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Fundamental Studies of Reactions between NO3 Radicals and Organic Surfaces 
 

Yafen Zhang 
 

ABSTRACT 
 

   Ultrahigh vacuum (UHV) surface science experiments were designed to study 
reaction kinetics and mechanisms of gas-phase NO3 radicals with well-organized, 
highly characterized, organic thin films. The surface reactions were monitored in situ 
with reflection-absorption infrared spectroscopy (RAIRS). The oxidation states of 
surface-bound molecules were identified with X-ray photoelectron spectroscopy 
(XPS). Consumption of vinyl groups was observed concurrently with formation of 
organic nitrates in RAIRS. XPS spectra showed little oxidation of sulfur head groups. 
The observed rate constant was determined based on the consumption of 
carbon-carbon double bonds and the formation of organic nitrates. Using this rate 
constant, the initial reaction probability was determined to be (3 ± 1) X 10-3. This 
reaction probability is approximately two orders of magnitude higher than that for the 
reactions between the same surface and pure O3, which is due to the higher electron 
affinity of NO3 relative to O3. These results led to the development of a proposed 
mechanism that involves electrophilic addition of NO3 to the double bonds. Reactions 
between NO3 and a methyl-terminated SAM were also monitored in situ with RAIRS. 
In the CH3-SAM studies, hydrogen abstraction was observed during NO3 exposure. 
The results presented in this thesis should help develop an understanding of the 
fundamental interfacial reaction dynamics of NO3 radicals with organic surfaces.  
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Chapter 1 

Introduction and Motivation 

Thesis Statement  

   The objective of this research is to develop a fundamental understanding of the 

initial reaction kinetics and mechanisms in collisions of gas-phase NO3 radicals with 

well-organized, highly characterized, organic thin films.  

 

1.1 Aerosol Particles and Oxidative Gases in the Atmosphere 

   Aerosols are found throughout the atmosphere and significantly affect 

environmental processes, such as the absorption and scattering of light and cloud 

formation. In addition, the particulates can participate in heterogeneous reactions in 

the atmosphere.1 Aerosols are defined as solid or liquid microscopic particles that 

range from 0.002 to 100 m in size.2 These particles can be formed through reactions 

of water vapor and other gases with SO2 emissions from volcano eruptions or fossil 

fuel combustion.3 Aerosols can also be generated directly from sources, such as 

smoke from forest fires, emissions of volatile organic compounds (VOCs) from 

industry, or vegetation.4 The atmospheric particles also provide reactive surfaces for 

trace gases in the atmosphere, leading to chemical reactions that alter their size, 

chemical composition, and optical properties.5,6 Changes in aerosol properties can 

further affect the scattering and absorption of light to alter the balance between 

incident and outgoing solar radiation. Changes in aerosol properties can also reduce 

the visibility in the atmosphere. Moreover, aerosols play an important role in cloud 
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formation, because they can act as cloud condensation nuclei (CCN).7 Any change in 

the chemical or physical properties of aerosols can influence cloud droplet 

concentration and size distribution, and thus alter the solar radiation balance, 

impacting global climate.2  

   Ultraviolet (UV) light absorption by key inorganic gases in the atmosphere 

generates radicals, which drives important tropospheric chemistry. For example, 

photolysis of ozone produces molecular oxygen and atomic oxygen O(1D),8 which can 

rapidly react with water vapor to form hydroxyl radicals. In addition, the reaction 

between O3 and NO2 leads to the formation of nitrate radicals, NO3. Following 

absorption of visible light, NO3 radicals thermally decompose to NO and NO2 

molecules. Subsequently, NO2 can decompose to produce atomic oxygen O(3P) by 

photolysis.9 Reactions between organics and NO3 radicals produce organic nitrates 

and the hydroperoxyl radical (HO2), which is the main source of the hydroxyl radical 

(OH) in the troposphere. Moreover, O(3P) produced by photolysis of NO2 reacts with 

O2 in the air to form ozone, as shown in Figure 1.1 below.  
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Figure 1.1. Cycling scheme of oxidative gases in the atmosphere.  
 

The hydroxyl radical (OH) , the nitrate radical (NO3), and ozone (O3) are three 

important oxidative gases in the atmosphere, whose reactions with VOCs could form 

oxygenated products, such as carboxylic acid compounds and organic nitrates.2 This 

process involves gas-to-particle transfer, which contributes to the formation of 

secondary organic aerosols.1 While OH and O3 make significant contribution to 

oxidation of atmospheric organics during the daytime, nitrate radicals act as the main 

initiator for oxidation of many organics at night. Table 1.1 shows the estimated 

lifetimes for the oxidation of some representative organic compounds by the three 

gases2. Here, it is apparent that OH has comparatively higher reaction rates than NO3 

or O3. In addition, NO3 radicals react much faster than ozone with these VOCs, even 

at lower concentrations. Although there are many studies that examine reactions 

between atmospheric organic compounds and OH or O3,1,10,11  there are far fewer 

studies into the chemistry of NO3 radicals, particularly heterogeneous chemistry on 
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aerosol surfaces. Therefore, the focus of the work described in this thesis has been to 

perform fundamental research into the reaction of NO3 radicals on well-organized 

organic surfaces. We aim to further understand reactions between organic aerosols and 

NO3 radicals by studying the kinetics and mechanisms of interfacial reactions 

between NO3 radicals and organic surfaces.  

 
Table 1.1 Oxidative lifetimes of representative organics with corresponding 
atmospheric concentrations in unit of molecule cm-3 (adapted from Ref. 1).  
 

Organic OH (1 X 106) O3 (2 X 1012) NO3 (1 X 109) 

n-Butane 5 days ≥ 1300 yr 205 days 

trans-2-Butene 4.3 h 36 min 35 min 

Toluene 2 days ≥ 400 days 138 days 

 

1.2 Formation and Properties of Nitrate Radicals  

   Figure 1.2 shows the six resonance structures of the NO3 radical. The unpaired 

electron on the oxygen atom makes it very reactive toward organics due to its ability 

of electrophilic addition to the carbon-carbon double bond or hydrogen abstraction 

from hydrocarbons.  

 

 
Figure 1.2. A schematic demonstrating the six resonance structures of NO3. 
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The dominant source of nitrate radicals in the atmosphere is the reaction between 

NO2 and ozone:12,13  

2NO2 + O3      N2O5 + O2 (1.1) 

N2O5     NO3 + NO2 (1.2) 

while, reaction (1.1) contributes to the formation of NO3 radicals in the troposphere, 

nitrate radicals are rapidly consumed either by photolysis to NO2 + O or NO + O2 

during daylight hours,12,14,15 or through gas-phase reaction with NO.16  

NO3 + NO     NO2 + NO2 (1.3) 

After sunset, a large decrease in the photolysis of NO3 radicals results in the low 

concentration of NO that reduces the possibility of reaction (1.3).17  

   In addition to the above reactions, an important scavenging process for NO3 

involves the reaction with NO2 to form N2O5: 

NO2 + NO3    N2O5 (1.4) 

The temperature-dependent equilibrium constant Keq for reaction (1.4) is calculated as 

below: 18,19   

Keq = 2.7 X 10-27 X exp(11000K/T) cm3 molecule-1 (1.5) 

Keq = 2.90 X 10-11 cm3 molecule-1 at T=298 K. (1.6) 

The equilibrium concentration of N2O5 is determined by the following equation:  

[N2O5] = Keq X [NO2] X [NO3] (1.7) 

According to this equilibrium expression, any depletion of N2O5 will affect the 

concentration of NO3. In the atmosphere, N2O5 can react with water vapor (reaction 

(1.8)). Heterogeneous reactions between N2O5 and water in the aqueous layer of 

tropospheric aerosols or cloud particles produce nitric acid (reaction (1.9)).18,19 
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N2O5 + H2O    2HNO3 (1.8) 

N2O5 + (H2O)eq     2(HNO3)eq (1.9) 

In addition to the loss of NO3 in the atmospheric reactions shown above, NO3 can be 

scavenged by VOCs. The reaction between NO3 radicals and selected VOCs will be 

discussed in the next section.  

 

1.3 Gas-phase Reactions of Nitrate Radicals (NO3) with Unsaturated and 

Saturated Hydrocarbons 

Since Noxon et al.20 first reported the presence of NO3 radicals in the troposphere 

(≤ 10-15 km), there have been several studies that have examined the reactions 

between NO3 radicals and volatile organic compounds.18,21 It is now well known that 

the nitrate radical is a strong oxider that initiates nighttime degradation of 

environmental organic compounds, such as isoprene, monoterpenes, aromatic 

hydrocarbons,22,23 to form peroxyl radicals.24  

Organic compounds from biogenic sources react with NO3 radicals in the 

atmosphere. Biogenic hydrocarbons, such as isoprene and the monoterpenes that are 

emitted from vegetation and other natural sources, contribute significantly to global 

air pollution.23,25 In Rasmussen’s chamber studies,26 they estimated global forest 

hydrocarbon emissions to be 1.75 X 108 metric tons per year. A large quantity of 

biogenic organic compounds is removed by nighttime reactions with NO3. Winer and 

co-workers23 compared organic lifetimes acquired from reactions of isoprene and 

several monoterpenes with NO3 to their reactions with ozone and OH, both in “clean” 
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atmosphere (defined as 30 ppb of O3, 0.04 ppt of OH during daytime, and 10 ppt of 

NO3 during nighttime), and “moderately” polluted atmospheres (defined as 200 ppb 

of O3, 0.16 ppt of OH during daytime, and 100 ppt of NO3 during nighttime). From 

Table 1.2, it is apparent that the reaction of NO3 with the four compounds results in 

much shorter organic lifetimes, due to much higher reaction rates, than with OH and 

O3, especially in the “moderately” polluted atmosphere at night. Reactions between 

the unsaturated hydrocarbons and NO3 radicals are proposed to be initiated by 

electrophilic addition of NO3 to the carbon-carbon double bond.  

 
Table 1.2 Calculated lifetimes of isoprene and three monoterpenes from their 
reactions with ozone, OH and NO3 radicals (adapted from Ref. 23).  
 

