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ABSTRACT

We have studied the OHCI™ complex in a six water cluster and in bulk liquid water by means of
generalized gradient-corrected BLYP density functional theory based Born-Oppenheimer molec-
ular dynamics. Self-interaction corrected results, that predict an H-bonded OH - - - C1~ complex,
are compared to the uncorrected ones, that predict a bonded (HO—CI)~. A second order Mgller-
Plesset potential energy landscape of the gas-phase complex in its ground state was computed
to determine which of the two configurations represents the true nature of the bond. Since no
evidence of a local minimum was found in the vicinity of the geometry corresponding to the
(HO—CI1)~ we conclude that the complex is held together by a H-bond like interaction in both
an asymmetric solvation environment, as represented by the cluster, and in a symmetric sol-

vation environment, as represented by the bulk system. In the limits of the present results we
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postulate that the mechanism that governs the atmospheric oxidation of (Cl7 ), to (Cly)zas on
the surface of marine aerosols [Knipping et al. 2000] is initiated by the formation of an H-bonded
OH- - - CI™ complex. Furthermore, since no evidence of charge transfer mechanism from Cl~ to
OH was found, in the liquid as well as in the cluster environments, a likely second step toward
the oxidation of C1~ should consist in the reaction of the complex with a second Cl~ that would
result in the formation of the species Cl; and OH™. (Cly), could then be formed upon charge
exchange reaction with an impinging OH molecule.

KEYWORDS

Introduction

The interaction of chloride anion with water and OH has been the subject of several experimental(! 3)
as well as theoretical® investigations. Jayson et al.() conducted a series of pulse radiolysis ex-

periments of aqueous sodium chloride solutions and interpreted their reults on the basis of the

following equilibria:

OH+Cl- = CIOH™ (1)
CIOH™ +H" < Cl+H,0 (2)
Cl+ClIm =& Cly (3)

where the equilibria (1) and (2) are over to the left at low Cl~ concentration and at low acidity

levels respectively. Operating at low acidity and high chloride concentration Jayson and coworkers



collected a spectra peaked at 350 nm which they attributed to a CIOH™ species.

Sevilla et al.®) collected electron spin resonance (ESR) spectra after v-irradiation of a series
of frozen aqueous solutions containing Cl~. Upon annealing of the samples from 77 K to up to
125 K they consistently detected a “stepwise development of the ESR signal of a CL1-X species”
accompanied by a decrease in the OH signal. Sevilla and coworker attributed the observed ESR
C1-X signal to the C1 — OH, complex rather than the C1 — OH™ species since their experiments
were run under low pH conditions. They pointed out, however, that the intermediate complex,
formed as a result of the attack of the hydroxyl radical on the chloride anion, should be a chloride-
hydroxy complex. A companion theoretical investigation of the interaction of chloride ions and
hydroxyl radicals as well as the interaction between the chlorine atom and water was carried out
in the Seviall et al. study. At the different level of theory employed in the computations (including
uMP2/6-314-G* and PM3) the authors noted that the equilibrium structure for the gas phase
chloride ion-hydroxyl radical complex (with and without water) always has the hydrogen oriented
toward the C1~. While the chlorine atom-water complexes are characterized by a three-electron
hemibond between the unpaired electron in atomic chlorine and one lone pair of the water.

The OHCI™ complex has also been studied in the gas phase by Neumark and coworkers®).
In this work a comparison of measured and computed photodetachment spectra of OHCI™ is
presented. The complex structure was determined to be linear OH---CI~.

