
The Reaction Probability of OH on Organic Surfaces of Tropospheric Interest

Allan K. Bertram, Andrey V. Ivanov, Martin Hunter, Luisa T. Molina, and Mario J. Molina*
Department of Earth, Atmospheric and Planetary Sciences and of Chemistry, Massachusetts Institute of
Technology, Cambridge, Massachusetts 02139

ReceiVed: April 16, 2001; In Final Form: July 24, 2001

Using a flow-tube reactor coupled to a chemical ionization mass spectrometer, we investigated the heterogeneous
loss of OH on Halocarbon wax, two types of organized organic monolayers, and several solid organic surfaces
(paraffin wax, stearic acid-palmitic acid mixture, pyrene, and soot) that are representative of surfaces found
in the troposphere. The heterogeneous reaction is very efficient: the reaction probability is greater than 0.1
for all the organic surfaces investigated, except for Halocarbon wax. These results indicate that OH-organic
heterogeneous reactions will significantly modify the hygroscopic properties and cloud condensation nuclei
(CCN) ability of organic surfaces in the troposphere, and thus may play an important role in the Earth’s
radiative balance by affecting the properties of clouds. We also determined the diffusion coefficient of OH
in helium to be 665( 35 Torr cm2 s-1. This value is close to that of its polar analogue, H2O, suggesting that
the diffusion coefficient of OH can be calculated accurately with H2O transport properties.

1. Introduction

Organic carbon (OC) is a major component of fine particulate
matter in the troposphere. In metropolitan U. S. areas, for
example, high concentrations of condensed-phase OC are
observed (5-20 µg/m3), accounting for 15-60% by mass of
particulate matter less than 10µm in diameter (PM10).1 Over
remote and rural U. S. sites, condensed-phase OC concentrations
are substantially lower (<4 µg/m3) but still comprise a major
fraction of the total aerosol load (30-50% by mass of PM10).1

Particulate organic carbon can be either emitted directly into
the atmosphere (primary OC) or formed in situ by the photo-
oxidation of hydrocarbons (secondary OC).2 The principal
anthropogenic sources of condensed-phase organic material are
fossil fuel use and biomass burning, and the principal natural
source is emission from vegetation.3 Fieldwork has shown that
the composition of condensed-phase organic material is ex-
tremely complex, with hundreds of different organic compounds
being identified.4,5

Heterogeneous reactions between OH and condensed-phase
OC are of interest because these reactions may be responsible
for the oxidation of organic aerosols in the atmosphere.6 As a
result, these reactions may modify the hygroscopic properties
and cloud condensation nuclei (CCN) activity of organic
aerosols.

Reactions between OH and gas-phase organic species have
been studied extensively.7,8 In most cases, these reactions are
very fast, and accordingly, OH is the main oxidant of volatile
organic species in the troposphere. In contrast, reactions between
OH and condensed-phase organic material have received little
attention, and thus, the rates and products of these reactions
are essentially unknown. Initial studies, however, suggest that
OH can react efficiently on organic surfaces. Jech et al.9

determined that the reaction probability of OH on a malonic
acid surface is greater than 0.1, and Cooper and Abbatt10 showed
that OH loss on ice surfaces is significantly enhanced in the

presence of 1-hexanol (reaction probability> 0.2), which
suggests that OH reacts efficiently with adsorbed 1-hexanol.

In the following, we present results from studies of the
heterogeneous loss of OH on organic surfaces of tropospheric
interest. The organic surfaces studied were organized organic
monolayers (methyl- and vinyl-terminated monolayers), pyrene,
paraffin wax (a mixture ofn-alkanes), a stearic acid-palmitic
acid mixture, and methane-soot. Soot, which is composed of
both organic carbon and elemental carbon, was studied because
it makes up a large fraction of the condensed-phase carbon in
the troposphere. Organized organic monolayers were chosen
because they provide well-defined surfaces for study11 and
because it has been suggested that a variety of atmospheric
aerosols may be covered with a similar layer.6,12The remaining
organics were chosen because they are often a relatively large
fraction of the tropospheric fine particulate mass and because
they represent several of the organic classes found in tropo-
spheric particulate matter (polycyclic aromatic hydrocarbons,
alkanes, and carboxylic acids).5

