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The kinetics and mechanisms of the reaction of gas phase OH radicals with organics on

surfaces are of fundamental chemical interest, as well as relevant to understanding the

degradation of organics on tropospheric surfaces or when they are components of airborne

particles. We report here studies of the oxidation of a terminal alkene self-assembled

monolayer (7-octenyltrichlorosilane, C8QSAM) on a germanium attenuated total reflectance

crystal by OH radicals at a concentration of 2.1 � 105 cm�3 at 1 atm total pressure and 298 K

in air. Loss of the reactant SAM and the formation of surface products were followed in real

time using infrared spectroscopy. From the rate of loss of the CQC bond, a reaction probability

within experimental error of unity was derived. The products formed on the surface include

organic nitrates and carbonyl compounds, with yields of 10 � 4% and r7 � 4%, respectively,

and there is evidence for the formation of organic products with C–O bonds such as alcohols,

ethers and/or alkyl peroxides and possibly peroxynitrates. The yield of organic nitrates relative

to carbonyl compounds is higher than expected based on analogous gas phase mechanisms,

suggesting that the branching ratio for the RO2 + NO reaction is shifted to favor the formation

of organic nitrates when the reaction occurs on a surface. Water uptake onto the surface was only

slightly enhanced upon oxidation, suggesting that oxidation per se cannot be taken as a predictor

of increased hydrophilicity of atmospheric organics. These experiments indicate that the

mechanisms for the surface reactions are different from gas phase reactions, but the OH

oxidation of surface species will still be a significant contributor to determining their

lifetimes in air.

Introduction

Surfaces in the Earth’s boundary layer are coated with a

complex mixture of organic and inorganic compounds that

reflect a combination of emissions, uptake onto the surfaces,

and degradation by photolysis and interaction with atmo-

spheric oxidants.1–7 Airborne particles also have a complex

composition, with organic compounds as major compo-

nents.8–11 The chemistry associated with particles is of major

interest because they are known to have adverse impacts on

climate, human health and the chemistry of the atmo-

sphere.8,9,12–14 Aerosols can affect the climate directly through

scattering (negative radiative forcing) and absorption (positive

radiative forcing) of incoming solar radiation, as well as

indirectly through their impact on the properties and lifetimes

of clouds. The direct and indirect effects of particles on the

climate are responsible for the largest uncertainties in predict-

ing climate change.14

Oxidation of organics on surfaces and in or on airborne

particles is initiated by reactions with OH, O3 and NO3.
13 The

kinetics and mechanisms of organic oxidations in the gas

phase have been extensively studied and are reasonably well

understood,13,15–18 but much less is known about the reactions

of gas phase oxidants with such condensed phase organics.

However, there are indications that there are some significant

differences compared to reactions in the gas phase. For

example, the oxidation reactions tend to be faster than

expected based on gas phase kinetics,19–28 in some cases because

of trapping of the oxidants in the organic film which increases

the probability of reaction.29 Reaction mechanisms can also be

different. For example, ozonolysis of alkenes on solid sub-

strates forms secondary ozonides (SOZ)30,31 because the

Criegee intermediate and aldehyde or ketone precursors are

stabilized and held in sufficiently close proximity to combine,

whereas the SOZ yields are negligible under most conditions in

the gas phase. Thus, understanding the kinetics and mechan-

isms of interaction of atmospheric oxidants with condensed

phase organics and how they differ from gas phase chemistry is

of fundamental chemical interest.

This paper reports studies of the kinetics and mechanisms of

reaction of the gas phase OH radical at 1 atm in air with a

terminal alkene self-assembled monolayer (SAM) covalently

bound to a germanium substrate. The SAM and surface adsorbed

products are monitored in real time during the oxidation using

infrared spectroscopy, which provides insights into the reaction

probability, nature of the products and reaction mechanisms. The

implications for the degradation of organics on boundary layer

surfaces and in airborne particles are discussed.
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Experimental methods

Organic coating

Germanium attenuated total reflectance (ATR) crystals (Pike

Technologies, 80 mm � 10 mm � 4 mm) having 10 reflections

along the length of the crystal were used. There are relatively

few studies in literature regarding the binding of SAMs to

germanium compared to silicon,32–36 but it has been reported

that formation of tightly packed and highly oriented mono-

layers on a Ge surface is less reproducible than those on

silicon.36 This may be due to the instability of the germanium

oxide (GeO2) layer relative to the oxide layer on silicon.37

Although less is known about SAMs on Ge, the choice of this

crystal was based on the much wider spectral range available,

down to 860 cm�1 in contrast to silicon which has a 1500 cm�1

cutoff.