The wealth of work quickly reviewed above suggests that the chemistry of chloride ions
and OH radiacals in an aqueous environment (as well as in the gas phase) is an intriguing
problem which investigation poses challenges from the computational as well as the experimental
point of view. In atmospheric chemistry, the interactions between the two species are eventually

responsible for the oxidation of chloride ions present, for example, in marine aerosol, to gaseous



Cly which, in urban environments, is a precursor of ozone, a dangerous tropospheric pollutants.
Therefore a sound understanding of the fundamental chemistry beyond this oxidation process can
help understand and predict the fate of tropospheric Os. In particular, marine aerosols, present
in costal region, have been found to be a source of atmospheric molecular chlorine in the presence
of an airborne oxidative species (such as OH)®). Heterogeneous chemistry has been invoked to
explain the molecular chlorine yields observed in an aerosol chamber study(®). A series of classical
molecular dynamics studies have shown that a substantial population of chloride anion is found
at the particle interface(” and that OH accumulates at the air-particle interface®, thus making
the formation of a OH---Cl~ collisional complex possible. The proposed mechanism(®) for the
oxidation of adsorbed Cl~ at the particle interface to gaseous Cly goes through the following

steps:

(Cl )i + (OH), = (OH---Cl" )jmt (4)

2(0H- - Cl )i = (Cly), +2(0H )0, . (5)

The first step of this mechanism, reaction (4), requires the formation of a OH---Cl™ complex
as a result of the interaction between gaseous OH radicals impinging on the aerosol interface
and an interfacial chloride anion. Roeselova et al. have computed the expected interfacial OH
concentration to be around 2.3 x 10'° [radicals/cm?®®). Considering a coarse marine aerosol
particle of 1 pum radius the number of OH radicals on such a particle would then be circa
0.1 radicals. This observation suggests that the number of such complexes at the interface should

be low so that the second step of the oxidation mechanism, Reaction (5), could be expected to



be not very efficient. In the light of this observation Reaction (5) could be replaced by:

(OH T Cl_)int + (Cl_)mt S (Clg)znt + (OH_)aq (6)

<C12_)int + (OH)g = (012)9 + (OHi)aq (7)

A possible alternative to the proposed mechanism, reactions (4) and (5), could be represented,

(C17 )int + (OH)y = (Cl)jut + (OH ™ ) 8)
(C1)ine + (Cline = (Cly Jine (9)
(Cly )int + (OH)y = (Cly)g+ (OH )gy (10)

Reaction (8) is energetically uphill in the gas phase (since the electron affinity of Cl is ~ 1.78 eV
larger than the one of OH® 1?)), To understand whether in the presence of solvent the energetics
become favorable for a charge transfer (i.e., reaction (8)) or if the chloride-hydroxy complex
forms (i.e., reaction (4)), we have performed a series of ab initio molecular dynamics simulations
on two analogous systems: a 6 waters C1"HO cluster and a bulk-like system containing 57 water
molecules, one C1~ and one OH with three dimensional periodic boundary conditions. The first
system was designed to mimic an asymmetric solvation, environment such as an interface, while
the second was devised to understand the role of a symmetric solvation environment. We have
found that the oxidation mechanism does go through the formation of a chloride-hydroxy complex
and that henceforth reaction (4) does occur in place of reaction (8). We have also found that for
this class of open shell system particular care has to be taken when using DFT realization of ab

initio molecular dynamics, as in the current study, to ensure that self interaction error is well



accounted for.

Computational details

Ab initio molecular dyanamics simulations were carried out for a representative cluster and
bulk system up to 10.0 ps with a timestep of 0.48 fs. The cluster simulations, were performed in
the micro-canonical (NVE) ensemble while the bulk simulations were performed in the canonical
ensemble (NVT) using one Nose-Hoover thermostats for every degree of freedom and a char-
acteristic frequency of 2000 cm™!. The interaction potential adopted is based on Kohn-Sham
formulation of density functional theory as implemented in the simulation package CP2K(1).
The electronic structure was explicitly quench at everytime step to a tolerance of 1.0E-7 to
conserve energy.

The electronic structure was computed via the QuickStep module in the simulation package
CP2K(:12) The QuickStep module uses a dual basis set formalism of Gaussian type orbitals
(TZV2P) and plane-waves expanded up to 280 Ry cutoff for the density*®). With the use of plane-
waves, the GTH(?) psuedopotential was employed to describe the core electronic states. The
exchange and correlation energies are described using the BLYP functionals®®). All calculation
were carried out within the local spin density approximation. For comparison, we have performed
all simulations with and without the self interaction correction scheme implemented by d’Avezac
et al.0) and implemented in CP2K by VandeVondele and Sprik(!®).