2. Experimental Section

2.1 Flow Tube Technique.The apparatus used in this work
was similar to that previously used in our laboratory to study
heterogeneous loss processes.13 It consisted of a coated wall
flow tube reactor coupled to a chemical ionization mass
spectrometer (see Figure 1). The flow tube, 2.5 cm i.d. by 25
cm long, was constructed of borosilicate glass and included a
movable injector through which OH was introduced. Helium,
the main carrier gas, was introduced through a port at the
upstream end of the flow reactor. All flow rates were determined
with calibrated electronic mass flow meters (Tylan General) or
by monitoring the rate of change of pressure in a known volume.
The reactor pressure was monitored by a 0-10 Torr pressure
gauge (MKS Baratron). Low pressures (1.0-1.5 Torr) were used
when measuring reaction probabilities, and higher pressures (2-
10 Torr) were used when measuring the diffusion coefficient
of OH (see below). The average flow velocity in the reactor
ranged from 1000 to 4000 cm s-1, and the Reynolds number* To whom correspondence should be addressed.
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was less than 20. Under these conditions, the flows were
laminar, the entrance length (the distance required to develop a
parabolic velocity profile) was less than 2.5 cm, and the mixing
distance (distance required for diffusion to reduce a radial
concentration inhomogeneity to 5% of its initial value) was less
than 3.0 cm.14

2.2 Radical Production.Two different methods were used
to generate OH radicals. The first method consisted of generating
OH radicals in the movable injector by the following fast
reaction (k1 ) 1.3 × 10-10 cm3 molecule-1 s-1):15

H atoms (109-1011 molecule cm-3 in the injector) were
generated by passing a dilute mixture of molecular hydrogen
in helium through an Evenson microwave cavity operating at
15-75 W. The H atoms were then combined with an excess of
NO2 (concentration in the injector ranged from approximately
1012-1013 molecule cm-3) 2 cm before the end of the injector.
The reaction time in the final section of the injector (5-20 ms)
was sufficient for practically all the H atoms to be converted to
OH radicals. The OH signal was calibrated by introducing a
known amount of NO2 into the injector and by monitoring both
the NO2 signal and the OH signal with and without the
microwave discharge on.

The second method consisted of the following reactions:

The rate constants for reactions 2 and 3 are 2.8× 10-14 cm3

molecule-1 s-1 (at 15 Torr) and 8.1× 10-11 cm3 molecule-1

s-1, respectively.15 Hydrogen atoms were generated in the
microwave discharge and then combined with O2 approximately
2 cm before the end of the injector. The pressure in the injector
reaction zone was approximately 15 Torr in these experiments.
Under these conditions, the ratio of [OH] to [HO2] produced
from this source was greater than 20.

2.3 Detection Method.OH, NO2, and HO2 were detected
by chemical ionization mass spectrometry (CIMS) with SF6

-

as the reagent ion. SF6
- was generated by passing a 10 ppm

mixture of SF6 in N2 through a radioactive polonium source
(210Po). This reagent ion flow was added to the main flow
through a sidearm located approximately 12 cm before the exit
of the flow tube reactor. Both OH and NO2 underwent charge-
transfer reactions with SF6

-:

The rate constant for reaction 4 has been estimated to be 2×
10-9 cm3 molecule-1 s-1,16 and the rate constant for reaction 5
is 1.4 × 10-10 cm3 molecule-1 s-1.17 HO2 was detected as

SF4O2
- after undergoing presumably a multistep reaction with

SF6
-.18 The reaction time in the ion-molecule region was

several milliseconds. At the end of the ion-molecule region,
the ions were sampled through a 500-micron pinhole biased at
approximately-15 V, focused with ion optics, and detected
with a quadrupole mass spectrometer (QMS). The QMS was
housed in a vacuum system that was differentially pumped by
two turbo molecular pumps. The detection limit (a signal-to-
noise of 1 with a 5 sintegration time) for OH, HO2, and NO2

using this setup was 106, 107, and 107 molecule cm-3,
respectively, at 3.0 Torr.

