5806 J. Phys. Chem. R004,108,5806-5814

Uptake and Collision Dynamics of Gas Phase Ozone at Unsaturated Organic Interfaces
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The uptake of gas phase ozone and the collision rate between ozone and double bonds at three different
unsaturated organic interfaces with vapor are studied using classical molecular dynamics computer simulations.
The organic systems are a self-assembled monolayer of 1-octenethiolate molecules adsorbed on a gold surface,
liquid 1-tetradecene, and a monolayer of 1-oleoyl-2-palmisoyfycero-3-phosphocholine molecules adsorbed

at the water liquid/vapor interface. The structural features of the neat organic systems are characterized and
correlated with the dynamics in the presence of gas phase ozone molecules. The collision rate between ozone
and a double bond is sensitive to several factors, including the extent of localization of the double bonds in
the system and the distance that ozone diffuses into the organic phase. However, the average lifetime of a
collision between ozone and a double bond is independent of the organic system. A comparison of the simulation
results with experimental results from these systems shows good agreement. The results are discussed in the
context of the oxidative processing of organic aerosols in the atmosphere.

I. Introduction the decomposition of biological matt&iThe organic surface
In recent years, there has been increasing interest in charac-layer is also subject to o>§|dat|on b_y gas phase species, thus
. . altering the compounds dissolved in the water and the com-
terizing the reactivity of gases at aqueous and organic interfaces .
o = . pounds released into the atmosphere.
with air. One fundamental reason for this is a growing amount o T ; . )
of evidence from experiments, molecular simulations, and = ©rganic films in living organisms are exposed to oxidants in
kinetic modeling that indicates that the interface between two the atmosphere. For example, a surfactant mixture of phospho-
phases is a unique region where the kinetics and mechanismdiPids and proteins is present at t_he air/liquid mterface of the
of chemical processes differ from those in bulk solutions or 1UNgs:® The surfactant is responsible for reducing the surface
the gas phask:# However, the difference between a heteroge- tension to near zero, Wr_uch_ faC|I|t_ates the expansion aqd
neous reaction and the same reaction occurring in a bulk liquid contraction of the lungs during mhalatlo_n and exhalatlon_. Certain
or the gas phase may arise for different reasons. One is that Jespiratory diseases are correlated Wl_th the degraqlatlon of the
reactive species in solution exhibits a surface excess, in whichPulmonary surfactant, where a possible mechanism for the
case itis preferentially located at the interface for reaction with dégradation is oxidation by pollutants in inhaled‘&itinsatu-
an incoming gas phase reactant. Another reason is that the'@ed phospholipids that are present in plants and trees are
incoming gas phase species is trapped at the interface duringSUbject also to oxidative processing by atmospheric géses.
the uptake process. Also, the activation energy barrier for the Potential site for damage is the phospholipid bilayer that
reaction at the interface may be altered. Finally, one of the COMposes the cell membranes of guard cells located in the lower
reactive species may be oriented in a heterogeneous environmerféPidermis of leave®? Guard cells are responsible for opening
in such a way that the reaction occurs more readily than in the @nd closing the pores that allow gas exchange with the
gas or bulk liquid phases. Predicting the most relevant factors atmosphere.
that alter the outcome of a particular heterogeneous reaction There are several pollutants present in the atmosphere that
from the outcome of the same chemical reaction occurring in a can contribute to the oxidative processing of the organic surfaces
bulk liquid or the gas phase is an open problem. discussed above, such as ozone, hydroxyl, nitrate radicals, and
One class of heterogeneous chemical processes, which isatomic halogens. The reactive uptake of ozone at unsaturated
particularly important to environmental and biological systems, organic surfaces has been studied extensively in experi-
is the reaction of atmospheric oxidants with unsaturated organicments?#14-23 For a complete review of experiments involving
surfaces. This is due to the abundance of interfaces between am®rganic aerosol chemistry, a recent article written by Rudich is
organic phase and air in nature. For example, in atmosphericavailable?* Various models for the organic component are used
chemistry, organic matter has been identified as a significant in these experiments, including liquid/vapor interfaces, self-
contribution to tropospheric aeroséis. Chemical reactions of ~ assembled monolayers, aerosol particles, and organic thin films
organic aerosols with atmospheric oxidants potentially affect adsorbed at the liquid/vapor interface of water. In general, the
the climate by altering the properties of the aerosols, such as amodel selection is made so that the essential features of a
propensity to uptake water and nucleate cloud formatialso, naturally occurring system are captured. From these experiments,
the reactions result in the release of volatile products to the gasthe uptake probability of ozone and the products from the
phase. Organic compounds are also present in the environmenteaction of ozone with a double bond have been characterized
in a surface layer on bodies of water, which is generated from for a variety of unsaturated organic surfaces. Ozone reacting
with alkenes has received a considerable amount of attention
*To whom correspondence should be addressed. E-mail: dtobias@uci.edufor several reasons. Ozone is present in the troposphere in a
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concentration range of 340 ppb?® and alkenes are a common  between ozone and double bonds is the largest in the C14ENE
functional group present in the environmental and biological liquid system because of uptake into the bulk liquid and double
systems mentioned above. Also, the reaction mechanism ofbonds dispersed throughout the organic phase. Localization of
ozone with alkenes in bulk liquids and in the gas phase is well the double bonds in a region of the SAM and OPPC monolayer
characterized which provides a basis for understanding the systems results in a smaller collision rate than in the liquid
effects of a heterogeneous environment on the reaction. Finally,system. Although the collision rate is sensitive to the structure
ab initio calculations of ozone reacting with various alkenes of the organic system, the collision lifetime is independent of
have been performed:2” Although valuable information re-  the organic system being considered.
garding ozone uptake and reactivity at organic surfaces contain- In section Il, the simulation models for the three organic
ing alkenes has been obtained from experiment and theory, verysystems and ozone are described. The simulation methodology
little dynamic information at a molecular level is available. is given in section Il also. The results are discussed in section
Molecular dynamics (MD) computer simulations are a I, followed by conclusions and atmospheric implications in
methodology by which chemical structure and dynamics can section IV.
be studied from a molecular perspective and correlated with
experimental results. MD simulations have been used previously!l. Systems and Methods