Compounds 

Organic lifetime 

“Clean” atmosphere “Moderately polluted” atmosphere 

(O3) (OH)/h (NO3)/min (O3) (OH)/min (NO3)/min 

Isoprene 32 h 2.9 216 10 h 44 22 

-Pinene 4.6 h 4.6 20 1.4 h 72 2 

-Pinene 18 h 3.6 50 5.5 h 54 5 

d-Limonene 36 min 2.0 9 11 min 30 0.9 

    

As mentioned above, the nitrate radical reacts with unsaturated groups through 

electrophilic addition to the carbon-carbon double bonds, which leads to the formation 

of an alkyl radical adduct intermediate  (Figure 1.3). The radical intermediate either 

collisionally stabilizes  or decomposes to an oxirane  by breaking the weaker 

CO-NO2 bond.27 In the presence of oxygen, the collisionally stabilized radical may be 
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further oxidized to form a nitroxy peroxyl radical . The nitroxy perxyl radical then 

reacts with NO2 to produce a thermally unstable peroxydinitrate . This 

peroxydinitrate can then form the alkoxyl radical  through self reactions. Finally, the 

alkoxy radical either further reacts with NO2 to produce dinitrates , or decomposes 

to carbonyl compounds.2 The reaction pathways are shown in Figure 1.3.  

 
 
Figure 1.3. A schematic of the mechanism for reactions between NO3 and alkenes.  
 

In addition to electrophilic addition of NO3 to the carbon-carbon double bond, 

NO3 can also react with saturated hydrocarbons. In a process similar to OH, NO3 can 

abstract hydrogen atoms from alkanes, to produce nitric acid and alkyl radicals, which 

are then oxidized by O2 to form alkylperoxyl radicals, RO2. The reactions are shown 

in Equation (1.10) and Equation (1.11) and the corresponding rate constants are ~ 

10-11 cm3 molecule-1 s-1.2 Peroxyl radicals can undergo self-reacting, which is one 
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source of peroxides in the atmosphere (reaction (1.12)).24 In addition, the peroxyl 

radical RO2 can be further oxidized by NO3 to form the RO product (reaction (1.13)), 

which complements the conversion of RO2 to RO during the daytime.2,28 The 

conversion is important because it leads to the formation of HO2 radicals (reaction 

(1.14)), and thus to the generation of peroxides or OH radicals in the dark (reaction 

(1.15)).29  

NO3 + RH    HNO3 + R (1.10) 

R + O2    RO2 (1.11) 

CH3O2 + CH3O2    CH3OOCH3 + O2 (1.12) 

CH3O2 + NO3    CH3O + NO2 + O2 (1.13) 

CH3O + O2    HO2 + CH2O (1.14) 

HO2 + NO3    OH + NO2 +O2 (1.15) 

The generated alkylperoxyl radicals can also react with atmospheric NO, NO2, HO2, 

or even another RO2, through processes with rate constants on the order of ~ 10-12 cm3 

molecule-1 s-1.24,30,31 One other possible reaction channel after generation of 

alkylperoxyl radicals is through decomposition of the excited RO2
* intermediate 

before it is stabilized. This decomposition leads to the formation of an alkene and 

HO2. However, the probability of this process is so small that only about 1% or lower 

percentage of the excited RO2
* is involved.32 The initial H-abstraction step is much 

slower than reactions involving the radical products (k = ~10-18-10-16 cm3 molecule-1 

s-1). These reaction rates are about 3-5 orders of magnitude lower than rates for 

reactions between NO3 and alkenes, which makes reactions between NO3 and alkanes 

negligible in the presence of alkenes.31  
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Because the nitrate radical is a major scavenger of organic compounds in the 

atmosphere, researchers have explored gas-phase reactions of NO3 with unsaturated 

and saturated hydrocarbons, especially alkenes and alkanes. These reactions are 

always initiated by either addition of NO3 to the carbon-carbon double bond or 

hydrogen abstraction from hydrocarbons, which leads to the formation of nitric acid, 

organic nitrates and other products.33 Therefore, investigations on the reaction kinetics 

have drawn scientists’ attention for further exploration on the reaction mechanism.  

Studies of NO3 chemistry by Atkinson et al. first used two methods to determine 

rate constants at room temperature for reactions of NO3 with the following organics: 

ethane (6.1 ± 2.6) X 10-17, propene (4.2 ± 0.9) X 10-15, trans-2-butene (2.11 ± 0.24) X 

10-13, m-xylene (7.6 ± 3.5) X 10-17, all in units of cm3 molecule-1 s-1.34 Because the 

decomposition of N2O5 produces NO3 radicals which are very reactive to all organics, 

it was difficult to study the reaction kinetics by measuring the decay of NO3 directly. 

Based upon the assumption that only NO3 radicals react with the organics, a method 

that monitored N2O5 decay with the [organic]/[NO2] ratio was used. By plotting dln 

[N2O5]/dt + k1 versus [organic]/[NO2], the rate constant k2 for reactions between NO3 

and the organic was determined from the corresponding slope, as shown in Equation 

(1.16),34  

-K(dln [N2O5]/dt + k1) = k2[organic]/[NO2] (1.16) 

where K is the equilibrium constant for the inverse of reaction (1.4), k1 is the rate 

constant for loss of N2O5, and k2 is the rate constant for reactions of NO3 with the 

organic.  
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The observations that the N2O5 decay rate increased linearly with the 

[organic]/[NO2] ratio and not with [organic] confirmed the assumption that the NO3 

radical, and not N2O5, was actually the reactive species. However, intermediates 

formed from reactions of NO3 with the experimental organics could lead to secondary 

reactions that also caused the consumption of N2O5, which would increase the N2O5 

decay rate. The increase in the N2O5 decay rate could result in a higher measured rate 

constant than the true rate constant for reactions of NO3 with the experimental organic 

reactant. Therefore, the other method, which utilized the relative rate technique by 

plotting ln ([organic]t0/[organic]t) – Dt against ln ([reference organic]t0/[reference 

organic]t) – Dt, was applied to determine the rate constants. The relationship also 

yielded a straight line with a slope equal to the rate constant, as shown in Equation 

(1.17),34  

ln ([organic]t0/[organic]t) – Dt = (k3/k4)[ln ([reference organic]t0/[reference 

organic]t) – Dt] 
(1.17) 

where k3 is the rate constant for reactions between NO3 and the organic and k4 is the 

rate constant for reactions between NO3 and the reference organic, and Dt is the 

dilution factor at time t, caused by N2O5 additions.  

Since the results obtained by the relative rate technique showed an increased 

sensitivity, this more accurate method has been used in most kinetic studies35-37 of 

gas-phase reactions between NO3 and atmospheric hydrocarbons.  

   Aschmann et al. used the same relative rate technique to study the kinetics for 

reactions of NO3 radicals with a series of linear and branched C5-C7 1-alkenes to 
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explore inductive and steric effects of alkene reactions.35 They found that the reaction 

rate increased with an increasing number of carbons adjacent to the double bond. For 

a given carbon number, by assuming that the inductive effect was independent of the 

degree of branching, the steric effect of methyl and dimethyl substituted alkenes was 

the primary cause for any differences in the rate constant, which were expected to 

decrease in the following order (for methyl/dimethyl substitution of 1-pentenes): 4- < 

4,4- < 3,4- < 3,3-. Therefore, the conclusion made from the steric effect study was 

consistent with the proposed mechanism for reactions of NO3 with alkenes. The 

mechanism states that the reaction is initiated by an electrophilic addition of NO3 to 

the double bond.  

   Recently, researchers have studied the reaction kinetics of NO3 with a variety of 

other organic compounds found in the atmosphere, such as: methacrylates, which are 

widely used in polymer production; 3-methylfuran, which is released into the air 

during fossil fuel combustion; and thymidines, a DNA nucleoside. Salgado et al.36 

explored the kinetics and possible products for reactions between NO3 and 

methacrylates. The rate coefficients for reactions between NO3 and different 

chain-length methacrylates were on the order of 10-15 cm3 molecule-1 s-1. Fourier 

Transform Infrared Spectroscopy (FTIR) was used to identify products. Characteristic 

peaks for nitroperoxy compounds (OONO2), nitrooxy compounds (ONO2) and 

carbonyl compounds were assigned. The first step for reactions of NO3 with different 

chain-length methacrylates was proposed to be an electrophilic addition to the double 

bond. This conclusion was made based on the observation that the rate coefficient 
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increased with the increasing substitution at the C=C group. Later, Tapia et al.38 

investigated atmospheric degradation of 3-methylfuran by using FTIR and observed 

evidence for the creation of nitroperoxy compounds, nitrooxy compounds, and 

carbonyl compounds. In addition, they identified epoxy compounds that degraded 

with time, indicating that these products were thermally unstable after formation. 

Their results agreed with the mechanism that the reaction is initiated by an addition of 

NO3 to the double bond and that the addition likely takes place at the position where 

the most stable intermediates are generated. Interestingly, Wille et al.39 proposed a 

third pathway for the initiation of NO3 reactions with organics. Their mechanism 

suggests that NO3 reacts through electron transfer, rather than H-atom abstraction or 

electrophilic addition to double bonds. However, this electron transfer mechanism has 

not been confirmed through additional studies.  

 

1.4 Heterogeneous Reactions of NO3 with Organic Surfaces  

Aerosols provide reactive surfaces to oxidative gases in the troposphere. Many 

important heterogeneous processes proceed through reactions between oxidizing 

gases, such as NO3, and surface adsorbed reactants.40Although gas-phase reactions of 

NO3 with organics have been widely strudied34,35,37-39, there remains few fundamental 

studies into the reactions between NO3 and organic surfaces.  