2.4 Gases and Chemicals.Commercially available gases
were used in these experiments: He (99.999%, BOC), N2

(99.998%, BOC), SF6 (99.99%, Matheson), and NO2 (99.5%,
Matheson). The gases that passed through the microwave
discharge were further purified to avoid production of atomic
impurities. Helium was first passed through an inert gas purifier
(Aeronex, model 35 K) to remove traces of H2, O2, and H2O,
and hydrogen was passed though an oxygen-removing purifier
(BOC, series 6210) and then through a liquid N2 trap to remove
H2O.

The following organics were used in these studies: pyrene
(98%, Aldrich), a stearic acid-palmitic acid mixture (43.2%
stearic acid and 52.1% palmitic acid, Mallinckrodt), and paraffin
wax (melting range 346-353 K, Aldrich). Halocarbon wax, an
inert surface, was also used in some experiments to ensure that
loss of OH by gas-phase reactions was minor (see discuss
below); both the 600 series and the 1500 series were used. These
organic materials are all solid at room temperature.

Octadecyltrichlorosilane, CH3(CH2)17SiCl3 (Aldrich, > 90%),
and allyltrichlorosilane, C3H5SiCl3 (Aldrich, 95%), were used
to prepare the organic monolayers.

2.5 Surface Preparation.The inside wall of a Pyrex tube
(1.9 cm i.d. and 20 cm in length) was coated with the organic
material of interest and then inserted into the flow tube reactor.
This coating provided the surface for the heterogeneous reac-
tions.

Paraffin wax and Halocarbon wax films were prepared by
melting the solid material, covering the inside of the Pyrex tube
with the resulting liquid, and then letting the liquid solidify.
Profilometry, transmission optical microscopy, and electron
microscopy were used to characterize the films. The charac-
terization measurements were performed using Pyrex slides
rather than Pyrex tubes. The slides were prepared using the same
techniques that were used to prepare the tubes. Profilometer
measurements were carried out with a Tencor 10 Profiler
equipped with a 2µm stylus. Transmission optical microscope
measurements were performed with Zeiss Axioskop 20 micro-
scope equipped with 10× and 40× objectives, and electron
microscope measurements were carried out with a XL30
environmental scanning electron microscope (Philips). Shown
in Figure 2a, 2b, and 2c is an optical microscope image, an
electron microscope image, and a profilometer scan of a paraffin
wax film. Similar results were obtained for the Halocarbon wax
films. The profilometer measurements indicate that the surface
area of these films deviated from the surface area of the glass
substrate by less than 5%, suggesting the films were smooth.
The optical microscope and electron microscope images con-
firmed that the films prepared with this technique were smooth,
nonporous, and completely covered the glass substrate. The
thickness of the Halocarbon and paraffin wax films prepared
with this technique ranged from approximately 5 to 75µm.

Pyrene films were prepared by briefly dipping a Pyrex tube
into a beaker of melted pyrene. A solid film of pyrene rapidly

Figure 1. Schematic of experimental apparatus.

H + NO2 f OH + NO (1)

H + O2 + M f HO2 + M (2)

H + HO2 f 2OH (3)

OH + SF6
- f OH- + SF6 (4)

NO2 + SF6
- f NO2

- + SF6 (5)
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crystallized on the Pyrex tube once it was removed from the
melt. Stearic acid-palmitic acid films were prepared by first
briefly dipping a Pyrex tube into a beaker of melted stearic acid
and palmitic acid. This resulted in a liquid film on the Pyrex
tube. Then the tube was briefly dipped in liquid nitrogen to
induce rapid crystallization (otherwise, the liquid would drip
off the tube before crystallization occurred). Shown in Figure
3a and 3b are electron microscope images of pyrene and stearic
acid-palmitic acid films prepared with these techniques.
Profilometer measurements of these surfaces indicate that the
surface area of the pyrene and stearic acid-palmitic acid films
deviated from the surface area of the glass substrate by
approximately 10% and 6%, respectively. The 10% deviation
for pyrene, however, is likely a lower limit since the profilometer
measurements underestimate surface areas when the width of
grooves and cracks is less than the depth of the grooves and
cracks, which appears to be the case for our pyrene surfaces.
The thickness of the pyrene and stearic acid-palmitic acid films
prepared ranged from approximately 500 to 700µm.

