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Chapter 4

DETECTION OF THE PEROXY INTERMEDIATE IN THE OXIDATION
OF 2-BUTENE BY THE NITRATE RADICAL (NO3)

4.1 Introduction to NO;3 as a tropospheric oxidant

The free radical oxidation of volatile organic compounds (VOCs) drives
the chemistry of the Earth's atmosphere. While most radicals are

produced photochemically, the nitrate radical (NO3z) is formed by reaction:

NO3 + O3 — NO3 + O9 (4.1)

During the daytime, NO3 is destroyed by sunlight:!

NO3 + hv — NO + O3 (4.2 a)
+ hv — NO2 + O(3P) (4.2 b)

At nighttime, however, NO3 is the main oxidant in the troposphere (~50

ppt), with various roles in gas phase chemistry reactions and secondary

organic aerosol (SOA) formation.2-20

The oxidation of VOCs by NOsj is directly related to the formation of

peroxy radicals in the atmosphere. For alkanes (RH), hydrogen

abstraction is the main reaction mechanism:

RH + NO3 — R + HNO3 (4.3)

R + O2 — RO (peroxy radical) (4.4)
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The peroxy radicals play key roles in pollutant and ozone formation.

The different reaction pathways and the relationship of the radicals to
other atmospheric networks have been discussed in Chapter 1.
Significant research has been focused on characterizing the peroxy
radicals and measuring their rates of reaction with atmospheric gas

species.3:21-26

Less research has been devoted to the oxidation of alkenes by NOs.
Observations of products from NOgs-initiated oxidation of isoprene in
SOAs however have sparked interest in the oxidation of alkenes.6.7.9-
12,14,18,19  [soprene is the most abundant non-methane VOC in the
atmosphere, with global emissions of ~500 Tg (C) yr1.5 As isoprene is
released mainly from deciduous trees during the day, its reaction with
the NO3 was long believed to be insignificant. The new studies however
show that under cloudy conditions or near dusk, both NO3 and isoprene

levels are sufficiently high to be of atmospheric relevance.

NO3 addition to the double bond of alkenes (R=R') leads to competing

pathways of epoxide and NO3-substituted peroxy radical formation:

R=R' + NO3 — R- R'(NO3) (4.5)
R- R'(NO3) — ROR' (epoxide) + NO2 (4.6 a)
+ O2 — R- R'(NO3)O2 (nitrooxyalkyl peroxy radical) (4.6 b)

At low pressures, the epoxide channel (4.6 a) dominates, while at high
pressures, the NOsj-peroxy radical channel (4.6 b) dominates.13.27-41
NOs-peroxy radicals undergo similar reaction pathways as the
unsubstituted peroxy radicals; however, the reaction rates are not well-

characterized. To date, only one theoretical paper has investigated the
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potential energy surface (PES) of isoprene oxidation by NO3z and the

different branching ratios of NOjz-peroxy radical formation.*2  No
experiment has ever detected for any alkene oxidation system the NO3-

peroxy radical intermediate in the gas phase.

While much attention has been given to the formation of peroxy radicals,
the epoxide channel is also of atmospheric interest, especially with
respect to SOA formation.43-46 Epoxide rings can open in acidic mediums
to produce volatile diol, sulfate ester, and polymer products. These
products have all been observed in SOA field samples. The
Intergovernmental Panel on Climate Change recently highlighted aerosols
as one of the greatest uncertainties in the Earth's radiation budget.4”
The radiation budget plays a significant factor in global warming and
climate modeling predictions. All atmospheric sources of epoxides must

be taken into account.

The quantitative yields of the competing pathways of NOgs-initiated
oxidation of alkene systems are highly debated. In the simple NO3 + 2-
butene system, estimates of the epoxide yields range from <1% to
20%.427.29  The majority of these measurements were made in aerosol
chambers, in which the final end products were analyzed hours after
initiation of the reactions. Early intermediate and product detection
could resolve some of the observed disparities. In particular, in situ

detection of the NO3-peroxy radicals would be useful.