Before use, the crystals were boiled in ethanol and dichloro-

methane, and then plasma-cleaned (Plasma Cleaner/Sterilizer

PDC-32G,Harrick Scientific Products, Inc.) for 30 min at medium

power, rinsed with ultrapure water (Milli-Q Plus, 18.2 MO cm),

and dried in nitrogen (UHP, Oxygen Services Company,

99.999%). The top side of the ATR crystal (area E 3.6 cm2)

was exposed to a 4 mM solution of 7-octenyltrichlorosilane

(Sigma-Aldrich, mixture of isomers, 96%, designated through-

out as C8Q) in hexadecane for 30 min using a custom-made

Teflon holder, and then boiled in dichloromethane. The coating

was repeated using 10 min exposure time, followed by boiling

three times in dichloromethane after which the crystal was

wiped using dichloromethane to remove physisorbed residues.27,31

After coating, the ATR crystal was placed in the reaction cell

under a flow of dry nitrogen overnight.

OH generation

Photolysis of isopropyl nitrite (IPN) was used as a source of

OH radicals:17,38–41

(CH3)2CHONO + hn - (CH3)2CHO� + NO (1)

(CH3)2CHO� + O2 - CH3COCH3 + HO2 (2)

HO2 + NO - OH + NO2 (3)

A flow of dry N2 over liquid IPN (Karl Industries, Ohio) in a

glass trap held at 268 K using an ice–salt bath (vapor pressure

of IPN at 268 K is 143 Torr)42 was diluted further with a

measured flow of dry air (Scott-Marrin, NOx o 0.001 ppm,

SO2 o 0.001 ppm, Riverside, CA) to achieve the desired

initial concentration of IPN in the gas phase, which ranged

from (0.43–17) � 1016 molecule cm�3. The IPN concentration

was measured by flowing the IPN/N2/air mixture into a

10.5 cm long cell with quartz windows and recording its

UV/visible absorption spectrum (Ocean Optics, Model HR

4000 CG-UV-NIR). The initial IPN concentration was calcu-

lated using an absorption cross-section measured in this lab of

s = 1.65 � 10�19 cm2 molecule�1 (base e) at 360 nm,43 which

is within 10% of that derived from the spectrum reported by

Ludwig and McMillan.39

Reaction cell

A custom cell (Fig. 1) described in more detail in the ESIw was

designed and constructed for these studies. Briefly, a sealed

reaction chamber with quartz end windows is mounted on top

of a horizontal ATR holder (Pike Technologies) such that the

crystal could be exposed to a gas flow that was simultaneously

irradiated to generate OH radicals via the IPN photolysis.

After the concentration of IPN was measured, a portion

(82–89 cm3 min�1) of the total flow was diverted to the

reaction cell which was located in the sampling compartment

of an infrared spectrometer (Mattson Galaxy 5020 FTIR, now

Thermo Electron Corp.). The residence time for gases in the

cell based on the cell volume (15 cm3) and flow rate is B11 s.

Background spectra were taken before introducing the

IPN/air/N2 mixture into the cell. Sample spectra (128 scans

with a resolution of 4 cm�1) were recorded every 5 min for a

period of 30 min in the dark. The lamp was then turned on for

6 h and spectra were collected every 5 min. The lamp used for

photolysis was a high pressure Xe arc lamp (Oriel 300 W,

Model 6258 OF) equipped with a 10 cm water filter to remove

infrared radiation and minimize heating. The depth of pene-

tration of the evanescent wave from the Ge ATR crystal into

air was calculated44 to be 0.13–0.61 mm over the range

4000–860 cm�1, much greater than the thickness of the SAM

(B1.3 nm, measured using ellipsometry). The infrared beam

thus interrogates the entire organic monolayer and approxi-

mates a spectrum similar to a transmission spectrum. All

measurements were taken at a total pressure of 1 atm and 298 K.

Ozone generation

Ozone (O3) was used to completely oxidize the SAM surface. It

was generated by irradiating a dry flow of O2 (UHP; Oxygen

Services Company; >99.993%) and He (Oxygen Services Co.;

UHP; >99.995%) with a low-pressure mercury lamp (Jelight

Company Inc.; Double Bore 78-2046) as described elsewhere.27,31

The ozone concentration was determined from the absorbance

at 254 nm measured in a 30 cm-long cell using s = 1.15 �
10�17 cm2 molecule�1 (base e),45 and was diluted further with a

flow of dry He to obtain the desired concentrations of O3.

Standards

Calibration for product yield determination was performed by

placing small droplets of 2-ethylhexanal (Aldrich, 96%) and

2-ethylhexyl nitrate (Sigma-Aldrich, 97%) on a ZnSe disc

(25 � 2 mm, Reflex Analytical Corporation). The disc was

immediately analyzed using single beam FTIR trans-

mission spectroscopy (Cygnus 100, Model TR-10001, Mattson

Instruments, Inc.) with 128 scans at a resolution of 4 cm�1.

Fig. 1 Schematic diagram of the reaction cell.
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The peaks due to C–H stretching in the B3000–2600 cm�1

region were scaled to the same intensity to compensate for

differences in volatility and in order to compare directly the

absorbances of the nitrate and carbonyl functional groups.

Error analysis

Standard procedures for error analysis46 were used through-

out. Errors are given as �1s (rather than �1s), where s

is the sample standard deviation defined by s ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
i¼1

xi�xð Þ2

N�1

s
.