Soot surfaces were prepared by exposing the inner wall of
the Pyrex tube to a methane flame, produced with a standard
torch. Air entrained in the flame provided the oxidant for the
flame (no additional oxygen was added to the torch). Figure 4,
a microscope image of a soot surface prepared with this

technique, shows that the soot formed a uniform coating on the
glass substrate. The electron microscope images of the soot
surface looked similar to the microscope images (no additional
features were discernible). We were unable to determine the
thickness of the soot film using profilometry, since the profilo-
meter stylus scratched the film surface.

Organic monolayers were prepared using the self-assembly
technique.19 Vinyl-terminated (-CHdCH2) and methyl-termi-
nated (-CH3) monolayers were prepared by treating Pyrex tubes
with solutions of allyltrichlorosilane and octadecyltrichlorosi-
lane, respectively. The contact angle between water droplets
and the surface of the organic films was measured to verify the
quality of the films. For the methyl- and vinyl-terminated
monolayers, the contact angles were 100( 2° and 95( 2°,
respectively.

We also investigated the heterogeneous loss of OH on an
aluminum oxide (alumina) surface because this surface proved
to be convenient for measuring the diffusion coefficient of OH
(see section 3.1 for further details). A tube constructed of
aluminum was first rinsed with ethanol and then inserted directly
into the flow tube reactor without removing the oxidized surface
film.

3. Results and Discussion

Determination of the reaction probability,γ, consisted of the
following steps: First, the OH signal was measured as a function
of reaction time at low pressures (1.0-1.5 Torr). Then, from a

Figure 2. Optical microscope image (a), electron microscope image
(b), and profilometer scan (c) of a paraffin wax film prepared with a
melting technique. The glass substrate was exposed in 2a and 2c by
scratching the wax film with a razor blade. The scratch shows the
contrast between the wax film and the glass substrate.

Figure 3. Electron microscope images of a typical pyrene film (a)
and a stearic acid-palmitic acid film (b) used in our experiments.

Figure 4. Optical microscope image of a soot surface prepared with
a methane flame. The glass substrate was exposed by scratching the
soot surface with a razor blade.

Reaction Probability of OH on Organic Surfaces J. Phys. Chem. A, Vol. 105, No. 41, 20019417



plot of ln(OH signal) versus reaction time, the observed first-
order loss rate coefficient,kobs, was determined. Next, the first-
order wall loss rate coefficient,kw, was calculated fromkobs

using the Brown formalism,20 which corrects for gas-phase
diffusion of OH. Finally, gamma was calculated directly from
kw using the following equation:

wherecavg is the average thermal velocity (cm s-1) andr is the
radius of the flow tube insert (cm). This equation takes into
account that a concentration gradient will result in a net velocity
component directed toward the surface.21-23

In the above data analysis, the diffusion coefficient of OH in
He (DOH-He) is required, and in addition,DOH-He must be known
accurately, since a large uncertainty in the diffusion coefficient
can result in a large uncertainty inγ.10,24 DOH-He has been
determined experimentally to be 600( 250 Torr cm2 s-1,25

but the uncertainty in this diffusion coefficient precludes the
use of this value in our data analysis. Because the required
transport properties of OH in He are not available,DOH-He

cannot be calculated from first principles with certainty. In the
past, researchers have circumvented this problem by using a
semiempirical formula, based on the diffusion coefficient of O
atoms in He, to calculateDOH-He.26 However, this method may
not be accurate if the diffusion coefficient of atomic oxygen is
significantly different thanDOH-He. To reduce the uncertainty
in the OH diffusion coefficient and thus reduce the uncertainty
in our experimentally determined reaction probabilities, we have
measuredDOH-He directly using the same apparatus used to
measure the reaction probability.

3.1 Diffusion Coefficient Measurements.Determination of
the diffusion coefficient was based on the rule of additivity of
kinetic resistances:13,27,28

whereP is the pressure (Torr),r is the radius of the flow tube
reactor (cm), andDp is the diffusion coefficient (Torr cm2 s-1).
According to this equation, a plot of 1/kobsversus pressure gives
a straight line with the slope inversely proportional to the
diffusion coefficient. Determination of the diffusion coefficient
using Equation 7 is appropriate if the reaction probability is
close to unity, which is the case in these experiments (see
below).