In this work, we use the pulsed CRDS apparatus to detect the 2-NO3-
butyl peroxy radical in the oxidation of 2-butene by NO3. We discuss in
the next section why this reaction system was chosen and how we

propose to detect the radical in the gas phase.
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4.2 Detection of the 2-NO3-butyl peroxy radical

4.2.1 The NO;3 + 2-butene system

The reaction rate constants of NO3z with various alkenes have recently
been reviewed.* While the NO3-ethyl peroxy radical is the simplest and
therefore prototype of the substituted NO3 peroxy radicals, the measured
rate constant for NO3 addition to ethene is considerably slower than NO3

addition to 2-butene and isoprene:

koos k (ethene + NO3) = 2.05 x 10-16 cm3 molec! s-!
koos k (cis/trans-2-butene + NO3z) = 3.52/3.90 x 10-13 cm3 molec! s-1

kz9s k (isoprene + NO3z) = 2.05 x 10-13 cm3 molec! s-1. (4.7 a-c)

The potential energy surfaces (PES) of NO3 addition to ethene and 2-
butene have been investigated to explain the difference between the two
rate constants.#8-52 The PES barrier for the NOjz-ethene adduct to
dissociate back to the reactants is much lower than the barrier for the
NOs3-2-butene adduct. None of the PES calculations however take into
consideration the presence of oxygen. More theoretical work is needed

on NOs-initiated oxidation of alkenes under atmospheric conditions.

For this work, we chose NO3z + 2-butene as the prototype alkene
oxidation system. While other large alkenes have similar rates of
reaction with NO3, the inherent symmetry of 2-butene simplifies the
detection problem to only one NOgz-peroxy radical. The chemical
pathways of NO3 + 2-butene and the associated peroxy radical reactions
are shown in Fig. 4.1. For simplicity, reactions with other common

peroxy radical species such as the hydroperoxy species (HO2) have not
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been included. Of the reactions shown, only the rate of NO3 addition

to 2-butene has been well-measured.
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Figure 4.1. Schematics of the various chemical pathways of 2-butene oxidation by
NOs;.. The red and green boxes signify major products of the competing oxidation
pathways, the 2-NO3z-butyl peroxy radical (red) and the epoxide product, oxirane (green).
Although the reactive hydroperoxy radical HO, (blue box) is formed downstream,
reactions with unsubstituted peroxy radicals have not been included in the reaction
scheme for simplicity.
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4.2.2 Detection of peroxy radicals

Peroxy radicals have generally been detected spectroscopically via the
B« X transition in the ultraviolet (UV) region.3:21-26 While absorption
cross sections are quite large (ouv (RO2) = 10-16~10-18 cm?),! the spectral
features tend to be broad and structure-less, as the PES for the upper B
state is a repulsive surface. Many peroxy radicals therefore have
overlapping UV absorptions, complicating individual identification and
quantification of the radicals (Fig. 4.2). In this work, we explore an

alternate method to detect the peroxy radical.

methyl peroxy and ethyl peroxy radicals

A 235 nm 240 nm

abs

weft

uv

\/ » nm

Figure 4.2. A cartoon representation of the UV transition from the bound ground

X state to the repulsive excited B state surface (left). The resulting spectra for methyl
and ethyl peroxy radicals are shown on the same plot (right). Overlap of the broad and
non-distinctive absorptions complicates identification and quantification of the species.

X

Recent efforts have focused on detection of the peroxy radicals via the
A« X transition in the near infrared (NIR) region.53-61 Absorption cross
sections are much weaker (onr (RO2) = 10-20~10-2! cm?); yet transitions to
the bound A state result in more structured spectral features. In a
systematic study of alkyl peroxy radicals, the Miller group demonstrated

that not only the isomers but also the different conformers of the same
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structural peroxy radical isomer could be distinguished in the NIR

spectra (7000-8000 cm1).6! Each peroxy radical has a distinct A<« X
origin band and COO bend and COO stretch absorptions ~500 cm-! and
~1000 cm! to the blue of the origin, respectively. The spectra of the
smaller alkyl peroxy radicals showed narrow structured bands, while the
spectra of the larger alkyl peroxy radicals contained broad absorptions
(width ~500 cm-1) with multiple bumps arising from overlap of the
various conformers. Ab initio methods, including density functional
theory (e.g., BALYP) and Gaussian 2 Mgller-Plesset 2 (G2MP2), were used
with high quantitative accuracy to predict the origins of the A« X

transitions of the alkyl peroxy radicals.

