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Abstract: Isoprene is the most abundant volatile organic compound
in the atmosphere after methane. While gas-phase processes have
been widely studied, the chemistry of isoprene in aqueous
environments is less well known. Nevertheless, some experiments
have reported unexpected reactivity at the air-water interface. In this
work, we have carried out combined quantum-classical molecular
dynamics simulations of isoprene at the air-water interface, as well
as ab initio and density functional theory calculations on isoprene-
water complexes. We report the first calculation of the
thermodynamics of adsorption of isoprene at the water surface,
examine how hydration influences its electronic properties and
reactivity indices, and estimate the OH-initiated oxidation rate. Our
study indicates that isoprene interacts with the water surface maiply
through H-zt bonding. This primary interaction mode produces st]
fluctuations of the = and = bond stabilities, and theref
isoprene’s chemical potential, nucleophilicity and ionization potential,
anticipating significant dynamical effects on its reactivity
water interface. Using data from the literature and fr
reported in our work, we have estimated the rate of th
oxidation process at the air-water interface (5.0 x 10
%.5™) to be about 7 orders of magnitude larger that t
rate in gas-phase (8.2 x 10° molecule:cm™-§
implications of this result are discussed.

Introduction

The chemistry of isoprene (2-methyl-1;
great environmental relevance." Isoprene,
emitted by plants, is the
compound (VOC) in the t

ntially
organic

rocess by OH is
ical to either C4 or C,4, followed
2, leading to the formation of
0,). The later can further
and to a minor extent
with  HO,, resulting in hydroxy
aerosol precursors. Some isomers

n-shift isomerization leading to
er compounds. Oxidation by O3
represents also a significant sink for isoprene, the corresponding
ozonolysis process being a source of OH radicals, organic
peroxy radicals, Criegee intermediates, and secondary organic
aerosols.

a variety of pero
react with either
organic nitrates,

rmation as well.

Current kno in the

atmosphere

y of isoprene

which may change its
ity of isoprene in water is quite low
t 1.3 x 10 molm™Pa™),”® bulk
phase chemistry is assumed to have minor importance (although
igis not compfitely negligible™), but different experiments have
e role of isoprene’s chemistry at the surface of
water. Using electrospray-mass-spectrometry, Enami et
ve studied the reactivity of isoprene at mildly acidic water
s and have concluded that isoprene can be protonated
o cationic oligomerisation. Kameel et al® have
for the reaction of isoprene with OH in
generated by electrosprays showing that reactions
lead to heavier products than in gas phase. The results suggest
that at the surface of the droplets, after OH addition to isoprene,
theygeaction with another isoprene molecule is in competition
e reaction with 0. Qiu et al''” have studied the reactions
riegee intermediates formed in the ozonolysis of
noterpenes at the surface of water evidencing the key role of
ater, which has also been proven in studies of gas-phase
reactions involving such intermediates.!"""*

Indeed, the so-called “on-water” catalytic effec presently
represents one of the most fascinating issues in atmospheric
chemistry.""® " The rate of many reactions increases when they
occur at aqueous interfaces, sometimes by several orders of
magnitude with respect to the same process in gas phase or
bulk water. However, there is not yet a complete understanding
of this phenomenon."” The confinement of the reactants or the
formation of hydrogen-bonds with the dangling protons of
interfacial waters have often been claimed to be the driving force
for rate acceleration. But reactions of interest rarely occur on a
neat water surface, and the influence of other factors such as
the pH, the dissociation of acids (see for instance Ref.'"®#), or
the distribution of cations and anions in the vicinity of the
interfacial layer (see for instance Ref.?**®), need to be taken
into account. Besides, the results of electrospray studies have
raised some debate in the literature about the role of the high-
voltages used in such experiments and possible role of gas-
phase charged species (see for instance the discussion about
the protonation of isoprene®® in Ref*®*®). For a more detailed
discussion on all these issues, the reader is referred to a recent
review about molecular reactions at aqueous interfaces,"” and
to the references cited therein.
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Despite the potential importance of this chemistry, the
interaction of isoprene with the water surface has not been
studied yet, and only few theoretical studies have been devoted
to isoprene-water complexes. 1to®™ reported IR data in noble gas
matrices and theoretical calculations to study the structure
isoprene-water 1:1 complexes, while Gallo et al®® carried out ab
initio calculations to study the interaction of isoprene with
protonated water clusters of different size to model processes in
electrosprays. In order to get further insights into the water
surface chemistry of isoprene, here we report theoretical
calculations in different conditions that include 1:1 complexes,
clusters of 21 waters and the planar surface of a water slab. We
have carried out ab initio and density functional theory
calculations for the clusters, and combined QM/MM molecular
dynamics simulations for the extended system. We focus on the
adsorption energetics and interaction modes on the neat water
surface, as a necessary first step towards the understanding of
the chemistry in more complex aqueous environments. We
discuss the modifications of some reactivity indices of isoprene
at the interface with respect to the gas-phase, and report an
estimation of the OH-initiated oxidation reaction rate in water
microdroplets of atmospheric relevance.

