential energy
surface (PES) of limonene-(H,0), was performed using the
conformational sampling program CREST.** Both axial and
equatorial conformers of limonene were included as starting
structures for different CREST searches. The resulting structures
were optimised using the B3LYP**”**-D3BJ**”® and MP2*” methods
with the 6-311++G(d,p) basis set within the Gaussian09®® suite of
programs, which yielded a total of 85 limonene-(H,0), isomers
within 12 k] mol '. Of these, 39 isomers were predicted
within 4 kJ mol '. Their geometries were also optimised
using wB97XD*°/6-311++G(d,p), M06-2X*°/6-311++G(d,p), and
B2PLYP*'-D3B]/def2-TZVP methods. Their predicted rotational
constants, dipole moments, relative energies with and without
zero-point corrections, and BSSE binding energies (for MP2 and
B3LYP-D3B]) are given in Table 1, and Tables S1-S4 (ESIt).

The isomers of limonene-(H,0), have been labelled follow-
ing the same nomenclature we used for the complexes of
limonene with one water molecule (see Fig. 1). Limonene
conformers are specified by the axial or equatorial position of
the isopropenyl group and a letter indicating its dihedral angle
with respect to the cyclohexene ring. The binding of the first
water molecule to each side of the exocyclic double bond of
limonene is indicated with the labels 1 and 2. Labels 3 and 4
indicate binding of the first water to the endocyclic double bond
above or below the cyclohexene ring, respectively. Additional
suffixes I, II, I1I, etc. indicate the different positions of the second
water molecule in increasing order of energy.

3. Results and discussion
3.1. Potential energy surface

The diverse arrangements adopted by the water molecules, in addi-
tion to the configurations arising from limonene’s conformations,

This journal is © the Owner Societies 2022
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Table 1 Experimental and theoretical spectroscopic parameters of the observed species of limonene—(H,O),
Isomer 1 EQA-3-11 Isomer 2 EQA-4-11 Isomer 3 EQC-4-1
Parameter Experimental B3LYP? MP2" Experimental B3LYP MP2 Experimental B3LYP MP2
A“ (MHz) 947.0945(15)°  959.3 966.6 967.27928(59)  1012.1 1001.5 922.2727(17) 964.3 962.9
B (MHz) 597.89778(29)  607.0 606.5 578.59179(32) 570.3 577.9 604.06009(25)  605.5 603.5
C (MHz) 432.15280(24)  441.1 444.7 461.47508(29) 471.7 472.0 436.70875(20)  445.6 450.4
K —0.36 —0.36 —0.36 —0.54 —0.64 —0.60 —0.31 —0.38 —0.40
4; (kHz) 0.0928(18) 0.0305 0.0375 0.1642(35) 0.0729 0.0697 0.0595(21) 0.0304 0.0370
A (kHz) 0.437(13) 0.1159 0.1534 0.943(25) —0.2085 —0.0610 0.8605(98) —0.2181  —0.3059
Ax (kHz) — 0.3506 0.3987 — 0.5159 0.3968 — 0.5698 0.6088
d; (kHz) 0.0350(15) 0.0034 0.0028 0.0413(17) 0.0182 0.0147  —0.0060(12) —0.0010  —0.0040
ox (kHz) — 0.1395 0.1578 0.847(41) 0.2063 0.1974 0.440(17) 0.2776 0.2885
1’ (D) Y —2.9 -3.0 Y —0.8 —0.9 Y -3.0 —2.9
i (D) N 0.3 0.2 Y —0.8 —0.5 N —0.1 —0.1
Ue (D N 0.5 0.0 Y -1.3 —-1.5 N —0.5 —0.6
o¢ (kHz) 2.6 — — 4.8 — — 2.3 — —
41 — — 65 — — 46 — —
AES (em™)  — 27.2 0.0 — 88.7 62.1 — 80.5 149.7
Isomer 4 EQC-1-1 Isomer 5 EQC-2-1
Parameter Experimental B3LYP? MP2" Experimental B3LYP MP2
A® (MHz) 1019.1339(12) 1072.0 1058.6 1045.9874(58) 1075.2 1081.3
B (MHz) 580.01176(43) 579.3 581.3 535.88202(59) 541.4 538.8
C (MHz) 463.49138(36) 477.2 475.4 423.71543(49) 431.8 436.6
K —0.58 —0.66 —0.64 —0.64 —0.66 —0.68
4; (kHz) 0.0116(34) 0.0174 0.0174 0.1081(25) 0.0878 0.0820
Ak (kHz) 1.048(49) —0.2319 —0.2970 — 0.6024 0.7058
Ag (kHz) — 0.5635 0.6684 — 0.1786 0.1668
0y (kHz) — —0.0018 —0.0020 0.0238(29) 0.0195 0.0134
Ok (kHz) — 0.1828 0.2237 — 0.3885 0.3378
1’ (D) Y 2.9 2.6 Y 1.7 1.8
1 (D) Y 2.2 2.5 N —0.4 0.0
tie (D) N 0.1 0.2 N 0.6 0.9
o¢ (kHz) 6.5 . — 4.7 — =
N 41 — — 33 — —
AE,® (em™) — 70.2 304.9 — 89.3 161.1
Isomer 6 EQa-4-1 Isomer 7 EQA-2-1
Parameter Experimental B3LYP® Mp2” Experimental B3LYP MP2
A“ (MHz) 971.2636(13) 1010.0 1000.1 994.4739(14) 1010.3 990.5
B (MHz) 585.47084(56) 578.0 589.5 556.66918(49) 565.9 566.5
C (MHz) 472.25591(48) 482.8 479.0 415.83179(41) 422.5 418.6
K —0.55 —0.64 —0.58 —-0.51 —-0.51 —0.48
4; (kHz) 0.0929(73) 0.0672 0.0539 0.1060(60) 0.0837 0.09597
Ak (kHz) 0.531(47) —0.8438 —0.1618 — 0.9145 1.42098
Ax (kHz) — 1.0883 0.4189 1.40(15) 0.1069 —0.02341
oy (kHz) — 0.0113 0.0062 0.0216(32) 0.0057 0.01959
dx (kHz) 0.542(83) 0.6629 0.2880 0.147(50) 0.2026 0.19576
1’ (D) Y 1.4 1.4 Y -1.7 —2.0
1 (D) N 0.2 0.1 Y 1.0 1.2
te (D) Y 1.0 —1.4 Y 1.1 0.8
o° (kHz) 7.7 — — 7.3 — —
40 — — 59 — —
AEy (em™) — 123.3 156.7 — 129.5 267.1