to study the kinetics and mechanisms of atomic and molecular 5 gt Systems.1. Self-Assembled Monolaydfhe SAM

o 9 ) . .
uptakg andf reag‘jf';’;té at faqueo%i’sz, aque?ur? hahqéo, ?nq consists of 64 1-octenethiolate (S(gkCH=CH,) molecules
organic surtaces. ne focus of some of these simulations ,ysqrped on a gold (111) surface in a simulation box geometry
is to quantify the probability of a gas phase species with a ¢ 4508 A () x 34.72 A ) x 62.00 A ¢). Thez dimension
thermal impact velocity being absorbed into a bulk solution by is normal to the SAM/vapor interface. This geometry yields a

simulating the process direct?3or by calculating the free g\t -6 area of 22%molecule and approximately 40 A of vapor
energy profile for the proce€&2° Another focus of these studies adjacent to the SAM surface in tzalimension. The system is

is on the relationship between surf_ace struc_:ture and energyqonstructed from a self-assembled monolayer composed of
transfer, and excellent agreement with experimental measuré-, .y, jecanethiolate molecules by removing the last 10 carbons
ments of the trapping probability, fractional energy loss, and 4 modifying carbon types one and two fron? spsg@. The

angular distribution of the scattered species was f6tmd:* hydrocarbon force field is taken from a publication by Tobias,
All of these studies demonstrate the utility of classical MD Tu, and Klein3® and the adsorption potential and surface