Xiao et al. investigated the reactive uptake of NO3 on binary mixtures containing 

an unsaturated organic compound and saturated molecules, which were designated 

matrix molecules.41 The loss of oxidative gases during reactions is generally described 
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by uptake coefficient ( ), defined as the ratio of the number of molecules lost to the 

surface to the number of molecules that collide with the surface, as shown in Equation 

(1.18).42  

 = number of molecules lost/number of colliding molecules (1.18) 

Under the experimental conditions, reactions of NO3 on solid-liquid mixtures were 

performed, i. e. mixtures partially composed of diethyl sebacate (DES) and a liquid 

mixture of methyl oleate and DES. Their NO3 experiments on binary liquid mixtures 

showed that, even with a small amount (about 2.3%) of methyl oleate added to the 

pure matrix, the reactive uptake coefficient increased by a factor of 20 compared to 

the pure case. The measured uptake coefficient decreased after a period of NO3 

exposure, because only the top few monolayers in the exposed liquid were reactive; 

once the double bonds were oxidized, the reactivity decreased rapidly. These results 

showed that surface reaction lifetimes were shorter than bulk reaction lifetimes, 

probably due to more surface reaction sites.  

Both bulk and surface reaction mechanisms were proposed in their work, but due 

to the lack of a well-defined surface, neither can be certainly concluded. Therefore, 

Gross et al.43 employed self-assembled monolayers (SAMs) to explore the products 

and kinetics for NO3 collisions with well characterized organic surfaces. 

Self-assembled monolayers of alkanethiols or alkenethiols on gold, which are easily 

prepared and form strong adsorbate-substrate bonds provide control over the surface 

order, orientation, and terminal functional group. The experimental uptake coefficient 

for NO3 on alkene SAMs was higher than the values obtained using liquid or solid 
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films,44 due to the exposed double bonds at the interface rather than buried in the bulk. 

In their infrared spectroscopic and x-ray photoelectron spectroscopic measurements, 

several expected products, reported in previous gas-phase studies, were not observed, 

likely due to the loss of the species during sample transfer between instruments. The 

difficulty in identifying reaction products required in situ measurements of the surface 

reaction.  

As a result, more work exploring gas-organic surface reactions with NO3 is 

needed to give researchers insight into the kinetic and mechanic details of these 

important atmospheric interactions. In addition, almost all investigations of nitrate 

radical reactions with organic surfaces to date have been performed on poorly 

characterized surfaces under ambient conditions. Therefore, there remain many 

fundamental aspects of the interfacial chemistry that have yet to be explored.  

 

1.5 Summary and Research Objectives  

   Reactions between NO3 radicals and organic surfaces contribute to the change in 

physical or chemical properties of organics-coated aerosols, which can alter the solar 

radiation balance, and thus affect global climate. However, the exact products and the 

mechanism for those reactions are not thoroughly understood and need further 

exploration.  

Therefore, the research in this thesis is to focus on the fundamental study of the 

kinetics, products, and mechanisms for reactions of NO3 radicals with organic 

surfaces to better understand the fate, lifetime and environmental impact of organic 
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aerosols in the atmosphere. The reactions between NO3 and methyl/vinyl terminated 

SAMs are targeted. The chemical reactions are isolated from interfering reactions of 

background gases by incorporating ultrahigh vacuum system (UHV). This UHV 

system allows us to perform the surface exposure with controlled amounts of NO3 

through a dosing device. In situ reflection-absorption infrared spectroscopy (RAIRS) 

is used to identify the surface-bound products and study the reaction kinetics. The 

organic surfaces will be analyzed before and after the NO3 exposure by x-ray 

photoelectric spectroscopy (XPS) to probe the oxidation states of surface-bound 

species. These studies will provide the rate constants and reaction probabilities that 

are useful to explore the reaction mechanism.  

   Our overall objectives are to study the fundamental chemistry of NO3 reactions on 

organic surfaces to help better predict the environmental fate of nitrate radicals and 

organic materials. The goals will be achieved through the pursuit of three key 

experimental objectives:  

1. Measure the initial reaction probability for NO3 collisions with a vinyl-terminated 

self-assembled monolayer;  

2. Determine the reaction kinetics and mechanisms of NO3 with the well-ordered 

vinyl-terminated SAM;  

3. Develop an understanding for how the interfacial reactions of NO3 with SAMs 

depend on the chemical functionality of the organic materials.  
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Chapter 2 

Experimental Approach 

2.1 Introduction  

   Atmospheric aerosols significantly affect environmental processes, such as the 

absorption and scattering of light and cloud formation. These particles can provide 

organic surfaces to oxidative gases in the atmosphere. Reactions between the organic 

surfaces and atmospheric oxiders, such as nitrate radicals (NO3), can alter the 

chemical or physical properties of organic aerosols. These changes will affect the 

solar radiation balance and global climate. In the past, scientists mainly investigated 

nitrate radical reactions with organic surfaces that were performed on poorly 

characterized surfaces under ambient conditions.34,43 Therefore, many fundamental 

aspects of the interfacial reaction between NO3 and organic surfaces need to be 

explored.  

   My research goal is to develop a fundamental understanding of the reaction 

kinetics and mechanism of NO3 radicals with highly characterized organic surfaces. 

An ultrahigh vacuum (UHV) system was used for this purpose. In the UHV system, 

background gases have been eliminated to control the type of molecules that interact 

with the organic surface. The reactions between NO3 and the organic surface were 

monitored in situ with Reflection-Absorption Infrared Spectroscopy (RAIRS). X-ray 

Photoelectron Spectroscopy (XPS) was used to analyze the surface before and after 

NO3 exposure. In addition, desorbed products can be detected in the mass 

spectrometer.  
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2.2 Ultrahigh Vacuum System 

To study the kinetics of reactions that occur at the gas-surface interface, it is 

important to perform the experiments under well-defined conditions.45 The XPS and 

MS used in this work rely on the detection of electrons or ions. Therefore, the mean 

free path of these particles must be much greater than the dimensions of the system, 

such that the particles travel directly to the detector without being interrupted by the 

surrounding gas molecules. The mean free path in an ultrahigh vacuum system of 10-9 

torr is 5 X 105 m, which is more than sufficient for performing XPS. In addition to a 

large mean free path, ultrahigh vacuum is required in order to begin experiments with 

a clean surface and ensure that the surface does not become contaminated by 

background gases.46 By assuming a unit sticking probability, the minimum time for a 

clean surface to be covered by a monolayer of adsorbates is ~10-9 s at the atmospheric 

pressure and ~103 s at a pressure of 10-9 torr.46 Therefore, the UHV system allows us 

to reduce contributions to the surface chemistry from background gases, such as H2O 

and O2, and isolate reactions to those between NO3 radicals and the surface.  

In this work, the UHV experiments were designed to study the kinetics and 

mechanism of reactions between nitrate radicals and organic surfaces. RAIRS, XPS 

and Mass Spectroscopy (MS) are attached to the chamber to perform surface analysis 

before, during and after exposing the surface to the reactive gas. A schematic of the 

instrument is shown in Figure 2.1. 
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Figure 2.1. A scheme of the experimental setup.  
 

2.3 Nitrate Radical Generation, Storage, and the Exposure Experiment  

   Figure 2.2 shows a schematic representing the various components of the nitrate 

radical synthesis and storage system. Production of NO3 began by first closing the 

valves. Next, the system was purged with ultrahigh pure nitrogen (Airgas Specialty 

Gases) through valves 2, 3, 4, 6, and 7. Then, the system was evacuated by a 

diaphragm pump (Pfeiffer Vacuum). After this evacuation, valve 7 was closed to 

isolate the system. Valves 2 and 3 were closed and valves 1 and 7 were opened to flow 

research grade oxygen (Airgas Specialty Gases) through the system. Then, the ozone 

generator (RMU16-DG3 Ozone Generator Frame System) was turned on and valve 5 

was opened to introduce NO (Sigma-Aldrich, Inc). Oxidation of NO to NO2 by O3 

occurred as the gases combined in the mixing vessel. After this oxidation, NO2 

reacted with excess O3 to form N2O5 (reaction (2.1)):  
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2NO2 + O3      N2O5 + O2 (2.1) 

which was trapped into the Pyrex glass trap vessel that was cooled in a dry ice-ethanol 

bath. After trapping N2O5 for about 2 hours, the ozone generator was turned off and 

the N2O5 trap was isolated from the system. Finally, excess O3 was pumped away.  

 
Figure 2.2. NO3 generation and storage system. The labeled components are: (1-5) 
needle valves, (6-8) Teflon-sealed glass valves.  
 

To perform the exposure experiments, the N2O5 trap was slowly warmed and 

introduced into a heating jacket. The pressure of the N2O5 gas was measured by a 

baratron gauge (MKS Instrument, Inc). A K-type thermocouple, which was placed in 

the heating tape, was used to monitor the temperature. N2O5 molecules were thermally 

decomposed to NO3 radicals at ~324 K in the Thermal Decomposition Chamber 

(TDC). The NO3 radicals were then dosed into the UHV chamber through a capillary 

array doser, as shown in Figure 2.3.  
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Figure 2.3. A schematic of the capillary array doser.  
 

2.4 Reflection-Absorption Infrared Spectroscopy  

Reflection-absorption infrared spectroscopy (RAIRS) is a very sensitive technique 

for the detection of organic functional groups, such as C=C, C=O and C-H.47 These 

organic functional groups are characterized in infrared spectroscopy by the vibrational 

frequencies of the specific bond, which is related to the reduced mass and the bond 

strength, as shown in Equation (2.1)48: 

 = 1/2  (k/ )1/2 (2.1) 

   The fundamental principles of RAIRS are similar to those of traditional Fourier 

transform infrared spectroscopy (FTIR). A key component of both RAIRS and FTIR 

is the interferometer, where a beamsplitter transmits some light and reflects some light, 

resulting in constructive or destructive interference at the detector. The interferogram, 

which is the sum of contributions from all source wavelengths, can be converted to a 

frequency-domain spectrum after performing Fourier transform.49 However, unlike 

FTIR of bulk materials, RAIRS obeys a surface selection rule, which was first 

described by Greenler.47 Figure 2.4 shows a scheme of infrared radiation reflecting off 

a surface at an incident angle . IR radiation reflected off a substrate surface can be 

resolved into two components: p-polarized light (Ep), which is parallel to the incident 

plane, and s-polarized light (Es), which is perpendicular to the incident plane. When 
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the p-polarized light is reflected off the substrate surface, it undergoes an incident 

angle-dependent phase change. In contrast, light that is polarized perpendicular to the 

incident plane (s-polarized light) undergoes a phase change of 180˚ at all angles of 

incidence. This phase shift causes destructive interference, which results in canceling 

out of s-polarized light after reflection.47 The intensity of IR transitions is directly 

proportional to the square of the dot product of the transition dipole moment, , and 

the electronic field, E. Because the dot product is proportional to the cosine value of 

the angle between the two vectors and the electric field vector, E, is oriented 

perpendicular to the surface following reflection, only molecular vibrations with the 

transition dipole moment perpendicular to the surface can be observed in RAIRS. 