“ A, Band C are the rotational constants; « is Ray’s asymmetry parameter, 4j, 4, Ak, d;and dx are the quartic centrifugal distortion constants. b Lay

up and p. are the electric dipole moments along the principal inertial axes.

Y/N indicates whether a-, b- or c-type transitions have been observed or

not. “ Rms deviation of the fit. ¥ Number of rotational transitions included in the fit. ¢ Relative energies including zero-point corrections.

give rise to a huge number of possible low-energy structures
resulting in a very corrugated and intricate PES for limonene-
(H20),.

From our previous investigation of limonene-H,0,** water
primarily interacts with limonene through an O-H: - -n hydro-
gen bond to either the endocyclic or exocyclic double bonds.

This journal is © the Owner Societies 2022

/ standard error in parentheses in units of the last digit. ¢ B3LYP-D3BJ/6-311++G(d,p) level of theory. ” MP2/6-311++G(d,p) level of theory.

The second water molecule can bind to limonene or to the first
water molecule. Structures where water binds to limonene
without forming a water dimer have an energy penalty of about
18 k] mol™", so all low-energy limonene-(H,0), complexes
involve a water dimer interacting with limonene. Upon binding
to limonene, the water dimer can adopt several configurations
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depending on the arrangement of the hydrogen atoms and the
lone pair involved in the O-H- - -O hydrogen bond between the
two water molecules (see Table 1). This gives rise to structurally
similar sets of isomers, with the same limonene conformation
and same location for the O-H- - -t bond but different config-
urations of the water dimer.

In addition to the O-H:--m and O-H-:--O hydrogen bonds
mentioned above, the lower-energy limonene-(H,0), structures
show C-H: - -O interactions between the second water molecule
and limonene that further anchor the former to the latter.
Limonene-(H,0), structures without C-H- - -O interactions are
predicted above 12.2 k] mol ™.

