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Abstract

Biotic and abiotic emissions of molecular iodine and iodocarbons from the sea or ice surface
and the intertidal zone to the coastal/polar marine boundary layer lead to the formation of
iodine oxides, which subsequently nucleate forming iodine oxide particles (IOPs). Although
the link between coastal iodine emissions and ultrafine aerosol bursts is well established, the
details of the nucleation mechanism have not yet been elucidated. In this paper, results of a
theoretical study of a range of potentially relevant aggregation reactions of different iodine
oxides, as well as complexation with water molecules, are reported. Thermochemical
properties for these reactions are obtained from high level ab initio correlated calculations
including spin-orbit corrections. The results show that the nucleation path most likely
proceeds through dimerisation of 1,0;. It is also shown that water can hinder gas-to-particle
conversion to some extent, although complexation with key iodine oxides does not remove
enough of these to stop IOP formation. A consistent picture of this process emerges from the
theoretical study presented here and the findings of a new laboratory study reported in the

accompanying paper (Gomez Martin, et al., 2013).
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1. Introduction

The atmospheric chemistry of iodine has received considerable attention in the past two
decades' mainly due to its potential role in ozone catalytic destruction” > and new particle
formation.* The way in which iodine participates in atmospheric chemical processes has been
the subject of a number of recent studies and is beginning to be understood." It is known that
intertidal seaweed beds are major producers of I,,* and marine phytoplankton also liberates
organoiodine species such as CH3l. Recently, it has also been shown that the mayor global
oceanic source of iodine to the marine boundary layer (MBL) is inorganic,” ® and results most
likely from the oxidation of iodide in the sea water surface by deposited ozone, which results
in the release of HOI and L,.” These iodine-bearing molecules have short photolytic lifetimes
and quickly release I atoms, which are subsequently oxidized by ozone to form iodine

monoxide (10).

. 8-10 . . 11 - .. . g
In coastal environments™ ~ and over Antarctic sea ice surfaces, = intense emission of iodine
precursors (mostly 1) results in high IO mixing ratios capable of sustaining the formation of

iodine oxides that polymerize to form iodine oxide particles (IOPs). A number of laboratory

Published on 23 July 2013. Downloaded by University of Leeds on 26/07/2013 16:33:03.

studies have been conducted to investigate this process (see e.g. refs. '*'%), although the
mechanism of particle formation is not fully understood, as shown in Fig 1. Besides the
uncertain photochemical properties of many iodine oxides participating in the mechanism, a
major unsolved issue is the nature of the nucleating species. 1,04 and 1,05 have been
identified as the most likely candidates based respectively on the observed lack of
hygroscopic growth'® and the 2:5 I:0 stoichiometry of particles.”” A gas-phase laboratory
study reported indirect evidence of 1,05 and 1,04 molecules formed by recombination of 10
and OIO and of OIO with itself, respectively.'® However, 1,05 formation would depend on
oxidation of 1,04 by ozone. Since oxidation of iodine oxides by ozone is highly exothermic

according to our quantum calculations, this led to an alternative scheme where iodine oxides
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would be sequentially oxidized by ozone, until the nucleation species [,Os would be formed
(see Fig. 1). Further mechanistic complexity results from the observation in aerosol flow tube
studies of lower numbers of smaller IOPs at atmospheric relative humidity than formed in the
absence of water vapour. This observation suggests that water molecules could form
relatively stable complexes with iodine oxides such as 1,03 and 1,04, which might affect IOP

formation by inhibiting their possible polymerization."*

The complexity and uncertainties sketched in Fig. 1 are substantiated by the lack of relevant
physico-chemical parameters, such as enthalpies and Gibbs free energies of reaction, rate
constants, absorption cross-sections of higher order iodine oxides (I,Oy, y = 3-5), etc. In this
context, theoretical calculations can provide valuable information complementary to

laboratory results, such as the properties of potentially relevant molecular aggregates.

From a theoretical point of view, a number of previous quantum chemical studies have been
carried out to explore atmospherically relevant small iodine oxides, mainly intended to

elucidate their structural and thermodynamic properties (see e. g., refs.'”*

). Ab initio studies
in systems containing iodine atoms are difficult due to relativistic effects and to the large
number of electrons which makes difficult to use large and flexible basis sets to guarantee an
adequate quality of calculated geometries and frequencies in systems with several iodine
atoms. Recently, a flexible basis set intended for valence-only calculations optimized for use
with a shape-consistent averaged relativistic effective potential (AREP) has been developed
for the iodine atom. This methodology has been employed in theoretical studies on several

23,26

iodinated species, obtaining accurate geometries and thermodynamic properties on all the

species tested.

In this work, the same methodology is used to perform ab initio calculations at the CCSD(T)

level of theory, including spin-orbit (SO) corrections, to study the formation of aggregates of

14, 27

[,Oy (y=3-5). In addition, given the prominent role attributed to water, the properties of

4
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iodine oxides monohydrates I,Oy--H,O (x = 1, 2; y = 0-5) are also investigated. The ab initio
thermochemistry reported here is used synergistically in the accompanying experimental
paper,” in order to derive rate coefficients and dissociation rates, hence enabling new insights

into the initial steps of IOP formation.
2. Methods

A shape-consistent averaged relativistic effective potential (AREP)*’ was used to replace the
46-electron core of iodine atom.’® This formalism has been shown to account for the
relativistic effects encapsulated in the core potential when used with properly optimized basis
sets.’ ** A valence-only aug-cc-pVTZ basis set optimized for the AREP* following the
method prescribed to construct correlated consistent basis sets for relativistic core potentials **
was used for the iodine atom. Conventional aug-cc-pVTZ basis sets were employed for H and

O atoms.