simulations in gaining amo_lec_ular perspective of the uptake of corrugation potential are taken from the work of Mar and
gases at various types of liquid surfaces. Klein.3” A 400 ps equilibration and an 800 ps simulation of the
In the present paper, MD simulations are used to study the neat system are run using CHARM#¥.
uptake of gas phase ozone and the ozaiwible bond collision 2. 1-Tetradecene Liquid/Vapor Interfacéne neat liquid slab
dynamics at organic surfaces containing alkenes. Three differentof 1-tetradecene (CHICH,),:CH=CH;) consists of 384 GHasg
organic substrates at the interface with vapor are simulated withmolecules in a simulation box of dimensions 54.52 &
and without gas phase ozone present. The organic substrateg4 52 A /) x 150 A (z). There are two liquid/vapor interfaces
include a self-assembled monolayer (SAM) composed of present in thexy plane on each side of a 50 A thick bulk liquid
1-octenethiolate, the liquid/vapor interface of 1-tetradecene |amella. The initial configuration of the system is derived from
(C14ENE), and a phospholipid monolayer of 1-oleoyl-2- g box of liquid tetradecane by modifying carbons types one and
palmitoyl-snglycero-3-phosphocholine (OPPC) molecules ad- two from sp to sp. The CHARMM27 force field is used to
sorbed at the water liquid/vapor interface. The main purpose model the hydrocarbon molecul@sPINY_MD is used to
of these simulations is to correlate the organic structure with generate a 400 ps equilibration of this system, followed by a
the ozone uptake and collision dynamics. For example, how 400 ps simulatiori® The simulation length is half that used in
does the organic density at the surface affect the uptake of ozonehe SAM system because there are two liquid/vapor interfaces
into the interior of the organic phase? Also, how does double from which the equilibrium averages are obtained. Properties
bond exposure at the surface and the localization of double of the bulk liquid and interface calculated using this model are
bonds in the system affect the collision dynamics with ozone? in reasonable agreement with experimental values. These include
The selection of these three organic systems interacting with the bulk liquid density (simulation at 300 K: 0.72 g/mL;
gas phase ozone is guided by the fact that experiments on eaclkexperimental at 293 K: 0.77 g/mt)and the surface tension
system have been performée.161°Another purpose of the  (simulation at 300 K: 21 mN/m; experimental at 303 K: 26
simulations is to complement the results and conclusions of thesemN/m) 42
experiments with a molecular level perspective. The simulation 3. Phospholipid MonolayeSimulation details of neat OPPC
results presented in this work also contribute to a general systems are available in a previous publication by Wadia et al.
understanding of the relevant structural and dynamic factors in that was focused on the structure of two different monolayer
heterogeneous chemical processes. compressions in relation to experiments of ozone reactivity with
The results from the simulations of the neat systems show OPPC monolayer3 A monolayer compression of 802Aipid
that the structure of the OPPC monolayer is similar to the is selected to study the uptake and collision dynamics of gas
C14ENE liquid system, whereas the SAM structure is more phase ozone with alkenes. Briefly, a lipid monolayer is placed
similar to a solid surface. In the presence of ozone, the organicon each side of a 20 A thick slab of 2258 water molecules with
density at the interface determines whether uptake into the the phosphocholine headgroups immersed in the water phase
organic phase occurs, and as a result, this determines theand the hydrocarbon tails projecting into the vapor phase. Each
residence time of the ozone molecules. Because uptake into themonolayer consists of 36 OPPC molecules. The simulation box
organic phase does not occur in the SAM system because ofgeometry is 53.66 Ax) x 53.66 A ) x 100 A (z), where the
the large alkene carbon density at the surface, a residence time dimension is perpendicular to the OPPC/water interface.
that is a factor of 3 smaller than the residence times in the B. Ozone.In the SAM system, four ozone molecules are
C14ENE and OPPC systems is observed. The collision rateuniformly distributed in thexy plane approximately 20 A above
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the SAM surface in the dimension. A reflecting wall is placed ,CHa

atz= 62 A to prevent the escape of gas phase ozone molecules. A) SAM HC:CHz ;1
In the C14ENE and OPPC systems, eight ozone molecules are ’ HEC‘CH

uniformly distributed in the gas phase of each system by placing Hia| 2

four ozone molecules above each interface. The ozone molecules HZC:C"'Z

are added to the final configurations from the simulations of s

the neat systems. £

The force field for the ozone molecules is built from the B) CI4ENE

CHARMM22 force field® Each oxygen atom of ozone is
assigned parameters of a carbonyl oxygen atom with no atomic
charges. This atomic charge selection is based on the small value
of the experimental molecular dipole moment, which is 0.53
D,*5 and the nonpolar nature of the organic systems. The
equilibrium internal geometry of the ozone molecule is taken
from the gas phase, where the two bond lengths are 1.278 A

HaC(H;C);{HC=CH,

and the bond angle is 117° C) OPPC
Following a 300 ps equilibration in each system, a 1600 ps -

simulation of the SAM system with ozone is run using H,C~0-C—(CHgl7CH=CH(CHg),CH;
o

CHARMM, 28 and an 800 ps simulation is run in the C14ENE
and OPPC systems with ozone using PINY_KfThe simula- 0
tion time is doubled in the SAM system because there is one HzC-o—g_—mcHz,zmch
interface with four ozone molecules relative to two interfaces
with eight ozone molecules in the other two systems. -
The model used in these simulations does not incorporate rigure 1. Molecular bonding structures and snapshots from the
the reaction between ozone and double bonds to form themolecular dynamics trajectories for the (A) SAM, (B) C14ENE, and
primary ozonidé> The inclusion of reactive chemistry in  (C) OPPC systems. In each snapshot,zlémension, which is in the
computer simulations with a large number of atoms is a Plane ofthe page, is perpendicular to the interface with the vapor phase.
complicated problerfi? and a simpler approach to gaining The alkene carbons are orange, all other carbons are gray, and the

. . . . . __hydrogen atoms are removed for clarity. (A) Sulfur (blue). (C)
information about the reaction rate is used here. The reaction Phosphorus (red); oxygen (blue); nitrogen (purple). The snapshots are