N represents the number of samples and was between six and

eight, depending on the type of measurement. Changes in

absorbance with time were used to derive reaction probabil-

ities, product yields and stoichiometry. The absorbances of

peaks in an unreacted monolayer are small (o0.01) and the

total changes in absorbance due to reaction are typically of the

order of 10�3–10�4. As a result, error bars are relatively large.

However, within the uncertainties, it will be seen that quanti-

tative analyses can be used to provide insights into the kinetics

and mechanisms of the OH–SAM reaction.

Results and discussion

Fig. 2 shows a typical infrared spectrum of the unreacted

C8Q SAM on the Ge ATR crystal. The peak at 910 cm�1 is

due to the out-of-plane deformation of the terminal vinyl

group and, as discussed below, is used to follow the loss

of double bonds during the reaction. There are also anti-

symmetric and symmetric stretches of the vinyl group in the

3000–3100 cm�1 region; however, these are sufficiently weak

that they are not as useful for quantification. The bands at

2925 and 2850 cm�1 are due to the –CH2– antisymmetric (nas)
and symmetric (ns) stretches, respectively, and their positions

and full widths at half maximum (FWHM) are indicative of

order in the monolayer.47–50 Table 1 compares the positions

and FWHM of the –CH2– stretches for the C8QSAM on Ge

in the present studies to those reported in the literature for

well-ordered alkyl SAMs and a less well ordered C8Q SAM

on silicon.27,47,50,51 The SAM in these studies is clearly not

as well ordered as alkane SAMS on silicon, which is not

surprising given the presence of a double bond. The peak

positions for –CH2– in the C8Q SAM on germanium are

similar to those on silicon, but the FWHM is significantly

larger, indicating a less ordered monolayer than on silicon.

This may be due to the greater instability of the oxide layer on

Ge.36,37

Fig. 3 shows typical spectra as a function of reaction time

during exposure to OH. The spectra were obtained by taking

the ratio of the single beam of the reacted SAM at different

reaction times to the single beam of the unoxidized sample

prior to turning on the photolysis lamp; products appear as

positive peaks and loss of reactants as negative peaks. Bands

due to the vinyl group decreased during the reaction as

expected for reaction of OH with the double bond. However,

the intensities of the bands due to –CH2– also decreased signifi-

cantly. Two strong absorption bands at 1634 and 1280 cm�1

indicate the formation of organic nitrates (–ONO2).
52 A broad

peak at 1726 cm�1 is in the region expected for aldehydes and

ketones.52 Peroxynitrates, ROONO2, also have a characteristic

–NO2 asymmetric stretch in this region as well as a symmetric

stretch around 1300 cm�1 and an N–O stretch around 790 cm�1.

However, observation of these latter two bands, if they are

present, was precluded by overlap with the strong nitrate peak

at 1280 cm�1 and the cutoff of the Ge crystal at 865 cm�1,

respectively. As discussed below, the formation of CQO on

the surface is expected mechanistically, but a contribution

from peroxynitrates is possible as well. Broad peaks at 1434

and 1370 cm�1 are assigned to nitrate ions; NO2 is generated

Fig. 2 A typical infrared spectrum of CQ 8 SAM on a germanium

ATR crystal.

Table 1 Assignment of the infrared bands for the methylene symmetric
and asymmetric stretches and the full width at half maximum (FWHM)
for the methylene asymmetric stretch

SAM
nas (CH2)/
cm�1

nsy (CH2)/
cm�1

FWHM/
cm�1 References

Ordered film 2917 2848 14, 16 50, 47, 51
Less-ordered film 2923 2856 23 27, 51
C8Q 2924 2852 30 This study

Fig. 3 ATR spectra of C8QSAM upon exposure to OH formed by

the photolysis of B1 � 1017 molecule cm�3 of IPN. The y axis is the

log10 (S0/S1), where S0 is single beam spectrum of the unreacted SAM

and S1 is the single beam spectrum of the reacted SAM at increasing

reaction times.
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in the photolysis and secondary chemistry of isopropyl nitrite,

and the OH + NO2 reaction generates HNO3, some of which

is taken up by the surface and dissociates. Similar peaks were

seen when an unreacted SAM was exposed to gaseous HNO3

in the presence of water vapor. Finally, peaks of variable

relative intensities around 1024 and 1100 cm�1 characteristic

of a C–O stretch, e.g., in an alcohol, ether or alkyl peroxide,52

were sufficiently weak that they were not always detectable.

If due to an alcohol, an accompanying strong peak in the

3500 cm�1 region due to the O–H stretch would also be

expected. As discussed below, alcohols will be formed by

addition of OH to the double bond, yet such a feature due

to the O–H stretch was not present in our spectra, nor in those

of previous studies of alcohol–SAMs.53,54 For example, even

in the infrared spectrum of a monolayer of 16-mercapto-

hexadecane-1-ol on Au in which all the chains have –OH

terminal groups, only the –CH2– stretches and the C–O stretch

at 1070 cm�1 were observed.54 Thus, although alcohols are

expected to be major products of the reaction, they are not

necessarily readily observable by ATR-FTIR.