Results and Discussion

Structure of 1:1 complexes.

The structure of isoprene:water 1:1 complexes has already
discussed in the literature at the B3LYP/6-31+G(2d,2p) IVel.
The comparison of calculations with low-temperature j
spectroscopy in noble gas matrices suggested t
preferentially forms H-bonds with the C=C double bo
confirmed in our work by calculations at much high
geometries have been optimized here at
311+G(2df,2p), and for comparison, at
311+G(2df,2p) level too. Single-point energy calcu
then been carried out at the CCSD(T)/6-311+G(2df,2p
The effect of increasing the basis set has been examin
through calculations at the MP2/aug-cc-pVTZ level. The
and B3LYP optimized structures are ghown in Figure 1

optimized geometries are provided
energies are collected in Table 1.

the B3LYP interaction
ck of dispersion in
P geometries
in
red but calculations led to
o that we did not explore this
tions using either MP2 or
tries, however, lead to
ose achieved with the
o that MP2 provides similar energies
n the same geometries are used.

uctures showing H-Tr interactions
(4-5) to be more sta the structures (1-3) in which
isoprene behaves as a proton donor. Their interaction energy is
close to -39 kcal'mol’ at the highest CCSD(T)/6-

energies are smaller,
the DFT calculations.
using different

Gaussian 09®? were con

CCSD(T) method
results that do not
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311+G(2df,2p)/IMP2/6-311+G(2df,2p) level, this value being
comparable to, though slightly larger than, the H-1r interaction in
the benzene-water complex, -3.29 kcal'mol” in the

CCSD(T)/CBS scheme of the S66 &t.“‘”

1 . 2 3
> 266 &
)“\\ I/ y J\ j 253 )\ ‘I/
!
4 5
F

level. Di

donor) whi -r interactions (isoprene H-acceptor).

c d interaction energies of isoprene-water 1:1 complexes at

tional levels. The calculations assume the geometries
ized at the B3LYP (a) or MP2 (b) level with the 6-311+G(2df,2p) basis
e interaction energies do not include zero-point contributions, which are

) . . 1
in parenthesis. Values in kcal-mol .

MP2/ MP2/ ccsog)/
6-311+G(2df,2p) aug- 6-311+G(2df,2p)
CcC-
pVTZ
a b b a b
-0.77 -1.45 -1.76 -1.68 | -1.48 -1.79
(0.59) (0.68)
-0.95 -1.94 -2.01 -1.96 | -1.96 -2.02
(0.66) (0.75)
-1.06 215 -2.23 211 | 218 -2.25
(0.76) (0.83)
4 -2.10 -3.70 -4.12 420 | -3.48 -3.85
(1.08) (1.18)
5 -2.12 -3.73 -4.16 423 | -3.50 -3.88
(1.12) (1.26)

2

Structure of isoprene:(H.0),1 complexes.