HC=0-C={CH2)14CHs
)

rate,R, is related to the collision rate, by the expression not scaled in size relative to one another.
R=CxT (1) 2 009
where I' is the reaction probability. The collision rate is £ 006 3
determined from the equilibrium simulations in the presence f\“ m' ]
of ozone, given that a reliable definition of the distance between - i |
ozone and a double bond for a collision event can be obtained. a 05 7
Multiple ozone molecules are included in each system to reduce e 0.03———r ]
the amount of time required to obtain a converged collision rate. z sl ]
With the collision rate from simulation, the applicability of gas 21
surface collision theory to these systems can be tested. Also, if 2001 -
the experimental reaction rate is known, then the collision rate g A
from simulations can be used, according to eq 1, to estimate ﬁ 5 U‘_;U 40
the reaction probability. o i— i
C. Simulation Details. All of the simulations described above g 0.03f ]
are performed with a constant number of molecules, temperature, i 0.02f 7
and volume. The temperature of 300 K is controlled in each Z 001p §
system using Nose-Hoover chain thermostatShe smooth A 0= = e e

particle mesh Ewald method is used to calculate the electrostatic z(A)

i i 9

interactions’ The reall space part of the Ewa’gj S,um and the Figure 2. Atomic density profiles in the direction normal to the
van der Waals interactions are truncated at 10 A with a sphericalinterface between the vapor phase and the organic media for the neat
truncation scheme. An integration time step of 1.0 fs is used in (A) SAM, (B) C14ENE, and (C) OPPC systems. In each panel, the
the SAM simulations, and a 4.0 fs time step with multiple time- alkene carbons are orange, and the alkane carbons are black. (A) Sulfur
step integratiof? is selected for the C14ENE and OPPC (blue). (B) Liquid/vapor interface of CI4ENE defined by the vertical
simulations to balance the large system sizes with reasonablé'tr)‘leS at,fl:t 2;’1 azqﬁ% At (C)I Ph.OSphOL“S (re?); oxygen from water
computational times. All bond lengths involving hydrogen atoms (P1u€)- Note the different scales in each panel.

are constrained to the equilibrium values using the SHAKE/

RATTLE algorithm05. where thez dimension is perpendicular to the interface with

the vapor phase. To clarify the location of the double bond in
each molecule, the chemical bonding structure is shown in
Figure 1 also. The phosphocholine headgroups in the OPPC
A. Neat SystemsThe results from simulations of the neat snapshot are difficult to view because they are embedded in
systems are used to characterize the structural features of thehe water phase. The atomic density profiles inzldémension
organic substrates that are relevant to the uptake of ozone andare shown in Figure 2 for the SAM (top panel), C14ENE
the ozone-double bond collision dynamics. One snapshot of (middle panel), and OPPC (bottom panel) systéinshe SAM
each system from the neat simulation is shown in Figuté 1, system, there is one SAM/vapor interface, and the location of

Ill. Results and Discussion
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the gold surface correspondsze= 0 A. In the C14ENE and 02 T T T
OPPC systems, there are two interfaces with the vapor, and the A
density profile is obtained by averaging over both interfaces, 0.1k 4
where the abscissa corresponds to the distance from the system
center of mass position in tteedimension. This procedure of ,
averaging over both interfaces is used to represent the data from 0.0 4.5 9.0 1?5 180
the C14ENE and OPPC systems in the remainder of this paper.

P(8)

The vertical lines in the C14ENE density profilezat 25 and 8
33 A correspond to thecoordinate at 90 and 10%, respectively, A 001
of the C14ENE liquid density, which operationally defines the
interface region. 05

The location and magnitude of the alkene carbon density are 0.05 ' ' "
directly relevant to the ozoredouble bond collision dynamics. = ¢
Although the alkene carbons are dispersed throughout the s, 0025 .
C14ENE system, as is expected for a liquid, the alkene carbons
are located in a narrow region of tizedlimension in the SAM 0 L e

and OPPC systenisThis is due to an interaction with a substrate
thatt restrlcés thg TOIeC_LIJ_fr ?rlen_tatllogs E?mgle% mft;leset two Figure 3. Probability distributions of the angle between a selected
systems. (See below.) The terminal double bond of 1-oc €N€- molecular vector and the interface normal in the neat (A) SAM, (B)

thiolate places the alkene carbons adjacent to the vapor phase14ENE, and (C) OPPC systems. €orresponds to the molecular
in the SAM system, and the internal double bond of the OPPC vector parallel to the interface normal. (A) Molecular vector drawn
molecule separates the alkene carbons from the vapor phase bf§rom the sulfur atom to the terminal carbon atorfi.d@rresponds to
approximately 510 A of alkane carbon. Collisions between the sulfur atom being closer to the gold surface. (B) Distribitions
; for molecules with a center of magscoordinate that are 225
ozone and double bonds can occur directly at the SAM surface, . - . :
but these collisions must be preceded b ythe uptake of ozone(daShed)’ 2530 A (thin solid), and 3635 A (thick solid) away from
. - . P Yy p the z coordinate of the system center of mass. The molecular vector is
into the interior of the OPPC monolayer. One reason for the grawn from C14 to C1. Dcorresponds to the C14 atom being closer
order of magnitude difference between the peaks of the alkeneto thez coordinate of the system center of mass. (C) Molecular vector
carbon density profiles in the SAM and OPPC systems is a drawn from the phosphorus atom to the terminal carbon atom of the
smaller surface area per double bond in the SAM system (22 Palmitoyl chain. 0 corresponds to the phosphorus atom being closer
A2/double bond) relative to that in the OPPC system (80 A to thez coordinate of the system center of mass. All of the distributions
double bond). The C14ENE system is unique because thed'® normalized such thapP(0) sin(9) do = 1. Note the different