Fig. 4 shows the time dependence in a typical experiment for

the peaks at 1726, 1634 and 1280 cm�1, as well as those due to

the reactant vinyl and –CH2– groups. It is clear from Fig. 4

that not all of the double bonds have reacted after 400 minutes,

while products continue to be generated. This is in contrast to

previous studies of the ozonolysis of alkene SAMs in which

complete reaction of the monolayer was manifested with no

further changes in the vinyl peak intensities after B10 min of

reaction with B1014 O3 cm
�3.27,31 The fraction of CQC loss

due to the OH reaction in the present studies was determined

using the absorbance relative to that of a fully oxidized

monolayer obtained by further exposing the OH oxidized film

to ozone. Fig. 5 shows the intensity of the vinyl peak at

910 cm�1 as a function of time during a typical OH exposure,

and after further reaction with O3. The plateau region reached

after ozonolysis represents full oxidation of the CQC in the

SAM. Using this approach, the average loss of the CQC

group in the eight experiments reported here was calculated to

be 37 � 18%. This approach also provided the data needed to

calculate the reaction probability for OH with the SAM, as

discussed in the following section.

Kinetics

From conventional gas kinetic molecular theory, the number

of reactions per cm2 per second between a gas and a surface in

the absence of diffusion limitations is given by eqn (I):

dfC ¼ Cg
dt

¼ No: of reactions per cm2 per s

¼ ½OH�g
ffiffiffiffiffiffiffiffiffiffiffi
RT

2pM

r
ðIÞ

where M is the molecular mass of the hydroxyl radical present

at concentration [OH] in the gas phase, R is the gas constant,

T is the temperature (K) and g is the reaction probability, i.e.

the fraction of collisions of OH with the surface that lead to

reaction. The rate of the surface reaction is measured here as

the rate of loss of CQC from the surface monolayer. From the

Beer–Lambert law, the number of CQC on the surface per

cm2 at time t, {CQC}t, is given by eqn (II),

fC ¼ Cgt
fC ¼ Cg1

¼ absðC ¼ CÞt
absðC ¼ CÞ1

ðIIÞ

where {CQC}N is the total loss of CQC per cm2 at complete

reaction of the monolayer, and ‘‘abs’’ indicates the corres-

ponding absorbances at time t and t = N, respectively. The

latter is obtained from the net change in the absorbance after

complete reaction of the monolayer with OH and then O3

(Fig. 5). In a fully oxidized SAM, the total change in the

surface density of CQC, i.e., {CQC}N, is assumed to be equal

Fig. 4 Changes in absorbance as a function of time for selected bands

during a typical reaction of C8QSAM with OH using an initial IPN

concentration of 1.6 � 1017 molecule cm�3.

Fig. 5 Changes in the absorbance of CQC at 910 cm�1 after

exposure to OH ([IPN]0 = 1.6 � 1017 molecule cm�3), held in a flow

of dry N2 overnight and then reacted with 4.8 � 1013 O3 per cm
3. No

change in the CQC peak occurred while the sample was under a flow

of N2 overnight. The CQC is completely reacted after B8 minutes of

ozonolysis.
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Pu
bl

is
he

d 
on

 0
8 

Ju
ne

 2
01

0.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a 
- 

Ir
vi

ne
 o

n 
06

/0
2/

20
15

 2
3:

50
:4

5.
 

View Article Online

http://dx.doi.org/10.1039/c000447b


to the initial SAM density, i.e. [SAM]0. The rate of change of

the CQC bonds per cm2 on the surface is thus given by:

dfC ¼ Cg
dt

¼ d½absðC ¼ CÞ�
dt

½SAM�0
absðC ¼ CÞ1

ðIIIÞ

The surface density of a monolayer on germanium is not well

known. Maoz and Sagiv36 reported that the absorbance per

–CH2– group per ATR reflection on germanium is 1.4 � 10�4,

and that on silicon is 2.1 � 10�4. This suggests that a

monolayer on Ge is not as densely packed as on Si. Taking

the monolayer surface density of a C8 alkane SAM on Si as

4.2 � 1014 molecules cm�2,55,56 the Maoz and Sagiv data for

–CH2– indicate that the average surface density of a mono-

layer on germanium is 2.8 � 1014 molecules cm�2. However,

the variability in the surface density of SAMs on germanium36

is such that a single average value cannot be taken for all runs.

As a result, for each experiment, the measured absorbance at

2925 cm�1 prior to exposure to OH was used to calculate

[SAM]0 in these experiments.

