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Interfacial reactions between gas-phase nitrate radicals, a key nighttime atmospheric oxidant, and a

DOI: 10.1039/X0XX00000X model unsaturated organic surface have been investigated to determine the reaction kinetics and

probable reaction mechanism. The experimental approach employs in situ reflection-absorption infrared
www.rsc.orgl spectroscopy (RAIRS) to monitor bond rupture and formation while a well-characterized effusive flux of
NO; impinges on the organic surface. Model surfaces are created by the spontaneous adsorption of vinyl-
terminated alkanethiols (HS(CH.).6CHCH.) onto a polycrystalline gold substrate. The H.C=CH-terminated
self-assembled monolayers provide a well-defined surface with the double bond positioned precisely at
the gas-surface interface. The surface reaction kinetics obtained from RAIRS revealed that the
consumption rate of the terminal vinyl groups is nearly identical to the formation rate of a surface-bound
nitrate species and implies that the mechanism is one of direct addition to the vinyl group rather than
hydrogen abstraction. Upon nitrate radical collisions with the surface, the initial reaction probability for
consumption of carbon-carbon double bonds was determined to be (2.3 * o0.5) X 103. This rate is
approximately two orders of magnitude greater than the rate of ozone reactions on the same surface,
which suggests that oxidation of surface-bound vinyl groups by nighttime nitrate radicals may play an
important role in atmospheric chemistry despite their relatively low concentration.

. INTRODUCTION several laboratory studies into the fundamental properties and
behavior of this strongly oxidizing molecule.

Following the first reported presence of NOs in the
troposphere,*! many studies have focused on gas-phase reactions
between nitrate radicals and organic compounds.5%216 NOs
generation for experimental studies has largely been
accomplished by the thermal decomposition of dinitrogen
pentoxide (N20s) based on the N205s = NOz + NO2
equilibrium.718 Atkinson et al. were among the first to use this
method to track the reaction rates of a series of selected organics
(e.qg. isobutene, benzene) with NOs relative to those of reference
organics (e.g. ethane, propene) at room temperature.® Following
these experiments, several other research groups have employed
similar relative rate measurements in kinetic studies of gas-phase
reactions between NOz and atmospheric hydrocarbons.?%2 In the
investigation of the reaction rates involving gas-phase NOs and
a series of alkenes, Aschmann et al.?° observed a positive
correlation between the measured rate coefficient and the
number of carbons within the alkene chain. They attributed this

Nitrate radicals (NOgz) are one of the most important
oxidizing gases in the atmosphere due to their significant
contribution to the degradation of volatile organic compounds
(VOC).! Interestingly, reactions involving NO3 occur primarily
at nighttime, because NOg is rapidly photolyzed to NO/NO:2
during the daytime.?® In addition to reacting with VOCs, NO3
plays a role in tropospheric chemistry (< 10-15 km altitude) by
facilitating the formation of HOx (x=1,2) radicals.*® Further,
NO3 has been implicated as a key intermediate in the formation
of certain atmospheric particles, such as secondary organic
aerosols.5” Beyond gas-phase reactions, interfacial reactions of
NOs with atmospheric particles may alter their size, chemical
composition, and optical properties.®® Changes in particulate
properties affect the scattering and absorption of light, hence
shifting the balance between incident and outgoing solar
radiation.® These key aspects of NO3z chemistry have motivated
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trend to inductive effects that scale with chain length. That is, the
rate of NOs addition to the alkene C=C bond increases with the
donation of electron density to the C=C bond as provided by
additional CH:z groups.?* However, for a given number of carbon
atoms, they also reported a decrease in reactivity with the extent
of branching, which was attributed to steric effects.

Although gas-phase reactions of NOsz with organics have
been widely studied in the laboratory,1%:20.22.2526 determining the
overall rate constants for atmospheric reactions involving NOs
remains challenging due to difficulties in quantifying the
contribution of heterogeneous processes. To help bridge this gap
in understanding, Gross et al.?” studied heterogeneous reactions
of NOs and N20s with five different types of organic surfaces.
They found the reactive uptake coefficients of NO3 (the ratio of
the number of molecules lost to the surface to the number that
collide with the surface) to be about four orders of magnitude
higher than those of N20s. These important results suggest that
reactions between NOs and organics play a larger role in
atmospheric chemistry than reactions of N20s. However, due to
the lack of a well-defined surface, neither could be quantified
with accuracy. To alleviate the problem of not having a well-
defined surface in the Kinetics experiments involving NOs
collisions, Gross et al.?® employed self-assembled monolayers
(SAMs).2%-34 They reported that the uptake coefficient for NOs
on vinyl-terminated SAMs is higher than on liquid or amorphous
solid films.®® This trend likely reflects the differences in the
location of the double bonds, which mediates their accessibility
to the impinging gas-phase molecules. Interestingly, several
expected products (reported in previous gas-phase studies-3%)
were not observed in their infrared spectroscopic and X-ray
photoelectron spectroscopic measurements. This was attributed
to the decomposition of products during XPS analysis and to the
loss of the species of interest during sample transfer between
instruments.?8 Hjorth et al.3” and Barnes et al.'® reported organic
nitrates as the product of gas-phase reactions of NO3 with a series
of alkenes by characterizing the reaction product with infrared
spectroscopy. They found similarities between spectra recorded
following their experiments and that of a reference compound,
3-nitrooxy-2-butanone; however, they did not assign these
spectral features to specific vibrational modes of the molecules.