Optimized geometries and frequencies were obtained in correlated calculations at the standard
second order perturbative Moller-Plesset method, MP2. Preliminary exploratory calculations

for all the species were performed using the hybrid density functional theory method, B3LYP,

Published on 23 July 2013. Downloaded by University of Leeds on 26/07/2013 16:33:03.

to obtain initial geometries. For most cases, B3LYP geometric parameters (not shown) were
similar to MP2 results. In order to obtain a more accurate description of thermodynamic
properties, single point CCSD(T) energies were computed at the optimized MP2 geometries,
and MP2 frequencies were used to obtain zero-point energy (ZPE) corrections. For some
systems such as the heaviest homo- and heterodimers of the 1,0y (y=3-5) species, due to the
excessive computational cost of the calculations, B3LYP geometries and frequencies were
used instead of MP2 to compute CCSD(T) energies and ZPE corrections. Note that, as
mentioned above, both methodologies give very similar results. For all species, the
geometries found have shown to be real minima in the potential energy surfaces, and ZPE
corrections were included in the calculation of interaction energies. Spin-orbit (SO)

5
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corrections were obtained with the pseudopotential version of the spin-orbit DFT (SODFT)
method implemented in NWChem.** This approach uses a relativistic two-component
Hamiltonian which can be applied in either a Gaussian basis set framework based on the
zeroth-order regular approximation or a SO pseudopotential framework.”> We used the latter
implementation with the SO effective potential operators developed within the shape-
consistent relativistic effective core potential (RECP) formalism for iodine.”*° The spin-free
formulation of the SODFT method is achieved by eliminating the SO operator in the
Hamiltonian. For any exchange-correlation functional used in SODFT calculations, SO
effects are thus discerned by comparing the spin-free result to that of the two-component
approach.35 After exploring different functionals with our RECP SO operator for iodine, the
B3LYP hybrid functional was finally selected for SODFT calculations (see below).
Geometries, energies, and frequencies were computed with Gaussian 09.% CCSD(T) energies
were also obtained with MOLPR02010.”” SODFT-B3LYP calculations to compute SO

effects were performed with NWChem.**

Enthalpies and free energies of formation were estimated as follows. For the lower iodine
oxides, IOy, being x=1,2 and y=1,2, enthalpies of formation at 0 K were calculated by
subtracting theoretical atomization energies from known values of the isolated atoms (atomic

AH, from JANAF tables’®). The details of this procedure can be found in the report of Curtiss

et al® Then, AfH,03 and AfGa9g values were obtained by applying the following equations:

AtHo3 = AfHo + (H208 — Ho)compound = (H298 — Ho)elements (E1)
At(}298 = AfH298 - T(Scompound - Selements) (Ez)
where reference data from the JANAF tables®® for (H298 — Ho)elements and Sejements Were used.

The atomic SO correction used for the iodine atom is 30.29 kJ mol™."® For the higher iodine

oxides, LOy (y=3-5), thermodynamic properties were alternatively estimated from enthalpy



Page 7 of 38 Physical Chemistry Chemical Physics
iew Article Online
DOI: 10.10\;9/CA3réP51219C

changes calculated for selected reactions. To obtain the enthalpy of formation of a compound
with this procedure, enthalpies of reaction have to be estimated, and knowledge of the
corresponding experimental values for the other molecules involved in the reaction is

required. The following reactions were selected:

I0IO + O; — 1,03 + O, (R1)
010 + 010 — 1,04 (R2)
LOs + O3 = [L,Os + O, (R3)

For O3 and OIO the experimental values of A, 145.35 and 122 kJ mol” were employed.
Due to the lack of an experimental determination of A, for I0IO, the high level ab initio
calculation of Grant et al.'® was used (161.5 kJ mol'l). For 1,04 in R3, we used the estimation
derived from R2. In all cases, the enthalpies of reaction for R1-R3 calculated in this work

have been used to estimate the enthalpies of formation.

Topological analysis of the electron density p(r) of the lowest lying structures of selected

homo- and heterodimers of 1,0y (y = 3-5) has been also carried out. p(r) was obtained with

Published on 23 July 2013. Downloaded by University of Leeds on 26/07/2013 16:33:03.

from all-electron MP2/TZVPP Gaussian 09°° calculations on optimized MP2 geometries. The
critical points of p(r) were located and characterized according to the Atoms in Molecules
(AIM) theory40’ ! with the program Extreme.*” Numerical grids to render isocontour maps of
p(r) were computed with CheckDen** from the Gaussian output.

Finally, to derive rate constants and thermal dissociation lifetimes from the ab initio data, we
have used the Master Equation Solver for Multi-Energy well Reactions (MESMER)*" *.
Briefly, the set of ro-vibrational energy levels in the ab initio potential energy surface (PES)
are grouped into energy grains, and the population in each grain is described by a set of

coupled differential equations that account for collisional energy transfer and dissociation

within each grain. Microcanonical rate coefficients for the unimolecular reactions that occur

7
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in each energy grain are calculated from the ab initio PES data. For barrierless association