A single point uMP2/aug-cc-pVDZ computation was implemented for the 6 water cluster
system in the HOCI™ configuration to detect the presence of bonding orbitals. Also a potential
energy surface (PES) scan was computed for the gas phase OHCI™ complex at the same level

of theory to understand whether the energy of the HOCL™ is a local minimum on such PES.



The scan was performed varying the Cl-O distance and the Cl-O-H angle while keeping the OH

distance fixed at 1 A.

Results and Discussion

Two sets of ab initio molecular dynamics simulations, one uncorrected for the self interaction
error and the other corrected, were computed on two different system: a (HO—CI)’ and 57
waters in a square box with 3-D periodic boundary conditions imposed, and a (HO—C1)~- (H,0)g
aggregate with cluster boundary conditions. In the following results from the two different systems
are compared and the effect that the self interaction correction plays on the preferred structure

geometry is discussed.

(HO—-CI1)~ versus H-bonded OH - - - C1—

Two main chloride anion-hydroxyl radical complex structures have been identified in the simu-
lations. In the standard DFT simulations, when SIE correction it is not considered, the complex
appears in a (CIOH)~ configuration. Analysis of its structure in terms of its geometry and by
location of the WFCs (vide infra) indicates that in the cluster, as well as in the bulk case, the
complex is held together by a Cl-O bond, this bond is likely to be a three electron kind of bond
(hemibond) between the partially occupied oxygen orbital and one lone pain of the chloride ion
(although we have not computed the Wannier orbitals and therefore we can only guess the true
nature of the bond). In the SIE corrected DFT simulations the complex is found for the most
part in a linear OHCI™ configuration and is therefore H-bonded. In Figure 1 the histograms of
the C1-O distance and the C1-O-H angle are shown for the cluster simulations with no SIC (left

panel) and with SIC (right panel). In the case when no SIC is considered the Cl-O-H angle
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Figure 1. Histograms of the C1-O distance and the C1-O-H angle for the C1~ - - HO complex
in a six water cluster obtained from simulations with no SIC (left) and with SIC (right).

ranges around 80° and the histogram of the C1-O distance has a peak around 2.5 A, while when
the SIC is considered the histogram of the Cl-O-H angle peaks around 7° and the Cl-O most
probable distance lays around 3 A.

In Figure 2 snapshots of the 6 water cluster DFT and SIC-DFT simulations are shown. In
Figure 3 analogous snapshots are shown for the bulk simulations. In the snapshots the atoms
are shown together with the centers of their maximally localized Wannier functions(!®). The
maximally localized Wannier functions are analogous to localized molecular orbitals. They are
obtained by transformation of the original delocalized Kohn-Sham orbitals. The position of the
centers of such functions represents the maximum probability of finding an electron in such a
place(!”). Within this interpretation of the Wannier function centers (WFCs) we can monitor the
position where the negative charge is likely to be found. In the case of the standard DFT results,
showed in the left panels of Figure 2 and Figure 3, the position of maximum probability for the
extra electron appears to be in between the chlorine atom and the hydroxy, in line with what

could be expected for a hemibond-like interaction. In the SIE corrected simulations the negative
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Figure 2. Hemibonded (CIOH)~ - (HyO)g, left, versus H-bonded OHCI1™ - (HyO)g, right, cluster
geometries. Water oxygens are depicted in blue, while the OH oxygen is depicted in red, all
the hydrogens are in white, the Cl atom is depicted in yellow, the gray spheres represents the
Wannier function centers (WFCs) for the two systems (see text).
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Figure 3. Hemibonded (CIOH)™ - (H2O)g, left, versus H-bonded OHCI™ - (H20)g, right, bulk
geometries. Only the WFCs within 4 A of the chlorine are shown. The atoms have the same
coloring scheme as in Figure 2.
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Figure 4. Histograms of the charge (left panel) and spin density (right panel) distributions
obtained by a Mulliken analysis performed on the standard DFT and SIC-DFT six water cluster
trajectories. In the standard DFT case the charge and the spin densities are largely shared
between the oxygen of the radical and the chlorine atom. When DFT is corrected for SIE the net
excess charge is largely concentrated on the chlorine while the spin density is mostly concentrated
on the oxygen.

charge appears to be localized on the chlorine atom. In the simulations with no SIC the average
distance between the shared WFC and the chlorine and the average distance between the shared
WFC and the hydroxyl radical are of 1 A.