In this case, and due to the large size of the systems, the
geometries have been optimized at the B3LYP/6-311+G(d) level
and the interaction energies have been obtained by single-point
energy calculations at the MP2 level with the same basis set. A
similar theoretical approach has been used, together with the
21-water molecules cluster, to model the adsorption of other
systems of atmospheric interest to the water surface.*" *? The
optimized structures of different complexes are displayed in
Figure 2 together with the interaction energies and relevant
intermolecular distances. The Cartesian coordinates are
reported in the Sl. Two other structures were considered in
which the interaction with the water cluster takes place through
the CH, groups of isoprene, but the optimization led to
geometries close to that in structure 2 and to slightly smaller
interaction energies. Therefore, for the sake of simplicity, they
are not displayed in the Figure. Though one cannot exclude the
existence of other minima, based on the results for the 1:1



complexes, we assume that those represented in Figure 2 are
the most relevant ones. The structures 1-5 are displayed by
increasing interaction energy. In structures 1-3, isoprene
behaves as a proton donor; structures 1 and 2 involve two H-
bonds and are a little less stable than structure 3, which involves
three H-bonds. Complex 4 displays two different types of bonds:
one H-bond with isoprene’s methyl group (isoprene as proton
donor) and one H-mr interaction with one of the C=C double
bonds (isoprene as proton acceptor). Finally, the most stable
structure 5 displays two H-1r interactions involving the two C=C
bonds in isoprene. The stability order found with the
isoprene:(H20)21 structures is consistent with the interaction
energies obtained in the case of the 1:1 adducts, and confirms
the large stabilizing contributions of isoprene-water H-1r bonds.

Adsorption at the surface of liquid water.

We focus now on the thermodynamics of adsorption of isoprene
at the surface of liquid water at finite temperature (298K). The
free-energy of adsorption on water droplets is a fundamental
quantity in atmospheric chemistry because, together with
Henry’s Law constant, it regulates the importance of aqueous
phase chemistry. To this aim, QM/MM MD simulations have
been carried out (see details in the computational section). They
reveal that isoprene, despite its hydrophobic character, has
nevertheless a significant affinity for the air-water interface. Two
typical snapshots of the QM/MM MD simulations are displayed
in Figure 3 and density profiles are shown in Figure 4. All along

the simulations, isoprene remains at the surface of the wafer ;
slab, and on average, its center of mass is only slightly a s b
S

the formal interfacial plane. From the density profile, 1
possible to estimate the free energy of adsorption. The

the interface that amounts -4.6 kcal-mol™. This val
same order of magnitude, though a little larg

possible to estimate the equilibrium excess conce
air-water interface for a given air-concentration of isopr
obtain a ratio between the interface and gas ph

gas-phase concentration
concentration at the surface of a wat
1.7 x 10" molecules-cm™. Qualitati
with the findings of Gallo et al,*® who
adsorbing to the surface, and
made by Huang et al**! usin
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Figure 2. Structures of the isoprene:(H.O),; complexes optimized at the
B3LYP level and single-point interaction energies at MP2 level. In all cases,
the 6-311+G(d) basis set has been employed. Distances in A, energies in
kcal-mol™. Only the shortest H---C distances in the H-x bond interactions are
indicated. Structures 1-3 involve H-bond interactions (isoprene H-donor).
Structure 4 involves one H-mt interaction (left) and one H-bond interaction
(right). Structure 5 involves two H-x interactions (isoprene H-acceptor).



o) 3 7 Jr "
‘v/é [ ¢ "F {\J&\‘: (2 ?‘ [ |
*\N,D# R ,?\/ ‘“"4//;" 3
vLe !: < MY N
b Y\,

o . N
v/ 3 "<\ W \/
y £l =~ D \{ R
3 oy . re N
v A / 4 : 4
i -:<B 2 54 Aj‘) p
A RN \4\\7}/
= S A \ ‘:J‘j R (0~

Figure 3. Snapshots from the QM/MM MD simulation of isoprene at the air-
water interface: a) the isoprene molecular plane is parallel to the water surface
and H-x interactions prevail, b) the C-chain of isoprene is perpendicular to the
water surface and H-bond interactions prevail. In b), the formation of a
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orientational preference for configurations where the isoprene
molecular plane lies parallel to the air-water interface (n parallel
to the Z axis), as in snapshot (a) shown in Figure 3.