4647 can be used to calculate the

reactions, the Inverse Laplace Transform Method (ILT)
microcanonical association rates from an estimate of the high pressure limiting rate
coefficient for molecular association (here assumed to be equal to the corresponding collision
number in each case). The microcanonical dissociation rate coefficients are then determined
by detailed balance. The exponential down model is used for describing collisional energy
transfer probabilities. In order to obtain an estimate of the energy transfer parameter <AEqown™
for the iodine oxides, we have fitted the phenomenological rate constant and branching ratios
of the 10 self-reaction as a function of pressure (7-760 Torr) calculated by MESMER to the
experimental data available.'® *® Together with the rate constant and the branching ratios of
the I+OIO and IOIO product channels, <AE4own> is also treated as a floating parameter to
obtain an optimal value. Such an exercise was first attempted by Gomez Martin and Plane,"
who noted that the branching ratio of the aggregation channel was underestimated by their
RRKM algorithm using <AE010WH>~300cm‘1 (for N,). The optimal value of 500 cm’! (for N»)
obtained in our exercise is somewhat higher (by about ~50%) compared to the values reported
for other systems at room temperature.”’ This possibly indicates that the exponential down
model does not provide an adequate description of energy transfer in this particular system. It
should also be noted that the value of <AE4own> is coupled to the collision frequency between
the excited adduct and the third body, which is estimated assuming a simple Lennard-Jones
potential between them. An extensive investigation of this issue is however beyond the scope
of the paper and we have decided to stick to the approach we adopted in this study, keeping in
mind the empirical character of our choice for <AFE4,w,>. Note that in the accompanying paper
the experiments are carried out in helium, and <AFEq,wn> is chosen to be 300 cm™ to account

for the reduced collisional stabilization efficiency. Lennard-Jones parameters for the
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interaction of the molecular complexes with air molecules are estimated following the

procedure recommended by Gilbert and Smith®® (o ranging from 5 to 7 A, & = 300 K).
3. Results and Discussion
lodine oxides

Table 1 contains thermodynamic data for iodine oxides involved in the molecular complexes
studied. Total atomization energies of all the iodine oxides studied, including the electronic,
ZPE and SO contributions, are available in the supporting information (SI). Our CCSD(T)
results are compared with other theoretical values and experimental data when available.
Enthalpies of formation obtained from MP2 or B3LYP energy calculations (not shown) were
found to show large discrepancies with the experimental values. This indicates that the
treatment of electron correlation at a high level of theory such as CCSD(T) is mandatory to

compute reliable electronic energies.

Given that our main objective is the theoretical study of aggregates of [,Oy (y = 3-5) and that
rigorous calculations of SO effects are computationally expensive, we resorted to using the

pseudopotential implementation of the SODFT method® as an approximation to estimate SO

Published on 23 July 2013. Downloaded by University of Leeds on 26/07/2013 16:33:03.

effects. The performance of different DFT functionals and relativistic effective potentials in
SODFT calculations has been assessed elsewhere.*> °! The hybrid functionals ACM , PBEO,
and B3LYP together with RECP SO effective potentials29 provide reasonable estimates of
bond lengths, vibrational frequencies, and dissociation energies in diatomics with Br, I, Bi,
Au, and Hg atoms.”" 2

SODFT calculations of the SO correction on atomic iodine using ACM, PBEO, and B3LYP
functionals yielded values of 2441 cm™, 2442 cm™, and 2614 cm™ respectively, in good

agreement with the experimental value 2534 cm™'.>* After exploring the performance of these

functionals in IH, I, and IO molecules, we selected B3LYP to estimate SO effects. The
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reliability of this selection is illustrated by comparing our B3LYP-SODFT results for the
bond length, vibrational frequency, and dissociation energy of the I0 molecule, 1.865 A, 705
cm™ and 2.63 eV, respectively. The corresponding results from state-of-the-art calculations by
Peterson ef al. > are 1.872 A, 684 cm™ and 2.39 eV, while the experimental values are 1.868
A, 682 cm™ and 2.35 + 0.03 eV.> In their higher-level ab initio study of halogen oxides, both
Grant ef al. '* and Peterson ef al. »° report for IO a contribution of molecular and atomic SO
coupling of AE®® = -14.02 kJ mol™. It is worth mentioning that using the spin-free and two-
component B3LYP-SODFT energies for I and O atoms and 10 molecule, our equivalent

correction was estimated at -13.85 kJ mol ™.

When our results for small iodine oxides at the CCSD(T) level including SO corrections are
compared with the scarce experimental data available (only for IO and OIO) these are ~ 20 kJ
mol™ higher. In addition, our values for lower iodine oxides are also systematically larger (8
to 23 kJ mol™) than those obtained by Grant ef al. '® using higher quality ab initio methods.
To evaluate our source of error, we have explored the effect of the basis set size for the test
case of IO molecule. Increasing the basis size from AREP-optimized aug-cc-pVDZ to aug-cc-
pVQZ, decreases AfHy from 157 to 130 kJ mol™, being this last value similar to that obtained
in ref. '® with extrapolation to the complete basis set limit. This result suggests that our error
may arise mainly from the size of the basis set used (TZ), being other corrections (e.g. core-
valence correction) less important. However, the size of the systems studied (the largest
aggregates have 14 atoms, 4 of them iodine atoms, e.g. 140;¢) and the large number of
stereoisomers explored (see below) makes hardly feasible performing these calculations with
the QZ basis set. Fortunately, this error is largely cancelled when quantities of interest such as
enthalpies of reaction are computed. This can be checked e.g. in the dimerisation reactions of

10:

I0+10 - 1,0, (1,0, standing for 1010, 110,, IOOI or OIIO) (R4)

10
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The computed AHy values using the heats of formation given in ref.'® differ a maximum of
only 4 kJ mol” from our calculated values using the TZ basis set. Table 1 also reveals that
among the four isomers of 1,0,, 110, is predicted to be the most stable one, lying 6 kJ mol™
lower in energy than IOIO, in reasonable agreement with the result of Grant ez al. '* Note that
we have taken advantage of this error cancelation to evaluate the heats of formation of the
higher iodine oxides (I,Oy, y=3-5) using selected chemical reactions R1-R3, as described in
Methods. The results obtained for [,05 and 1,04 (Table 1) are in good agreement which those

of Kaltsoyannis and Plane, " although a larger difference arises for the enthalpy of 1,05,

Geometries optimized at MP2 calculations for all the iodine species involved in the molecular
complexes studied are displayed in Fig. 2. Atom coordinates of all species studied in this
work are available in the SI. Bond distances show well defined patterns that provide
information about the nature of bonding. For example, I-O bond lengths are about 1.75 A in
100 moieties, about 1.80 A in XIO (X = I, O) moieties, and about 2.0 A in IOI moieties. The
reference bond length in the diatomic IO oxide, 1.86 A, lies between the latter values.

