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ABSTRACT. Limonene is an abundant monoterpene in the atmosphere and one of the main
precursors of secondary organic aerosol. Understanding its interactions with atmospheric
molecules is crucial to explain aerosol formation and the various products obtained from
competing reaction pathways. Here, using broadband rotational spectroscopy in combination
with computational calculations, we show that limonene effectively interacts with water forming

a variety of complexes. Seven different isomers of limonene-H>O, where water and limonene are



connected by O—H--w and C—H---O interactions, have been unambiguously identified. Water has
been found to preferentially bind to the endocyclic double bond of limonene. Our findings
demonstrate a striking ability of water to attach to limonene, and enrich our knowledge on the

possible interactions of limonene in the atmosphere.
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Secondary organic aerosol (SOA) is one of the largest sources of uncertainty in climate
modelling as its composition, formation and evolution are not well understood.!' SOA is formed
from oxidation reactions of volatile organic compounds (VOCs) in the atmosphere® and their
condensation into aerosol phase. However, critical information on how molecules interact with
each other and start forming clusters is missing. In particular, the role of water is not clear?.

Water is abundant in the troposphere, and therefore it can compete with atmospheric oxidants for



binding to VOCs. Water can also influence the evolution of oxidation products and the formation
of low volatility species, eventually changing the composition and yield of SOA*>. In addition,
water has been reported to change reaction barrier heights upon complex formation,® therefore

having a catalytic or inhibitory effect with important consequences for atmospheric reactions’.

The major contributors to SOA formation are monoterpenes,'® a class of compounds with
molecular formula CioHi6 produced by plants. Monoterpenes are released in large quantities to
the atmosphere, where they react with OH and NO; radicals, and ozone, forming other
compounds that could undergo further chemical reactions and eventually aggregate to produce
SOA.? Relative humidity plays a significant role in SOA formation from monoterpene oxidation
processes® !'but the effect of water differs depending on whether the monoterpene has an
endocyclic or exocyclic bond, the relative humidity and the oxidant. To improve our
understanding on the effect water has on the mechanism of SOA production it is necessary to
know how monoterpenes start interacting with water at the molecular level. Rotational
spectroscopy is a fitting tool for these studies since it yields very precise structural information in
the gas phase, being able to distinguish between subtly different configurations of the interacting
molecules without ambiguity. It has been applied in a few studies of water binding to Criegee
intermediates'?, and to ketones and aldehydes that are products of monoterpene atmospheric
oxidation'*!’. However, to our knowledge there are no studies addressing water binding to non-

oxidised monoterpenes that are SOA precursors.

In this work, we present the investigation of the interactions of the monoterpene limonene with
water using broadband rotational spectroscopy in combination with quantum chemical
calculations. Limonene is one of the most abundant monoterpenes in nature and one of the main

SOA precursors.!” Limonene is composed of a cyclohexene ring with methyl and isopropenyl



substituents in para position (Fig. 1). Having both an exocyclic and an endocyclic double bond,
limonene is an ideal candidate to explore whether there is any preferential binding of water to
one or the other, and whether there are any differences in those interactions depending on the

conformation adopted by limonene.

Figure 1. Molecular structure of (R)-(+)-limonene.

Limonene has six possible conformations, arising from the axial or equatorial position of the
isopropenyl group and its rotation, as depicted in Fig. S1 (Supporting Information, SI). In the
liquid phase, three equatorial conformers have been reported to be present by several vibrational
spectroscopic methods (IR, Raman, and VCD'®), and by NMR'. In the gas phase, rotational
spectroscopy revealed the existence of four conformers, one axial and three equatorial, with two
equatorial conformations being dominant?>2!. For the study of limonene-H>O, we considered all
six possible conformations of limonene with different arrangements of the water molecule
interacting with limonene double bonds (Fig. S2, SI), and predicted limonene-H>O lower-energy
isomers using B3LYP-D3BJ?*** and MP2 methods with the 6-311++G(d,p) basis set, within
Gaussian 09°* (Methods, SI). The isomers predicted within 12 kJ mol! of the global minimum

(of a total of 30 isomers with energies up to 16.7 kJ mol™!') are shown in Tables 1 and S1.