. . - les i h l.
potential for ozone-double bond collisions exists both at the scales In each pane

liquid surface and in the_ bu_Ik. the most probable molecular orientation becomes perpendicular
The total carbon density in the bulk of the C14ENE system 4 the interface normal rather than random. This arrangement
(0.031 atoms/A) is similar to the total carbon density in the  increases the van der Waals interaction between the organic
interior of the OPPC mo_nolayer (0.033 atom§AAithough . molecules relative to that for the parallel orientation. The
the OPPC system contains a m°”°'ayef of hyc_irocarbpn t"J"Is'perpendicular orientation, which places the double bond in the
these hydrocarbons pack to yield a density profile that is more plane of the interface, may result in a larger exposure of the

similar in shape and magnitude to a liquid hydrocarbon than a double bonds to the gas phase than is expected from a random
SAM. This suggests that the range of orientations sampled by molecular orientation. (See below.)

the lipid portion of the OPPC molecules is larger than that Th lecul . ion distributi ields inf .
sampled by the 1-octenethiolate molecules of the SAM. This is e molecular orientation distribution yields Information
about the organic structure on a length scale of tens of

confirmed by calculating the probability distribution of the angle

between a selected molecular vector and the interface normal@ngstroms. Structural data on a length scale of several angstroms
in each systemP(0). These distributions are shown in Figure that is relevant to the reactivity of ozone with double bonds is
3 for the three different systems. The molecular vectors are Obtained from the double bond orientation distribution. A
defined in the figure caption. The probability distribution in the Preferential double bond orientation may affect the reaction rate
SAM system (top panel) peaks negar= 15° and is populated by modifying the number of collisions that are in the proper
up to approximately) = 35°. This is in reasonable agreement orientation for a reaction to occur. The probability distributions
with the 26-28° angle between the surface normal and alkyl Of the angle between the double bond vector and the interface
chains in self-assembled monolayers of thiolates on gold Normal,P(y), are shown in Figure 4 for each system. The double
measured by FTIRS However, it is narrower than the distribu- bond vectors are defined in the figure caption. The distributions
tion shown in Figure 3 for the lipid portion of the OPPC system for the SAM and OPPC systems resemble the distributions
(bottom panel), which is populated froth= 0 to 75. The obtained from the molecular vector shown in panels A and C
smaller surface area per molecule in the SAM system results inof Figure 3 but are broader. In the C14ENE system, the three
a densely packed monolayer with solidlike characteristics distributions shown correspond to the same three molecular
compared to the OPPC monolayer, which has a larger surfacelayers in panel B of Figure 3. The double bonds at the liquid/

0 (degrees)

area per molecule and more liquidlike characteristics. vapor interface of the C14ENE system are oriented randomly,
In the C14ENE system, the three probability distributions in despite the fact that the molecules are lying flat on the surface.
the middle panel of Figure 3 correspond to theeA thick layers Structural information about each system that is independent

of the liquid slab near the liquid/vapor interface, as explained of the gas phase species being considered is obtained from the
in the figure caption. The distribution for the layer nearest the data in Figures 24. However, the structural environment that

bulk is flat and represents the distributions obtained from the an incoming gas phase species encounters is dependent on the
bulk liquid. As the vapor is approached from the bulk liquid, size of the species and the roughness of the surface. Snapshots
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Figure 4. Probability distributions of the angle between the double
bond vector and the interface normal in the neat (A) SAM, (B) C14ENE,
and (C) OPPC systems? @orresponds to the bond vector parallel to
the interface normal. (A) Molecular vector drawn from C2 to C1, where
0° corresponds to C2 being closer to the gold surface. (B) Distributions
for molecules with a center of magscoordinate 26-25 A (dashed),
25-30 A (thin solid), and 36835 A (thick solid) away from the

Vieceli et al.
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Figure 6. Density profiles in the direction normal to the interface
between the vapor and the organic media for the (A) SAM, (B)
C14ENE, and (C) OPPC systems with ozone. The ozone center of mass
(green) density profile in each panel is multiplied by 100 for scaling.
The other colors correspond to the same atoms as in Figure 2. Note
the different scales in each panel.