However, I-I bond lengths in 11O (2.75 A), 1100 (2.79 A), and OIIO (2.88 A) are longer than

Published on 23 July 2013. Downloaded by University of Leeds on 26/07/2013 16:33:03.

the reference value in the diatomic I, (2.66 A). While these geometry parameters only
represent a piece of information, it is worth noting that such variations suggest that I-O bonds
in most oxides are stronger than in the isolated IO diatomic molecule and I-I bonds weaker

than in I,.
lodine oxides monohydrates

MP2 optimized structures of the iodine oxides monohydrates studied in this work are
displayed in Figs. 3-5, and their thermodynamic data (enthalpies at 298 K and standard free
energies at 273 and 298 K for complex formation from its molecular constituents) are shown
in Table 2. We have also included the complexes of water with atomic and molecular iodine

to complete the set of possible monohydrates formed with the iodine species involved in the

11
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IOPs formation processes sketched in Fig. 1. In the case of [,0,, we have only included the
two most stable isomers (see the preceding subsection).

In some complexes, the lowest lying structures present an intermolecular halogen bonding

(XB) interaction®™’

instead of the conventional hydrogen bonding (HB). For the
monohydrates of I, and 110, only one stable structure that corresponds to the XB interaction
(with similar intermolecular distances of 2.9 and 3.0 A, respectively) was found in our MP2
optimizations (Fig. 3). For the monohydrates of I, 10, and IOI, stable structures showing both
interactions were found (Fig. 3), displaying significant differences in their thermodynamic
data. In fact, while the 10-H,O complex shows virtually indistinguishable AH and A.G’
values and the I"H,O complex shows small yet noticeable thermodynamic differences, the
I0I--H,O complex exhibits considerably different enthalpies and free energies favouring the
XB structure (Table 2). In a previous ab initio study on monohydrates of halogen oxides ClO
and BrO, we demonstrated that the XB interaction in the OX--*OHj structures shows a similar

or even larger strength than hydrogen bonding in the XO---HOH arrangements.5 % The present

work confirms this feature in the IO monohydrate.

The OIO--H,O complex presents a stable structure in which both XB and HB interactions
occur, giving rise to a ring-like closed I-O---O-H--'I bonding arrangement (Fig. 3). The
presence of the two interactions is readily noticed in the markedly greater enthalpy and
standard free energy of formation of this complex with respect to the remaining triatomic
iodine oxides systems (Table 2). Higher iodine oxides monohydrates, ,Oy (y=2-5), present
multiple intermolecular bonds between 1,0, and H,O, displaying also closed bonding
arrangements (Figs. 4 and 5) and greater stabilities (Table 2). The lowest lying structures
always show a XB interaction besides HB. Moreover, in the only case in which a stable HB
complex was found among these [,Oy-*H,O systems (the third conformer of I,O3--H,O in

Fig. 4), its thermodynamic data reveal a significantly lower stability in terms of standard free

12
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energies with respect to the lowest lying structure (by about 16 kJmol™), and also with respect

to the intermediate complex (by about 9 kJ mol™) as shown in Table 2.

The formation of iodine oxides monohydrates is exothermic since all the structures studied
show clearly negative A;H values (Table 2). In general, greater stabilization energies (i.e.
more negative values for AH) are found for increasing number of oxygen atoms in I,Oy
monohydrates, except for the highest [,0s-*H,O complex which displays similar or even

smaller negative A;H values than [,04---H,O.

A recent study on the formation and growth of aerosols from iodine species'® considered the
monohydrates 1,05--H,O and 1,04--H,O, although only complexes with HB interaction were
presented. The authors reported AJH = -53 and -93 kJ mol”! for the 1,05 and 1,04
monohydrates, respectively, both values considerably more negative than our results.
However, taking into account the large changes observed in the thermodynamic results with
the level of theory, it seems likely that the treatment of electron correlation provided by
B3LYP/MidiX calculations in ref. ' could overestimate the absolute value of AH. The

addition of SO corrections has a minor (or even null) effect on the computed enthalpies of

Published on 23 July 2013. Downloaded by University of Leeds on 26/07/2013 16:33:03.

reaction (results not shown), with the exception of I---H,O and IO--*H,O monohydrates (SO
induce a greater stabilization of 8 and 6 kJ mol™ respectively), which exhibit a single I atom
and one [-O interaction (Fig. 3). The main conclusion from our computed thermodynamic

properties is that the stability of these monohydrates increases for higher iodine oxides.

Standard Gibbs free energies of reaction, A,G’, in Table 2 are indicative of the spontaneity of
the reaction when all the species are present at unit activity (i.e. 1bar) which is obviously not
the case under atmospheric conditions. Nevertheless, Gibbs free energies of reaction could be

calculated from the known A,G’, according to the expression:

A.G, =A,G’+RTInQ, (E3)

13
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where Q, is the reaction quotient. Usually, AG; values are hard to determine because of the
uncertainties in the mixing ratios of the species involved in each process. Notwithstanding
these uncertainties, a rough estimate of A;G; at 298 K can be calculated in order to evaluate
the spontaneity of hydration of iodine oxides under tropospheric conditions, considering a
relativity humidity (RH) of 80 % and mixing ratios of iodine oxides derived from recent
modelling studies of coastal MBL nucleation.” The result is that RT In O, takes an
approximate value of 40 kJ mol™ in all the cases, and therefore E3 returns positive values of

AGoog for all the hydration reactions.