Although the studies summarized above revealed that NO3
reacts efficiently with many types of organic compounds and that
the reaction rates depend on the structure of the organic
reactant,?”3538:39 many important questions remain. In particular,
many fundamental aspects of the interfacial chemistry have yet
to be investigated, including how surface structure and
functionality affect NO3 reactivity, the nature of major reaction
products and the overall reaction mechanisms. In this study, we
aim to develop a deeper understanding of the Kkinetics and
pathways for reactions of NOs with a vinyl-terminated self-
assembled monolayer on gold. SAM surfaces have a number of
advantageous properties, including their ordered nature and high
reproducibility. They also provide the capability of positioning
the carbon-carbon double bond precisely at the gas-surface
interface. In situ reflection-absorption infrared spectroscopy
(RAIRS) was used to monitor NO3s reactions with the organic
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surface. In addition to vibrational spectroscopic studies, X-ray
photoelectron spectroscopy (XPS) was implemented to analyze
the elemental composition of surface-bound molecules prior to
and after reaction with NOs. By tracking the rate of bond rupture
and formation during the gas-surface collision, the initial
reaction probability was determined and likely reaction
pathways were identified for this important interfacial oxidation
reaction.

Il. EXPERIMENTAL SECTION

The experiments were performed in an ultrahigh vacuum (UHV)
surface science instrument designed for the study of the kinetics
and mechanisms of reactions between nitrate radicals and model
organic surfaces. The UHV chamber (base pressure of < 10
torr) eliminates reactions of background gases with the surface
and enables the implementation of XPS for elemental
characterization of the surface before and after reaction. An all-
glass capillary array doser was employed to provide an effusive
source of NOg radicals that impinge on the surface. The surface-
bound species were tracked in situ using reflection-absorption
infrared spectroscopy (RAIRS), while products that desorb from
the surface were monitored with a quadrupole mass spectrometer
(QMS) during exposure. A schematic of the instrument is shown
in Figure 1.

IR source: Monitors
the in situ surface
reaction

Double Differentially
Pumped Mass
Spectrometer: Monitors
desorption products

X-ray
Photoelectron
Spectrometer:
Elemental analysis

Heater: Ther
decomposes
N2Os

Sample Transfer
Load-Lock System

UV-Vis Spectrometer:
N,Os absorbance

MCT

Figure 1. A schematic of the UHV system for surface analysis of NO3 reactions with
vinyl-terminated SAMs. All pre-exposure data were collected at a base pressure of
< 10 torr. N,Os gas molecules are characterized by UV-Vis spectroscopy prior to
the thermal decomposition at the doser. In situ RAIRS is used to monitor the NO3
reactions with the organic surface. Other aspects are described in the text.

2.1 Preparation of
Monolayers.

The 17-octadecene-1-thiols (18C vinyl-terminated 1-thiol)
used in this work were synthesized prior to use according to
procedures established by Hu and Fox.*° The molecules were
verified to be >99% pure by 'H NMR measurements. Vinyl-
terminated SAMs were created on polycrystalline gold slides
which were purchased from EMF Corp. These gold substrates

Vinyl-terminated Self-assembled
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were immersed in a piranha solution (7:3 ratio (v:v), 70%
sulfuric acid/30% hydrogen peroxide) for ~1 h to remove surface
contamination. The Au surfaces were then removed from the
piranha solution and rinsed thoroughly with deionized water
(Millipore Purification Systems, 18.2 MQ). Each substrate was
dried with a stream of ultrahigh purity nitrogen (UHP N2) and
immediately placed in a freshly prepared 1 mM solution of 17-
octadecene-1-thiol in hexane for at least 24 hours to achieve a
well-ordered and densely packed monolayer. The SAMs were
then rinsed with hexane and dried under a stream of UHP N2
before being placed into the UHV chamber through a sample
transfer load-lock system.

For benchmark measurements to help with spectral
assignments, 2-ethylhexyl nitrate (97%) was obtained from
Sigma-Aldrich and used without further purification. A thin film
of 2-ethylhexyl nitrate was created by dropping the molecules
onto a clean gold surface and then drying the surface under UHP
N2. Following bulk liquid evaporation, a RAIR spectrum was
recorded.

2.2 Nitrate Radical Generation.

Nitrogen monoxide (98.5%) was purchased from Sigma-
Aldrich and used without further purification. To form NOs,
nitrogen monoxide was oxidized by an excess of ozone. This
procedure initially formed N20s which was introduced into a
glass trap submerged in a dry ice/ethanol bath. After isolating the
trap from the dry ice/ethanol bath, N2Os was volatilized and
delivered to the doser. NOsz was then formed via thermal
decomposition of N2Os upon heating the doser to 324 K. The flux
of N20s onto the surface was estimated from a calculation based
on the pressure of N2Os near the doser, the physical dimensions
of the doser, and the kinetic theory of gases. According to the
temperature-dependent equilibrium constant for NOz + NO2 =
N205 (Keg = 2.7 X 10?7 X exp(11000K/T) cm® molecule™),*142
the concentration of NOs adjacent to the surface for our doser
temperature of 324 K, [NOs3]g, was determined to be 2.8 X 1010
molecules cm=. The calculated flux was consistent with the
pressure change in the vacuum chamber during NO3 exposure to
a clean gold surface.

2.3 Reflection-Absorption Infrared Spectroscopy.

Reactions between NOs and SAMs were monitored using a
Bruker IFS 66v/S spectrometer attached to the UHV chamber.
Focused IR radiation from a SiC globar was reflected from the
gold surface at ~86° relative to the surface normal through a
differentially pumped KBr window. The reflected radiation was
detected by a mid-range (750-4000 cm™) mercury cadmium
telluride (MCT) detector, which was cooled by liquid nitrogen
prior to each experiment. All spectra shown here were the
average of 100 scans with 2 cm™ resolution.
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2.4 X-ray Photoelectron Spectroscopy.