Table 1. Calculated spectroscopic parameters at different levels of theory of the fourteen

lower-energy isomers of limonene-(H20). Observed isomers are in bold.



B3LYP-D3BJ/6-311++G(d.p) MP2/6-311++G(d,p)

A/B/C? Lo /1) AE® A/B/C* o [t/ 14° AE®

EQA-3¢ 1611.8/637.5/561.2 -1.7/0.7/0.7 0.0 1606.5/639.6/562.5 —1.6/0.7/0.7 0.0
EQA-4 1597.9/640.3/556.3 1.2/-1.3/1.2 0.8 1595.9/643.8/558.7 1.2/-1.0/1.2 0.6
EQA-2 1644.7/596.9/499.6  —1.0/—1.0/—0.2 1.1 1591.7/614.8/512.8 —1.2/-0.8/-0.2 3.0

EQC-4 1581.6/646.2/554.1 -1.6/0.2/1.2 1.3 1580.1/649.6/558.2 —1.6/0.1/1.2 1.9
EQC-3p 1643.6/599.3/551.7 -0.1/1.6/1.2 1.7 1652.7/600.9/549.1 0.0/1.5/1.2 24
EQC-3a  1631.6/602.8/555.1 0.9/1.8/09 2.0 1627.9/606.2/555.4 1.1/1.7/0.8 2.8
AXa-3 1275.9/856.9/709.3 1.8/2.3/-0.2 2.5 1250.1/871.1/711.5 2.1/1.6/-0.2 3.0
EQA-1 1675.9/581.8/490.9 0.3/1.4/-0.8 2.5 1680.1/583.0/494.6 0.5/1.3/-0.9 4.1
EQa-4 1595.7/614.9/577.6 -1.3/0.7/0.6 2.5 1594.5/614.9/577.6 —1.2/0.6/0.8 1.9

AXa-4 1571.1/689.9/623.7 -0.2/-1.3/0.2 2.6 1556.1/703.9/641.6 —0.2/-1.4/0.3 0.4
EQC-2 1635.7/599.3/502.3 -1.0/-1.0/-0.4 2.9 1613.2/612.9/524.1 -1.2/-0.2/-0.8 4.2
EQa-3 1628.1/608.4/550.9 -1.2/-1.3/1.1 3.1 1624.2/612.4/551.8 -1.2/-1.2/1.1 2.8

AXa-2a  1215.6/905.6/720.2 1.7/0.3/—0.4 3.6 1190.7/927.4/728.0 1.6/0.2/—0.6 2.3

2 4, B and C are the rotational constants in MHz. ° ua, up and uc are the values of the
electric dipole moment components along the principal inertial axes in Debye. ¢
Calculated relative zero-point corrected energies in kJ mol™'. ¢ Nomenclature of limonene
conformers follows that of ref. [20], see SI; 1 and 2 indicate water interactions with the
exocyclic double bond on its opposite sides; 3 and 4 indicate water interactions with the
endocyclic double bond above and below the cyclohexene ring, respectively.

The theoretical predictions guided our search for limonene-H>O isomers in the rotational
spectrum, which was collected in the 2-8 GHz range using our chirped-pulse Fourier transform
microwave spectrometer’-2® (Methods, SI). Several species previously identified were observed

2021 " as well as water

in the dense spectrum, including the four gas-phase limonene conformers
hexamer, heptamer, nonamer and decamer complexes.”’ " After all these transitions were
removed, we identified seven different species of limonene-H>O. Preliminary assignments were
confirmed by fitting additional transitions using the semi-rigid rotor Hamiltonian of Watson in
the A reduction and I" representation’' implemented in Pickett’s programs.’> The final

experimental spectroscopic constants are presented in Table 2 and all measured transitions are

collected in the SI (Tables S24-S53).