In all cases, the entropy decrease and the exothermic nature of the formation of these
molecular aggregates give rise to an increase of their standard Gibbs free energy of reaction
with temperature. Spontaneous formation of iodine oxides monohydrates is thus favoured
with decreasing temperature. However, the CCSD(T) results show that decreasing
temperature from 298 to 273 K (an atmospherically relevant temperature range) implies a

decrease of A;G of only 2—4 kJ mol™.
Aggregates of higher iodine oxides, 1,0, (y=3-5)

Table 3 lists the bond energies and standard free energies of aggregation for the lowest-lying
structures of dimers of higher iodine oxides (1,03, 1,04 and 1,05) as well as their complexes
with 10 or OIO (all the structures depicted in Figs. 6 and 7). Several spatial arrangements for
the formation of the different conformers were tested. In the case of the complexes with 10
and OIO, all these aggregates have a stoichiometry 150y (y = 4-7), with unpaired electrons,
feature which usually gives rise to an enhanced reactivity. 1,03 and 1,04 form stable
complexes with 10 and OIO, but in the case of 1,05, only stable dimers with OIO (but not
with 10) were found. As shown in Table 3, the formation of these complexes is an exothermic

process in all the cases, especially when 1,04 is present. In this case, I-O intermolecular

14
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distances shorter than 2.3 A, and comparable to typical intramolecular I-O bonds lengths, are
formed. An estimation of RT In O, was also carried out for these aggregation reactions, which
takes values of ca. 60 kI mol” to be added to A,Gys in E3. Consequently, although large
negative ArGOt values for 1,04 10 and [,O4-OIO are found, these aggregates would not

spontaneously form under tropospheric conditions.

Only one stable structure was found for the (I,0;), and (I0s), homodimers, while three
stereoisomers were found for (1,04),, (1,03-1,04) and (I,O3:-1,05) complexes and up to six
structures for the (1,04 1,05) heterodimer. Due to the many bonding possibilities of these
molecules, other potentially bonded stereoisomers cannot be ruled out, although it is likely
that global minima have been captured. All these optimized geometries are shown in Figures
S1 and S2 in the Supplementary Information while their dimerisation energies (including ZPE
corrections) are collected in Table S2 (SI). The lowest-lying structures shown in Fig. 7
display in all cases a well differentiated stability. However, the remaining stereoisomers
above the lowest-lying structure show small energy differences, about 10 kJ mol” in some

cases.

Published on 23 July 2013. Downloaded by University of Leeds on 26/07/2013 16:33:03.

These dimers involve the formation of closed [-O arrangements with interesting bonding
features such as nearly square [-O-I-O rings in some stereoisomers, particularly (I204),, which
shows by far the greatest stability (Table 3). In this homodimer, the intermonomer 12---O5 =
13---02 distances of 2.130 A are similar to intramonomer 12-O1 = 13-06 distances of 2.015 A
(numbering of atoms and bond critical points, BCPs, of the electron density p(r) refers to Fig.
8). The topological analysis of the electron density (Table S2 in the SI) provides also values
of p(r), the Laplacian of p(r), and negative total energy densities at intermolecular BCPs 6
and 7 not very different from those at intramolecular BCPs 2 and 9 at paths of similar atomic
arrangements. Moreover, the comparison of these topological descriptors in the

intermolecular paths of (I,04), with those of reference complexes with strong hydrogen- or
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3760 reveals clear covalent features in the IO interaction. Even the electron

halogen- bonding
density (Fig. 8B) shows a spatial distribution reminiscent of covalent molecules. In fact, the
contours map of p(r) at the plane defined by I3, OS5, and 12 atoms displays an isocontour as
large as p(r) = 0.08 a.u. surrounding both monomers and p(r) at the intermolecular BCPs 6

and 7 is about 0.10 a.u., values much higher than those found in usual complexes.*' >

Topological data for other ,Oy (y = 3-5) complexes (results not shown) suggest a more
conventional bonding picture. Although intermolecular BCPs still show unusual features such
as relatively large values of p(r) and its Laplacian as well as negative total energy densities,
they point to a strong intermolecular I---O interaction rather than to a virtually covalent bond
as in (I,04),. The topological analysis of p(r) can be summarized stating that the I-O---1-O
interaction seems to be a particularly attractive intermonomer link. The fact that all these

dimers have at least two of these links underlies their stability.

The formation of dimers of higher iodine oxides is an exothermic process that gives negative
standard free energy values even at room temperature (see Table 3). Nevertheless, if we take
into account our estimated value of R7In O, of 60 kJ mol™ that adds to the A,G° values given
in Table 3, a negative A;G is only obtained for (I,04),. As found for the monohydrates, SO
corrections on the enthalpies of formation of these dimers are negligible except in the two
heterodimers in which IO is present (ca. 7 kJ mol™). Saunders et al.'* estimated binding
enthalpies for (1,0;), (Io0;3-1,04) and (I1,04), complexes at B3LYP/MixiX quantum
calculations, reporting values of -119, -171 and -208 kJ mol™, respectively. As for the case of
iodine oxides monohydrates, these energies are considerably larger than those reported here.
However, considering the rather different levels of theory in both types of calculations, it is
likely that these large energies could result from a less appropriate treatment of electron

correlation in B3LYP as compared to CCSD(T) calculations.
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Nonetheless, the most significant result in Table 3 is the large values of AH and AG’
obtained for the 1,04 homodimer, more than twice the energies of most of the other
complexes, a result which points to a particularly favoured formation of (I04),. As
mentioned in the introduction, the nature of the iodine oxide species that polymerize to form
aerosol particles has stimulated a lively debate, being 1,04 and [,0s the most plausible
candidates. According to our thermodynamic results, (I;04), formation is much more
favoured than for other possible dimers such as O3 1,04, [,041,0s5, or (I,05s),.
Furthermore, our estimated AGagg values suggest that only this aggregate would form

spontaneously under tropospheric conditions.