The XPS data presented in this article was obtained by
employing monochromatic radiation (Al Ko 1486.6 eV) from a
SPECS XR50 X-ray source operating at 250 W (12.5 kV and 20
mA). Ejected photoelectrons were detected using a 16.5”
hemispherical energy analyzer (SPECS, Phoibos 100) operated
at a take-off angle of 90° with respect to the surface. All high-
resolution spectra were acquired in the region of interest using
the following experimental parameters: pass energy of 50 eV;
step size of 0.1 eV and dwell time of 0.1 s. The binding energy
scales for all spectra were referenced to the Au (4f72) feature at
83.8 eV.*® A Shirley background was subtracted from each
spectrum to account for the inelastic scattering of electrons that
contributes to the background broadening.*44®> The XPS signals
are fitted to symmetric curves containing a Gaussian/Lorentzian
product with 70% Gaussian and 30% Lorentzian character. 4647

2.5 Computational Methods.

Spectral interpretations and mechanistic insight into the
reactions were further aided by a series of electronic structure
calculations performed using the Gaussian09 code.*® The
geometries of nitrate-terminated linear alkyl radicals with
varying carbon-chain length were optimized using both
B3LYP/6-31G* and MP2/6-31G* levels of theory, and harmonic
vibrational mode analyses were performed on each molecule
using both methods. The calculated harmonic frequencies of the
scissoring (8), symmetric stretch (vs), and asymmetric stretch (va)
normal modes of the nitrate group were found to converge to a
constant value with increasing chain length. The relevant
vibrational frequencies calculated for each vibrational mode
were found to vary by less than 10 cm! for chains with four or
more carbon atoms; therefore, chains with eight carbon atoms
were used for the remainder of the computational studies, which
provides a balance between accuracy and expense. The
appropriateness of this approximation is further evidenced by the
agreement of the converged theoretical frequencies (reported in
this work for an eight-carbon chain) with those assigned to the
18-C containing SAM employed in the experiments (see Results
and Discussion). In addition, to rule out any influence of the
anchoring sulfur atom on the vibrational modes under
consideration, the vibrational modes of a-SH alkyl chains were
compared to those of a-CHs alkyl chains. The invariance of
vibrational frequency (5 cm maximum difference) of the modes
at the chain terminus with respect to the anchor group
demonstrates that the treatment of the anchor group has little
influence on our calculations. The majority of the results
involving surface models consider the less computationally
demanding B3LYP/6-31G* calculations because the converged
frequencies on the gas-phase benchmarks are reasonably similar
at the B3LYP/6-31G* and MP2/6-31G™* levels. All calculated
vibrational frequencies reported in this work have been scaled by
the recommended factors of 0.96 for B3LYP/6-31G* and 0.94
for MP2/6-31G*.*°
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lll. RESULTS AND DISCUSSION

The reaction dynamics and Kkinetics that govern the
interactions between NOs and model organic surfaces have been
investigated by tracking interfacial bond formation and rupture
with infrared spectroscopy. Vinyl-terminated self-assembled
monolayers provide a well-characterized model surface with the
double bond positioned precisely at the gas-surface interface.
Upon NOs collision with the SAM, the molecules could either
react with the terminal vinyl groups or simply desorb into
vacuum. For those molecules that react, the probability for
reactions, y= number of reactions/number of total collisions, was
determined from the kinetics for vinyl group decomposition and
new product formation during exposure to a constant flux of
nitrate radicals. The kinetics of bond rupture and formation were
tracked with in situ reflection-absorption infrared spectroscopy
while the reaction products were analyzed with RAIRS and XPS.

3.1. Initial H2.C=CH-SAM Characterization by RAIRS.

The model hydrocarbon surface chosen for this work was an
18C vinyl-terminated SAM. The reasons for selecting a long-
chain SAM were threefold: (i) the thermodynamic stability of
SAMs increases with the length of the chains, (ii) long-chain
(n>10) SAMs are more ordered than short-chain SAMs, and (iii)
oxidation of S attached to Au does not occur within the time scale
of our measurements for the long-chain vinyl-terminated SAM.
Further, the C=C stretch of the vinyl group has a strong transition
dipole moment that facilitates detailed infrared spectroscopic
studies of this mode as it transforms from reactant into product.

Infrared spectra, recorded prior to NO3s exposure, revealed
that the long-chain vinyl-terminated alkanethiols formed well-
ordered monolayers on the gold substrates employed in these
studies. Figure 2 shows the reflection-absorption infrared
spectrum of an 18C vinyl-terminated SAM on a polycrystalline
gold substrate. The most intense bands at 2918 and 2849 cm™ are
due to the asymmetric (va(CH2)) and symmetric (vs(CH2))
stretching modes of CH2 groups along the backbone of the
chains. Both the position and the width of the two bands suggest
that the chains reside in a crystalline-like environment.3134 An
extensive discussion of RAIRS characterization for SAMs can
be found in references 50 and 51. In addition to the methylene
stretching modes, six of the bands associated with the terminal
vinyl group appear in the spectrum of Figure 2. The bands at
3084 and 2984 cm* are attributed to the asymmetric (va(=CH2))
and symmetric CH2 (vs(=CHz2)) stretching modes of the =CH>
group.5? The four other spectral features at 3008, 1644, 994 and
914 cm are due to the B C-H stretch of -HC=CH2 (v(H-
C=CHy)), the C=C stretch (v(C=C)), the C=C out-of-plane
deformation (C=Coop def), and the =CH: out-of-plane deformation
(o(=CH2)), respectively.5¥%  The wavenumbers and
corresponding mode assignments for the RAIR spectrum are
provided in Table I. The consistency of the features in this
characteristic spectrum with previous studies suggests a 21.4 A2
occupation of a single alkenethiol chain adsorbed on the gold
substrate, which corresponds to a surface density of 4.7 X 10
molecules cm-2,29:34
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Figure 2. Reflection-absorption infrared spectrum of a H,C=CH-SAM on Au formed
from an 18C vinyl-terminated alkenethiol fabricated through solution immersion.
The four most intense IR active modes are highlighted as va(CH2), vs(CH2),

v(C=C), and o(=CHy).