This spectroscopic approach has been extended to study the substituted
peroxy radicals.62-64 The origin of the A« X transition should shift to
the red or blue of the parent peroxy radical depending on the electron-
withdrawing or contributing nature of the substituent with respect to the
OO moiety of the peroxy radical. The overall shape of the band should
remain the same. In the extreme case of fluorinated methyl peroxy
radical (CF303), the origin of the A<« X transition shifted 727 cm-! to
the red of the origin of the methyl peroxy radical (CH302); the rotational

contour of the band remained very similar.63

Our group has systematically studied the A« X transitions of Cl-alkyl
peroxy radicals.®* The origin bands were shifted slightly to the red of the
origins of the respective unsubstituted alkyl peroxy radicals. B3LYP
calculations were done in Gaussian98 to predict the origins of the A« X
transitions of the Cl-alkyl peroxy radicals.®> Specifc details are provided
in the thesis of a senior lab member.64 Briefly, C-C-Cl and C-0O-O

dihedral angles were systematically varied, with geometry and energy
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optimizations done at each scan point. At each minimum, the highest

occupied alpha or beta orbital was manually adjusted in the Gaussian
input file such that the overall symmetry of the radical was that of the
excited state. The energy was then re-calculated and compared to the
"ground state" energy value for determination of the origin band
frequency. Theoretical results were consistent with experimental values,
demonstrating that density functional theory could be applied to

substituted peroxy radicals.

In the case of NOj3 addition to 2-butene, the number of electrons is too

large for ab initio calculations. We instead use the previously published
spectrum of the A« X transition of sec-butyl peroxy radical to predict

the frequency of the origin band for the A «— X transition of 2-NOjs-butyl
peroxy radical.>* The NIR spectrum of the sec-butyl peroxy radical
shows a relatively broad absorption between 7350 cm'! and 7750 cml,
with two distinct bumps at 7560 cm™! and 7605 cm! for conformers A
and B. Weak absorptions corresponding to the torsional motions are
observed at 8051 cm-! and 8507 cm-!. We expect the origin band for 2-
NOs-butyl peroxy radical to be slightly red-shifted. We therefore
conduct the pulsed CRDS experiments in the 7200-8600 cm-! region.

4.3 Experimental conditions
4.3.1 The chemistry

Our goal is to detect the substituted NO3z-peroxy radical in situ. Typical
NO3 sources include discharge of fluorine in the presence of nitric acid
(HNO3), photolysis of chlorine nitrate (CIONO2), and thermal

decomposition of dinitrogen pentoxide (N2Os):
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F + HNO3 — HF + NOg3 (4.8)
CIONO;2 — Cl + NOs (4.9)
N2Os + A(heat) » NO2 + NO3 (4.10 a)

In the first two methods, the F and Cl atom preferentially attack the
alkene. Nitric acid concentrations cannot be increased significantly in to
scavenge the F atoms in reaction 4.8, as nitric acid absorbs in the NIR
region (Appendix 3.4). The third method is more plausible. The thermal
decomposition of NoOs was used as the NO3 source for our study of the
A state of NO3 (Chapter 3). Given our previous flow conditions, however,
the residence time of the flow cell experiments is very long (~150 ms to 1
s). The lifetime of peroxy radicals is on the millisecond timescale such
that secondary chemistry would complicate spectral detection (Appendix

4.1).