Furthermore, the largest absolute value of E is obtained from a 90˚ of phase change of 

the p-polarized light which occurs at an angle of 86˚.47  

 
Figure 2.4. Infrared light reflecting from a substrate surface at the incident angle .  
 

   In this work, in situ RAIRS measurements were performed using a Bruker IFS 

66v/S spectrometer attached to the UHV chamber. Focused IR radiation from a SiC 
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globar source was reflected off the gold surface at ~86˚ relative to the surface normal 

through a KBr window attached to the chamber. Then the IR radiation exited the 

chamber through another KBr window and was focused into a mid-range (750-4000 

cm-1) mercury cadmium telluride (MCT) detector, which was cooled by liquid 

nitrogen. All spectra shown in this thesis were obtained using 100 scans and a 2 cm-1 

resolution with a scanner velocity of 20.0 kHz. All spectra were presented with the 

intensity defined as –log(R/R0), where R was the reflectivity of the monolayer and R0 

was the reflectivity of a reference.  

 

2.5 X-ray Photoelectron Spectroscopy  

   X-ray Photoelectron Spectroscopy (XPS) is a sensitive technique for surface 

analysis. It can determine the identity of surface-bound molecules and provide 

information about the local chemical environment of elements on substrates. XPS is 

based on Einstein’s photoelectric effect, which states that electrons can be ejected 

from a metal surface by photons with sufficient energy.50 The elemental identity and 

local chemical environment can be determined by the binding energy of the ejected 

photoelectron (Eb). This binding energy is related to the energy of incident photon 

(h ), the kinetic energy of the photoelectron (Ek) and the work function of the 

instrument ( ), as shown in Equation (2.2) and illustrated in Figure 2.5:51  

k = h  –  – Eb (2.2) 
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Figure 2.5. Energy level diagram of an ejected photoelectron. Ek is the kinetic energy 
of the photoelectron, Eb is the binding energy of the electron and  is the work 
function of the instrument.  
 

   In this thesis, radiation made by relaxation of Mg K electrons from higher level to 

lower level state (1253.6 eV) was generated from a SPECS X-ray source operating at 

250 W (12.5 kV and 20 mA). Ejected photoelectrons were detected using a 

hemispherical energy analyzer (Perkin-Elmer) operating with pass energies between 

20-50 eV. Survey spectra were collected with a resolution of 1 eV, and high resolution 

spectra with a step size of 0.1 eV were collected. All spectra were collected with a 

take-off angle of 45˚ with respect to the surface normal. The binding energies for all 

spectra were referenced to the Au(4f7/2) peak at 83.8 eV.  

 

2.6 Summary 

   To study reactions that occur at the gas-surface interface, a well-defined condition 

and the incorporation of surface-sensitive techniques are essential. The ultrahigh 
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vacuum experiments were designed for this purpose. The surface reactions were 

monitored in situ with RAIRS. Using XPS, the surface was characterized before and 

after NO3 exposure. Desorbed products could be detected in mass spectrometer.  
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Chapter 3 

Reactions of Nitrate Radicals with Alkanethiol and Vinyl-terminated 

Self-Assembled Monolayers 

3.1 Introduction 

   The nitrate radical is an important oxidizing gas in the atmosphere, which can 

initiate reactions with organics at night. Organic aerosols are ubiquitous in the 

environment and have many sources, such as biogenic emission from vegetation, 

fossil fuel combustion from automobiles, and secondary organic aerosols formed 

through reactions between volatile organic compounds and atmospheric oxidants, 

including nitrate radicals. Many studies have been focused on gas-phase reactions 

between nitrate radicals (NO3) and organic compounds.18,21,23,24,30-32 However, few 

investigations have contributed to exploring reactions of NO3 with organic surfaces. 

The research in this thesis is aiming to develop an initial understanding of the reaction 

kinetics and mechanism between NO3 and organic surfaces, such as alkanethiol and 

vinyl-terminated self-assembled monolayers.  

   Self-assembled monolayers (SAMs) have diverse applications in the fields of 

sensors, corrosion protection, nanofabrication, construction of nanodevices, medical 

implants and pharmacology.52,53 Because SAMs are easily prepared and provide 

control over the surface order, orientation, and terminal functional group, they are 

often widely used as model organic surfaces. The most extensively studied 

monolayers are alkanethiol SAMs on gold substrates, for its inert nature that allows 

substrates to be manipulated in the air without oxidation. The sulfur head group and 
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the gold substrate are bonded in the form of a metal thiolate.54 The well-ordered 

monolayer forms a (√3 X √3) R30˚ overlayer structure with the spacing between 

adjacent sulfur atoms equal to 4.99 Å.55 This distance is greater than the distance of 

the closest approach of the methylene chains, so the chains tilt ~30˚ away from the 

surface normal to maximize the Van der Waals interactions.56 The strong S-Au bond, 

44 kcal mol-1, generates a stable surface while the Van der Waals interactions between 

alkyl chains, 1-2 kcal mol-1, ensures a tightly packed monolayer.57  

   My research objectives are to develop an initial understanding of the kinetics and 

the route for reactions of NO3 with the well-defined organic surfaces. Based on the 

kinetic data, the initial reaction probability can be determined for NO3 collisions with 

a vinyl-terminated SAM. These goals were accomplished by monitoring the changes 

of the monolayers on polycrystalline gold substrates during exposure to NO3. The 

monolayers were characterized by Reflection-Absorption Infrared Spectroscopy 

(RAIRS) and X-ray Photoelectron Spectroscopy (XPS). Elemental analysis and 

oxidation state determination were performed with XPS.  

 

3.2 Experimental Details  

3.2.1 Materials  

   All chemicals were used as received without further purification unless otherwise 

noted. HPLC grade hexane was obtained from Fisher Scientific Inc. HPLC grade 

ethanol was purchased from Decon Laboratories, Inc. 1-decanethiol (96%), 

1-pentadecanethiol (98%), 1-octadecanethiol (98.5+%), nitrogen monoxide (98.5%), 
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and nitrogen dioxide (99.5%) were purchased from Sigma-Aldrich, Inc. 

14-pentadecene-1-thiol and 17-octadecene-1-thiol were synthesized by Jessica 

Weidgin Lu following the procedures of Hu and Fox.58 Research grade oxygen, 

ultrahigh purity nitrogen, and dry ice were obtained from Airgas Specialty Gases. 

Polycrystalline gold substrates were purchased from Evaporated Metal Films.  

 

3.2.2 Nitrate Radical Synthesis and Storage  

   A detailed description of how NO3 were synthesized and stored was previously 

described in Chapter 2 and a brief description is presented here. Research grade 

oxygen was passed through a commercial ozone generator (RMU16-DG3 Ozone 

Generator Frame System). A mixture of O2/O3 (0.08 ppm of O3) from the output of a 

commercial ozone generator was admitted through a previously dried glass vessel 

where it was mixed with nitrogen monoxide to produce N2O5. Once N2O5 was formed 

from the mixture with excess O3, the resultant N2O5 was introduced into a glass trap 

submerged in a dry ice/ethanol bath. This procedure took approximately 2 hours. The 

N2O5 trap was then isolated and the dry ice was removed. As described in Chapter 1, 

NO3 can be made by thermal decomposition of N2O5 (reaction (1.4)), and the 

equilibrium constant is related to the heating temperature (Equation (1.5)). The 

isolated trap was attached to the UHV chamber described in Chapter 2. The flowing 

N2O5 gas was heated to ~324 K before being introduced into the chamber. The 

concentration of NO3 in the TDC was determined from Equation (1.5) and Equation 

(1.7) in Chapter 1.  
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3.2.3 Synthesis of Self-Assembled Monolayers and Monolayer Exposure  

   Polycrystalline gold substrates were immersed in a piranha solution (7:3 ratio, 

sulfuric acid/30% hydrogen peroxide) for ~45 min to remove most surface 

contaminates. The Au surfaces were then taken out of the piranha solution and rinsed 

thoroughly with deionized water (Millipore Purification Systems, 18.2 M ). Each 

substrate was then dried with a stream of ultrahigh pure nitrogen and immediately 

placed in a ~1 mM of the appropriate thiol solution in hexanes for about 24 hours.    

Before the exposure of SAMs to NO3, the surface was first removed from the thiol 

solution and rinsed with hexanes. The monolayer was then dried in a stream of 

ultrahigh purity nitrogen and transferred into the ultrahigh vacuum chamber. The 

sample was aligned for RAIRS measurement with a precision manipulator. NO3 were 

introduced into the UHV chamber through a capillary which was attached to a 

custom-made all-glass effusive molecular beam doser.  

 

3.2.4 Reflection-Absorption Infrared Spectroscopic Measurement  

   Reactions between NO3 and SAMs were monitored in situ using a Bruker IFS 

66v/S spectrometer attached to the UHV chamber. Focused IR radiation from a SiC 

globar source was reflected off the gold surface at ~86˚ relative to the surface normal 

through a KBr window attached to the chamber. Then, the reflected radiation was 

detected by a mid-range (750-4000 cm-1) mercury cadmium telluride (MCT) detector, 

which was cooled by liquid nitrogen. All spectra shown in this thesis were obtained 

using 100 scans and a 2 cm-1 resolution with a scanner velocity of 20.0 kHz. All 
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spectra were presented with the intensity defined as –log(R/R0), where R was the 

reflectivity of the monolayer and R0 was the reflectivity of a reference. To 

characterize the SAMs, a reference spectrum of a clean gold slide was used. After 

being immersed in a piranha solution for ~45 min, the cleaned Au surface was rinsed 

thoroughly with deionized water, and then was dried with a stream of ultrahigh purity 

nitrogen. To characterize the surface exposed to NO3, the reference spectrum used 

was that of the SAM before NO3 exposure. Spectra recorded with this type of 

reference were referred to difference spectra. The reaction kinetics was studied by 

recording IR spectra every 90 seconds during the NO3 exposure.  