Table 1. RAIR spectroscopic band positions and vibrational mode
assignments for an 18C vinyl-terminated SAM on Au and the vinyl-
terminated SAM after NO; exposure.

Vibrational Modes

Wavenumber (cm')

Pre Exposure

Post Exposure

References

va(=CHy)
v(H-C=CH;)
v(=CH)
va(CHy)
vs(CH2)
va(-ONO,)
v(C=C)
v(-ONOy)
C=Coop et
o(=CH,)

5(-ONO,)

3084

3008

2984

2918

2849

1644

994

914

2919

2850

1649

1280

857

52-54

52-54

52-54

31,35

31,35

28, 55-57

52-54

28, 55-57

52-54

52-54

28, 55-57
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3.2. IR Characterization of H.C=CH-SAMSs during NOs
exposure.

Oxidation of the H2.C=CH-SAM by NO3z was monitored in
situ by RAIRS. Fig. 3A shows a subset of RAIR difference
spectra for the 18C vinyl-terminated SAM during NOs exposure.
Following the initial characterization, the vinyl-terminated SAM
was exposed to a continuous source of NO3/NO:2 gas. In this
experiment, the original SAM was used as the background such
that negative features in the spectra indicate the removal of
modes from the surface and positive bands reveal an increase in
absorbance or the development of new modes. The initial
spectrum in Fig. 3A (the lower-most spectrum) is the difference
spectrum of the monolayer before exposure. From the bottom
toward the top of this figure, the exposure of the monolayer to
NOs increases by 2 X 102 L (1 Langmuir (L) = 10 Torr-s) per
scan with a total exposure of 5 X 10% L of NOa. Control
experiments performed by exposing an 18C vinyl-terminated
SAM to an effusive room-temperature flux of N20s (without
heating the nozzle) or pure NO:2 displayed little or no evidence
(spectral changes can be barely observed above noise) for
reactions on the time scale shown in Fig. 3. In addition, the
exposure of an 18C CH3-SAM to the NOs-rich source resulted in
only minor changes in the difference IR spectra. For exposure of
the H2C=CH-SAM to the NOs-rich gas source, three notable
changes in the RAIR difference spectra are apparent: (i) all of the
bands associated with the double bond decrease in intensity, (ii)
new modes emerge at 1649 cm-1, 1555 cm-?, 1280 cm™ and 857
cm?, and (iii) the bands associated with the methylene backbone
of the SAM broaden and shift to higher wavenumbers, and the
intensities decrease by ~10%. As discussed below, these spectral
changes are attributed to reactions of NOg3 at the vinyl group. The
identities of key products in this reaction have been determined
through spectral assignments of the IR modes and analysis of
electron binding energies (XPS).

As mentioned above, commensurate with a decrease in the
absorbance for the modes associated with the C=C group,
positive features emerge in the spectra at 1649 cm, 1555 cm-?,
1280 cm™, and 857 cm™. Previous infrared spectroscopic studies
of the vibrational modes of nitro groups in aromatic and aliphatic
nitro organics showed an asymmetric stretch of NO2 near 1555
cm*, which suggests that the feature observed (Fig. 3) at this
frequency is most likely due to the asymmetric NO: stretch of
nitro compounds.5>% The formation of nitro-containing organics
is likely due to addition of NO:2 to the alkyl radical formed upon
addition of NO3 to the double bond.! Other mode assignments
were aided by the creation of a reference sample composed of a
thin film of 2-ethylhexyl nitrate (C4HsCH(C2Hs)CH20NO?) on
gold. The RAIR spectrum for this thin film is displayed in Figure
3C (red line). For comparison, an infrared spectrum for an 18C
vinyl-terminated SAM after 5000 L of NO3s exposure (with the
original SAM as the background) is also exhibited in Figure 3C
(black line). The coincidence of bands at 1649 cm™, 1280 cm™
and 857 cm! for the two spectra suggests that organic nitrates
similar to those in 2-ethylhexyl nitrate are created during
exposure of the H.C=CH-SAM to NOa. This result corroborates

This journal is © The Royal Society of Chemistry 2014

Physical Chemistry Chemical Physics

previous results obtained during studies of NOs reactions with
unsaturated alcohols, which reported the appearance of infrared
bands at 1678 cm, 1285 cm™ and 842 cm™ in FTIR.%” Other
investigations into reactions between NO3z and an 11C vinyl-
terminated SAM also showed evidence for product formation
that yielded spectral signatures similar to those displayed in
Figure 3.2 We note that, the relative intensity of the band at 1649
cm™ is lower than the analogous IR signal recorded for the
reference sample (See Fig. 3C). This difference may be due to
the surface selection rule, which limits the infrared transition
probability by the magnitude of the transition dipole moment
component that lies in a direction perpendicular to the plane of
the surface.3151