The left side of eqn (III) gives the number of SAM CQC

groups reacting per cm2 per second. In order to obtain the

reaction probability (g) from eqn (I), the concentration of OH

impinging on the surface must be known. Details of how the

OH concentrations were derived are given in the ESI.w In

brief, the rate of decay of IPN in the photolyzing light beam

was measured in separate experiments using its absorption at

360 nm. Decay of IPN in this system is primarily due to

photolysis and reaction of the OH generated in reactions

(1)–(3). A model for chemistry in this system that consisted

of 111 gas phase reactions was developed and the photolysis

rate constant, kp, for IPN was obtained by varying it to obtain

a best fit to the experimentally measured decay. (A full model

rather than just reactions (1)–(3) takes into account other loss

processes for OH in this system, which is important in

calculating its concentrations. In addition, the model predicts

the formation of products such as HNO3 that contribute to the

surface product spectra and to gaseous species such as NO2

that can participate in the secondary chemistry.) However, in

order to minimize direct photochemistry on the surface and

for geometric reasons, the SAM-coated surface is located

below the quartz end windows (Fig. 1) and hence is not

exposed directly to the incoming light beam. Because of the

short lifetime of OH with respect to IPN (t o 0.6 ms), the OH

generated in the beam itself does not reach the SAM, and

consequently it is the concentration of OH generated by IPN

photolysis due to scattered light in the cell directly above and

at the crystal surface that is available for reaction. In order to

obtain the effective OH concentration at the surface, the value

of kp measured directly in the lamp beam was scaled by the

light intensity measured in separate experiments at the posi-

tion of the crystal surface compared to that passing directly

through the center of the cell. The average OH concentration

obtained using this approach was 2.1 � 105 OH radicals cm�3.

Table 2 summarizes the reaction probabilities obtained

using this OH concentration and eqn (I)–(III). Given the small

peak intensities for a monolayer, the rate of loss had to be

measured over a large extent of reaction, averaging 37%

loss of the CQC bonds. The reaction probability derived,

g = 1.1 � 0.9, thus represents an average value. Diffusion

corrections were not applied since the OH is largely generated

essentially at the surface; in addition any such corrections will

be well within the error bars of the measurements. How-

ever, the ratio of the increase in the –ONO2 peaks at 1634

and 1280 cm�1 to the decrease in the CQC at 910 cm�1 was

constant with time, indicating that the reaction probability did

not change significantly over our reaction times. The major

sources of uncertainty are in the OH concentration at the

surface of the crystal, which is dominated by uncertainties in

the light intensity at the surface, as well as uncertainties in the

initial SAM concentration and the rates of CQC decay.

Within experimental error, reaction occurs on essentially

every collision. In the gas phase, the reaction of OH with

longer chain terminal alkenes occurs with rate constants of the

order of 4 � 10�11 cm3 molecule�1 s�1, which corresponds to

reaction in approximately every 5 collisions. An enhanced

reaction probability for the surface reaction is consistent with

the fact that the terminal double bond should be the part of

the SAM that OH first encounters in the structured mono-

layer, as also proposed for the NO3 reaction,57 and with

previous studies showing enhanced reactivity at interfaces

compared to the gas phase.19–28 Reaction on every collision

has also been observed for the reaction of Cl atoms with a

C3QSAM.22

Although there are a number of studies of the OH oxidation

of organics on surfaces and in or on particles, there are

Table 2 Summary of decay rates for CQC and –CH2– groupsa and reaction probabilities for OH reacting with a C8QSAM at 298 K and 1 atm
pressure in air

Experiment
[IPN]0
(1016 molecule cm�3)

[SAM]0
(1014 molecule cm�2) g

108 Rate (s�1)
(2925 cm�1)

108 Rate (s�1)
(910 cm�1) DCH2/DCQC

1 17 3.0 2.7 � 4.4 2.5 1.8 0.67
2 16 2.0 1.0 � 1.7 1.8 0.96 0.88
3 9.5 1.4 0.6 � 1.1 2.6 0.94 1.3
4 3.5 1.5 0.5 � 0.8 1.7 0.62 1.3
5 4.6 2.1 1.5 � 2.5 2.2 1.1 0.98
6 3.0 3.1 1.8 � 3.0 3.0 1.7 0.86
7 0.68 1.9 0.1 � 0.2 0.09 0.06 2.1
8 0.43 1.9 0.5 � 0.9 1.5 0.35 0.71
Average (�1s) 1.1 � 0.9 1.1 � 0.5

a The 910 cm�1 band is used for CQC and the 2925 cm�1 band for –CH2–. The average OH concentration was 2.1� 105 molecules cm�3. b Rate of

decay of the individual absorbance peaks.
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relatively few involving SAMs. Bertram et al.25 measured

reaction probabilities for OH with a C3Q SAM in the range

from 0.25–1, with an average of 0.6, in excellent agreement

with our results for the C8Q SAM. Molina et al.26 reported

g> 0.2 for the OH reaction with a C18 alkane monolayer, and

Bertram et al.25 measured g = 0.29 for the same surface,

indicating that even for saturated alkyl chains, the surface

reaction is fast. In the studies of D’Andrea et al.53 of OH with

a terminal alkene thiol SAM on gold, most of the CQC had

reacted after 5 minutes.

Product yields

Data such as those in Fig. 3 and 4 can be used to determine

some of the product yields as well as the loss of organic

material from the surface. It is clear that the organic nitrate

peaks at 1634 and 1280 cm�1 are intense relative to the peak at

1726 cm�1; we assume here that the latter is due solely to

CQO, although as discussed above, there may be some

contribution from peroxynitrates. The very weak absorbances

of the peaks in the C–O stretching region and the lack of

specific identification of the species responsible preclude their

quantification.