 

3.2.5 X-ray Photoelectron Spectroscopic Measurements  

   The SAMs were characterized before and after NO3 exposure with X-ray 

Photoelectron Spectroscopy (XPS). Radiation made by relaxation of Mg K electrons 

from higher level to lower level state (1253.6 eV) was generated from the X-ray 

source operating at 250 W (12.5 kV and 20 mA). Ejected photoelectrons were 

detected using the hemispherical energy analyzer which was operating with a pass 

energy of 50 eV. Survey spectra were collected with a resolution of 1 eV. Spectra of 

S(2p), N(1s), O(1s), C(1s), Au(4f) with a higher resolution of 0.1 eV were collected. 

The binding energy for all spectra was referenced to the Au(4f7/2) peak at 83.8 eV.  
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3.3 Results and Discussion  

3.3.1 Reaction Kinetics and Mechanism of NO3 with an 18-carbon (18C) 

Vinyl-terminated SAM  

   The kinetics and mechanism for reactions between NO3 radicals and an 18C 

vinyl-terminated SAM were investigated using the UHV system. The well-organized, 

thin, organic film was characterized with RAIRS before NO3 exposure. During the 

exposure, oxidation of the surface by NO3 was monitored in situ. The oxidation states 

of surface-bound products were analyzed by XPS. The reaction kinetics and 

mechanism will be discussed in details below.  

 

3.3.1.1 Monolayer Characterization  

3.3.1.1.1 Reflection-Absorption Infrared Spectroscopic Data  

   Figure 3.1 shows the reflection-absorption infrared spectrum of an 18C 

vinyl-terminated SAM on a polycrystalline gold substrate before NO3 exposure. The 

intensity is defined as –log(R/R0) where R is the reflectance of the SAM and R0 is the 

reflectance of a clean gold substrate. Mode assignments are shown in Table 3.1.59-61  
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Figure 3.1. A reflection-absorption infrared spectrum with band assignments of an 
18C vinyl terminated SAM.  
 

   The most intense peaks in Figure 3.1 are due to the asymmetric and symmetric 

CH2 stretches at 2918 and 2849 cm-1, respectively. In a polyethylene crystal, the 

asymmetric and symmetric CH2 stretches are found at 2920 and 2850 cm-1.62 Because 

the positions of these two peaks are considered to be a sensitive indicator of the order 

of the alkyl chains,54,57 the peak positions for the asymmetric and symmetric CH2 

stretches and the sharp peak shapes in Figure 3.1 indicate a well-ordered 18C 

vinyl-terminated SAM formed on Au.  

   Six of the bands associated with the terminal vinyl group are observed in Figure 

3.1.59 The peaks at 3084 and 2984 cm-1 are assigned to the asymmetric and symmetric 

CH2 stretches of the =CH2 group, respectively. The peak at 3008 cm-1 is assigned to 

the  C-H stretch of the –HC=CH2 group. The mode found at 1644 cm-1 is attributed 

to the C=C stretch. The small peak at 994 cm-1 is assigned to the out-of-plane 

deformation (oop def) of the C=C group. The larger band at 914 cm-1 is assigned to 
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the out-of-plane deformation of the =CH2 group.  

 
Table 3.1. RAIR spectroscopic band positions and vibrational mode assignments for 
an 18C vinyl-terminated SAM on Au.  
 

Wavenumber (cm-1) Vibrational Modes 

3084 a(=CH2) 

3008 (H-C=CH2) 

2984 s(=CH2) 

2918 a(CH2) 

2849 s(CH2) 

1644 (C=C)

994 C=C oop def 

914 (=CH2) 

 

3.3.1.1.2 Reactivity of Vinyl-terminated SAMs toward NO/NO2  

   In Chapter 2, it has been discussed that NO3 were generated from the thermal 

decomposition of N2O5 accompanied with the formation of NO2. In addition, NO3 can 

be photolysed by visible light to produce some amount of NO. To determine whether 

NO/NO2 would interfere with our measurement of the initial reaction probability, a 

15-carbon (15C) vinyl-terminated SAM was exposed to the pure NO/NO2 for 30 min. 

The results from these studies are provided in Figure 3.2 and Figure 3.3.  
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Figure 3.2. Reflection-absorption infrared difference spectra of a 15C 
vinyl-terminated SAM before and after NO exposure. The top spectrum is the 
monolayer with no NO exposure, and the bottom spectrum is the one with 30 min of 
NO exposure.  
 

   Figure 3.2 shows RAIR difference spectra of a 15C vinyl-terminated SAM before 

and after exposure to the pure NO for 30 min. The reference spectrum (R0) is that of 

the monolayer before any exposure. The top spectrum is that of the monolayer before 

exposure to NO, and the bottom one is that of the monolayer after 30 min of exposure 

to NO. No negative features in the C-H stretch region and at the position associated 

with the C=C group are observed in this figure. There are also no positive peaks 

observed within the limit of detection. Therefore, the reactivity of the 

vinyl-terminated SAM toward NO appears to be very low.  
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Figure 3.3. Reflection-absorption infrared difference spectra of an 18C 
vinyl-terminated SAM before and after NO2 exposure. The top spectrum is the 
monolayer with no exposure of NO2, and the bottom spectrum is the one with 30 min 
of NO2 exposure.  
 

   Figure 3.3 shows the RAIR difference spectra of a 15C vinyl-terminated SAM 

before and after exposure to the pure NO2. The reference spectrum (R0) is the same as 

the one in Figure 3.2. The top spectrum is that of the monolayer before exposure to 

NO2, and the bottom one is that of the monolayer after 30 min of exposure to NO2. 

The spectrum is almost unchanged either at bands related to the double bond or in the 

C-H stretch region after exposure within the limit of detection. Therefore, we can 

conclude that the changes in IR spectra during NO3 exposure are not due to reactions 

between the monolayer and NO/NO2, but rather the reaction of the surface with NO3.  

 

3.3.1.3 RAIRS during NO3 Exposure  

   Oxidation of the vinyl-terminated SAM by NO3 was monitored using in situ 

RAIRS. Figure 3.4 shows a subset of time-resolved RAIR spectra of an 18C 
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vinyl-terminated SAM during NO3 exposure. The reference spectrum is that of the 

monolayer before exposure. The bottom spectrum in Figure 3.4 is the difference 

spectrum of the monolayer before exposure. From the bottom toward the top of this 

figure, exposure of the monolayer to NO3 increases by 3 X 102 L per scan with the top 

spectrum obtaining a total exposure of 5 X 103 L of NO3. The first observable changes 

in the RAIR spectrum of the 18C C=C SAM upon exposure to NO3 (see the second 

spectrum from the bottom in Figure 3.4) are a decrease in signal at 3084 cm-1, 1644 

cm-1, and 914 cm-1. The decrease in intensity of these modes is caused by a reaction 

that occurs between the monolayer and the terminal C=C moiety. At the same time the 

bands associated to the C=C group decrease, positive peaks emerge at 1620 cm-1, 

1280 cm-1, 850 cm-1,  and 1555 cm-1, which are assigned to the asymmetric and 

symmetric NO2 stretches of organic nitrates, the NO stretch of organic nitrates, and 

the asymmetric NO2 stretch of nitro compounds,61,63 indicating that the reaction of 

NO3 with the vinyl-terminated monolayer forms a species which contains organic 

nitrates or nitro compounds. The small peaks at 1230 cm-1 and 1450 cm-1 are likely 

due to the C-O stretch and the CH2 deformation of epoxides produced during the 

reaction.61  

   The only other change observed in the spectra of Figure 3.4 is the formation of 

two negative peaks in the hydrocarbon region, indicating H possible abstraction from 

the monolayer during NO3 exposure, or the chain reorientation due to reactions of the 

double bond with NO3, or the chain desorption from the surface due to the oxidation 

of sulfur on the gold substrate. Upon continuous exposure to NO3, positive peaks 
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appear adjacent to the hydrocarbon region. Since the position of the peaks from the 

asymmetric and symmetric CH2 stretches has been shown to be a sensitive indicator 

of the order of the methylene chains,54,57 the shift of the two peaks to higher  

wavenumbers indicates a disordering within the alkyl chains upon exposure to NO3, 

which aligns the methylene stretches in directions that can be detected by RAIRS.  
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Figure 3.4. Reflection-absorption infrared difference spectra of an 18C 
vinyl-terminated SAM during NO3 exposure The bottom spectrum is the monolayer 
with no NO3 exposure, and the exposure increases by 3 X 102 L per spectrum from 
bottom to top with a total dose of 5 X 103 L of NO3.  
 