To further aid the interpretation of the IR signal that emerges
during exposure, a series of electronic structure calculations
were performed (see Sect. 2.5). For these calculations, a SAM
model was constructed consisting of a central ®-ONO:2 octyl
radical chain surrounded by 36 8C vinyl-terminated chains
arranged as they are on the self-assembled monolayer utilized in
the experiment (hexagonal arrangement with each chain
occupying 21.4 A? surface area). Because full ab initio
calculations of this SAM model are prohibitive, a multilevel
quantum mechanics/molecular mechanics (QM:MM) approach
was used. In this QM:MM approach, the central, ®-ONO2 alkyl
radical, chain was optimized at the B3LYP/6-31G* level, and the
rest of the SAM was computed at the MM level with the
universal force field (UFF).58 To test the reliability of the model,
calculations were repeated using a modified AMBER force
field>® for the MM region (see Supporting Information for
details). Finally, deleterious edge effects in the SAM model were
prevented by fixing the outermost boundary of w-vinyl chains
and all the o carbons during the geometry optimization. Fig. 3B
shows the construction and optimization strategy of this
QM:MM system and the blue trace in Fig. 3C represents the
vibrational spectrum of the central radical chain. The very close
agreement between the theoretically calculated vibrational
spectrum for the nitrate terminus of the SAM model and the
experimental IR spectrum verifies that the most likely
assignments for the key bands during NOz reactions with the
H2C=CH-SAM are the asymmetric and symmetric NO: stretches
and the NO: scissoring of organic nitrates.

Phys. Chem. Chem. Phys., 2014, 00, 1-3 | 5
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Figure 3. (A) Reflection-absorption infrared difference spectra of an 18C vinyl-terminated SAM exposed to NOs. The spectrum shown on top in blue is
that of the SAM prior to NO3; exposure using a clean Au sample as the background. Upon NO; exposure, the spectra in black show that modes associated
with the C=C moiety decrease and new modes emerge. The background for this scan is the original pre-exposure spectrum (blue), with the exposure
increasing by 2 X 102 L per spectrum. (B) Schematic of the model SAM used in the QM:MM calculations of this work. (C) RAIR spectra of a 2-ethylhexyl
nitrate surface (red), an 18C vinyl-terminated SAM after 5000 L of NO3 exposure (black), and theoretical QM:MM frequencies (blue) of the central ®-
ONO, radical chain.

Table Il lists the vibrational frequencies relevant to the
experiments in this work. Interestingly, the table shows that the
largest difference between gas-phase and SAM models in the
electronic structure calculations is only 10 cm* at the same level
of theory. The fact that the ©-ONO:2 vibrational modes differ only
modestly between the gas-phase and the SAM model indicates
that embedding a nitrate alkyl chain in a SAM has very little
effect on the nitrate vibrational frequencies.

6 | Phys. Chem. Chem. Phys., 2014, 00, 1-3 This journal is © The Royal Society of Chemistry 2014
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Table I1. Experimental o-ONO, octadecyl SAM and theoretical gas-phase
and SAM ©-ONO; octyl chain vibrational frequencies (cm™)

Methods 3(-ONO;)  v5(-ONO;)  vi(-ONOy)

Experiment 857 1280 1649
B3LYP/6-31G* (gas-phase) 831 1275 1673
MP2/6-31G* (gas-phase) 825 1234 1750
paen S s en
EalvPioaG Ambey 8% T 17
Beyond the spectral changes observed in the low

wavenumber region (1800-800 cm) and the decrease in the
intensity of stretching modes associated with the double bonds at
high wavenumbers (>3000 cm-?), the only changes observed in
the difference spectra (above the detection limit of the
spectrometer, which we estimate to be 2% of a ML) are the
decrease in intensities, the broadening, and the blue shift of
bands assigned to the asymmetric and symmetric stretching
modes of the CHz groups along the backbone of the chains.
Typically, the frequency of the asymmetric and symmetric CH2
stretching modes falls at 2918 cm™ and 2849 cm-?, respectively,
in tightly packed well-ordered monolayers.?! Relatively
disordered organic films exhibit stretching modes at much higher
vibrational energy.2® Therefore, the blue shift of these two modes
for methylene chains observed in Fig. 3A indicates that the well-
ordered SAMs become increasingly disordered as the terminal
groups react with impinging NOs. In addition, as the local
environment becomes less homogeneous, the substantial
broadening of the two bands was observed. Therefore, the
addition of a bulky nitrate group to the end of the alkane chain
likely leads to disordering of the originally well-ordered SAM,
which could result in the broadening and the blue shift of the
bands assigned to the methylene stretching modes. In addition,
the decrease in the absorptivity for the features assigned to C-H
stretches along the methylene backbone might be due to
hydrogen abstraction to form HNOs, which has been reported in
previous studies of NOs reactions with organics.5%61 However,
any HNOs (g) that may have been produced was below the limit
of detection of our quadruple mass spectrometer.

3.3. XPS Characterization.

While infrared spectroscopy provides insight into the
vibrational motions of adsorbed products, the elemental
composition of the adsorbates can be effectively analyzed with
XPS. Elemental analysis was performed prior to and after
reactions of the vinyl-terminated SAM with NOs. Representative
high resolution spectra of the N (1s), S (2p), O (1s) and C (1s)
regions of an 18C vinyl-terminated SAM are shown in Figure 4.