Table 2. Experimental spectroscopic parameters for the observed isomers of limonene-H>O.

Isomer 1 Isomer 2 Isomer 3 Isomer 4 Isomer 5 Isomer 6 Isomer 7

EQA-3 EQA-4 EQC-4 EQC-2 EQa-4 EQC-3p

AXa-20,

A*(MHz)  1579.68818(50)°  1570.50759(55)  1549.01064(76)  1609.5558(18)  1566.65(40) 1633.554(15) 1178.0127(64)
B (MHz) 633.69037(29) 634.6738 (23) 644.62745(41) 599.20896(40) 606.8071(11) 592.23314(51)  902.24692(86)
C (MHz) 553.80812(26) 548.86330(23)  549.91766(40) 506.86000(43) 570.29123(95)  543.81218(59) 703.91112(85)

45 (kHz) 0.1061(36) 0.0788(27) 0.1026(51) 0.1094(52) 0.136(16) 0.1505(81)
A (kHz) 1.420(23) 1.155(28) 1.102(22) 0.633(88) 0.73(24) 0.983(85)
o1 (kHz) 0.0235(29) 0.0148(19) 0.0385(34) - - -

a/b/c¢ yiyly yliyly y/nly yliyly y/n/n n/yly

od 4.4 4.1 5.6 6.4 7.7 7.2

Ne 58 61 45 30 15 26

0.166(20)
0.73(12)

y/n/n
7.2
15

8 A, B and C are the rotational constants; 4;, Ajx and d; are the quartic centrifugal distortion
constants. ® Standard error in parentheses in the units of the last digit. © Yes (y) or no (n)
observation of a-, b- and c-type transitions. ¢ Rms deviation of the fit. © Number of rotational
transitions included in the fit.

The observed isomers, 1 to 7, could be assigned to species EQA-3, EQA-4, EQC-4, EQC-2,
EQa-4, EQC-3p and AXa-2a, respectively (Table 2) by first, comparing the experimental and
theoretical rotational constants; and second, comparing the observed transitions and their relative
intensities with the predicted dipole moment components (see further details in the SI). Further
confirmation was obtained from the observation of their HOD, DOH, H»'*0 and D,O
isotopologues at the predicted frequency shifts (Tables S2-S7, SI). From the differences between
the moments of inertia of the parent and mono-substituted isotopic species, we determined the
positions of the substituted atoms in the principal axis system using Kraitchman’s method** and
the KRA and EVAL programs* (Fig. 2 and Table S8), that are consistent with isomer
assignment. For isomer 5, no transitions arising from isotopically-enriched water species could

be observed due to its weak spectrum.



Fig. 2. Overlays of the MP2/6-311++G(d,p) structures of the observed isomers of limonene-H>O
with the 7, positions of the atoms of water from experimental observations (blue spheres). The
NCI isosurfaces (s = 0.5) are showed, for values of sign(A2)p ranging from —0.025 to +0.025 a.u.
Blue indicates strong attractive interaction; green indicates weak attractive interaction; and red
indicates strong repulsive interaction. The hydrogen bond distances calculated at B3LYP-D3BJ

(blue) and MP2 (red) levels of theory are also shown.

The relative abundances of the observed isomers have been estimated considering that they are

directly proportional to experimental line intensities and inversely proportional to pi?. The



obtained values are EQA-3 /EQC-4 / EQA-4 / EQC-2 / EQC-3B / EQa-4 / AXa-2a =15/11/
9/6/4/1/ 1. The five most abundant isomers involve limonene in either the EQA or EQC

conformation, which are also the most abundant ones for bare limonene.>°

All isomers identified are low-energy species predicted to be within 4.2 kJ mol! by both MP2
and B3LYP-D3BJ methods. There are other isomers also predicted to be low in energy that have
not been detected, despite repeated and careful searches for them. They may not be sufficiently
populated in our experiment, owing to their higher relative energies or lower binding energies, or
because they may relax to other lower-energy isomers in the supersonic expansion via low

interconversion barriers®>*® (see SI and Figs. S3-S10).