The differences in relative intensities of the absorption

bands may be due to different infrared absorption cross-

sections for –ONO2 compared to CQO. In order to address

this issue, transmission spectra were recorded for 2-ethylhexanal

and 2-ethylhexyl nitrate (Fig. 6). Product yields were obtained

by using the spectra in Fig. 6 to obtain the relative absorbance

of the 1630 cm�1 organic nitrate band and the C–H stretches

by integrating over each of these regions and taking the ratio.

For the calibration compounds, there are 17 alkyl C–H bonds

in the organic nitrate and 15 alkyl C–H bonds in the aldehyde.

The ratio of the –ONO2 peak area at 1630 cm�1 to the total

area for the C–H peaks for the calibration compounds was

measured from the data in Fig. 6 and then knowing the

number of C–H bonds in each compound, the ratio for one

–ONO2 peak per C–H group was determined. Based on the

presence of 12 alkyl C–H bonds in the unreacted SAM, the

expected ratio of the absorbance at 1630 cm�1 to that in

the C–H stretching region that corresponds to one –ONO2

peak per C8QSAM could be calculated. This was taken as an

equivalent monolayer of organic nitrate.

For each experiment, the ratio of the 1630 cm�1 peak during

the reaction to the C–H peaks before reaction was then used to

obtain the fraction of a monolayer that contains organic

nitrate groups as a function of reaction time. Since as described

earlier, the initial surface density of the SAM is measured for

each experiment, this gives the absolute number of –ONO2

groups per cm2 formed as a function of reaction time. As

described above in the kinetics section, the loss of CQC group

per cm2 can also be determined as a function of reaction time

using the 910 cm�1 peak. A plot of the formation of –ONO2

against the loss of CQC gives the number of organic nitrate

products on the surface formed per reaction of CQC, i.e., the

product yield. Table 3 shows that the average yield of organic

nitrates on the surface is 10 � 4%. A similar approach for

CQO gives a yield of (aldehydes + ketones) on the surface of

7 � 4%; this will be an upper limit if ROONO2 products

contribute to the 1726 cm�1 peak as well. The calculation of

these yields assumes that the relative intensities of the –ONO2

and –CQO functional groups in the liquid films used

as calibrations also apply to the SAMs. It is emphasized

that these represent product yields of surface species only

(gas phase species could not be detected), and do not include

the alcohols, ethers or organic peroxides that are responsible

Fig. 6 Transmission spectra of (a) 2-ethylhexyl nitrate and

(b) 2-ethylhexanal on a ZnSe window. The y axis is the log10 (S0/S1)

where S0 is single beam spectrum of the bare ZnSe window and S1 is

the single beam spectrum of the different compounds.

Table 3 Extent of loss of CQC and product yields for organic nitrates and carbonyl compounds after 6 hours of reaction

Experiment
[IPN]0
(1016 molecule cm�3)

[SAM]0
(1014 molecule cm�2) % Loss of CQCa

% Yield
RONO2

% Yield
RCQO

1 17 3.0 63 8.4 12
2 16 2.0 42 12 6.6
3 9.5 1.4 35 17 14
4 3.5 1.5 28 6.8 2.7
5 4.6 2.1 56 8.0 4.9
6 3.0 3.1 44 8.9 4.2
7 0.68 1.9 8.0 c c

8 0.43 1.9 23 c c

Average (�1s) 37 � 18 10 � 4 7 � 4

a Based on the fraction of the 910 cm�1 peak that is lost after 6 hours reaction time, complete reaction of the vinyl group is obtained from the net

decrease in the peak after reaction with O3; see text. b Yields defined as the number of each functional group formed per CQC reacted; see

text. c Peaks too small to quantify reliably.
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for peaks in the 1000–1200 cm�1 region or other weak peaks

that are not observable by ATR-FTIR.

Mechanism

The initial reaction is expected to be primarily OH addition to

the double bond to form a b-hydroxyalkyl radical

(Scheme 1).13,15–18 The second step is the transformation of

the alkyl radical to a b-hydroxyalkylperoxy radical which can

react with NO2 (from the IPN photolysis and secondary

chemistry) to form a peroxynitrate. In the presence of NO,

the alkylperoxy radical can also be converted to a surface alkyl

nitrate, consistent with the increase in the 1634 cm�1 and

1280 cm�1 peaks. In the gas phase, the major pathway for

reaction of an alkylperoxy radical with NO leads to the

formation of a b-hydroxyalkoxy radical which isomerizes or

decomposes (reaction with O2 is relatively slow for these

radicals).58 Matsunaga et al.59 report that the gas phase

oxidation of terminal alkenes by OH in the presence of NOx

ultimately forms cyclic hemiacetals and dihydrofurans via a

mechanism involving reverse isomerization. If an analogous

mechanism was applied here and these compounds were major

products, there should be strong, characteristic absorption

bands52,60,61 at B1060 and 1150 cm�1. However, these were

not observed, indicating that the mechanism for SAM oxida-

tion on a surface does not follow that for the gas phase, at least

in this respect.