We therefore explored photolytic precursors of NO3, as the NIR probe
laser could be delayed on the microsecond timescale with respect to the
excimer fire or chemical initiation. We searched for methods in which
byproducts of the photolysis would not react with the alkene and found
that the photolysis of (room temperature) N2Os at 193 nm and 248 nm
showed the greatest potential. @ We tried both wavelengths in the
laboratory and observed identical NO3 spectra (Fig 4.3). We however
observed major differences when the excimer was fired with only the
reactant, 2-butene, in the flow cell. At 193 nm, we observed formation of
large amounts of methyl peroxy radical; at 248 nm, we observed no
change in the spectrum. We therefore conducted the photolysis

experiments at 248 nm (0248 nm(N205) = 4.19 x10-19 cm?).!



142
N>Os photolysis however also leads to production of nitrogen dioxide

(NO2). NO2 can react with both NO3 and the target species, the 2-NO3-

butyl peroxy radical, to complicate the detection process:!

NO2 + NO3 — N2Os (4.10 b-d)
with Keq(298 K) = 2.9 x 10-11 cm3 molec!
koosk (NO2 + NO3z + M) = 7.4 x 10-13 cm?3 molec! s at P = 80 Torr

CH3sCH(NO3)CH(OO)CH;s + NOy «» CHsCH(NO3)CH(OONO,)CHs — (4.11)
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Figure 4.3. CRD spectrum of NO3 from photolysis of N2Os at 193 nm. Concentrations
varied, depending on the vapor pressure of N2Os: [NO3z] = 1-10 x 1013 molec cm=3. The
CRD spectrum of NOz from photolysis of N2Os at 248 nm showed slightly lower
absorptions; however the scaled features were identical to the spectrum shown here.

To estimate NO> yields, we collected time-resolved CRD spectra of the 4,

band of NO3 at 7602 cm-! and plotted the intensity of the band relative to
the time delay of the NIR probe. If we assume that the rate of NO3 signal

decay is from reaction with NO> alone, we calculate NOy concentrations
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~1-10 x 101* molec cm=3. The values are slightly higher than initial

NO3 concentrations, as NO3 can recombine to form NO,:!

NO3 + NO3 — 2 NO3 + O» (4.12 a-b)
koosk (NO3 + NO3) = 2.3 x10-16 cm?3 molec!

Until we quantitatively characterize the reaction rate between NO> and
the peroxy radical, we will be unable to do any kinetic experiments using
this chemical approach. Direct observation and characterization of the
2-NO3-butyl peroxy radical however should still be possible and would be

a major step in unraveling the complex oxidation scheme.

4.3.2 Apparatus and scan details

The pulsed CRDS apparatus has been described in Chapter 2. We
operated the NIR probe and 248-nm excimer lasers at 5 Hz (250 ms
residence time) to insure that all gas products were flushed from the cell
before excimer fire. To cover the wide NIR wavelength range (7200-8300
cml), we used a variety of laser dyes (DCM, Rh 640, Rh 640+610, Rh
610). The optical cavity consisted of a stainless steel photolysis cell with
quartz windows, either the 30.5-cm cell with the 17.8-cm x 0.95-cm
window or the 24.1-cm cell with the 12.7-cm X 0.95-cm window. 13-cm
purge volume couplers were attached at each end of the ringdown cell to
protect the CRD mirrors. We used multiple CRD mirrors to cover the NIR
range: LGR 1200-nm (R = 99.99%), LGR 1315-nm (R = 99.99%) and
Layertec 1390-nm (R = 99.99%) mirrors.

The gas conditions are provided in Fig. 4.4. As the experiment was
conducted in smaller segment scans, mass flow meters were placed on

each gas inlet for reproducibility. The main valve of the vacuum port was
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adjusted to determine the total pressure of the cell. A needle valve

was added to the port for additional fine control, as the pump conditions

fluctuated during the course of the experiment.