In all configurations water binds to the double bonds of limonene acting as a hydrogen bond
donor and forming O—H--w bonds. C—H---O hydrogen bonds between the oxygen atom of water
and the hydrogen atoms of limonene further contribute to the stabilisation of the complexes. We
do not observe splittings due to tunneling motions of the hydrogen atoms of water, which can be

taken as an indication that water molecules are firmly anchored to limonene.

The binding interactions can be visualised with the aid of the NCI method*’, which determines
electron gradient isosurfaces of molecular systems from electron density and its derivatives. The
NCI plots of Fig. 2 show light blue isosurfaces indicating attractive O—H---n hydrogen bonds,
and green isosurfaces for the weaker attractive C—H---O and dispersion interactions. The latter
are present in all isomers, with larger isosurfaces observed for the AXa-2a complex, due to the
dispersion interactions inherent to axial conformers?’. Visualisation of the O—-H--n hydrogen
bonds exposes their differences from stronger hydrogen bonds, such as O-H--O. The latter

usually appear as dark blue compact disks along the hydrogen bond*, showing its strong



attractive character and directionality. In contrast, O—H--m hydrogen bonds are displayed as
larger rectangular light-blue isosurfaces, highlighting their lower directionality and weaker

attractive nature.

In the majority of the complexes, water interacts with the endocyclic double bond. Only in two
complexes, AXa-2a and EQC-2, water binds to the exocyclic double bond in the isopropenyl
substituent. This raises the question of whether the double bonds in limonene have different
nucleophilicity. Calculations of the molecular electrostatic potential (MEP) of the observed
conformers of bare limonene, at the potential isosurface of 0.001 eau (Fig. S11), show that the
exocyclic bond is slightly more nucleophilic than the endocyclic bond. Thus the preference of
water for endocyclic binding cannot be attributed to the inherent characteristics of the double
bonds. Further information about the intermolecular interactions and their relative energies was
obtained from Natural Bond Orbital analysis. Our results (Tables S9-S15) confirm that the most
stabilising interaction in all isomers is O—H--nw hydrogen bonding, with secondary interactions
C-H--O and H--O-Hy having varying contributions. O-H:-n interactions involving the
endocyclic double bond are predicted to be stronger than with the exocyclic one, except in EQC-
3. Surprisingly, AXa-2a. has the weakest O—Hym hydrogen bonding but the secondary
interactions are the strongest and there are many of them, which makes AXa-2a the isomer with

the largest stabilising intermolecular interactions, followed by EQA-3.

The energy ordering, including zero-point corrections, of the predicted isomers differs
noticeably between MP2 and B3LYP-D3BJ methods. Both predict the most abundant isomer
EQA-3 as the global minimum, but B3LYP-D3BJ predicts the six lower-energy isomers

containing only EQA and EQC limonene conformers while MP2 predicts three of them



containing the AXa limonene conformer. Different predictions from these two methods have
been reported for complexes where there are competing non-covalent interactions®, and for bare
molecules where dispersion interactions contribute differently to the stabilisation of different
conformations?’°. The latter is the case of limonene, which has higher dispersion contributions
to axial conformers. Because MP2 tends to overestimate dispersion contributions®®*, we
hypothesise that this is the reason for the higher number of lower-energy complexes involving
axial limonene predicted by MP2. The interaction energies, calculated after correcting for Basis
Set Superposition Error (BSSE)*, and using Symmetry Adapted Perturbation Theory (SAPT)*!,

also show great variations between MP2 and B3LYP-D3BJ (Tables 1 and S1), with no

agreement on the isomer with the largest interaction energy.