A key difference between the gas phase and surface reactions

is the surrounding milieu of closely packed hydrocarbon

chains in the SAM. This makes isomerization through a 1,5

H-shift involving a 6-membered ring transition state less likely

than in the gas phase where the hydrocarbon backbone is

flexible and does not have nearest neighbors. This difference

has been manifested in free radical reactions between adjacent

chains in other studies. For example, Wu et al.62,63 reported

the formation of epoxides and hydroxyepoxides in the auto-

xidation of unsaturated fatty acids adsorbed to silica gel. This

was attributed to the addition of RO2 on one chain to the

double bond on an adjacent chain, and to a competing

hydrogen abstraction by RO2, both of which are known to

occur in the condensed phase.64 Such reactions in the SAM

could lead to the formation of epoxides and peroxides, cross-

linking of the chains, and may be responsible for the weak

infrared bands in the 1000–1200 cm�1 region.

Direct abstraction by OH from the alkyl chain, especially at

the allylic position, is another potential reaction path that has

been reported to be a minor, but not insignificant, path in the

gas phase oxidation of linear alkenes.13,40 In the SAMs, the

double bond is located at the chain terminus where gas phase

OH first interacts with the organic, which would be expected

to enhance addition compared to abstraction. Enhanced

reactivity due to the presence of a double bond at the interface

has also been reported for the NO3 reaction with a terminal

Scheme 1 Partial mechanism for the reaction of C8QSAMwith OH leading to the observed –ONO2 and –CQO functionalities. The molecules in

the boxes are surface products. As discussed in the text, the isomerization pathway for the surface b-hydroxyalkoxy radical which is important in

the gas phase does not appear to be significant in this system, and there are a number of additional products which could not be quantified.
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alkene SAM.57 In the present experiments, a C8 alkane SAM

on Ge was exposed to OH under the same conditions as for the

C8Q SAM, but negligible amounts of reaction occurred.

D’Andrea et al.53 studied the reaction of OH with a terminal

alkene SAM on gold, Au/HS(CH2)9CHQCH2, and observed

that when most of the CQC had reacted, the alkyl chain was

intact, consistent with addition to the terminal double bond

being the major reaction pathway; however, these experiments

were carried out at low pressures in the absence of O2.

The yield of organic nitrates in these studies, 10 � 4%, can

be compared to yields measured from the gas phase OH

oxidation of alkenes in the presence of NO. For example,

Matsunaga and Ziemann40 measured a 14% yield of nitrates

from the addition path. When both addition and abstraction

were taken into account, the overall yield was 9%. Although

this yield is for particle nitrates, it should represent the total

nitrate yield since the high molecular weights of the reactants

and products will favor partitioning into the condensed phase.

It is noteworthy that the yields of organic nitrates and

carbonyl products on the surface are similar (Table 3). In

the gas phase, the formation of organic nitrates from the

RO2 + NO reaction represents a minor pathway (o30%)40,65

compared to the generation of RO + NO2. As seen in

Scheme 1, the latter branch should form surface aldehydes

so that one might have anticipated by analogy to gas phase

chemistry that the surface carbonyl yield would be signifi-

cantly larger than that of the organic nitrates. The larger yield

of organic nitrates in the present studies relative to carbonyl

yields may reflect enhanced stabilization of the (ROO–NO)66

intermediates that form RONO2 due to the densely packed

monolayer. Alternatively, the packing of the monolayer may

yield RO2 radicals with structures that favor the trans-form of

ROO–NO over the cis-, where the trans form has been

proposed to be responsible for organic nitrate formation.66

A significant decrease in the peaks at 2925 and 2850 cm�1

due to –CH2– groups is also observed. From spectra such as

those in Fig. 2, the average ratio of the net absorbance

of the 2925 cm�1 peak to that at 910 cm�1 was measured to

be 12.5 � 5.5 for the unreacted C8QSAM. This represents six

–CH2– groups and one CQC group. The corresponding ratio

of average peak intensities for one CH2 group per CQC is

therefore 12.5/6 or 2.1� 0.9. The ratios of the rates of decay of

the 2925 cm�1 and 910 cm�1 bands summarized in Table 2

were used with this relationship for the relative intensities of

the peaks to calculate the change in the number of –CH2–

groups detected relative to CQC in each run. An average

change of (1.1 � 0.5) –CH2– groups per CQC is obtained

(Table 2).