The above traits are common to all the calculation methods.
However, there are differences in the energy ordering of the
isomers (Tables S1-S4, ESIT). Considering the relative energies
including zero-point corrections, the global minimum is pre-
dicted to be EQA-3-Il by MP2 and B2PLYP-D3BJ, EQA-3-1 by
B3LYP-D3BJ or EQC-1-I by M06-2X and wB97XD. These isomers
involve the two most abundant conformers of bare limonene,
EQA and EQC.>** It should be noted that all calculations
methods predict a larger number of low-energy isomers invol-
ving EQA, the global minimum of limonene. MP2 consistently
predicts isomers involving axial limonene at lower energies,
ranging from 115 to 255 cm ™', while M06-2X predict all of them
above 400 cm ™.

3.2. Rotational spectrum

The experimental rotational spectrum between 2-8 GHz of
limonene-water is quite dense. After removal of the known
transition frequencies assigned to bare limonene,**>* limo-
nene-H,0,>* and water clusters,"*”** many intense lines remained.

The majority of the low-energy isomers of limonene-(H,0),
in Table 1 are prolate asymmetric tops predicted to have a large
dipole moment along the a principal inertial axis. Therefore
initial searches looked for R-branch a-type transitions of
the series J(;_’J, — J(;fj,, and J{J, — J{fj,,. Identification of experi-
mental isomers was aided by using the spectral simulating and
fitting program PGOPHER,*® which incorporates AUTOFIT,*’
an automated fitting algorithm for molecular spectra. The
computationally predicted A, B and C rotational constants
along with the corresponding dipole moment components
were used to simulate the rotational spectra of the lower-
energy limonene—(H,0), isomers within PGOPHER. Initial
automated searches yielded the first three isomers of
limonene-(H,0),, all of which were very intense in the spec-
trum. Removal of their lines from the spectrum and further
careful and repeated searches led to the identification of four
additional species.

Fits of measured transitions were performed using the semi-
rigid rotor Hamiltonian of Watson"® in the A reduction and I"
representation using Pickett’s programs.*® The initial sets of
experimental rotational constants found using PGOPHER were
used to predict and measure more rotational transitions, which
were added to the fits. The final spectroscopic constants for
the seven observed isomers of limonene—(H,0), are shown in
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Fig. 2 Section of the rotational spectrum of limonene—(H,O), predicted
at a rotational temperature of 1 K, showing the 505 < 494 and 5;5 < 414
rotational transitions for all observed isomers. Upper trace shows the
experimental spectrum, lower trace shows the simulated spectrum using
the experimentally determined rotational constants.

Table 1. A section of the experimental spectrum showing lines
for the seven complexes is presented in Fig. 2.

No indication of methyl internal rotation splittings due to
the two methyl tops of limonene was observed, as for limo-
nene-H,O0. Predictions using XIAM®® with B3LYP-D3BJ barrier
heights of ca. 700 cm ™" (ring methyl) and 600 cm " (isoprope-
nyl methyl) yield splittings of 5-60 kHz for observed transitions,
smaller than the resolution of our experiment (ca. 100 kHz).

Assigning the observed isomers to specific dihydrate struc-
tures was particularly challenging due to the large number of
low-energy structures predicted and the similarity of the experi-
mental rotational constants to one another. Taking into
account that the Ray’s asymmetry parameters of the detected
isomers have values between —0.31 and —0.64 (Table 1), we
were able to disregard very prolate structures with —1 < k <
—0.85 and an asymmetric one with x = —0.15, leaving 21
possible isomers.

In addition to the rotational constants, we considered the
observed transition types, theoretical dipole moments, and the
coordinates of the water oxygen atoms. For the latter, we ran
experiments using enriched ‘0 water, and observed the
possible isotopologues, **0-'°0, '°0-'*0 and '*0-'%0 for all
isomers, except for isomer 4, for which the *0-'®0 isotopo-
logue was not detected. Their experimental spectroscopic para-
meters are shown in Tables S5-S11 (ESIt). From the differences
in the moments of inertia between the parent species and the
130 isotopologues, we obtained the coordinates a, b and ¢ of
the oxygen atoms in the principal inertial axis system
using Kraitchman’s equations® as implemented in the pro-
gram KRA’? (Table S12, ESIY).