3.3.1.4 Reaction Kinetics between NO3 and the 18C Vinyl-terminated SAM  

   The previous section provides important information about the likely functional 

groups formed on the surface and the possible pathways during reactions, a complete 

mechanistic understanding of the reaction requires more detailed analysis of the 

reaction kinetics. To learn about the oxidation kinetics for the reaction between 

gas-phase NO3 and the 18C vinyl-terminated SAM by NO3, the data was analyzed by 

plotting the intensity of the band from the C=C stretch at 1644 cm-1 versus the 
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exposure time in Figure 3.5. During NO3 exposure, the position of this band remains 

constant, so the change in intensity of the band is proportional to the change in 

concentration of the double bonds (within the limit of Beer’s law). The figure shows 

that the band intensity from the C=C stretch decreases exponentially during NO3 

exposure. Based on the pseudo-first-order kinetics, the rate of consumption of the 

C=C groups should lead to a simple exponential decay in the intensity of the signal at 

1644 cm-1according to:  

A(t) = A0 exp(-kobst),  (3.1) 

where A(t) is the absorbance of the band from (C=C) at any time and A0 is the initial 

absorbance of the same band. kobs is the observed rate constant for the consumption of 

carbon-carbon double bonds and t is the time of exposure to NO3 in seconds. From the 

best non-linear least squares fit to the data, the rate constant is determined to be (1.4 ± 

0.3) X 10-3 s-1.  
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Figure 3.5. A graph of the absorbance of the band from (C=C) at 1644 cm-1 versus 
the time of NO3 exposure. The solid red line is the fit to the data to determine the 
observed rate constant (see text for details).  
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   In addition to the rate of the double bond consumption, we have used the IR data 

from Figure 3.4 to learn about the rate for product formation. Figure 3.6 shows a 

graph obtained by plotting the intensity of the band from the symmetric NO2 stretch 

of organic nitrates at 1280 cm-1 versus the exposure time. Similar to the exponential 

decay in the signal at 1644 cm-1, the intensity of the band at 1280 cm-1 increases 

exponentially with exposure to NO3. Because the change in intensity of the band is 

most likely proportional to the change in concentration of organic nitrates formed 

during the reaction (within the limit of Beer’s law), according to the 

pseudo-first-order kinetics of organic nitrates formation, the change in the signal can 

be modeled with Equation (3.2):  

A(t) = A0 [1 - exp(-kobst)],  (3.2) 

where A(t) is the absorbance of the band from s(-ONO2) at any time and A0 is the 

initial absorbance of the same band. kobs is the observed rate constant for the 

formation of organic nitrates and t is the time of exposure to NO3 in seconds. The best 

fit to the data yields an observed rate constant of (1.3 ± 0.2) X 10-3 s-1, which is 

identical, within the error, to the observed rate constant for the consumption of the 

C=C group. Therefore, the consumption of the double bonds must lead directly to the 

production of organic nitrates upon NO3 exposure.  
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Figure 3.6. A graph of the absorbance of the band from s(-ONO2) at 1280 cm-1 
versus the time of NO3 exposure. The solid red line is the fit to the data to determine 
the observed rate constant (see text for details).  
 

   To determine the initial reaction probability, we modeled the change in intensity of 

s(-ONO2) at 1280 cm-1 according to simple Langmuirian kinetics (first-order reaction 

model):42  

A(t) = A0 [1 - exp(- t)],  (3.3) 

where A(t) is the band absorbance from s(-ONO2) at any time, and A0 is the initial 

absorbance of the same band before exposure to NO3. The time of exposure to NO3 in 

seconds is represented as t, and  can be determined from Equation (3.4):42  

 = (1/4 <v> 0 [NO3]g) / L (3.4) 

Here, <v> is the mean molecular velocity of NO3 in cm/s, 0 is the initial reaction 

probability, [NO3]g is the gas-phase NO3 concentration adjacent to the surface, and L 

is the initial surface coverage of the carbon-carbon double bonds. The gas-phase NO3 

concentration in the TDC was estimated from the equilibrium constant in Equation 
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(3.5)18,19 and Equation (3.6):  

Keq = 2.7 X 10-27 X exp(11000K/T) cm3 molecule-1 (3.5) 

[N2O5] = Keq X [NO2] X [NO3] (3.6) 

where T is the heating temperature equal to 324 K. At any time during decomposition 

of N2O5, the concentration of NO3, [NO3], was equal to the concentration of NO2, 

[NO2], within the TDC of the doser. Therefore, at equilibrium, the number density of 

NO3 in the TDC could be determined from the equilibrium constant, Keq, and the 

concentration of N2O5. Because the flux at the input of the doser was equal to the flux 

in the TDC, the flux of N2O5, 2 X 1015 molecule s-1, was determined from Equation 

(3.7):64  

F = n C = 1/4 n <v> A (3.7) 

where F is the flux of N2O5, n is the number density of gas molecules, C is the 

conductance (calculated from the known size of the aperture in the capillary) through 

the capillary of the doser, 4 X 10-4 L s-1, <v> is the velocity of gas molecules, and A is 

the area of the aperture entering the TDC, 0.24 cm2. By taking the equilibrium 

between N2O5 and NO3 into account, the effective flux of NO3 at the surface was 

calculated to be 1 X 1015 molecules s-1. Therefore, the concentration of NO3 radicals 

adjacent to the surface, [NO3]g, was determined to be 3 X 1010 molecules cm-3 from 

Equation (3.7). The initial surface coverage of C=C bonds was assumed to be the 

same as the coverage of methyl-terminated monolayers, 4.7 X 1014 molecules cm-2.54 

This assumption was reasonable because vinyl-terminated SAMs appeared to be 

similar in number density, size, and shape to alkanethiol SAMs.59 From the model fits, 



42 
 

the initial reaction probability for NO3 with an 18C vinyl-terminated SAM was 

calculated to be (3 ± 1) X 10-3. Our observation reveals that there are three reactions 

that occur in every ~1000 gas-phase collisions between NO3 and the carbon-carbon 

double bond.  

The experiment-determined reaction probability of NO3 with the vinyl terminated 

monolayer is over an order of magnitude smaller than that obtained recently by 

Bertram et al.. In the experiments, they employed a SAM-coated flow reactor, which 

was used to report a reaction probability of 3.4 X 10-2.43 This difference could result 

from three reasons. Firstly, Bertram Group used the loss of NO3 during the reaction to 

estimate the reaction probability. When exposing the SAM to NO3, it could undergo a 

variety of reactions such as hydrogen abstraction except for electrophilic addition. 

Secondly, they studied reactions of NO3 with an 11C vinyl terminated SAM on a 

cylindrical gold coated tube. Inherently, the vinyl-terminated monolayer with a shorter 

chain length creates more defects on the surface, which could also increase the 

reaction probability of the organic surface with NO3. Thirdly, the measurement of the 

reactive uptake coefficient was performed in the presence of O2 and was not 

controlled under the vacuum. In the proposed mechanism, O2 can oxidize the alkyl 

radical to produce a nitroxy peroxyl radical, which is considered to undergo further 

reaction with NO3.43 This may be another factor that increases the reaction probability 

in their work. In addition, the initial reaction probability obtained in this thesis is 

approximately two orders of magnitude higher than that for the reaction of ozone with 

the same SAM, indicating that the reactivity of NO3 is much higher than that of 
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ozone.65 This may be because the electrophilic addition of NO3 can take place at 

positions where the radical on the oxygen atom can interact with the double bond, 

while ozone has to collide with the double bond in the direction favorable to form the 

primary ozonide, which increases the reaction barrier compared to that of the reaction 

between the same surface and NO3.  

 

3.3.1.5 Characterization of the surface after NO3 Exposure  

   Figure 3.7 shows RAIR spectra of an 18C vinyl-terminated SAM before and after 

exposure. The spectrum of Figure 3.7 B is that of the monolayer after exposure to 5 X 

103 L of NO3. The spectra are offset along the vertical axis for clarity. It should be 

noticed that the disappearance in signal from the asymmetric and symmetric CH2 

stretches of =CH2 at 3084 and 2984 cm-1, the  C-H stretch of -HC=CH2 at 3008 cm-1, 

the stretch of C=C at 1644 cm-1, and the out-of-plane deformation of =CH2 at 914 

cm-1, all indicate extensive reaction of the double bond with the impinging NO3. A 

broadening and decrease in the intensity of the modes from the asymmetric and 

symmetric CH2 stretches of methylenes are also noticeable after NO3 exposure, which 

could result from chain reorientation due to reactions at the double bond, or hydrogen 

abstraction by NO3 from -CH2, or chain desorption from the surface due to oxidation 

of sulfur by NO3. The new broad feature at 1615-1650 cm-1 and the new sharp peak at 

1283 cm-1 are assigned to the asymmetric and symmetric NO2 stretches of the –ONO2 

group.31,63 In the previous section, the kinetic data showed that the consumption of the 

double bonds led directly to the formation of organic nitrates upon NO3 exposure. 
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Therefore, the peaks at the hydrocarbon region broaden and decrease probably 

because of chain reorientation due to reactions at the double bond upon NO3 exposure. 

In addition, we attribute the peak at 1555 cm-1 to the asymmetric NO2 stretch of nitro 

compounds.31,63 
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Figure 3.7. Reflection-absorption infrared spectra of an 18C vinyl-terminated SAM 
before and after exposing the surface to NO3 radicals. The top spectrum (A) is the 
monolayer before exposure to NO3 and the bottom spectrum (B) is the monolayer 
after 1.5 hours of NO3 exposure.  
 

Further characterization of the 18C vinyl terminated monolayer was performed 

using X-ray Photoelectron Spectroscopy (XPS) to obtain information about the 

binding environments of the elements. Representative high resolution spectra of the 

S(2p), N(1s), O(1s) and C(1s) regions of an 18C vinyl-terminated SAM are shown in 

Figure 3.8. A high resolution X-ray photoelectron spectrum was recorded for the Au 

4f region which was used as the reference for the binding energy of all other spectra 

shown in this work. The Au 4f spectrum consisted of a well-resolved doublet at 83.8 

and 87.4 eV.  
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   The S 2p region of the 18C vinyl-terminated SAM exhibits a peak centered at 163 

eV before exposure, which is consistent with sulfur atoms bound to a gold substrate as 

the thiolate.66 The intensity of the S 2p peak in the XPS spectrum shows little to no 

change following exposure of the surface to NO3. This important observation 

indicates that the Au-S bond is not oxidized during NO3 exposure and that reactions 

are likely isolated at the chain terminus. The binding energy at 400 eV in N 1s region 

indicates the formation of organic nitrates after 5 X 103 L of exposure.67  
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Figure 3.8. High resolution X-ray photoelectron spectra of the S(2p), N(1s), O(1s), 
and C(1s) regions of an 18C vinyl-terminated SAM A) before and B) after NO3 
exposure.  
 

   A high resolution X-ray photoelectron spectrum of the O 1s region of an 18C 

vinyl-terminated SAM is also shown in Figure 3.8. The vinyl-terminated monolayer 

shows no signal above noise for O 1s photoelectrons before exposure. After 1.5 hours 

of exposure to NO3, a peak positioned at 532.7 eV indicates oxidized species formed 

on the surface. In addition, the relative intensity of N:O ratio is about 1:3, which 
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suggests the presence of –ONO2 groups on the surface. The peak centered at 284.8 eV 

in the high resolution XPS spectrum of the C 1s region is in excellent agreement with 

the literature value of the binding energy for methylenes and terminal vinyl carbon 

atoms.66 After NO3 exposure, the peak broadens slightly when it shifts to a higher 

binding energy, which is indicative of the emergence of a new C-O species on the 

surface.67  

 

3.3.1.6 Proposed Mechanism for Reactions of NO3 with Vinyl-terminated SAMs  

Similar to the gas-phase experiments,2,27 the reaction of NO3 with 

vinyl-terminated SAMs appears to be initiated by an electrophilic addition of NO3 to 

the carbon-carbon double bonds, forming an alkyl radical adduct intermediate. 