Further interesting information co from the radial distribution
functions (RDFs) shown in Figure e first considers the
H(isoprene)---O(water) RDFs, no partic
before or around 2.5 A, indicating

onor, is not
Looking now at the
Wteractions between the
r are clearly seen.
well-differentiated
ar features, but with less
2.6 A in the case of C,
e RDF results and the
s to the conclusion that

favourable at the air-wat

The RDFs for the
peaks with maxim
well-defined maxi
and C; atoms. T
orientational

hydrophobic pocket at the interface is clearly seen. X z
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Figure 4. Molecular densities of water (black dots) and isoprene (p o o4 L =)
line) from the 300 ps QM/MM MD simulation at the air-water interfac - 1
Arbitrary units are used for isoprene and g-cm’3 units are used for water. The e ]
inset shows the free energy profile (red dots) deduced from the density 0.2 -
(after horsetail sampling corrections). Z = 0 c [ ——cos (6) -==-c0S (¢) —— COoS (X) i
simulation box. We assume that converg | J
- 0.0 AR S SN SR AN TN TN TN TN AN TN T N AN N SO SO S
reached at Zz=23 A. We further assume r the 10 05 0.0 05 70

(C1C4), (C2C5) and the
igure) with the Z-axis perpendicular to
prene orientations with the (C1C,)
are favored, while orientations of
this vector pe he interface and C4 pointing
towards the water layer are strongly disfavored. Similar trends
are found for the (C,Cs) vector (C-CH3; bond). Moreover, if one
looks at the distribution of the normal vector n, one sees an

cos

Figure 5. Orientational preference of isoprene at the air-water interface from
QM/MM MD simulations. Distribution of cos(6), cos(¢) and cos(x) for the
angles formed by the vectors (C41C4), (C.Cs) and n = (C4C4) x (C2Cs) with
the Z-axis.
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Figure 6. Radial distribution functions from the 300 ps QM/MM MD simulation.
Left panel: C(isoprene)---H(water). Right panel: H(isoprene) ---O(water). The
y-axis tick values correspond to the C1 and CHj curves. For clarity, the other
curves have been shifted by steps of 0.04. The curve CH; corresponds to the
average RDF of the three H-atoms of the methyl group.

Isoprene reactivity at the air-water interface.
The large affinity displayed by isoprene for the air-water
interface indicates that a significant part of its atmospheric
chemistry is likely to occur in this medium. Some experimental
studies have reported major differences for the interfacial
chemistry of isoprene with respect to the corresponding gas
phase chemistry, but a full understanding of such differences is
still lacking. To further advance in this direction, in this work,
have considered two different aspects. First, we have exa
the effect of hydration on isoprene reactivity indices at tHe air-
water interface. Reactivity indices have been widely
organic chemistry to interpret experimental data fo

the proton affinity of organic compounds correlat:
linear combination of the ionization energy, th
electronegativity and electrophilicity indices,*”
of OH addition to alkenes correlate well with
energy.#%% Besides, following Fukui's frontier molecular
theory®™" and Woodward and Hoffmann rules,®? the Diels-Al
reactivity of isoprene, a common diene that can also act gs a
dieneophile, should be affected by the gability of the HOMO

(z bond) and LUMO (x
activity indices as well. We
focus here on the (approximated by minus
), the global softness (obtained as the
dness index n), the chemical potential

U = (€nomo + €Lumo)/2 (1)
N = (€Lumo — €nomo) 2
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w = p?/2n (3)

The derivation and validity of these equations, which are broadly
used in the literature, have be

on these indices has also been e
displays the instantaneou
simulations in gas-phase an
provides the average values.
displayed data is the
process on the so
practically unchan tuations at the interface
are very similar t i e. In other words, the
HOMO-LUMO ga t appreciably changed
through interggi result suggests that the
rene, which has relevance
photochemical behaviour, should not
nder adsorption on the water surface.
ent for other reactivity indices, which
MO and LUMO energy shifts, and
not only on their relative value. Fluctuations at the picosecond
timescale of the chemical and ionization potentials, and of the
dex, are considerably greater at the interface
gas-phase. For instance, in the case of the
ophilicity, peaks representing an increment of up to 100%
served. These strong changes have to be attributed to the