We have measuredkobs as a function of pressure on an
alumina surface and on several of the organic surfaces. Shown
in Figure 5, are typical results from these measurements. A total
of 15 experiments were performed, resulting in 15 different plots
of 1/kobsversus pressure. From these plots, a diffusion coefficient
of 665 ( 35 Torr cm2 s-1 was determined. The diffusion
coefficient determined with an alumina surface was within the
uncertainty of the diffusion coefficient determined with the
organic surfaces, confirming that the measured diffusion coef-
ficient is independent of the surface.

The diffusion coefficient of O atoms based on three experi-
mental studies is approximately 780 Torr cm2 s-1.29-31 Our
results indicate that the diffusion coefficient of OH is ap-
proximately 20% less than the diffusion coefficient of its
nonpolar analogue, O. On the other hand, the diffusion coef-
ficient of OH is very similar to the diffusion coefficient of H2O,
which is approximately 660 Torr cm2 s-1, based on two

experimental studies.32,33This finding is in qualitative agreement
with previous studies that showed that the diffusion coefficient
of HO2 is less than its nonpolar analogue, O2, but similar to the
diffusion coefficient of its polar analogue, H2O2.34 On the basis
of these findings, we suggest that the diffusion coefficient of
OH in other gases, such as air, can be calculated accurately
using H2O transport properties, rather than transport properties
of O atoms.

3.2 Results From Reaction Probability Measurements.The
OH signal as a function of heterogeneous reaction time was
measured for all the organic surfaces at approximately 1.25 Torr.
Shown in Figure 6 are typical data from these studies. For all
the organics, the OH signal decreases significantly with reaction
time, but for Halocarbon wax, (solid squares in Figure 6) the
OH signal remains practically unchanged. From the OH decays,
we determined reaction probabilities as described above. The
results are displayed in Table 1.γOH(avg) represents the average
reaction probability, calculated using the averagekobs and the
averageDOH-He. γOH(min) andγOH(max) represent the lower
and upper limits to the average reaction probability. These upper
and lower limits take into account both the uncertainty inDOH-He

and the uncertainty inkobs. In most cases, the two uncertainties
were comparable.

As expected, the reaction probability of OH on Halocarbon
wax was small: the value was less than 1× 10-3, which is in
agreement with previous measurements of OH loss on Halo-
carbon wax.35,36 In contrast, the reaction probabilities of OH
on organic surfaces were large, greater than 0.1. We also
measured the reaction probability of OH on an alumina surface

γ )
2rkw

cavg + rkw
(6)

1
kobs

) ( r2

3.66Dp
)P + 1

kw
(7)

Figure 5. Inverse of the observed rate coefficient plotted as a function
of the total flow tube pressure for two different surfaces: alumina and
a methyl-terminated monolayer. The solid lines are the result of a linear
least-squares fit to the data.

Figure 6. Plots of the OH signal versus reaction time. All experiments
were performed at room temperature and approximately 1.25 Torr.
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(see Table 1), obtaining results in agreement with previous
studies.25 Because small concentrations of OH (typically 1×
108 molecule cm-3) and short exposure times (<5 min) were
used when determining the reaction probabilities listed in Table
1, only a small percentage (<10%) of surface sites potentially
undergo reactions during the measurements (see section 4).
Therefore, these reaction probabilities correspond to OH reac-
tions on essentially “fresh” (unreacted) organic surfaces.

As discussed previously, the reaction probabilities presented
in Table 1 were determined by first measuringkobs at low
pressures and then calculatingkw from kobs using the Brown
formalism. Alternatively,kw can be determined by measuring
kobs as a function of pressure and calculatingkw from the
intercept of a plot of 1/kobs versus pressure (see eq 7).13,27 For
several of the organic surfaces, we determined the reaction
probabilities using both methods, obtaining the same results
within experimental error.