This journal is © The Royal Society of Chemistry 2014
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The high resolution XPS data collected in the N (1s) region
of the SAM surface before and after NO3 exposure are shown in
Figure 4A. The N (1s) spectrum of the surface-bound product
after reactions was fit best by a model containing three
components with equal full-width-at-half-maximum (FWHM)
values. The best fit required a FWHM value of 1.8 eV, which is
similar to the values found in a number of XPS studies of nitrates
adsorbed at different metal surfaces.*647.62-64 The agreement of
the binding energy at 406.9 eV in the N (1s) region in this work
with that from previous XPS studies of nitrate adsorbates further
demonstrates the formation of an organic nitrate group during
reactions between the vinyl-terminated SAM and NOs. In
addition, upon prolonged exposure of NOs to an 18C methyl-
terminated SAM, no XPS signal above the noise in the region of
organic nitrates was detected. Therefore, we conclude that the
feature at 406.9 eV is most likely assigned to the nitrogen in
organic nitrates. Two additional and much weaker features are
present in the spectrum centered at 405.5 eV and 408.8 eV.
Similar features at nearly the same binding energies have been
observed in several previous studies in which they were assigned
to physisorbed NO:2 (405.6 eV) or NOs  adsorbates (408.1
eV).%647 A summary of the binding energies compared to
literature values is provided in Table 111.4647:62-64 |t should be
noted that the organic nitrates were found to be highly unstable
when exposed to X-rays and the intensity of the signal at the N
(1s) binding energy decayed rapidly with exposure. Subsequent
experiments have also shown that the surface-bound product
decomposes upon visible-light exposure, a topic that will be
explored in future studies.

As the vinyl groups are converted to nitrate-containing
products, a signal corresponding to the binding energy for O (1s)
electrons also emerges in the high resolution XPS spectra (see
Fig. 4C). As expected, the vinyl-terminated monolayer shows no
signal above noise for the O (1s) transition before exposure.
After 5000 L of NO3s exposure, a feature positioned at 531.6 eV
is consistent with that observed for AgNOs at 532.2 eV, and for
adsorbed nitrates on a silver surface at 531.6 eV.%? Interestingly,
the FWHM of the electron signal in the O (1s) region is larger
than that for previous studies of surface-adsorbed nitrates,*7:62-64
indicative of a more diverse chemical environment for oxygen
that may arise from nitro- as well as nitrate-containing surface-
bound products.
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Figure 4. High resolution X-ray photoelectron spectra of the N (1s), S (2p), O (1s), and C (1s) regions of an 18C vinyl-terminated SAM before and after 5000 L of NO3
exposure, which indicates the formation of organic nitrates and preservation of concentration and oxidation state of sulfur groups attached to the Au surface.

Table I11. Comparison of binding energies for N (1s) transitions for several
nitrogen-compounds

Binding Energy (eV)

Species N (1s)
This Work? Literature Reference®
407.3, 407.2, 405.7
-ONO; 406.9 [46] Baltrusaitis et al., [63] Vovk et al.,
[62] Zemlyanov et al.
. 407.5
NOs [47] Rosseler et al.
406.2
AgNOs [62] Zemlyanov et al.
407.4
NaNOs [46] Baltrusaitis et al.
405.9, 409.5, 405.4, 407.6
NO,, NO;  405.5,408.8 [46] Baltrusaitis et al., [47] Rosseler et al.,

[64] Ammann et al.

2 Calibrated to the Au (4f,) feature at 83.8 eV. ° Baltrusaitis et al. C (1s)
at 285.0 eV; Vovke et al. calibration not specified; Zemlyanov et al. and
Rosseler et al. Au (4f7,) at 84.0 eV; Ammann et al. O (1s) of gas-phase
water at 539.7 eV
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The N (1s) spectra revealed that oxidation of the vinyl-
terminated SAM by NOs resulted in the formation of nitrate
compounds. However, in addition to the vinyl terminus, the Au-
S bond is susceptible to oxidation, which would complicate
interpretation of the IR results. Fortunately, XPS spectra of the S
(2p) electrons before and after NOs exposure show that
concentration and oxidation state of sulfur are unaffected by the
impinging gas. The XPS data (Fig. 4B) has been fitted to a
composite (blue line) of two pairs of S (2psi2,1/2) with the same
FWHM, branching area ratio of 2 (2ps/2:2pu1/2), and standard spin-
orbit splitting of 1.2 eV (the S (2ps2) feature at 161.9 eV and an
irradiation-induced sulfur species S (2psz) feature at 163.8
eV).436566 After 5000 L of NOs exposure, similar doublets are
observed with nearly the same intensity,5” which reveals that
few, if any, Au-S bonds have been oxidized during the NOs
exposure. Thus, reactions for this study appear to be isolated to
the vinyl groups at the chain terminus. The preservation of the
SAM is also evidenced by the high resolution XPS spectra in the
C (1s) region (see Fig. 4D). The features centered at 284.5 eV
and 286.7 eV are coincident with the binding energy of the C (1s)
electron in regular methylene groups and in the carbon atoms
bound to sulfur.55686% After NOs exposure, the intensity of the
electron signal at 284.4 eV was preserved, indicating that, in
agreement with RAIRS data, few methylene chains desorbed
from the surface upon reaction. In addition, the shoulder
positioned at 287.0 eV suggests the emergence of a C-O or C=0
species on the surface and is likely related to the carbon adjacent
to the nitrate group that forms during oxidation of the double
bond to yield a C-ONO2 group.*767.70

This journal is © The Royal Society of Chemistry 2014

Page 8 of 14



Page 9 of 14

Physical Chemistry Chemical Physics

: ¢ B
= ) Il
> NP NTITRTHIA]L
© > Sieis!
g N—r
< ()
2 2
o ]
2 2
< %
- o
g <
e £
c 1 1 1 1 1 [ I L L 1 1
- 0 1000 2000 3000 4000 5000 E 0 1000 2000 3000 4000 5000
Time (s) £ Time (s)
NO
O,NO
7
Nitrate Alkyl NOz/N03
14 14 14 14 Radlcal 14 14 14 Further
Reactions
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3.4 Reaction rate, probability and proposed mechanism.