-water interface. Table 2
triking result from the
urface adsorption
average value is

gas-phase:¥4% for the nucleophilicity, 1% for the chemical
potential and roughly 0% for the ionization potential (i. e. the
HOMO). Since kinetic constants are often correlated to reactivity
, as mentioned above, the qualitative conclusion that can
rived from such results is that the rate of reactions
ving isoprene at the air-water interface are probably not too
erent from the gas phase. In contrast, dynamic solvation
ffects are likely to be significant, especially when isoprene acts
as a nucleophile, whereby the fluctuations of the solvent may be
essential to drive the process. Indeed, isoprene dynamics and
the lifetime of reaction intermediates are key factors in the
complex chemistry of isoprene with OH. *® Dynamic factors can
alter, in particular, the relative reactivity of isoprene carbon
atoms towards OH, which is not the same, with C4 being a little
preferred over C4, and with C; and C3 playing a minor role in the
gas-phase.®®

Table 2. Average values of the reactivity indices of isoprene in gas-phase and
at the air-water interface. Calculations at the B3LYP/6-311+G(d) level using
snapshots from the simulations. Chemical and ionization potentials are given
in eV, and the other indices in eV'. The averages were obtained over the MD
trajectories of 25 ps in gas-phase and 300 ps at the air-water interface,
showing in each case a suitable convergence.

Chemical lonization Softness  Nucleophilicity
potential potential
Gas-phase -3.76 6.55 0.179 0.788
Air-water -3.72 6.52 0.179 0.823
interface
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Figure 7. Detail along 2 ps of the fluctuations of some reactivity indices of
isoprene in gas phase (light cyan) and at the air-water interface (red).
Calculations at the B3LYP/6-311+G(d) level using snapshots from the
simulations.

Oxidation rates at the interface and atmospheric implications.
The main sink of isoprene in the troposphere is the reactioa*

OH radicals. Addition of OH to a double bond repr
globally 85% of isoprene’s reactive fate. Using data in the
literature and the calculations reported here, it is p
make an estimation of the OH-initiated oxidation g
surface of cloud water droplets and of the contri
process to the overall oxidation of isoprene in th
The recommended IUPAC rate constant for
oxidation of isoprene in gas phase is 2.86 x 10
s at 298K, while the measured value in aqueous s
1.2 x 10" L-mol™s™ (2 x 10" cm*molecule™s™").** The

assume here Kinter = Kgas. The OH concent
is quite variable but 1.16 x 10° molecule-cm™ i

is only one of the possible OH
ction rate in aqueous solution
r than the production rate in
°l The excess OH radicals
phase but are rapidly
ic compounds in the medium. As
concentrations for isoprene in the
46 x 10" molecule-cm™) and our
estimation at the 700 times larger (1.7 x 10"

molecules-cm™). The reaction rates R=k[isoprene][OH] in these
conditions in gas phase and at the air water interface are

6
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therefore estimated to be Rgas = 8.2 x 10° molecule-cm™-s™ and
Riner = 5.0 x 10'? molecule:cm™:s™ (using the lower limit value
for the concentration of OH radicals at the interface). In other
words, we predict an interfacial r jon rate that is at about 7
orders of magnitude larger than phase. The overall
contribution of clouds to the oxidation isoprene in the
troposphere will depend, however, on
clouds and the droplet size
relative interface/gas-phase
of liquid water content (LWC) b

xidation rates for values
0.2 and 1 g'm™, which
us, as a function
e interfacial layer
n done,** ®@ spherical
m). Though the results
e large variation of the
ynamic conditions, they
processes may be quite
for high-water content clouds and small
us estimation* reported a contribution
1 g'm™® and D = 0.2 um. In the same
er value (47%), which is basically
ent value for the gas-phase reaction

volume, we have
droplets with inte
have several unc
concentration
nevertheless

due to the use of a more

e.[63]

rate.
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Figure 8. Estimated contribution of the oxidation of isoprene at the surface of
water droplets in the troposphere with respect to gas phase (%). The shaded
area shows the relative absolute rates as a function of the droplet size in
clouds with liquid water content (LWC) between 0.2 and 1 g-m’3 of air. The
reaction rate value in gas phase (Rg.s) is indicated.