The reaction probabilities shown in Table 1 were determined
by assuming that the surface area of the organic was equal to
the geometric surface area. This assumption is reasonable for
all the films except for soot and perhaps pyrene. Hence, the
reaction probability for these two surfaces is an upper limit to
the true reaction probability. Nevertheless, the correction factor
for porous films is typically small (between 1/3 and 1) when
the observed reaction probability is greater than 0.1.37,38

For pyrene and the stearic acid-palmitic acid mixture, the
homogeneous OH-organic gas-phase reaction contributed less
than 1% to the total loss of OH in our experiments. This was
calculated using the vapor pressures of the organic materials12,39

and the rate coefficients40,41 of the OH-organic gas-phase
reactions. (The gas-phase rate coefficients for stearic acid and
palmitic acid were estimated using a semiempirical formula that
is based on a structure-reactivity relationship.)41 The vapor
pressure of paraffin wax is unknown, so we measured directly
the loss of OH due to the gas phase reaction between OH and
paraffin wax vapor. This was measured by saturating the carrier
gas with paraffin wax vapor and then by measuring the loss of
OH due to the reaction with the vapor. In these experiments,
the surface was coated with Halocarbon wax. Since the
Halocarbon surface is basically unreactive, any loss of OH was
attributed to the gas-phase reaction between OH and paraffin
wax vapor. Using this method, we determined that the contribu-
tion of the gas-phase reaction with paraffin wax vapor was also
less than 1% of the total OH loss due to the heterogeneous
reaction with the paraffin wax surface.

As mentioned previously, we used two different sources to
generate OH (H+ NO2 and H+ O2 + M). Within experimental

uncertainty, we obtain the same results regardless of the source
used, indicating our results are independent of the method used
to generate OH. We also investigated the dependence of the
reaction probability on OH and NO2 concentrations. We
measuredkobs on a methyl-terminated monolayer using OH
concentrations ranging from 108 to 1010 molecule cm-3 and NO2

concentrations ranging from 0 to 1011 molecule cm-3. (The
experiment that corresponds to [NO2] ) 0 molecule cm-3 was
performed in excess of H atoms in the injector, and as a result,
all the NO2 was converted to OH and NO before entering the
flow tube.) For all these experiments,kobs varied by less than
5%, indicating that the measured reaction probability was
independent of NO2 and OH concentrations for the range
studied.

3.3 Possible Mechanisms.Initial research indicates that the
mechanisms responsible for organic surface reactions can be
predicted reasonably well from the analogous gas-phase chem-
istry.42,43 Accordingly, we can suggest the likely mechanisms
responsible for OH loss in our experiments on the basis of
known gas-phase chemistry. For example, the OH radical likely
abstracted a H atom from the surfaces consisting of mainly long-
chain alkanes (paraffin wax, methyl-terminated monolayer (C18),
and stearic acid-palmitic acid mixture) to form H2O and a
surface alkyl radical. Then, in the experiments that utilized the
H + NO2 source, OH, NO, or NO2 probably added to the surface
alkyl radical. In the experiments that utilized the H+ O2 + M
source, however, O2 probably added to the surface alkyl radical
to form a surface peroxy radical.40

If these mechanisms are correct, the surface of the organics
will be oxidized by OH reactions and, hence, become more
hydrophilic. To test this, we exposed the methyl-terminated
monolayer to OH radicals for approximately 1 h, and then we
determined the contact angle with water. (The H+ NO2 reaction
was used to produce the OH radicals, and the OH concentration
was 5× 109 molecule cm-3.) After exposure, the contact angle
was 10°, compared to 100° before exposure. In contrast, when
the methyl-terminated monolayer was exposed to just NO2 (no
OH) for 1 h, the contact angle did not change. Because the
contact angle decreases as the surface becomes more hydro-
philic, this preliminary experiment suggests that the organic
surface is efficiently oxidized by OH heterogeneous reactions.
In contrast, the reaction mechanism on an alumina surface is
most likely catalytic, involving radical recombination.9 Further
studies in our laboratory will focus on the change in surface
properties with exposure time and on the mechanisms of
heterogeneous loss.