SASA analysis, a spherical probe is used to determine the

coordinate of the system center of mass. The molecular vector is draW“percentage of the total accessible surface area that is occupied

from C2 to C1, where Dcorresponds to C2 being closer to the
coordinate of the system center of mass. (C) Molecular vector drawn
from C9 to C10 of the oleoyl chain, wheré Gorresponds to C9 being
closer to thez coordinate of the system center of mass. All of the
distributions are normalized such thgfP(6) sin() dd = 1. Note

the different scales in each panel.

A) SAM

B) CI4ENE

C) OPPC

Figure 5. Different view of the same snapshots shown in Figure 1 for
the neat (A) SAM, (B) Cl4ENE, and (C) OPPC systems. The
perspective is from the vapor side of the interface in the direction of

thez dimension. The colors correspond to the same atoms as in Figure
1, and the hydrogen atoms are removed for clarity. The snapshots are

not scaled in size relative to one another.

of the neat systems from the vapor side of the interface in the
direction of thez dimension are shown in Figure®5.These
snapshots yield a qualitative picture of the environment that an

ozone molecule encounters upon striking the organic surface.

by double bonds. A probe radius of 2.0 A is selected as a
reasonable representation of the size of an ozone molecule. This
analysis is performed for system configurations every 1.0 ps,
and the average percentage is calculated. This percentage is a
measure of the likelihood that an incoming gas phase ozone
molecule will encounter a double bond on the surface.

The percentage of the total accessible surface area that is due
to double bonds has been reported previously for the OPPC
system as 3.7%.The small amount of double bond surface
exposure is due to the internal double bond of the OPPC
molecule. The percentages from the SAM and C14ENE systems
are 99.7 and 28.5%, respectively. The essentially complete
coverage by double bonds in the SAM system is expected on
the basis of the terminal double bond of 1-octenethiolate and
the density profile in panel A of Figure 2. The double bond
surface exposure to an ozone molecule in the C14ENE system
is almost 2 times larger than expected on the basis of the
percentage of total carbons that are part of a double bond in a
1-tetradecene molecule, which is 14%. This is due in part to
the molecular orientation of the 1-tetradecene molecules located
at the interface (panel B of Figure 3), which prefer to lie flat
on the surface.

B. Ozone Uptake and Collision DynamicsFollowing the
addition of the ozone molecules to the neat systems and
equilibration, the positions of the ozone molecules are moni-
tored. The density profiles that are generated from these
simulations are shown in Figure 6 for the SAM (top panel),
C14ENE (middle panel), and OPPC (bottom panel) systems.
The ozone molecules penetrate only a few angstroms into the
SAM and reside predominantly on the surface of the film. The
ozone molecules in the C14ENE system are located in both the
bulk liquid and at the liquid/vapor interface. In the OPPC
system, the ozone molecules are located primarily in the lipid
portion of the monolayer but do not penetrate into the water.
This is consistent with the lower solubility of ozone in water

A single quantity that represents the average exposure of athan in organic liquid§>56 From the data in Figure 6, the

reactive site to an approaching gas phase species of a giverminimum z positions reached by an ozone molecule are 9.8, 0,
size can be obtained using the solvent accessible surface areand 12 A in the SAM, C14ENE, and OPPC systems, respec-
(SASA) analysis developed by Lee and Richa&t&or the tively. It is clear from the data in Figure 6 that the major factor
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TABLE 2: Ozone—Double Bond Collision Rates withR, = 4
A A and the Percent Contribution from the Bulk and Interface

Cap(s™tcm2 bulk interface
system ppnTY) x 10Y7 (%) (%)

SAM 20 100
25 50 75 100 C14ENE 39 85 15

B OPPC 3.8 61 39
theory 2.2 100
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(=]

# of occurrences

(=]
(=)

=)

)

I During the residence time of the ozone molecules, the total

1 l number of collisions between ozone molecules and double bonds

is counted, and the collision rat€gy, is determined by dividing

the total number of collisions by the total trajectory time. A

collision event is defined as the ozone center of mass being

less than a specified cutoff distand®, from the center of a

ol 1 . double bond. If the ozone molecule remains less Rafiom

175 350 525 700 a double bond for a continuous period of time, only a single
Tre, (PS) collision event is counted, and the collision lifetime is measured.