Conclusion

The results of this work highlight how molecular interactions with
a water surface can influence the gas-phase chemistry of
hydrophobic compounds, which is a key topic to gain a better
understanding of the atmospheric and environmental chemistry
of volatile organic compounds.

According to our simulations, isoprene, whose solubility in water
lies in the millimolar scale, nevertheless presents a significant
affinity for the air-water interface, with an accumulation factor
with respect to the gas-phase concentration of about 700. This
result, which is consistent with surface tension measurements
and with previous estimations based on other VOC properties, is



important to interpret laboratory experiments with microdroplets
or bubbles, for instance, and field measurements in atmospheric
and environmental waters.

In addition, our simulations reveal that H-t bonding is the
dominant interaction mode with water molecules, resulting in a
privileged parallel arrangement of the isoprene molecular plane
with respect to the surface on average. As a consequence, the
conjugated z-system is significantly polarized under the
influence of the electric-field created by the surrounding water
molecules. We have found that the fluctuations of this field
produce strong modifications of the electronic properties at the
picosecond time scale at room temperature. Eventually, the
instantaneous values of the nucleophilicity and other reactivity
indices are much larger compared to gas-phase values,
suggesting that large dynamic solvation effects may affect the
reactivity of isoprene at the interface.

We have also estimated the relative reaction rate for the OH-
initiated oxidation process of isoprene. According to our results,
the reaction rate at the interface is about 7 orders of magnitude
larger than in gas phase for typical atmospheric concentrations,
so that interfacial chemistry can be significant for high water
content clouds and/or for small water droplets.

Computational Section

Isoprene-water 1:1 complexes have been optimized at the B3LYP
MP2 levels of theory with the 6-311+G(2df,2p) basis set. Single-
energy calculations have then been carried out at the MP2 and C
levels with the same basis set, as well as at the MP2/aug-cc-pVTZ level.
For the calculation of zero-point energy contributions, the freq i

selected from those reported in a previous study at
B3LYP/6-31+G(2d,2p).”! The interaction of isoprene with
water molecules was studied at the MP2/6-311+G(d)//B
level. The choice of this cluster size was based on the
studies that used it to model interactions with the water s
instance®" *?). Different geometries were explored as initial s
which were chosen on the basis of the results for the 1:1 comple
Simulations at the air water interface were carried out using a QM/M
approach® %! developed in our group[66'69] that includes electro

molecules are described classically usin
non-electrostatic solute-solvent QM/M

Jones parameters for the QM syste
field.”" In order to maintain the
limits, isoprene was described at
B3LYP

by a factor
environment

software and computatio
difference would represent ho

107). We estimated the mean

out in the present study (about
; gies to be 0.3 kcal mol™* (HF vs

unsigned error in

solute and 499 water molecules within a
5 x 130. Periodic boundary conditions
jons. The time step was 0.25 fs. After
equilibration, the simulation rried out for 300 ps. From this
trajectory, 300000 snapshots were selected to calculate the electronic
properties at the B3LYP/6-311+G(d) level. In addition, to improve the
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statistics, horsetail sampling”™ " was used by carrying out shorter

simulations in parallel with randomized velocities along the previous
simulation at constant time intervals (96 trajectories from 18
configurations chosen in the first half of the 300 ps simulation). A total
simulation time of 3.5 ns was reached orsetail sampling was used
to obtain the free energy profile in the inte er. For comparison, a
QM simulation (25 ps) of isolated isoprene
electronic properties were obtained at the s
level for the MD simulations, fo
for the properties). We use fl
calculations, Tinker 4.2 for the
developed in our group.[55]

09 program® for the QM
ulations and the interface
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