The preceding results provide evidence for the formation of
an organo-nitrate species during the collisions of NO3s on the
vinyl-terminated SAM. The overall reactivity of NO3z with the
vinyl-terminated SAM is characterized by the reaction
probability, which can be determined from the reaction
rates.?’3%7 The integrated intensities of the infrared bands
assigned to the C=C mode at 1644 cm and the asymmetric NO:
stretch of organic nitrates at 1280 cm are shown as a function
of time during NOs exposure in Figure 5A and 5B. The lines
through the data show that the rate of change for these IR features
track pseudo-first-order kinetics, which follows a single
exponential trend characterized by the rate constants kKobs = (1.4
+0.3) X 103 st and kobs’ = (1.3 £ 0.2) X 103 st according to the
following equations:

Ai644(t) = (A16aa)o €xp(-kobs t) (1)

Axs0(t) = (A1eaa)o [1-exp(-kobs’ t)] (2)

where Aze44(t) is the absorbance of the C=C group, (A1e4s)o is the
initial absorbance of the same group before exposure to NOs, and
Au2g80(t) is the absorbance of the asymmetric NO2 stretch of
organic nitrates at 1280 cm™. The similarity of the two rate
constants demonstrates a strong correlation between
consumption of the double bonds and production of surface-
bound nitrates.

This journal is © The Royal Society of Chemistry 2014

fit for Equation (2). (C) A scheme of the possible mechanistic pathways showing the
itrate radical.

The overall reaction probability, reflected by the rate of
change in the IR intensity of the vinyl group, decreases with time
as surface sites are consumed. The reaction probability for NOs
impinging on the vinyl-terminated SAM depends on the rate
constant, the surface coverage of reactive sites and the flux of
NOs. The initial reaction probability, y, was determined by
Equation (3)72

Yo = 4emax Kobs /(<V> [NOS]g) (3)

where <v> is the mean molecular velocity of gas-phase NOs,
[NOs]y is the gas-phase NOs concentration adjacent to the
surface, t is the time of exposure to NOs, and 6max is the initial
surface coverage of the carbon-carbon double bonds. The initial
reaction probability for NOs collision with the 18C vinyl-
terminated SAM is yo = (2.3 + 0.5) X 10°3. That is, we find that
approximately two reactions occur in every ~1000 collisions
between NOgz and the carbon-carbon double bonds.

The initial reaction probability for NOs on the vinyl-
terminated SAM is an order of magnitude smaller than the uptake
coefficient for NOs on unsaturated fatty acid particles, as
reported by Zhao et al.®® Similarly, higher reaction probabilities
have been measured for NO3s on alkenoic acids in a cylindrical
flow reactor by Gross et al.?” In addition, Bertram et al. reported
a reaction probability of 3.4 X 10-2 for NO3s exposure to an 11C
vinyl-terminated SAM.?® These previous studies differ from the
work presented here in two important ways. First, in the previous
work, the NO3s consumption rate (rather than the rate of product
formation) during the reaction was employed to determine the
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reaction probability. Secondly, the work by Bertram et al. was
conducted in the presence of Oz (rather than a clean vacuum
environment). Oz may play a role in the overall chemistry by
oxidizing the alkyl radical to produce a nitroxy peroxyl radical
that would undergo additional reactions with NO3.28 Thus,
comparisons between the reaction rate reported here and those in
the previous studies by Bertram et al. suggest that background
gases play a critical role in the overall chemistry under real-word
conditions.

During the heterogeneous oxidation of the vinyl-terminated
SAM by NOs studied here, we observed that all of the bands
associated with the double bond decreased in intensity at
identical rates and concurrently with the emergence of new
modes at 1649 cm, 1280 cm and 857 cmL, which are attributed
to the formation of organo-nitrate moieties. The new features
observed in RAIRS are consistent with the emergence of N (1s)
and O (1s) electrons in the high-resolution XPS energy
distributions. These results suggest that the reaction mechanism
is one of addition to the vinyl group, such as: NOs- + H.C=CH-
(CH2)16SAu — O2NO-CH3z- - CH-(CH2)16SAu. The addition
likely occurs in such a way as to generate a radical in the
subterminal C atom of the SAM, which is thermodynamically
more favorable than its generation on the less substituted
terminal C atom, as shown in Figure 5C. In addition, the bands
associated with the methylene backbone of the SAM broadened
and decreased slightly in intensity, which could be due to many
related processes. Specifically, propagation or reaction of the
alkyl radicals would likely alter the configuration of the SAM
and reorientation of the methylene backbone may occur if
additional impinging NO3s or NO2 adds to the alkyl radical.

The experimental results suggest that NOs adds exclusively
to the terminal vinyl group and we have little evidence for the
hydrogen abstraction reaction, NO3- + H.C=CH-(CH2)16SAuU —
-CH=CH-(CH2)16SAu + HNOs, which would be inconsistent
with the type of first-order kinetics observed. This result is
contrary to previous studies that highlight the important role that
abstraction plays in nitrate-hydrocarbon chemistry.166061 Tg
gain further insight into this result, we have conducted high-level
electronic structure calculations of both the addition and the
hydrogen abstraction reaction channels for NOs collision with
vinyl groups by using propene as a model substrate.
CCSD(T)/aug-cc-pVVDZ single-point calculations employing
B3LYP/6-31G* geometries indicate that the NOs- + H.C=CH-
CH3s — -CH=CH-CH3s + HNO3 hydrogen abstraction reaction is
endothermic by 8.3 kcal/mol and has a barrier of 9.9 kcal/mol.
Under the thermal conditions of the experiment, only a very
small fraction of NOs molecules possess enough energy above
the hydrogen abstraction barrier. This result provides a
thermodynamic justification for the lack of apparent hydrogen
abstraction reactions in the collisions of NO3 with the vinyl-
terminated SAMSs examined in this work. Regarding the addition
reaction, NOs - + H2C=CH-CH3z — O2NO-CH3:- - CH-CHjs,
electronic  structure calculations at the same level
(CCSD(T)/aug-cc-pVDZ//IB3LYP/6-31G*) indicate this
reaction is exothermic by 19.1 kcal/mol. However, the
B3LYP/6-31G* calculations failed to locate a transition state.
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Consequently, we attempted to characterize the region of the
potential energy surface (PES) that connects reagents with the
transition state by scanning the C-O bond that is formed during
the reaction from the addition minimum to the reagents’
asymptote. The remaining coordinates were fully relaxed during
the scan. Figure 6 shows that (as anticipated from the inability to
locate a transition state using conventional methods) the
B3LYP/6-31G* method predicts a continuously downbhill
reaction path (black line). Single-point energies with the
B3LYP/6-31G* geometries using other density functionals with
larger basis sets also corroborate this observation, as illustrated
in Fig. 6. In addition, while using the B3LYP/6-31G* method to
scan geometries directly, we utilized CCSD(T)/aug-cc-pVDZ at
selected points during the scan to provide a higher-level
description of the reaction path (blue line). As with the rest of
methods used in this work, CCSD(T)/aug-cc-pVDZ also predicts
the absence of a barrier for the addition reaction. These
calculations clearly indicate that addition is kinetically more
favored than abstraction which requires surmounting a
significant barrier.