Previous studies have proposed that the radical intermediate is unstable and will either 

decompose to an oxirane or collisionally stabilize. When the heterogeneous oxidation 

of the vinyl terminated SAM with NO3 was monitored in situ, several significant 

changes were observed in RAIRS. The first change was the negative peaks emerging 

at bands from motions related to the double bond, which showed that the reaction 

consumed C=C moieties. Simultaneously, during the exposure of the vinyl-terminated 

monolayer to NO3, peaks at 1280 cm-1, ~1620 cm-1, and 850 cm-1 from the symmetric 

and asymmetric NO2 stretches and the NO stretch of organic nitrates,61,63 indicated 

that oxidation of the monolayer by NO3 produced -ONO2 functional compounds, 

which was consistent with the XPS observation. The third significant change in 

RAIRS during the exposure of the vinyl-terminated monolayer to NO3 was the 
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decrease of the bands from the a(CH2) and s(CH2) modes of the hydrocarbon chains. 

Upon further exposure of the monolayer to NO3, positive peaks emerged adjacent to 

the bands of the hydrocarbon region. Because the position of the bands for the a(CH2) 

and s(CH2) modes has been shown to be a sensitive indicator of the order of the 

methylene chains,54,57 the shifting of these bands to higher wavenumbers indicates 

that the orientation of the transition dipole moment of the motions from the methylene 

chains has changed during the reaction. The decrease in the intensity of the bands at 

hydrocarbon region might also be due to hydrogen abstraction from –CH2 groups.  

 
Figure 3.9. A scheme of the possible mechanistic pathways in which NO3 can oxidize 
a terminal vinyl group bound to a surface.  
 

   In addition, bands at 1230 cm-1 and 1450 cm-1 possibly from the C-O stretch and 

the CH2 deformation of epoxides might be due to the decomposition of the 

intermediate into an oxirane.27,61 Another change in the IR data during exposure was 
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the positive peak that emerges at 1555 cm-1 from the asymmetric NO2 stretch of nitro 

compounds.61,63 It is proposed that the collisionally stabilized alkyl radical adduct 

intermediate can further react with NO2 molecules, which are generated from thermal 

decomposition of N2O5, to form nitro compounds. The addition of NO2 to the alkyl 

radical might result in the termination of possible radical propagation along the 

methylene chains. Moreover, the generated alkyl radical could also combine with 

neighboring radicals to form a new bond.  

 

3.3.2 Reactions between NO3 and Alkanethiol SAMs  

In the previous section, we have discussed that the decrease in the intensity of 

bands at hydrocarbon region could result from chain reorientation due to reactions at 

the double bonds, or chain desorption due to oxidation of sulfur on Au by NO3, or 

hydrogen abstraction from methylene groups. Although, XPS data proved that sulfur 

was not oxidized during NO3 exposure, we were not able to determine if there was 

hydrogen abstraction during reactions. To explore this mechanism, we replaced the 

18C vinyl-terminated SAM with an 18C methyl-terminated SAM and studied 

reactions of the methyl-terminated SAM with NO3. The reaction mechanism will be 

discussed in more details below.  

 

3.3.2.1 Monolayer Characterization  

3.3.2.1.1 Reflection-Absorption Infrared Spectroscopic Data  

   Figure 3.10 shows the reflection-absorption infrared spectrum of an 18-carbon 
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(18C) methyl-terminated SAM on a polycrystalline gold substrate before exposure to 

NO3. In this figure, the intensity is defined as –log(R/R0) where R is the reflectance of 

the SAM and R0 is the reflectance of a clean Au substrate.  
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Figure 3.10. A Reflection-absorption infrared spectrum of an 18C methyl-terminated 
self-assembled monolayers.  
 

   It should be noticed first that the five important peaks in Figure 3.10 show a 

well-ordered monolayer formed on the gold substrate. They are assigned to the 

asymmetric stretch of CH3, a(CH3), Fermi resonance of s(CH3) with low frequency 

CH3 deformation mode, the asymmetric stretch of CH2, a(CH2), the symmetric 

stretch of CH3, s(CH3) and the symmetric stretch of CH2, s(CH2) from high to low 

wavenumber, as shown in Table 3.2.68 Since the position of the peaks from the CH2 

stretches is considered to be a sensitive indicator of the order of the alkyl chains,57,59 

the peaks at 2919 cm-1 and 2850 cm-1 indicate a well-ordered (crystalline-like) system. 

Secondly, it is interesting to note that the intensity of the CH2 stretch is not 17 times 

bigger than that of CH3 stretch as may be expected based on the fact that there are 17 
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CH2 groups for every CH3 group along a single chain. This is due to the fact that the 

transition dipole moment for the CH2 stretch is not as perpendicular to the surface as 

that of CH3. The so-called surface selection rule dictates that only those motions that 

produce a transition dipole moment perpendicular to the surface can be detected with 

RAIRS.  

 
Table 3.2. Selected spectral positions and vibrational mode assignments for an 18C 
methyl-terminated SAM on Au.  
 

Wavenumber (cm-1) Vibrational Modes 

2965 a(CH3) 

2937 s(CH3), Fermi resonance 

2919 a(CH2) 

2878 s(CH3) 

2850 s(CH2) 

 

3.3.2.1.2 Reactivity of Alkanethiol SAMs toward NO/NO2 

   In Chapter 2, it has been discussed that NO3 were produced from the thermal 

decomposition of N2O5, accompanied with the formation of NO2. In addition, 

photolysis of NO3 by visible light generates some amount of NO. To determine if 

NO/NO2 will interfere with our understanding of the reaction between NO3 and the 

monolayer as well as to learn about the possible role of these molecules in the overall 

chemistry, a 15C methyl-terminated SAM was exposed to the pure NO/NO2 for 30 

min, as shown in Figure 3.11 and Figure 3.12.  
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Figure 3.11. Reflection-absorption infrared difference spectra of a 15C 
methyl-terminated SAM before and after NO exposure. The top spectrum is that of 
the monolayer with no NO exposure, and the bottom spectrum is that of the 
monolayer with 30 min of NO exposure.  
 

   Figure 3.11 shows RAIR difference spectra of a 15C methyl-terminated SAM 

before and after exposure to the pure NO. The reference spectrum (R0) for these 

spectra is that of the monolayer before any exposure. The top spectrum is that of the 

monolayer before exposure to NO, and the bottom one is that of the monolayer after 

30 min of exposure to NO. There are clearly no changes above our signal-to-noise 

level in the two spectra. Therefore, the reactivity of the CH3-terminated SAM toward 

NO appears to be very low.  
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Figure 3.12. Reflection-absorption infrared difference spectra of a 15C 
methyl-terminated SAM before and after NO2 exposure. The top spectrum is that of 
the monolayer with no NO2 exposure, and the bottom spectrum is that of the 
monolayer with 30 min of NO2 exposure.  
 

   Figure 3.12 shows the RAIR difference spectra of a 15C methyl terminated SAM 

before and after exposure to the pure NO2. The reference spectrum (R0) is the same as 

the one in Fig 3.11. The difference spectra are used in the experiments because even a 

very small change can be easily observed in the spectra. The top spectrum is that of 

the monolayer before exposure to NO2, and the bottom one is that of the monolayer 

after 30 min of exposure to NO2. After 30 min of exposure, the spectrum in the C-H 

stretch region is almost unchanged within the limit of detection. Therefore, we can 

conclude that a methyl-terminated SAM does not appear to react with NO or NO2 on 

the time scale of our measurements.  

 

3.3.2.2 RAIRS during NO3 Exposure  

   Following our bench-mark studies with the background gases NO and NO2, we 
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turn to studies with NO3. To explore more details of the mechanism for reactions 

between SAMs and NO3, we performed in situ RAIR spectroscopic experiments by 

exposing the 18C methyl-terminated SAMs to NO3. Figure 3.13 shows a subset of the 

time-resolved RAIR spectra, with the spectrum of the monolayer before any exposure 

to NO3 as the reference spectrum (R0). These difference spectra are offset along the 

vertical axis for clarity and are arranged from bottom to top in increasing order of 

exposure to NO3. The bottom spectrum is that of the monolayer before exposure. The 

exposure between each scan is 2 X 103 L.  

   The first changes in the spectra at early times are negative peaks attributed to the 

disappearance of asymmetric and symmetric methylene stretches. Both of the 

intensities decrease upon initial exposure to NO3 suggesting hydrogen abstraction 

from methylenes by NO3. With further NO3 exposure, the positive features near the 

asymmetric and symmetric methylene stretches are clear evidence for the blue-shift of 

the peak frequencies of these modes. This shift is consistent with the transformation 

of an ordered system to a disordered system.  

   Concurrent with the formation of the negative peaks, a positive peak emerges at 

2973 cm-1 which might be assigned to the C-H stretch of an alkyl radical -CH-CH3 

produced by hydrogen abstraction from a methylene group. This frequency red-shift 

about 30 wavenumbers compared to that for the C-H stretch (3008 cm-1) from a vinyl 

group -CH=CH2. The decrease in the frequency might be due to an increase of the 

reduced mass of the carbon attached to a -CH3 group, compared to that attached to a 

=CH2 group, or a decrease in the strength of the C-H bond because of an unpaired 
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electron on the carbon atom repelling the shared electrons of that C-H bond (Equation 

(2.1)). On the other hand, the positive peak could also be due to the symmetric stretch 

of a formed radical, -CH2, from hydrogen abstraction of a methyl group. This 

proposed hydrogen abstraction from a methyl group is consistent with a decrease of 

the peak at 1380 cm-1 which is assigned to the symmetrical deformation vibration of 

-CH3. To determine which pathway is more likely, isotopic experiments may be 

needed.  