These results support the idea that 1,04 would be the species responsible for the
polymerization and formation of iodine oxide particles. This seems to be in contradiction with
the observed 1,05 composition of dry IOPs in previous laboratory studies.'” It has been
speculated that such stoichiometry would be the result of re-structuring in the solid phase.
However, the thermally induced decomposition of 1,05 (5 ,O4 — 4 1,05 + I5) occurs at 460

K.%! It is worth comparing the solid state structures of 1,04 and 1,05 with the structures of the

Published on 23 July 2013. Downloaded by University of Leeds on 26/07/2013 16:33:03.

aggregates calculated in the present study. Solid 1,04 can be described as a ‘one dimensional
solid’ comprising -I-O-10,-O chains bonded together by weak interchain interactions.®’ The
link between 1,04 moieties within a chain does not involve the I-O-I-O ring. By contrast, the
solid 1,05 structure has a tri-dimensional network character, where the chains of O,I-O-10,
units are linked by I-O-I-O rings ®. It is interesting to note that the most stable homodimer
conformers of [,04 and I,0Os involve such I-O-I-O links. The fact that the 1,04 dimer
intermolecular link resembles the chain link of solid 1,05 rather than solid 1,04 may be a clue
to understand the polycrystalline nature and O:I stoichiometry close to 2.5 of IOPs observed
in laboratory experiments.'*'> One could speculate that reactive collisions could occur where,

instead of aggregation, the growing clusters would strip dangling oxygen atoms from smaller
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oxides colliding with them, while the vacant oxygen sites would prevent the full build up of

the 1,05 crystalline structure.

The hypothesis that the dimerisation of 1,04 is the key reaction for the polymerisation of
iodine oxides is in good agreement with new experimental results described in the
accompanying paper.”® In this study, time-of-flight mass spectrometry was used to investigate
the process of formation of iodine oxides, following the dark reaction of I, and O3 in a slow
flow tube. Formation of IOPs was observed during these experiments. Besides the most
intense signals corresponding to 10 and OIO, a noticeable peak assigned to 1,04 was observed
in the spectra, revealing the relevance of this molecule in the iodine particle formation
process. Rate theory and kinetic modelling of the experimental data based on the calculated
thermochemistry show that 1,04 is the most plausible candidate to initiate the nucleation
process. Small peaks ascribed to 130y species (mainly 1306 and 1307) were also observed in
these experiments, but they were assigned to fragments of larger aggregates. This is in
agreement with our theoretical results, which predict that the formation of these aggregates

would not be favoured compared to formation of higher order aggregates (as e.g. [4Os).

5. Atmospheric implications

In order to make a preliminary assessment of the atmospheric relevance of the molecular
association processes listed in Tables 2 and 3, we have used the MESMER ILT-based
algorithm to compute rate constants and thermal dissociation rates under atmospherically
relevant conditions. A general caveat to this exercise is that, due to the lack of laboratory
experimental data for most of these processes, the uncertainty associated to master equation
calculations is necessarily large, especially regarding dissociation lifetimes. However, they

can be informative about the relative importance in the environment of the different possible
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aggregation processes by linking our calculated bond energies to estimates of

phenomenological kinetic parameters.

Note that the accuracy of the ILT method depends on the absence of barriers for the process
under study, and that there is not absolute certainty about the absence of barriers to hydration
and aggregation of IyOy (y=3-5). This assumption is supported by the fact that scans on the
relevant potential energy surfaces of these reactions do not reveal significant barriers, that
only minor electronic rearrangements occur in the monomeric units after aggregation, and in
particular that no bond breaking happens. Also, the experimental observation of IOPs growth

having negative activation energy of -78 kJ mol™

supports at least the absence of large
barriers to aggregation throughout the process, with the negative activation energy possibly
reflecting the dissociation energy of 1,04 (Do = 98 kJ mol™). Hence, in the absence of
experimental evidence to the contrary, we assume there are no barriers for the aggregation
reactions under study, and use the appropriate collisional frequencies (pre-exponential factor)
as the high pressure limit rate constants in the ILT algorithm. If there was a barrier, an

exponential term with the corresponding activation energy would need to be included. Our

approximation consists in assuming that such an exponential factor is negligible.

The results for 1 bar and 298 K listed in Table 4 confirm that the most plausible route to IOPs
involves formation of stable 140g via 1,04 association. Lifetimes in the order of magnitude of
seconds or larger are required for a species to play a role in coastal IOP formation. Assuming
a monomer mixing ratio of 10 pptv and a reaction constant of 10"° cm® molecules™ s, the
lifetime of such species against aggregation would be 40 s. This has to be compared with the

short photolytic lifetime of OIO ¢

and the short lifetime against thermal decomposition of
1,04 calculated in the present study (both about 2-3 seconds). Thus, OIO and 1,04 would be

bottlenecks of IOP formation under atmospheric conditions, while 1,0g is sufficiently long