Systematically considering the observed species, isomers 1
and 3 have very similar 4, B and C rotational constants and only
presented a-type spectrum. They could correspond to EQA-3-II,
EQA-3-1, EQA-3-1V, or EQC-4-1, all of which have similar pre-
dicted rotational constants, a sizeable yu, value and low u;, and
Uc values. Considering the rs coordinates for the oxygen atoms,
isomer 3 can be unambiguously identified as EQC-4-1. Isomer 1
has the best agreement with the oxygen coordinates of EQA-3-II,

This journal is © the Owner Societies 2022
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although it is also very close to those of EQA-3-1. These two
isomers differ in the position of the second water molecule,
but the change in position causes a change in axes that results
in very similar oxygen coordinates. Considering the slightly
closer agreement with EQA-3-II, and that this isomer is pre-
dicted to be lower in energy by more computational methods
(MP2, B2PLYP-D3BJ and wB97XD), we have assigned isomer 1
to EQA-3-IL.

Isomer 2 has spectroscopic parameters that could match
those predicted for EQA-4-II or EQC-4-1. From the values of the
rs coordinates, isomer 2 can be unambiguously identified as
EQA-4-II

Isomer 4 can correspond to EQC-3-I or EQC-1-I, both of
which have sizable u, and yu;, components, consistent with the
observation of a- and b-type spectra. The structures of EQC-3-I
and EQC-1-I are very similar except for the different direction
of the O-H---O hydrogen bond, depending on which water
molecule acts as a hydrogen bond donor to the other one, and
the different positions of the hydrogens of the water molecules.
These differences cause minimal changes in the predicted
rotational constants and dipole moments. However, consider-
ing the oxygen coordinates, we have assigned isomer 4 to
EQC-1-1. Moreover, all computational methods predict EQC-1-I
as lower in energy.

Isomer 5 presents a similar situation to isomer 1. Comparison
of the rotational constants and observed types of transitions
points towards either EQC-2-III or EQC-2-1, which only differ in
the position of the hydrogen atoms of the water molecule that
binds to limonene though a O-H- - -n bond. The r, coordinates
of the oxygen atoms do not allow us to distinguish between the
two structures, and therefore we have assigned isomer 5 as
EQC-2-1 as it is the complex predicted to be lowest in energy by
all calculations.

Isomer 6, which shows a- and c-type spectrum, can corre-
spond to EQa-4-1 or EQa-4-1I, and is assigned to EQa-4-1 from
the comparison of experimental and theoretical r; coordinates
of the oxygen atoms. The observation of a-, b- and c-type lines
means that isomer 7 can only be EQA-2-I. The assignment is
confirmed by the oxygen rs coordinates. An overlay of the ry
coordinates with the equilibrium structures of all isomers are
shown in Fig. 3.

Comparing experimental and theoretical rotational con-
stants, MP2/6-311++G(d,p) and B3LYP-D3BJ/6-311++G(d,p) are
the best performing methods in predicting the experimental
rotational constants, with average deviations of 2.0% and 2.2%,
respectively. wB97XD/6-311++G(d,p) and B2PLYP-D3BJ/def2-
TZVP are somewhat worse, with average deviations of 2.8%
and 3.0%, respectively, and the worst performing method is
M06-2X/6-311++G(d,p) with an average deviation of 4.2%.
All methods show larger differences for the A rotational con-
stant, ranging from 2.9% for MP2 to 7.2% for M06-2X.

3.3. Isomer abundances and intermolecular interactions

The relative abundances of the seven observed isomers were
estimated from measuring the intensities of common a-type
transitions considering that line intensity is proportional to the

This journal is © the Owner Societies 2022
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square of the dipole moment in our experiment. The obtained
abundances are EQA-4-I1 > EQA-3-I1 ~ EQC-2-1 ~ EQC-4-1 ~
EQa-4-1 > EQA-2-1 > EQC-1-L