4. Possible Atmospheric Implications

Our results show that OH reacts very efficiently on organic
surfaces of tropospheric interest; nevertheless, this is only of
minor importance as a sink of OH in the troposphere since it
does not compete with other loss processes of OH. To illustrate
this point, we compared the rate of heterogeneous loss of OH
by reactions with organic aerosols (RHet) to the rate of
homogeneous loss of OH by reactions with NO2 (RNO2) for
typical tropospheric conditions (see Table 2).RNO2 values were
calculated using NO2 concentrations of 0.05, 1, and 100 ppm,

TABLE 1: The Reaction Probability of OH Radicals, γOH,
on Organic Surfaces and an Alumina Surface, Measured at
Room Temperature

surface γOH(avg)a γOH(min)b γOH(max)b

Halocarbon wax 6× 10-4 3 × 10-4 9 × 10-4

paraffin wax 0.34 0.16 1
methyl-terminated monolayer 0.29 0.14 1
stearic-palmitic acid 0.32 0.14 1
vinyl-terminated monolayer 0.60 0.25 1
pyrene 0.32 0.15 1
soot 0.88 0.50 1
Al2O3 0.20 0.11 0.44

a γOH(avg) represents the average reaction probability determined
in our experiments.bγOH(min) andγOH(max) represent the lower and
upper limits to the average reaction probability. The lower and upper
limits take into account both the uncertainty in the OH diffusion
coefficient and the uncertainty in the observed first-order loss rate
coefficient,kobs.

TABLE 2: Comparison of Heterogeneous Loss (RHet) to the
Loss of OH by the Reaction with NO2 (RNO2) for Three
Scenarios

environment NO2 (ppb) surface area (cm2 cm-3) RHet/RNO2

urban 100 1.1× 10-5 0.004
rural 1 1.4× 10-6 0.04
remote 0.05 1.2× 10-7 0.08

Reaction Probability of OH on Organic Surfaces J. Phys. Chem. A, Vol. 105, No. 41, 20019419



which correspond to remote, rural, and urban scenarios,
respectively.40,44-46 Heterogeneous loss rates were calculated
using the following equation:47

wherec represents the mean thermal velocity of OH (cm s-1),
A represents the aerosol surface area (cm2 cm-3), γ represents
the heterogeneous reaction probability, and [OH] represents the
OH concentration (molecule cm-3). A reaction probability of
0.5, which is consistent with our experimental data, was used
in these calculations. Typical aerosol surface areas in urban and
rural areas were determined from the size parameters and particle
number densities given by Jaenicke.48 These surface areas
correspond to the total aerosol, and hence they represent upper
limits to the surface areas of organic particles. For the remote
region, an organic aerosol content of 1500 cm-3 with an average
diameter of 0.05µm was assumed, on the basis of observations
of organic particles in the marine environment by Novakov and
Penner.49 Equation 8 does not take into account gas-phase
diffusion limitations, which are of minor importance for
tropospheric aerosols with sizes less than 0.5µm. For particles
with sizes greater than approximately 0.5µm, this equation
overestimates the heterogeneous loss rate.

As seen from Table 2, the rate of heterogeneous loss of OH
by reactions with organic aerosols is significantly less than the
rate of homogeneous loss of OH by reactions with NO2 for
tropospheric conditions. Furthermore, this simple analysis does
not consider other possible homogeneous loss processes of OH
such as reactions with CO and CH4, which can dominate in
rural and remote regions when NO2 concentrations are low.50

Accordingly, heterogeneous loss of OH is of minor importance
for typical tropospheric conditions.

On the other hand, OH heterogeneous reactions may play an
important role in the atmosphere by initiating a sequence of
radical reactions that leads to the oxidation of organic particles,6

as discussed in section 3.3. The overall reaction mechanisms
will differ slightly, however, from the reaction mechanisms
discussed in section 3.3, because O2, NO, and NO2 are all
present simultaneously in the atmosphere. As an example, if
OH abstracts a H atom from a saturated aliphatic surface in the
atmosphere to form a surface alkyl radical, molecular oxygen
will probably add to the alkyl radical to form a surface alkyl
peroxy radical. Next, NO or NO2 may add to this surface radical,
or NO may react with this surface radical to form NO2 and a
surface alkoxy radical.