lived to aggregate to other species before falling apart. Note that most aggregates in Table 4
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are too short lived to play any role in IOP formation in the MBL. Even though [,O; is the
most stable oxide formed initially, it appears to be a dead end which does not form any
aggregate long lived enough to facilitate nucleation even at 253 K (lifetime is still well below
1 second at this temperature). It is plausible then that this oxide adds to bigger IOPs after 1,Og
is formed. Aggregates containing 1,05 could become stable at low temperatures, but the path
to I,0Os requires ozone oxidation steps, which appear to be slow according to the

accompanying experimental study.”®

Another important aspect of this exercise is the calculated percentage of hydration of the
iodine oxides, since previous laboratory work has shown that the presence of water vapour
hinders IOP formation." lodine oxide monohydrates are generally not very stable (see
discussion above), but the large abundance of water vapour may compensate for their rapid
thermal dissociation, giving rise to a significant population of hydrated oxides in steady state.
As shown in Table 4, half of the O, would be bond to water at 298 K and 80% RH, which
would slow down formation of 140z by blocking the 1,04 halogen bonding sites, but would
not stop it. At lower temperatures the monohydrates become increasingly stable, but even at
253 K the population of non-hydrated 1,04 would be still significant (~35%). This is relevant
in cold and dry environments with high iodine loadings such as coastal Antarctica where

. . T 11
recent new particle observations suggest an iodine source.

6. Conclusions

A study of atmospherically relevant aggregation processes of iodine oxides with themselves
and with water molecules has been carried out. For this purpose, high level ab initio
calculations employing a relativistic effective potential combined with a flexible valence-only

REP-optimized basis set have been performed. Calculated thermodynamic values for simple
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iodine oxides species are in reasonable agreement with those obtained by other authors and
with the scarce experimental results available. Spin-orbit corrections were also accounted for.
These corrections provide a systematic increase of enthalpies of formation of about 20 kJ
mol” per iodine atom, which consequently results in a null impact in the evaluation of

reaction energetics.

The formation of iodine oxides monohydrates is an exothermic process which shows greater
stabilization energies for higher iodine oxides. Although standard A,G’ present negative
values for the highest 1,03, 1,04 and 1,05 monohydrates, when estimated atmospheric mixing
ratios of these species are taken into account, it is seen that these monohydrates could not be
spontaneously formed at relevant tropospheric temperatures (273-298 K). Aggregation of
1,03, ,O4 and 1,05 with 10 or OIO generates open-shell species of composition 130y (y = 4-
7), but only in the case of 1,04, these reactions are exothermic. The most notable result is that
a remarkably stable 1,04 dimer can be formed under atmospherically relevant conditions,
being much more favoured than other possible complexes or hydrates. The estimated A;G

suggests that only this aggregate would spontaneously form under tropospheric conditions.

Published on 23 July 2013. Downloaded by University of Leeds on 26/07/2013 16:33:03.

These theoretical results are consistent with recent experimental studies on IOP formation
(ref. ', and the accompanying paper ref. **). When the stable (I,04), complex is formed, two
intermolecular IO bonds are created in a nearly square [-O-I-O ring. The topological
analysis of the electron density on these inter-molecular interactions reveals a markedly
covalent character, which is not present in other aggregates. These covalent features are
similar to those obtained for other intra-molecular I-O bonds present in the monomers. This

singular characteristic could explain the enhanced stability of this dimer.
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Components of the total atomization energies for all the species studied. B3LYP/aug-cc-
pVTZ dimerisation energies with ZPE corrections for all the dimer structures of iodine oxides
found in geometry optimizations. MP2 optimized geometries of structures of homo- and
heterodimers of 1,Oy (y= 3-5) iodine oxides, including the atomic coordinates. Bond
distances and topological descriptors of critical points of the electron density in the lowest-

lylng structures of (1203)2, (1204)2, (1204"'1203), (1205"'1203), and (1205“‘1204) dimers.
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Table 1. Enthalpies of formation at 0 and 298 K, absolute entropies at 298 K, and standard free energies of formation

P
’§
2
s
3
g
%
3 L .
5 at 298 K of iodine oxides.
z
E AH, AH S AG
a Species f 11298 298 298
% CCSD(T) Cale  Exp CCSD(T) Cale Exp MP2  Exp CCSD(T) Exp
o
§ 10 (1) 139 130 122+2° 137 128 120+2° 240 2401 114 97°
=3
2 0OI0 *B)) 144 123 122+2° 140 120 118+2° 279  281+4 135 113°
§ 101 ('A)) 122 114 124+25(est) 117 108  120+25(est) 305 308+4 91 93 (est)
= 10 ('A”) 181 164 11040 (est) 176 158 107+40(est) 316 330+4 147 73 (est)
E o, ('A>) 171 148 165 138 338 160
2 010 ('A) 177 162 172 152 347 164
£
£ 1001('A) 201 186 195 178 334 191
o110 ('A) 285 263 281 259 84 272
LOs('A>) 80 78 73 64 88 90
LO, ('A) 144 131 136 111 9 183
LOs (‘A) 75 54 66 33 100 144

AH and AG in kJ mol™, Sye5 in J K™ mol™'. CCSD(T) data, including SO corrections, (with geometries obtained at MP2 level) are calculated following Curtiss
et al.” procedure (see text). Absolute entropies correspond to calculations of frequencies at the MP2 level. Theoretical values ("Calc") are taken from ref.'® for
1,0y (y=1,2) and ref. '’ for y>2. Experimental values ("Exp") are from * Dooley ef al.** and ® Gomez Martin and Plane.* “est” means estimated and has been

obtained from JANAF tables.*®
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Table 2. Enthalpies of reaction (or bond energies) and standard free energies of reaction for
the hydration of atomic and molecular iodine and relevant iodine oxides (values in kJ mol™).