The experimental abundances are not consistent with the
theoretical relative energies predicted by the different methods
(Tables S1-S4, ESIt), or with AE(BSSE) interaction energies
(Table S1, ESIt). The isomers with lower abundance, EQC-1-I
and EQA-2-1, are predicted to have the higher relative energies
of those observed by MP2. However, EQC-1-1 is predicted
by M06-2X and wB97XD to be the global minimum, and by
B3LYP-D3BJ and B2PLYP-D3B]J to be one of the isomers with
lower relative energy. EQA-3-II is predicted to be the global
minimum by MP2 and B2PLYP-D3B]J, and to have a low relative
energy by B3LYP-D3B]J and wB97XD. EQA-4-I1, with the highest
abundance, is however predicted to have a relative energy
intermediate among those of observed isomers. The experi-
mental abundances can be affected by relaxation processes of
higher- to lower-energy isomers in the supersonic jet, which can
occur if the barriers for interconversion are sufficiently low.>*>*
They can also be influenced by the initial abundances of the
bare limonene conformers in the jet.

The observed isomers reveal a heavy bias towards structures
involving the two most abundant conformers of bare limonene,
EQA and EQC. In fact, all isomers have limonene in an equa-
torial conformation. Despite repeated searches, no limonene-
(H,0), complexes with limonene in an axial conformation have
been observed.

All isomers are stabilised by O-H- - -n hydrogen bonds between
water and limonene, O-H- - -O hydrogen bonds between the two
water molecules, and C-H- - -O interactions between the hydro-
gen atoms of limonene and the lone pairs of the oxygen atoms
of water. Of the seven observed isomers, four exhibit one water
molecule forming an O-H---n bond to the endocyclic double
bond of limonene and two have one water molecule bonding to
the exocyclic double bond. EQC-1-I is unique in that both water
molecules bond to limonene, establishing two O-H.- - -n hydro-
gen bonds rather than one and forming a bridge between
the endocyclic and exocyclic double bonds. EQC-1-1 also has
secondary C-H---O hydrogen bonds between both water
oxygens and the ring, differently to other isomers where only
the second water molecule establishes C-H- - -O interactions.

The above non-covalent interactions between limonene
and water can be visualised with the NCI method®>>*° and are
shown in Fig. 3. The O-H- - -O bonds appear as strong attractive
interactions with deep blue isosurfaces, and are pill-shaped,
indicated their high directionality. In comparison, the O-H- - -1
hydrogen bonds show lighter blue isosurfaces spreading
along the C—=C double bonds, indicating their slightly weaker
attractive nature and lower directionality. C-H-:--O hydrogen
bonds are less attractive and directional and appear as green
isosurfaces.

To get further insight into the strength of the interactions at
play we performed natural bonding orbital (NBO) analysis®”
(Tables S13-S19, ESIt) using Gaussian09.*® The NBO results
confirm that the strongest interaction in limonene-(H,0), is
the O-H- - -O hydrogen bond, with values of 42.6-45.4 k] mol !,
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Fig. 3 B3LYP-D3BJ/6-311++G(d,p) structures of the observed isomers of limonene—(H,0), overlaid with the experimental substitution coordinates of
the oxygens of water represented by green spheres. O—H- - -t bonds are shown with blue dotted lines, O- - -O in red and C—H- - -O in green. Intermolecular
interactions (in A) have been included along with the calculated distances at B3LYP-D3BJ (blue) and MP2 (red) level of theory. The NCI isosurfaces
(s = 0.5) are showed, for values of sign(4,)p ranging from —0.025 to +0.025 a.u. Blue indicates strong attractive interactions, green indicates weak

attractive interactions, and red indicates strong repulsive interactions.

except for EQC-1-I which shows a much weaker interaction of
30.1 k] mol™'. The second most attractive interaction is the
O-H- -1 hydrogen bond, with values of 20.1-21.4 kJ mol ,
again excluding EQC-1-I. EQC-1-I displays two O-H- - -n bonds,
of 15.8 k] mol™' and 5.7 k] mol™' to the exocyclic and
endocyclic double bonds of limonene, respectively. The overall
energy associated to O-H- - -1 interactions is thus 21.5 kJ mol *
in EQC-1-I. The stronger O-H- - -x is that involving the exocyclic
double bond of limonene, which was found to be slightly more
electronegative than the endocyclic one.”*

All isomers of limonene-(H,0), except EQC-1-I show hydro-
gen bond cooperativity due to the presence of sequential
hydrogen bonds running in the same direction (homodromic),
where all molecules act as both hydrogen atom donors and
acceptors.”®® This strengthens individual hydrogen bonds by
enhancing polarization. The much weaker O-H---O and
O-H:--n hydrogen bonds in EQC-1-I can be related to the
presence of an antidromic hydrogen bond network where one

26534 | Phys. Chem. Chem. Phys., 2022, 24, 26529-26538

water molecule acts as a double hydrogen bond donor, and may
explain its low abundance.