Figure 7. Probability distributions of ozone residence times in the (See below.) The sensitivity @q, to the value oR, was tested

(A) SAM, (B) C14ENE, and (C) OPPC systems. The tick marks are usingR. = 4, 5, and 6 A. The results with a valué 4 A are

removed for clarity. Note the different scales in each panel. selected for several reasons. Each ozone molecule is undergoing
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TABLE 1: Average Residence Time of Ozone in the on average a single collision event with only the nearest alkene

Organic Phase and the Percent Contribution from the Bulk whenR; = 4 A, whereas larger values Bf increaseCq, because

and Interface the ozone molecules are involved in multiple collision events

Fredd bulk interface simultaneously. Another reason for usiRg= 4 A is that ab

system (ps) (%) (%) initio calculations of ozone and ethylene show that there is a
SAM 17 stable complex on the reaction path formed at a center of mass
C14ENE 53 39 61 separation of 3.291 A¢
OPPC 55 37 63 The values ofCq, with R, = 4 A and the percentages of the

o ] ) o collisions that occur in the bulk and interface are reported in
determining whether ozone diffuses into the interior of the Taple 2.C4,is normalized by the total surface area and the gas
organic phase is the density at the interface. _ phase ozone concentration in each system. The same threshold

The amount of time that an ozone molecule interacts with 7 yajues described above faf.s are used to define the bulk
the organic media before returning to the gas phase is definedang interface regions. The data in Table 2 show that the largest
as the residence timeyes Specifically, 7ies is determined by number of ozonedouble bond collisions occurs in the CL4ENE
the continuous amount of time that tzevalue of an ozone  system and that these collisions are primarily in the bulk liquid.
molecule’s center of mass is less than the observed minimumThe |arge number of ozorelouble bond collisions results from
zvalue for desorptlon to occur, which are determined to be 20, the double bonds being dispersed throughout the organic
40, and 36 A in the SAM, C14ENE, and OPPC systems, medium and the uptake of the ozone molecules into the bulk
respectively. These values are used to define the residence |iquid. The data in Figures 6 and 7 and Table 1 indicate that
time because ozone molecules witlz walue greater than this  {he yptake into the organic phase and residence time of ozone
desorbed into the vapor. The probability distributions of the ,glecules in the OPPC system are similar to those for the
residence times are shown in Figure 7 for the three Systems.c14eNE system. Therefore, the reductiorGaf by a factor of
The average residence times are calculated from the distributions| g i the OPPC system relative to the value for the C14ENE
in Figure 7 and reported in Table 1. In the C14ENE and OPPC gystem js attributed to the localization of the double bonds in
systems, the percentagesrp§that are due to the time spentin - the interior of the organic medium. In the SAM system, the
the bulk and interface are shown in Table 1 also. Zhelues 4o yple bonds are localized at the organic surface, and the ozone
used to separate the bulk from the interface are 25 and 24 A inyojecyles reside at the surface without uptake into the interior
the C14ENE and OPPC systems, respectively, which correspondyt the monolayer. This results in a reduction@i, by a factor
to 90% of the maximum total carbon density. _ of 2 relative to the value for the C14ENE system. The observed

The maximum residence time in the SAM system is less than ¢q||ision rates result from the interplay of several factors: the
75 ps, but ozone molecules can reside in the organic media of|ycation of the double bonds, the uptake of ozone into the
the C14ENE and OPPC systems for several hundreds ofyganic phase, and the residence time of ozone.
picoseconds. The average residence times in the C14ENE and
OPPC systems are a factor of 3 larger than in the SAM system
because of the uptake of ozone into the interior of the organic
media. This is supported by the minimwwalues given above
and by plots of the center of mass of each ozone molecule as Cc=A0j] RT )

a function of time (data not shown). The average residence times M

and percentage of the residence time spent in bulk and inter-

face are nearly identical for the C14ENE and OPPC systems.In eq 2, A is the surface area, fDis the gas phase ozone
This indicates that the environment an ozone molecule inter- concentrationR is the gas constant, is the temperature, and
acts with is similar in the C14ENE and OPPC systems, which M is the molecular mass of ozone. All three systems exhibit an
is supported by the structural similarities discussed in section enhancement in the collision rate relative to the prediction from
ILA. theory. However, the theoretical collision rate should be an upper

The collision rates from the simulations are compared in Table
2 to the collision rate predicted by gasurface collision theory:
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T " TABLE 3: Comparison of Simulation and Experimental
Results for the Reaction of Ozone with the OPPC System

reaction
Cab (s7Y) completion
x 1070 time (min)
i experiment 17 5.5
simulation 2.9 2.8

double bond collision rate in the liquid are consistent with a
larger uptake probability in organic liquids relative to that in
SAMs.