The probe laser was generally delayed 100 ps after excimer fire or
chemical initiation. Scans were collected at 0.4 cm! step size with the
excimer on and off for NoOs and N2Os/2-butene gas mixtures separately.
Preparation of N2Os and 2-butene gas was described in Appendix 3.3
and Appendix 2.4 respectively. Experiments were run at total pressure
80 Torr, with N2Os ~1.5 Torr, 2-butene /N> mixture (15%) ~10 Torr, zero
grade air ~60 Torr, and Nj purge ~10 Torr. To confirm that the observed
bands were not from 2-butene, we also obtained scans of 2-butene and
zero grade air (background) in the 7000-7400 cm! region. For peroxy
verification experiments, we added a nitric oxide (NO, 1% in N2 from

Matheson) port to the ringdown cell.

vacuum P-readout vacuum
Nitrogen purge
to protect mirrors
—> Stainless steel with quartz windows PU—
+ 200 sccm
MKS flowmeter

(0.5 V ~ 200 sccm)
® 15% 2-butene in N2
+ 2000 sccm MKS flowmeter

® N20Os/zero grade air carrier (1.5 V~ 600
scem)
+ 2000 sccm MKS flowmeter
. 1% NO in N Pyrex cross connection

Figure 4.4. Schematic of the photolysis cell for the NO3 + 2-butene experiment.
Details of the gas flow conditions are also provided in the figure. The detection limit of
the pulsed CRDS apparatus for the NO3z-peroxy radical is ~ 1012 molec cm-3.
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4.4 Results and discussion

4.4.1 Observed spectra

CRD spectra of "NO3 + 2-butene" were obtained from differences between
the N2Os/2-butene scans with the excimer on and off (Fig. 4.5 a). As
NO3 concentrations determine the final concentrations of 2-NOjz-butyl
peroxy radicals, CRD spectra of NO3 were also collected from differences
between N2Os scans with the excimer on and off (Fig. 4.5 b). NOs
concentrations varied from successive scanning segments. We therefore
used NO3 absorption features to scale overlapping spectra. The same

scaling factors were used to overlap the "NO3 + 2-butene" spectra.

Given the relatively slow reaction rate constant between NOs; and 2-
butene, not all of the NO3 reactant was consumed during the flow cell
experiment. The concentration of 2-butene could not be further
increased, as 2-butene has absorptions in the NIR region (Fig. 4.6).
While contributions from 2-butene absorption is efficiently removed by
subtraction, absorptions from NO3 have to be manually subtracted from
the "NO3+2-butene" spectra. Analysis of each scanning segment showed
that ~60 % of NO3 was consumed by 2-butene. The corrected spectra
were then combined into one spectrum. As the observed absorptions
were broad with respect to the step size of the scan (0.4 cml), we

averaged every five data points for the plot.

The combined CRD spectrum of 2-NOgz-butyl peroxy radical is shown in
Fig. 4.5 c. The most intense and broad absorption in the 7250 cm! -
7800 cm-! region is assigned to the origin band of the A« X transition.
The small bumps in the absorption belong to different conformers of the

2-NOs-butyl peroxy radical. @We mentioned beforehand that peroxy



146
radicals have distinct torsional absorptions 500 cm-! and 1000 cm-!

to the blue of the origin band. We observe small absorption at 8000 cm-!
and 8516 cm! that are assigned to the COO bend and OO stretch

respectively.

The experiments were repeated at low pressure (~40 Torr) and higher 2-
butene concentrations (x2). No change in the relative shape or
intensities of the bands was observed in the spectra. A weak but sharp
absorption was observed at 7383 cm-! and attributed to methyl peroxy
radical, CH302.55> The absorption was observed as early as 15 ps after
the excimer fire, so it cannot be arising from secondary chemistry.
Earlier tests on the photolysis of 2-butene at 248 nm did not report any
CH302 production; it maybe that the sensitivity of the CRDS alignment
was improved for the NO3 + 2-butene scans. Some of the NO3z-peroxy
radicals may also have enough internal energy to break apart into
smaller fragments. Regardless, the CH30, yield was negligible and did

not interfere with the spectral analysis.
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Figure 4.5. CRD spectra of (a) NO3z+2-butene (difference between the N,Os/2-butene
scans with the excimer on and off) with a 10 ppm offset (b) NO3; (difference between
N.Os scans with the excimer on and off), and (c) 2-NO3s-butyl peroxy radical (spectrum
b - spectrum a). The colors indicate the different scanning segments. All spectra
shown in the figure have been 5-point averaged.
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Figure 4.6. CRD spectrum of 2-butene in the 7000 - 7400 cm™! region. The absorption
features are flat after 7390 cm-!.