Despite the differences in predicting relative and interaction energies, both B3LYP-D3BJ and
MP2 methods with the 6-311++G(d,p) basis set yield good predictions of the rotational constants
for all observed isomers (see Tables 1 and 2), with average deviations of 1.3% (B3LYP-D3BJ)
and 1.6% (MP2) from the experimental rotational constants. We should note that we are
comparing equilibrium rotational constants Ae, Be, Ce (from theory) with ground-state rotational
constants Ao, Bo, Co (from experiment), which is not strictly correct but it is common practice in
the field. B3LYP-D3BJ predicts slightly shorter O—H-n hydrogen bond lengths (2.25 - 2.29 A)
than MP2 (2.28 - 2.34 A), and slightly longer C—H:--O lengths (2.67 - 2.85 A for B3LYP-D3BJ
and 2.42 - 2.78 A for MP2), see Fig. 2. The AXa-2a isomer, where limonene is in an axial
conformation, is an outlier in both methods, with O—H---m hydrogen bond lengths of 2.43 A for
B3LYP-D3BJ and 2.48 A for MP2, and C—H:+-O interactions involving two different C—H bonds

with lengths of 2.52 and 2.67 A for B3LYP-D3BJ and 2.54 and 2.65 A for MP2.
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The theoretical bond lengths can be compared with those obtained for other molecular systems
bound by O—H---n hydrogen bonds. Interestingly, there is not a great wealth of data on O-H--'nt
interactions involving a double bond. For the prototypical system ethylene-H,0*, an O-H-n
hydrogen bond length of 2.482 A was derived by adjusting the equilibrium structure until the
value of B+C matched the experimental one. This value is considerably longer than those
predicted for limonene-H>O. A more suitable comparison can be established with cyclopentene-
H,0*, with reported semi-experimental equilibrium bond lengths of 2.33 A for O-H:--n and 2.79
A for C-H--O interactions. In the same paper, cyclohexene-H,O (not studied experimentally)
was predicted to have O—-H-n and C-H---O bond lengths of 2.31 A and 2.75 A, respectively,
from B2LYP-D3BJ/maug-cc-pVTZ-dH calculations. The values for the limonene-water isomers

are similar to these, with generally shorter values for the C—H---O interactions.

The higher level SAPT calculations*! (Table S16) run for the observed limonene-H,O isomers
show that electrostatic interactions make the largest contribution (ca. 52% on average) to
attractive forces, followed by dispersion (ca. 28% on average). The relative contributions from
electrostatic, exchange, induction and dispersion contributions are comparable to those reported
for cyclohexene-water*>. The overall binding energies are also comparable. In contrast, water
complexes involving aromatic molecules such as benzene, acenaphthene and corannulene show
significantly larger contributions from dispersion (ranging from 44% in benzene to 59% in

corannulene), reflecting the different chemical nature of the intermolecular interaction.

The diversity and number of low-energy isomers observed for limonene-H>O is remarkable,
and shows the ability of water to interact with limonene and its adaptability. The dynamic

behaviour of water can influence atmospheric processes, as water may compete for limonene

11



binding with atmospheric oxidants and steer reactions to follow different paths. For example, one
of the important oxidation pathways of limonene in the atmosphere is by reacting with ozone.
Ozone reacts much faster (about 30 times) in the gas phase with the endocyclic double bond of
limonene than with the exocyclic bond, with products affected by ozone:limonene relative
concentrations and relative humidity>%*. Our observations of a strong preference of water to
interact with the endocyclic double bond of limonene point to a possible influence of water
before ozonolysis takes place, by effectively competing with ozone. Relative humidity has also
been found to affect the ozonolysis of the SOA precursors a- and B-pinene but no effect was
observed in reactions involving OH and NOs3 radicals, which can proceed without involving the
monoterpene double bond’. Our results, showing that water preferentially binds to the endocyclic
double bond of limonene and informing on its various arrangements, enrich our knowledge of
the possible interactions of limonene in the atmosphere and serve as a stepping stone for further
investigations on limonene-water interactions. They may also stimulate more studies on

atmospheric reaction rates and mechanisms including water.

Supporting Information. Experimental methods, computational methods, lists of rotational

transitions, and details of spectroscopic analyses.
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