The experimental kinetics of gas phase ozone reacting with
a phospholipid monolayer of OPPC molecules have been
: 5 reported recently.A reaction probability that is 1 order of
T, (ps) magnitude larger than expected on the basis of an analogous
Figure 8. Probability distributions of collision lifetimes in the SAM ~ 9as phase reaction is obtained. The enhancement in the reaction
(thick solid), C14ENE (thin solid), and OPPC (dashed) systems. probability is attributed to the trapping of the ozone molecules

in the organic film, which is supported by the simulation results.

bound because gasurface collision theory assumes that every The experimental finding is supported by a recent publication
surface collision of a gas phase ozone molecule is with a doubleOn the heterogeneous reaction of ozone at the liquid/vapor
bond. This is a reasonable assumption for the SAM System; interface of OleiC, IinoleiC, and linolenic acfdAn enhancement
however, the theory does not account for the residence time of©f the reaction probability by 3 orders of magnitude is estimated
ozone on the SAM surface, which results in an enhancementat the surface of oleic acid relative to analogous gas phase
by a factor of 9 relative to theory. In the CL4ENE and OPPC reactions. Moise and Rudich also reported an enhancement in
systems, the enhancement relative to theory is due to the trappinghe reaction probability for ozone with an alkene-terminated self-
of ozone molecules in the Organic phase, where they undergoassembled monolayer by 3 orders of magnitude relative to that
multiple collisions with double bonds. The average number of in the gas phas¥.
collisions between an ozone molecule and double bonds per A guantitative comparison between the experimental and
collision with the surface in the SAM, C14ENE, and OPPC simulation results can be made for the OPPC system. In the
systems is 12, 67, and 8, respectively. experiment, eq 1 is solved for the reaction probabilityusing

Although the ozonedouble bond collision rate differs  the experimental reaction rat, and a collision rateC, from
between the three systems, the ozedeuble bond collision € 2 With the experimental conditions Af= 772 cn¥, [Og] =
lifetime is independent of the system being considered. The 1 PPM, andT = 300 K. The collision rate used in the
collision lifetime, 7co,, is defined as the amount of time that an  €XPerimental calculations is compared to the collision rate from
ozone molecule’s center of mass is less tRar= 4 A away simulations (after scaling to correspond with and [Qy]
from the center of a double bond. The probability distributions €MPloyed in the experiment) in Table 3. The collision rate from
of collision lifetimes,P(z<o)), are shown in Figure 8 for the three ~ Simulations is enhanced by a factor of 1.7 relative to-gasface
systems. The average collision lifetime is 0.2 ps in all three collision theory. This results in a shorter predicted time for the

systems. Although the collision rate is sensitive to the structure COMPletion of the reaction than observed in the experiment,
of the organic phase, the lifetime of the collision is dominated Which is shown in Table 3 also.

by the short-range interaction between an ozone molecule and The agreement between the experimental and simulation
a double bond. results for the OPPC system is reasonable and supports the

conclusion of enhanced reaction kinetics at the interface relative
pto the gas phase. If a gas phase reaction probability applied to
this system, then the time for reaction completion would be
approximately a factor of 10 larger than the values in Table 3.
The agreement between experimental and simulation results is
important for several other reasons. It indicates that the
simulation model of the OPPC system with ozone provides a
realistic description of the experimental system. Also, it supports
using a 4-A separation as the criterion for an ozedeuble
i i ) . ) bond collision event. In future work, a quantitative comparison
The simulation results are consistent with the conclusions peyeen experimental and simulation results of ozone reacting

from that experiment. In the simulations, the ozone molecules iy gifferent length alkene-terminated SAMs will be mé&de.
are absorbed into the liquid and reside there 3 times longer than

on the surface of the SAM (53 ps compared to 17 ps). In addition
to solubility, the simulations suggest that ozone molecules are
removed more efficiently from the liquid system than fromthe ~ The molecular dynamics simulations results presented here
SAM system because of a faster rate of collision with double are relevant to environmental and biological systems containing
bonds. The data in Table 2 show that ozone molecules in theunsaturated organic compounds at interfaces with air that are
C14ENE system are colliding almost 2 times faster with double subject to processing by gas phase oxidants. The structure of
bonds than in the SAM system. An even larger rate enhancementhree different organic systems is characterized and correlated
in the liquid is predicted if a shorter alkene than 1-tetradecene with the uptake and collision dynamics of gas phase ozone
is used, thus increasing the ratio of alkene carbon to alkane molecules. The density profile, molecular orientation, and double
carbon. Both uptake in the liquid phase and a larger ozone bond orientation for the three different organic systems indicate

C. Comparison with Experimental Results. Moise and
Rudich recently published uptake measurements of ozone wit
organic liquids and SAMs containing terminal alke&&Bespite
the larger double bond density at the SAM surface relative to
that at a liquid surface, the uptake probability of ozone is 1
order of magnitude larger in the liquid than in the SAM. The
enhancement in the liquid is attributed to additional processes
occurring in the bulk, such as solubility, diffusion, and reaction,
which do not occur in the SAM system.

IV. Conclusions and Atmospheric Implications
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