Complex Interaction “ ArHaos ” A/G 05 AG3
I---H,O XB -20 6 4
HB -6 10 9
I,---H,O XB -14 11 9
10--H,O XB -12 8 6
HB -16 8 6
OIO--H,O XHB =27 0 -2
101---H,O XB -21 7 4
HB -12 12 10
110---H,O XB -9 15 12
11O, -H,O XHB -32 2 -1
XB -9 12 10
10I0---H,O XHB-1 -30 6 3
XHB-2 -20 15 12
1,05--H,O XHB-1 -36 1 -3
XHB-2 -29 6 3
HB -20 14 11
LO,H,0 XHB-1 -53 -11 -14
XHB-2 -43 -2 -6
XHB-3 -36 -1 -4
XHB-4 -31 5 2
L,Os-H,O XHB-1 -50 -7 -11
XHB-2 -41 -4 -7
XHB-3 -36 1 -2

“XB means halogen bonding, HB means hydrogen bonding, and XHB indicates the occurrence of
both interactions in the complex. b AH and A,G, from CCSD(T)//MP2/aug-cc-pVTZ calculations.
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Table 3. Enthalpies of reaction (or bond energies) and standard free energies of reaction for
the aggregation of relevant iodine oxides (values in kJ mol™).

Dimer AHy ¢ ArHyog AG"73 A/G208
L0510 -8 -14 17 20
,O;0I0 -15 -16 21 24
L,O,+10 -55 -63 -19 -15
L,O,+0I0 -2 74 27 22
L,Os0I0 -31 -33 20 25
1,05+ 1,05 -59 -56 -15 -11
LO, L0, -142 -141 -88 -83
LOs+1,05" -88 -87 37 32
LO;sL,0," -80 -78 29 25
,051,05 -86 -83 -35 -30
L0, L,05" -107 -106 -53 -48

“ Calculations at CCSD(T)//MP2/aug-cc-pVTZ level of theory. ” Optimized geometries and ZPE
corrections calculated at B3LYP level.
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Table 4. Association rate coefficients and lifetimes against thermal decomposition for iodine
oxides, adducts and monohydrates at 1 bar and 298 K from Master Equation calculations.

Association k710" cm’ molecule” s'  lifetime /s hydration %
10 +10 — I0I0 1.16 583

10 + OI0 — 1,03 1.30 1.67 x 10"

0I0 + OI0 — L,O, 0.670 2.3

LO, + 10 — 10,10 0.575 4.14 x 10°

LO, + 010 — 1,0,++0I0 0.140 5.66 x 10°

1,05 + OI0 — 105010 8.9 x 107 2.97 x 107

L,O; + 1,0; — L,05,03 0.22 1.11 x 107

LO; + 1,0, — L0510, 0.84 2.08 x 107

L,O; + L,Os — 051,05 1.85 1.81 x 107

LO, + L,O; — L0, 1,0, 2.90 1.25 x 10°

L0, + 1,05 — L0, 1,05 2.30 7.46 x 107

LO;s + LL,0s — L,Os 1,05 1.92 2.94 x 10

10 + H,0 — 10-+H,0 7.0 x 10 5.00 x 107 <1
OI0 + H,0 — OI0--H,0 5.3 x 107 1.85x 10 <1
1010 + H,0 — I0I0-+H,0 1.4 x 107 1.37 x 10* <1
L,O; + H,0 — L,05-H,0 7.4 %107 2.99 x 10* <1
O, + H,0 — L,0,H,0 2.9 %107 538 x 107 49
1,05 + H,0 — 1,05-H,0 2.5x107 1.61 x 107 20

“ Steady state percentage of iodine oxide concentration hydrated for 80% RH and 298 K
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Figure captions

Figure 1. Scheme of iodine chemistry of the IOPs formation in the atmosphere.

Figure 2. MP2 optimized geometries of iodine species involved in the molecular complexes

studied. Bond distances in Angstrom.

Figure 3. MP2 optimized geometries of lower iodine oxides monohydrates. XB indicates a
halogen bonding interaction, HB indicates hydrogen bonding, and XHB indicates the

occurrence of both interactions. Intermolecular bond distances in Angstrom.
Figure 4. Same as for Fig. 3 for monohydrates of 1,0, and 1,0s.
Figure 5. Same as for Fig. 3 for monohydrates of 1,04 and 1,0s.

Figure 6. MP2 optimized geometries of the lowest-lying structures of iodine oxides
aggregates of I30y (y = 4-7) composition. Bond distances in Angstrom. I-O bonds are
arbitrarily drawn as sticks or dashed lines depending on whether the interatomic distances are

shorter or longer than 2.4 A, respectively.

Figure 7. Optimized geometries of the lowest-lying structures of homo- and heterodimers of
Oy (y=3-5) iodine oxides at MP2 level, with the exception of (1,0s), and 1,041,005 in
which B3LYP method was used instead. Bond distances in Angstrom. [-O bonds are

arbitrarily drawn as sticks or dashed lines depending on whether the interatomic distances are

Published on 23 July 2013. Downloaded by University of Leeds on 26/07/2013 16:33:03.

shorter or longer than 2.4 A, respectively.

Figure 8. A. Two views of the MP2 optimized geometry of the lowest-lying structure of 1,04
dimer depicted as sticks diagrams with I and O atoms coloured violet and red, respectively.
The green sphere indicates the ring critical point and blue spheres indicate bond critical points
of the electron density p(r). B. Isocontours map of p(r) at the plane defined by 13, OS5, and 12
atoms in the labelled geometry drawn above. The outermost contour is p(r) = 0.001 a.u. and

the remaining contours are 2x10”, 4x10", and 8x10” a.u., with n=-3, -2, -1, 0, +1, and +2.
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