In addition, four positive peaks begin to develop at 1555 cm-1, 1280 cm-1,1600 

cm-1, and 1230 cm-1, which are assigned to the asymmetric NO2 stretch of nitro 

compounds, the symmetric NO2 stretches, the asymmetric NO2 stretches of organic 

nitrates, and the C-O stretch respectively.31,63 Upon further exposure to NO3, these 

peak intensities change, which could result from the increase in the amount of product 

on the surface or the change in the orientation of motions from the formed functional 

groups.  
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Figure 3.13. Reflection-absorption infrared difference spectra of an 18C 
methyl-termianted SAM during NO3 exposure. The bottom spectrum is the monolayer 
with no exposure of NO3, and the exposure increases by 2 X 103 L per spectrum from 
bottom to top with a total dose of 1 X 104 L of NO3.  
 

In Detoni and Paulson’s IR studies on dialkyl and diaryl sulfates, they observed 

the absorption bands for the asymmetric O=S=O stretch at 1360-1420 cm-1 and the 

symmetric O=S=O stretch at 1195-1225 cm-1.69,70 No positive peaks are observed at 

these two regions, which suggests that the sulfur on the gold surface is not oxidized 

by nitrate radicals on the time scale of our measurements. We attribute this 

observation to the fact that there are fewer defects in the SAM with long hydrocarbon 

chains, because it has stronger Van de Waal interactions among methylenes to obtain a 

better packing.71 Therefore, we speculate that the sulfur oxidation might happen at 

defects on the gold substrate. However, more evidence, such as XPS studies, is 

needed to support this speculation.  

 

 



57 
 

3.3.2.3 Monolayer Characterization after NO3 Exposure 

Figure 3.14 shows the reflection-absorption infrared spectrum of an 18-carbon 

(18C) methyl-terminated SAM on a polycrystalline gold substrate before and after 3 

hours of exposure to NO3. In this figure, the intensity is defined as –log(R/R0) where 

R is the reflectance of the SAM and R0 is the reflectance of a clean Au substrate. 

Several key features of the spectra are discussed below.  
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Figure 3.14. Reflection-absorption infrared spectra of an 18C methyl-terminated 
SAM before and after NO3 exposure. The top spectrum (A) is the monolayer before 
exposure to NO3 and the bottom spectrum (B) is the monolayer after 3 hours of NO3 
exposure.  
 

After the surface was exposed to NO3 for 3 hours, the peaks of the CH2 stretch 

broadened, which might be caused by the disordering of the methylene chains. In 

addition, reactions between the monolayer and NO3 would cause reorientation of the 

hydrocarbon chains. Because this reorientation could make the transition dipole 

moment of the CH2 stretch less perpendicular to the surface than that before exposure, 

the peak intensities decreased. This decrease could also be due to chain desorption 
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from the surface. However, all peak intensities changed slightly, which indicated that 

only a small amount of the CH2 groups was involved in the reaction and the reaction 

did not largely affect the orientation of the hydrocarbon chain. Therefore, even after 3 

hours of NO3 exposure, all four peaks were still observable.  

 

3.3.2.4 Possible Pathways of NO3 reaction with Methyl-terminated SAMs  

   Based on the data shown in Figures 3.10-3.14, we proposed the mechanism for 

reactions of NO3 with methyl-terminated SAMs outlined in Figure 3.15. The 

mechanism illustrates that NO3 can abstract a hydrogen atom from a methylene or a 

methyl to form the alkyl radical, which will react with NO3 or NO2 upon further 

exposure, generating organic nitrates or nitro compounds. Chain reorientation might 

take place during reactions of NO3 with hydrocarbons. The IR data shows no 

oxidation of sulfur after 3 hours of NO3 exposure to the surface, but no certain 

conclusion can be made because what would happen on the surface upon further 

exposure is still unknown. Therefore, shorter chain-length methyl SAM or longer 

exposure time experiments should be introduced to determine if there is oxidation of 

sulfur by NO3. In addition, the generated alkyl radicals might undergo radical 

propagation until it is terminated by reaction with NO3 or NO2, or combination with a 

neighboring radical, or even chain desorption from the surface through radical 

propagation.  
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Figure 3.15. A proposed mechanism demonstrating the changes that occur during 
NO3 reaction with methyl terminated self-assembled monolayers.  

 

3.3.3 Summary 

   In summary, we monitored the heterogeneous oxidation of a vinyl- and a 

methyl-terminated self-assembled monolayer with NO3 in situ with 

reflection-absorption infrared spectroscopy. The surface-bound products were 

monitored during the reaction. Using RAIRS, we were able to determine an observed 

rate constant for the reaction of an 18C vinyl terminated SAM with NO3. The rate 

constant was used to calculate an initial reaction probability. The initial reaction 

probability was approximately two orders of magnitude higher than that for the 

reaction of the same SAM with O3. The increased reaction probability can be 

explained when considering the difference in reactivity of ozone and NO3 toward the 
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carbon-carbon double bonds. A mechanism for reactions between NO3 and the 

vinyl-terminated SAM was proposed based on the kinetic data.  

An 18C methyl-terminated SAM was characterized before and after NO3 exposure 

with RAIRS. In situ studies of methyl-terminated SAM reaction with NO3 suggested 

hydrogen abstraction from methylene or methyl groups by NO3. On the time scale of 

our measurements, we observed no oxidation of sulfur in RAIRS. Further exploration 

with XPS needs to be done to confirm such conclusion. We proposed a mechanism for 

the reaction of NO3 with the methyl-terminated SAM in which it stated that the SAM 

underwent hydrogen abstraction to form organic nitrates or nitro compounds.  
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Chapter 4 

Summary and Future Research 

4.1 Summary of Results 

   The main goal of my research is to investigate the fundamental chemistry of 

reaction kinetics, products, and mechanisms of NO3 radicals with organic surfaces. 

Heterogeneous reactions between atmospheric NO3 radicals and organic surfaces 

contribute significantly to the change in physical or chemical properties of organic 

aerosols. These changes can alter the particle’s size, light absorption, and scattering. 

Therefore, exploring the reaction pathways will enable scientists to better predict the 

fate, lifetime, and environmental impact of organic aerosols in the atmosphere.  

   In an effort to develop an initial, very fundamental understanding of reactions 

between NO3 radicals and organic surfaces, SAMs were used for these studies. The 

monolayers allow us to control the order, the chemical identity and the polarity of 

surfaces. An UHV system was used to perform experiments such as surface 

characterization and NO3 exposure. A system was also developed to synthesize, store, 

and deliver NO3 radicals to the surface analysis chamber. Reactions could be 

monitored in situ with RAIRS to identify products that were formed on the surface 

and to determine the reaction kinetics. Elemental analysis and oxidation state 

determination of surface-bound molecules before and after NO3 exposure was realized 

with XPS. In addition, a mass spectrometer was employed to characterize the incident 

flux of NO3 during an experiment.  

   To perform experiments mentioned above, we applied well-organized organic thin 
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films and monitored NO3 reactions with the surfaces in the UHV system. An 

18-carbon vinyl-terminated self-assembled monolayer was synthesized and the 

surface was characterized with RAIRS and XPS. The reaction of NO3 radicals with 

the vinyl-terminated SAM was monitored in situ with RAIRS. The disappearance of 

carbon-carbon double bonds was observed concurrently with disordering of the 

methylene chains. XPS data showed the formation of organic nitrates and little 

oxidation of the sulfur head groups during the reaction. The oxidation kinetics of the 

vinyl groups was monitored using RAIRS. The observed rate constant was determined 

from the change in intensity of the absorption band of either the (C=C) stretch or the 

s(-ONO2) stretch. The observed rate constants that were calculated from both 

methods were consistent. This consistency indicated that the organic nitrate formed 

during the reaction was due to reactions of NO3 radicals and the double bond. The rate 

constant was reported to be (1.3 ± 0.2) X 10-3 s-1. Based on this rate constant, an initial 

reaction probability was determined to be (3 ± 1) X 10-3. The probability translates to 

three reactions occurring for every ~1000 collisions between gas-phase NO3 radicals 

and the double bond at the interface. This reaction probability is approximately two 

orders of magnitude higher than when the same SAM is exposed to O3.65 The increase 

in the reaction probability is consistent with the increase in reactivity of NO3 

oxidation toward the double bond. A mechanism, which involved the double bond 

consumption and organic nitrate formation, was proposed.  

   To explore hydrogen abstraction during NO3 exposure, an 18-carbon 

methyl-terminated SAM was synthesized. This methyl-terminated monolayer was 
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characterized before and after NO3 exposure with RAIRS. Reactions between NO3 

radicals and the surface were monitored in situ using RAIRS. At the same time that 

the methylene groups disappeared, the formation of alkyl radicals and organic nitrates 

was observed. On the time scale of our measurements, no oxidation of sulfur head 

groups was observed in RAIRS. Further investigations using XPS are necessary to 

confirm this conclusion.  

   As a control for the reactions mentioned above, reactions of vinyl-terminated and 

methyl-terminated SAMs with pure NO/NO2 were studied in the ultrahigh vacuum 

system. These studies are important because they help us to determine if NO/NO2 

molecules, which are produced upon NO3 generation, play a role in the initial reaction 

rate of NO3 radicals at the surface. For the NO and NO2 studies, no changes to the 

RAIR spectra were observed above our signal-to-noise level after 30 min of exposure. 

This fact indicates that the initial reactivity of the SAMs toward NO/NO2 was very 

low. However, our results suggest that NO2 quickly adds to the alkyl radicals 

generated at the surface following the initial NO3 addition to the vinyl group.  

 

4.2 Future Research  

   Future work utilizing the UHV surface analysis chamber should include studies 

that monitor reactions while changing the surface temperature. These studies allow us 

to determine the reaction activation energy for further mechanism exploration. XPS 

experiments on reactions of NO3 radicals with methyl-terminated SAMs should also 

be included. These experiments could identify oxidation states of surface-bound 
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molecules before and after NO3 exposure. Future work should also include the 

detection of gas-phase products that were desorbed from surfaces to learn if there is 

chain desorption during NO3 exposure. In addition, using SAMs with polar terminal 

groups, we can observe reactions between NO3 radicals and polar surfaces or mixed 

surfaces. This will help us study how polarity affects reaction kinetics and 

mechanisms.  
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