The effects of hydrogen bond cooperativity in limonene-
(H,0), are evident if we compare the values of the NBO energies
and theoretical bond lengths for the O-H- - -m bonds with those
of limonene-H,0.>* The O-H- - - hydrogen bonds in the mono-
hydrate isomers were predicted by NBO analysis to have ener-
gies ranging 11.3-13.8 kJ mol~", about 63% lower than those
in the dihydrates. Additionally, the O-H- - -n bond length in the
monohydrates is longer (2.25-2.29 A from B3LYP-D3B] and
2.28-2.34 A from MP2) than in the dihydrates (2.17-2.24 A
from B3LYP-D3B]J and 2.19-2.27 A from MP2), excluding EQC-1-L.

The effects of cooperativity are also manifest in the O---O
distances (Fig. 3), shorter than the 2.98(4) A of the free water
dimer,®® except for isomer EQC-1-I, where there are non-
sequential hydrogen bonds preventing cooperativity. Similar
shortening of the O---O distance have been observed in other
complexes of terpenoids with the water dimer.®"*® The predicted
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/. Ow1Hy,0y, angles of all isomers are smaller than 180°, most
likely the result of optimising secondary C-H- - -O interactions.

The observation of seven isomers of limonene-(H,0),
further confirms the ability of water to interact with limonene.
No isomers with limonene in an axial conformation have been
observed, indicating a stronger preference of the water dimer to
bind to equatorial conformers of limonene than in limonene-
H,0. In the majority of the isomers observed, the first water
molecule prefers to bind to the endocyclic double bond,
similarly to limonene-H,O.

4. Conclusions

Seven isomers of limonene—(H,0), have been identified from
the analysis of its broadband rotational spectrum supported by
computational calculations. The two water molecules bind to
limonene as a distorted water dimer, establishing O-H- - -m and
C-H- - -O hydrogen bonds with limonene, and O-H---O bonds
between each other. Limonene prefers to adopt an equatorial
conformation in the complexes. One limonene-(H,0), isomer
shows the water dimer binding to both endocyclic and exocyclic
double bonds of limonene, forming a bridge between them, but
most isomers display O-H- - -m hydrogen bonds to the endocyc-
lic double bond. Our study provides new data on O-H---m
interactions and their interplay with other hydrogen bonds,
of interest to model related clusters.

Limonene-(H,0), presents a very corrugated PES with many
low-energy minima that in some cases only differ by small
structural changes involving the water molecules. A combi-
nation of manual prediction of possible structures guided by
chemical intuition as well as algorithm-driven searches was
found optimal for a more complete mapping of the PES.
In comparison with limonene-H,O, the addition of a second
water molecule greatly increases the complexity of the PES and
the number of low-energy isomers with close relative energies.

Several computational methods have been applied to the
investigation of limonene-(H,0), and benchmarked against
experimental data. B3LYP-D3BJ and MP2 with the 6-311++G(d,p)
basis set predicted rotational constants closer to the experimental
ones. This is with the caveat that we are comparing equilibrium
rotational constants (predicted A, B, C.) with ground vibrational
state ones (experimental Ay, By, Cy), because of the high computa-
tional cost of calculating vibrational corrections for molecular
systems like limonene-(H,0),. Theoretical results were inconsis-
tent with respect to the global minimum structure and the relative
energy ordering, which showcases the difficulties in describing
a molecular system like limonene—(H,0),, with a high number of
configurations within a small energy range of 4 k] mol™".

Humidity has been found to affect the products of limonene
ozonolysis, although the mechanism is not clear.">®” The
results presented here show that the water dimer readily
interacts with limonene, and prefers to bind to the endocyclic
double bond, which is also the preferred site for limonene
ozonolysis.®® Limonene—(H,0), displays the same preference as
limonene-H,0. Our data informs on the initial steps of water

This journal is © the Owner Societies 2022
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microsolvation of limonene and contributes to understanding
possible interactions of limonene in the atmosphere.
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