To further characterize the nature of the two observed complexes we have performed a Mul-
liken analysis on the six water cluster DF'T and SIC-DFT simulations to understand how the
charge and the spin are partitioned in the two cases. In the covalently bonded structure the
excess negative charge is roughly equally split between the Cl and the O atoms, concurrently
the density of spin is smeared among the two species in accordance with what could be expected
of a hemibond-like interaction. In the SIC-DFT results, where the complex is H-bonded, the
excess charge is mostly centered on the chlorine while the spin is concentrated on the oxygen

thus describing a OH - - - Cl~ complex.
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Figure 5. Time behavior of the geometrical factors characterizing the complex (i.e., CI-O distance,
O-H distance, Cl-H distance, and Cl-O-H angle).

Stability of the Cl~---HO complex

To determine whether the OH and Cl~ were complexed throughout the simulation we have
plotted the various internal distances of the complex, that is Cl-O, O-H, and CI-H and the
Cl-O-H angle as a function of time, the result is displayed in Figure 5. The trajectories for
the bulk simulations are run in the NVT ensemble at room temperature, while the simulations
of the six water cluster are run in the NVE ensemble. The average temperature of the cluster
SIC-DFT is ~ 150 K, while the temperature for the simulation with no SIC is ~ 200 K. The
results for the DFT and DFT-SIC simulations of the complex in the six water clusters, displayed

11



OHCI™ in 57 waters, with SIC OHCI™ in 57 waters with SIC

9 7 : : :
le b e |O(Hy0)=Cl [ i
6l === |o(OH)-CI| |
17 a | [H(H,0)-CI™ | min
16 = st » | IHoH)-Cr
156 =~ ]
& T ¢
[+ 1 4 0, S
K]
413 T
12
11
0 1

t[ps]

Figure 6. Left panel: Radial distribution functions of Hy,o (blue line) and Op,o (purple line) about
CI~. Overlaid to the RDF's are the values of the C1-O¢py and Cl—Hgpg distances as a function of time
(green and red line respectively). Right panel: Cl—Hgpg and Cl—Ogp distances as a function of time
(red and green line respectively) and minima of the Cl—Op,0 and Cl—Hpy, o distances (purple and blue
line respectively). The purple horizontal line represents the location of the first minimum in the RDF
of the water oxygens around chloride while the blue horizontal line represents the location of the first
minimum in the RDF of the water hydrogens about the chloride ion (i.e., the radii of the respective
first solvation shells).

on the left top and bottom panels of Figure 5 respectively, show that the complex is fairly stable.
The complex is also stable in the standard DFT bulk simulation, shown on the top left panel
of Figure 5. In the SIE corrected simulation of CIOH™ in 57 water (with PBC), shown in the
bottom right panel of Figure 5, the complex appear to break and re-form on the timescale of
picoseconds. To understand the solvation dynamics in the latter case we have plotted in Figure 6
the C1—Oppn and the Cl—Hpy distances with respect of the radial distribution function of the
water oxygens and the water hydrogens about C1~ (left panel) and with respect of the minimum
distances of water oxygens and hydrogens to the chloride ion (right panel). On the timescale of
our simulation the hydroxyl radical is always contained well within the water second solvation
shell about the chloride ion. Although this feature could be due to the size of the fundamental

simulation box (13Ax13Ax13A), that does not extend beyond the water second solvation shell

12



about the ion, the chloride to hydroxy distance is never observed to become larger than the
maximum in the chloride-water second solvation shell. Incidentally, the size of the period box
resembles the situation in a concentrated solution in which another chloride ion would be found
in the vicinity of the first, however in our simulation there is no counter ion.