— BILYP/E-31G*

— B3iLYP/aug-cc-pVDZ
wBaTXD/aug-ce-pVDZ
CCSD(Tyaug-ce-pVDZ

Energy (kcal mol')

5 2 23 3
rC-O (Angstrom)
Figure 6. Potential-energy surface scan of the C-O coordinate for the addition

reaction of NOs to propene. All calculations have been carried out with B3LYP/6-
31G* geometries. Energies have not been zero-point corrected.

Interestingly, the initial reaction probability reported here, yo
= (2.3 £ 0.5) X 1073, is approximately two orders of magnitude
higher than that for the reaction of ozone with long-chain vinyl-
terminated SAMs (studied in the same laboratory).5® One of the
factors that might contribute to the origin of this difference in
reactivity is that the energetic requirements for ozone addition
might be larger than those of nitrate addition. To illuminate this
point, we have calculated the barrier for Oz addition to propene
at the same CCSD(T)/aug-cc-pVDZ//B3LYP/631-G* level with
which we characterized the NOs addition reaction. These
calculations show that the barrier for ozone addition is below the
reagents’ asymptote (-1.9 kcal/mol, including zero-point
correction). This result, which implies that both nitrate and ozone
addition to propene are barrierless, does not explain the two-
orders-of-magnitude difference in the measured reaction
probabilities.

A difficulty in using these calculated barriers to explain
differences in reactivity is that they correspond to gas-phase
models, in which the minimum energy approach of NOz or O3 to

This journal is © The Royal Society of Chemistry 2014

Page 10 of 14



Page 11 of 14

the double bond is not impaired by neighboring molecules.
Along the minimum energy path, the NO3z molecules approach
perpendicularly to the double bond, so that the new C-O bond is
perpendicular to the double bond (see insets of Figure 6). For
ozone addition, two C-O bonds must form perpendicular to the
double bond to yield a cyclic primary ozonide.”® Molecular
dynamics simulations show that in a vinyl-SAM, the terminal
double bond has a distribution of orientation at ambient
conditions in which the double bond is rarely, if at all,
perpendicular to the incoming NOs and Oz molecules. Instead,
the double bond tends to lie predominantly more parallel to the
surface normal, implying that the perpendicular transition state
obtained in the gas-phase calculations is not readily accessible in
the first collision of the gases with the surfaces under our
experimental conditions. Instead, reactions are likely caused by
NOs and Os molecules trapped on the surface that encounter
thermally fluctuating double bonds in geometries appropriate for
reaction. Since the addition of NOs to the terminal double bond
requires the formation of a perpendicular O-C bond with only the
terminal C atom of the vinyl group, but Os addition requires the
simultaneous formation of two O-C bonds with the terminal and
the subterminal C atoms of the double bond, the probability of
thermally sampling the transition state region for nitrate addition
may be far more likely than for ozone addition. These differences
in the relative accessibility of the reaction coordinate are likely
responsible for the larger interfacial reaction probability for
nitrate radical observed in our experiments. This result is likely
a general phenomenon that extends to other organic surfaces and
may help to account for the overall shorter lifetime of
atmospheric NOs relative to Os.

IV. SUMMARY

The exploration of the oxidation of surface vinyl groups by
NOs3 investigated in this work reveals insight into three key
aspects of this reaction. First, surface vinyl groups are consumed
at the same rate as organic nitrate formation, suggesting that the
consumption of vinyl groups is primarily responsible for the
formation of organic nitrates. Second, the initial reaction
probability, (2.3 = 0.5) X 1073, is approximately two orders of
magnitude higher than that for the reaction of ozone with the
same SAM, which is likely due to the higher accessibility of the
transition state for nitrate addition. The proposed mechanism
begins by initial addition of NOs to the carbon-carbon double
bonds to form an alkyl nitrate radical that may undergo
subsequent reactions, such as NO2 addition. Even under long
exposure time, there is little indication of sulfur oxidation,
suggesting that the reactions were limited to the terminal groups.
Together, these insights may influence the development of more
accurate theoretical models to understand the detailed kinetics
and dynamics of NOs reactions with atmospheric organics for
predicting the fate of NOs in the environment. Ultimately, future
work exploring reactions of mixed SAMs that contain polar
functional groups may further the understanding of the
importance of interfacial functionality in determining the fate of

This journal is © The Royal Society of Chemistry 2014
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gas-surface collisions involving NOs radicals on secondary
organic aerosols in the atmosphere.
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