4.4.2 Verification of the peroxy radical spectrum

Observation of the torsional features, in addition to the origin band, is a
strong indicator that the spectral absorptions belong to the 2-NO3-butyl
peroxy radical. The shape and absorption frequencies are similar to the
spectral features of sec-butyl peroxy radical. As NO3z concentrations
determine the amount of peroxy radical generated in the experiment, we
can also compare the two concentrations to check whether the values are
consistent to first order. While the observation of multiple bumps in the
7250-7600 cm! region suggest multiple conformers of the 2-NO3z-butyl
peroxy radical were formed, they all should have similar absorption cross
sections. Thus, we estimate the total concentration of peroxy radical
from the observed peak signal at ~10 ppm. The absorption cross section
for perxoy radicals in the NIR region has only been measured for ethyl
perxoy radical (CH3CH202), 07596 cm-1(CH3CH202) = 5.29 x 1021 cm?2.57

We estimate the cross section for 2-NO3-butyl peroxy radical to be onr ~
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1020 ~ 1021 cm?2. Assuming Lr = 17.8-cm (our long photolysis cell),

we calculate:

10x10° Lo molec

2-NO.-butyl peroxy radical] ~ e~
[ 3 DU peroxy ] 5x102'x17.8 cm?®

(4.13)

This is consistent with the amount of NO3 generated during photolysis.

Additional experiments were also conducted to verify the spectral
assignment.  The lifetime for peroxy radicals is typically on the
millisecond timescale. The presence of NO2 will cause the peroxy radical
concentration to decrease more quickly (rxn 4.10). We collected time-
resolved spectra of the 7250 cm! - 7650 cm-! region from 100 ps to 10
ms after chemical initiation. As expected, the peroxy radical signal

decayed over time and disappeared by >5 ms.

We also injected NO into the system, as NO should react with the peroxy

radical rapidly:1.66

ROz + NO — RO + NO3 (4.14)
k2os k(RO2 + NO) ~ 1 x10-11 cm3 molec!

The peroxy radical signal disappeared accordingly. All tests therefore
indicated that the absorptions observed in the CRD spectrum belonged
to the 2-NO3-butyl peroxy radical.
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4.5 Summary

We observed 2-NOs-butyl peroxy radical in the gas phase for the first
time using pulsed CRDS. We were able to observe the radical in situ via
the A<« X transition in the NIR region. Although the absorption is
much weaker in the NIR than in the UV region, the spectrum has very
distinctive structural features. Identification is also easier, as there is

less spectral interference from other atmospheric species.

This was the first work to observe NO3z-substituted peroxy radical in any
wavelength region or from any alkene oxidation system. Due to the
atmospheric importance of NOgz-alkene oxidation, we plan to build on
this work by examining larger NO3z-peroxy radicals. We are currently in
the process of looking at the NOs-initiated oxidation of 2-methyl-2-
butene and isoprene. 2-methyl-2-butene is structurally similar to 2-
butene, with only an extra methyl group on the double bond. As the
symmetry is now broken, we should now observe two distinct isomers in
the spectra. Studying the NO3 oxidation of isoprene will be more difficult,
as multiple isomers are formed. In the future, we plan to further
elucidate the NOj3 oxidation mechanism by coupling the pulsed CRDS
apparatus with a chemical ionization mass spectrometer that is equipped
to detect multiple products, including the epoxide channel. Thus, we will
be able to study the competing pathways of NOs-initiated oxidation of

alkenes simultaneously.

We build on this work in the next chapter, by studying another
important subset of substituted peroxy radicals in the atmosphere, Cl-
peroxy radicals. We outline preliminary work on both the detection and
kinetics of Cl-peroxy radical intermediates to elucidate the mechanism of

Cl-initiated oxidation of alkenes.
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