It should be noted that the results of the Mulliken analysis for how regards the charge of the
cluster system do not show a tendency of the system to undergo a charge exchange. Therefore
we conclude that, given the degree of stability observed for the chloride-hydroxy complex in all
four cases considered, and the localization of the charge in the two cluster system considered
(with inclusion of SIE correction or not), Reaction (8) does not occur and the first step of the
OH induced oxidation mechanism of the CI~ start with the formation of the chloride-hydroxy

complex through Reaction (4).

Comparison with ab initio calculations

A single point uMP2/aug-cc-pVDZ computation of the covalently bonded six water cluster
was performed to see whether a bonding molecular orbital could be detected. The cluster geom-
etry on which the computation was performed was obtained by a snapshot of the corresponding
molecular dynamics simulation. A bonding orbital was found and is displayed in Figure 7. All
the computations presented in this section have been carried out using the Gaussian 98(!*) suite
of programs.

To understand the nature of the OHCI™ complex in the gas phase we have performed a
uMP2 /aug-cc-pVDZ scan of the potential energy surface varying the Cl-O-H angle and the Cl-
O distance. The resulting potential energy landscape is reported in Figure 8. The scan was

obtained keeping the OH distance fixed at 1A while varying the Cl-O distance and the Cl-O-H

13



Figure 7. Bonding molecular orbital for the covalently bonded OHCI*(H2O)6 cluster obtained
from a single point uMP2/aug-cc-pVDZ computation.

angle. The covalently bonded structure observed in the SIE uncorrected DFT simulations of
the complex in a six water cluster and in bulk water corresponds to a point on the PES of the
gas phase complex (Cl-O=2.5A and Cl-O-H= 78°) where no minimum is present. In Figure 9
we present a comparison of the PES scan for O-H=1A and Cl-O-H=0° and 78° for the gas
phase complex obtained with uMP2/aug-cc-pVDZ and with the standard BLYP and with SIC-
BLYP. While both DFT computations for the linear OHCI™ complex show a minimum for a
Cl-O distance of approximately =3.2A in agreement with the uMP2 /aug-cc-pVDZ computation
(albeit overestimating the binding energy), the results for the non linear structure (Cl-O-H angle
of 78°) show that the SIE-uncorrected DFT computation strongly overestimates the minimum
around 2.6A(note that the PES shows a minimum only along the Cl-O coordinate, when the
Cl-O-H angle is also varied there is no minimum about the Cl-Ox 2.6A and Cl-O-H~ 78°
geometry). In the limits of the extrapolation of the results obtained for the gas phase complex to

the results obtained for the six water cluster and the bulk system we conclude that the observed
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Figure 8. Scan of the potential energy surface of the OHCI™ complex. The O-H distance is
fixed at 1A.

covalently bonded complex in the SIE uncorrected BLYP computations represents a failure of
the computational technique itself. At the same time the results obtained with the SIE corrected

DFT technique show to describe the complex accurately.

Conclusions

We have presented results from an ab initio molecular dynamics study of the chloride ion-
hydroxyl radical in asymmetric and symmetric solvation environments. The complex appears to

exist in two different base configurations depending on the use of a standard BLYP DFT scheme
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Figure 9. Comparison of the PES scan along 0° and 78° Cl-O-H angles.

versus a SIE-corrected BLYP DFT one. We have compared results obtained with the two DFT
schemes to an uMP2/aug-cc-pVDZ scan of the ground state energy landscape of the complex
in the gas phase. The absence of a local minimum in the vicinity of the geometry predicted
by the uncorrected DFT results is taken as evidence of the fact that standard DFT techniques
fail to capture the right geometry of open shell system such as the on under consideration due
to the inherent presence of the self interaction error. On the other hand SIE-corrected BLYP
results show to predict correctly the behavior of our open shell system. The SIE correction
scheme that we have used has been already shown to yield results for the OH-water system in
good agreement with high level ab intio computations®). On the point of view of the oxidation
reaction of (Cl7 )iy to (Cly)gas We conclude that, since no evidence of charge transfer between
Cl™ and OH is observed in the cluster as well as in the bulk systems, the likely path to oxidation
goes through the formation of the H-bonded OHCI™ complex and the interaction of the latter

with a second Cl—.
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