Assuming the rate-limiting reaction for the oxidation of the
surface to be the OH reaction, we have calculated the time
required for the surface of an organic particle to be oxidized
using our measured OH reaction probabilities and the following
equation:

where γ0 represents the reaction probability of OH on an
unreacted organic surface,Z represents the collision frequency
of OH with the surface (molecule cm-2 s-1), t represents time
(s), and Ntotal represents the total number of surface sites
available for reaction (reactive sites cm-2). For these calcula-
tions, we assumedNtotal ) 1 × 1015 reactive sites cm- 2 andγ0

) 0.5. Equation 9 was derived by assuming that the reaction
probability is proportional to the fraction of surface sites
unreacted. This equation, similar to eq 8, does not take into

account gas-phase diffusion; nevertheless, gas-phase diffusion
is of minor importance for tropospheric particles with sizes less
than 0.5µm, as indicated previously. For aerosols with sizes
greater than 0.5µm, this equation underestimates the time
required for oxidation.

Shown in Figure 7 are the results of these calculations. The
three curves in the figure correspond to three different OH
concentrations in the atmosphere: a globally averaged OH
concentration (1× 106 molecule cm-3)51 and approximate upper
and lower limits to this global average (5× 105 and 5× 106

molecule cm-3). The time for 90% of an organic surface to be
oxidized for all three OH concentrations is less than 7 days. If
the total number of surface sites available for reaction,Ntotal, is
less than 1× 1015 reactive sites cm-2, then the time required
for oxidation will be even shorter. For example, ifNtotal is 5 ×
1014 reactive sites cm-2 and the OH concentration is 1× 106

molecule cm-3, 90% of the surface will be oxidized in less than
2 days.

The residence time of aerosols in the troposphere is estimated
to be 5-15 days, on the basis of a global three-dimensional
simulation of210Pb.52 This residence time is comparable to the
time required for oxidation of organic surfaces (Figure 7), which
suggests that a significant fraction of the organic particles in
the atmosphere will have oxidized surfaces. This conclusion
agrees with previous suggestions by Ellison et al.6 Because
oxidized surfaces are hydrophilic, a significant fraction of the
organic particles in the troposphere will have hydrophilic
surfaces.

In the above discussion, we have assumed that organic
particles in the atmosphere are solid and that only the surface
of solid organic particles participates in heterogeneous reactions.
Yet some organic particles may be partially or totally liquid.53,54

In this case, all of the condensed-phase organic material, not
just organics at the surface, may be potentially oxidized by
heterogeneous reactions. Also, under certain conditions organic
aerosols grow by condensation of organic vapors;2 in this case,
a new surface will be continuously available for oxidation. We
suggest that atmospheric organic particles (solid, liquid, or
growing) are efficiently oxidized by heterogeneous reactions
and that these heterogeneous reactions may modify the hygro-
scopic properties and the CCN activity of organic aerosols.

RHet ) cγ
4

A[OH] (8)

Fraction of Surface Unoxidized) exp(-
γ0Zt

Ntotal
) (9)

Figure 7. The fraction of an organic surface unreacted as a function
of time in the troposphere, based on Equation 9 and the OH reaction
probabilities determined in our studies. The three curves correspond
to three different OH concentrations in the troposphere: a globally
averaged OH concentration (1× 106 molecule cm-3) and approximate
upper and lower limits to this global average (5× 105 and 5× 106

molecule cm-3).
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5. Summary and Conclusions

The diffusion coefficient of OH in He was experimentally
determined to be 665( 35 Torr cm2 s-1. This value is close to
its polar analogue, H2O, suggesting that the diffusion coefficient
of OH can be calculated accurately with H2O transport proper-
ties. The reaction probabilities of OH on solid organic surfaces
and organized organic monolayers were investigated for the first
time. The reaction probability for these organic surfaces (paraffin
wax, organized organic monolayers, and stearic acid-palmitic
acid mixture) is greater than 0.1. Preliminary results indicate
that the organic surfaces are oxidized by these heterogeneous
reactions. Experiments are currently underway in our laboratory
to quantify this oxidation process and to determine the mech-
anisms and products of these reactions. We also measured the
heterogeneous loss of OH on a methane-soot surface. These
studies indicate that OH reacts efficiently on soot surfaces (γ
> 0.5); however, more studies of this reaction are required to
investigate, for example, the effect of surface porosity and the
type of soot.55,56 Finally, we have shown that OH-organic
heterogeneous reactions may modify the hygroscopic properties
and CCN ability of organic surfaces in the troposphere, and
hence, may play an important role in the Earth’s radiative
balance by affecting the properties of clouds.
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