There are a number of potential reasons for this decrease in

the –CH2– signal. First, oxidation may disrupt the film

morphology in such a way that –CH2– groups are moved

away from the crystal surface so that they are no longer fully

interrogated by the infrared beam. The absorption intensity is

also sensitive to the orientation of the –CH2– groups relative

to the surface normal so that disordering can lead to changes

in the detected signal. While this has been proposed in studies

of SAM oxidations by Cl atoms and NO3 radicals,
22,57 SAMs

on Ge initially are not as ordered as conventional SAMs on

silicon or gold (Table 1) so it is not clear whether this is a

major factor in the present case. Finally, chain scission with

loss of organics to the gas phase can occur via secondary

chemistry involving free radical reactions induced by initial

addition of OH to the double bond, with potentially minor

contributions from direct abstraction. As discussed earlier,

reactions between free radicals on one chain with an adjacent

one are likely to occur, leading to bond scission and release of

gas phase products with the number of carbons released

depending on the site of attack on the second chain. Molina

et al.26 reported that an octadecyltrichlorosilane, (C18) alkane

SAM, was essentially completely removed by reaction with

B108 OH cm�3 for only 10 min, and Moise and Rudich22

reported 20% loss of carbon during the reaction of chlorine

atoms with SAMs. Vlasenko et al.67 reported the production

of significant amounts of gas phase products from the OH

oxidation of a stearic acid film due to bond scission after

attack of OH on the chain.

Water adsorption on oxidized SAMs

It is commonly expected that oxidation of hydrophobic organics

such as the C8QSAM will increase hydrophilicity and water

uptake.22 Fig. 7 shows a typical infrared spectrum of the SAM

exposed to water vapor at relative humidities between 20 and

80% prior to (Fig. 7a), and after oxidation with OH (Fig. 7b)

and then with ozone (Fig. 7c). The absorbance spectra are

generated by taking the ratio of the single beam after exposing

the surface to water to that of the dry sample. There appears to

be a slight enhancement of water uptake upon oxidation. In

addition, the shoulder at 3200 cm�1 that is characteristic of

Fig. 7 Infrared spectra of adsorbed water in equilibrium with

water vapor at different relative humidities for a Ge ATR crystal

coated with (a) C8QSAM, (b) C8QSAM exposed to OH for 6 hours,

(c) C8QSAMs exposed to both OH and O3. The dotted line in (a) is

the spectrum of bulk liquid water.
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structured water on the surface is slightly more pronounced in

the oxidized surface. This is similar to our previous results51,68

where oxidation of the film using O3 or KMnO4 only slightly

enhanced the uptake of water. Possible reasons for this are

hydrogen-bonding between polar groups on the surface so

they are not available for interaction with water51,69–71 or the

polar groups being buried inside the organic surface film in

such a way that they are not available for interaction with the

gas phase.72

Conclusions and atmospheric implications

The reaction of OH radicals with a terminal alkene self-assembled

monolayer is fast, with a reaction probability indistinguishable

from unity. Organic nitrates and (aldehydes + ketones) are

the major functional groups identified on the surface, and in

comparable amounts, which is surprising. The intermediates

formed in the RO2 + NO reaction that isomerize to generate

RONO2 may be preferentially stabilized relative to the forma-

tion of RO + NO2 when the reaction occurs on a surface, or

the trans form of the ROONO intermediate that leads to

RONO2 may be favored on the surface. Thus, organic nitrates

may be larger contributors to the products of oxidation of

surface films and airborne particles than expected based on

analogies to gas phase chemistry. There is also evidence for the

formation of products containing C–O functionalities such

as alcohols, and possibly peroxynitrates, which given the

measured yields of surface nitrates and carbonyls must represent

the majority of the products. Despite the formation of such

products, uptake of water did not increase substantially. The

nature and yields of the products formed indicate that the

mechanism does not closely follow that for gas phase reac-

tions, which has also been reported for oxidation of organics

in particles, e.g., by NO3 and Cl atoms.57,73,74

The concentration of OH used in these studies, 2.1 �
105 radicals cm�3, is actually about one to two orders of magni-

tude smaller than encountered mid-day in the troposphere.13

Given a reaction probability of unity, the half-life of the CQC

group would only be 0.09–0.9 hours for typical mid-day OH

concentrations of 2 � 106 to 2 � 107 radicals cm�3 in air. For

comparison, the lifetime of an alkene SAM on silica with

respect to reaction with 80 ppb O3 was estimated to beB0.6 h.27

Gross and Bertram57 recently reported a reaction probability

for a terminal alkene SAM of g = 0.034 with the NO3 radical,

which would give a comparable range of lifetimes to those for

the OH reaction at NO3 radical concentrations in the range

from 2.5–25 ppt (although this would be operative at night

while OH is primarily a daytime process). While urban organic

surface films are expected to consist largely of saturated

organics rather than alkenes as studied here,1–7 the reaction

probabilities for OH with alkyl groups have also been shown

to be large.25,26,53 Given the production of gas phase products

in both the alkene and alkane reactions, the OH reaction is

expected to provide an efficient mechanism for removing

organics from urban surfaces and generating gas phase oxidized

products. The SAMs studied here are structurally different

from organics in airborne particles and hence simple extra-

polation of these results to oxidation of atmospheric aerosols

should be approached with caution. However, a number of

studies of the reactions of OH with aerosols comprised of

organics such as bis(2-ethylhexyl)sebacate, n-hexacosane,

squalane, motor oil, palmitic acid, stearic acid and sodium

oleate as models of SOA have been carried out.67,75–82 As

reported for the OH reaction with alkane SAMs,25,26 the

reactions are fast and conversion of some of the particle mass

to gas phase products has also been observed.
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