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Abstract

Organic nitrates (ONs) can impact spatial distribution of reactive nitrogen species and ozone formation in
the atmosphere. While photolysis of ONs is known to result in the release of NO» back to the atmosphere,
the photolysis rate constants and mechanisms of monoterpene-derived ONs (MT-ONs) have not been well
constrained. We investigated the gas-phase photolysis of three synthetic ONs derived from a-pinene, -
pinene, and d-limonene through chamber experiments. The measured photolysis rate constants ranged from
(0.55 + 0.10) X107 s to (2.3 + 0.80) X107 s”! under chamber black lights. When extrapolated to solar
spectral photon flux at a solar zenith angle of 28.14° in summer, the photolysis rate constants were in the
range of (4.1 + 1.4) X107 to (14 + 6.7) X107 s”! (corresponding to lifetimes of 2.0 + 0.96 to 6.8 = 2.4 h)
and (1.7 £ 0.60) X107 to (8.3 + 4.0) x10 s (3.3 £ 1.6 to 17 £ 6.0 h lifetimes) by using wavelength-
dependent and average quantum yields, respectively. Photolysis mechanisms were proposed based on
major products detected during photolysis. A zero-dimensional box model was further employed to
simulate the photolysis of a-pinene-derived ON under ambient conditions. We found that more than 99%
of a-pinene-derived ON can be converted to inorganic nitrogen within 12 h of irradiation and ozone was
formed correspondingly. Together, these findings show that photolysis is an important atmospheric sink for

MT-ONs and highlight their role in NOx recycling and ozone chemistry.
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1. Introduction

Air pollution is one of the biggest public health concerns across the globe.! Among different
pollutants, nitrogen oxides (NOx = NO + NO,) are of particular interest owing to their capability to
produce other secondary pollutants, such as ozone (Os3) and particulate nitrate. NOy is emitted from a wide
variety of anthropogenic sources such as fossil fuel combustion and industry.>* In the atmosphere, NOx
can influence oxidation cycles of volatile organic compounds (VOCs) via photochemical reactions®*
initiated by hydroxyl radical (OH) and dark reactions®> involving nitrate radical (NO;) to produce organic
nitrates (ONs). ONs are recognized to be major components of reactive oxidized nitrogen.>*” ONs can
influence the NOy cycle by serving as permanent sinks or temporary reservoirs of NOy, and subsequently
impact O3 formation. Therefore, it is important to evaluate the kinetics and chemical mechanisms of loss
processes of ONs in the atmosphere to understand their roles in NOy recycling and O3 formation.

Photolysis has been identified as a potential loss mechanism for ONs.®!2 Photolysis can result in the
direct release of NO; back to atmosphere by cleavage of nitrooxy group in ONs (RONO; + hv — RO +
NO,). However, this process has not been well constrained owing to interferences from other processes
such as reaction with atmospheric oxidants in field measurements and scarce photolysis information from
laboratory experiments, especially for multifunctional ONs (i.e., containing another functional group in

addition to the nitrooxy group). Previous laboratory studies® !

on photolysis of multifunctional ONs have
been limited to small alkyl carbonyl nitrates and alkyl hydroxy nitrates with 3-6 carbon atoms. The
ambient photolysis lifetimes of small alkyl carbonyl nitrates have been shown to range from 0.5-9 h,
which are comparable to other loss processes such as oxidation by OH® 1315 or hydrolysis.!®>* There is
no similar photolysis work for monoterpene-derived ONs (MT-ONs) in literature, although MT-ONs are
prevalent in areas dominated by substantial biogenic—anthropogenic interactions such as in the
southeastern U.S.2*2® As a result, the treatment of photolysis of MT-ONs in current atmospheric models
simply relies on analogies with structurally similar compounds (e.g., tert-butyl nitrate) because of the
paucity of direct laboratory measurements.?*2!2>3% This is not a suitable model system as MT-ONs are
almost always multifunctional by virtue of their formation mechanisms. Therefore, a thorough
investigation of photolysis of MT-ONs is warranted to advance our understanding of monoterpene
chemistry and improve their parameterizations in models for accurate predictions of their impacts.

In this work, we investigate the photolysis of three synthetic ONs derived from o-pinene, B-pinene,
and d-limonene in laboratory chamber experiments. The chamber photolysis rate constants and the major
photolysis products of these three MT-ONs are measured by high-resolution time-of-flight chemical
ionization mass spectrometer (HR-ToF-CIMS). By comparing the solar and chamber spectral photon flux
and the absorption cross sections of these synthetic MT-ONs measured by ultraviolet—visible (UV-Vis)

spectrophotometry, the ambient photolysis rate constants are estimated. Photolysis mechanisms are



proposed to extend the previously reported photo-aging mechanisms for MT-ONs. Combining the
proposed photolysis mechanisms and photolysis rate constants in a zero-dimensional (0-D) box model, we
demonstrate the importance of photolysis of MT-ONs in NOy recycling and Oz formation under ambient
conditions.

2. Experimental Section

2.1. Synthesis of monoterpene-derived ONs. Molecular structures of ONs synthesized in this
work and their abbreviations are shown in Figure 1. The numbers (1°, 2°, and 3°) in the abbreviations
denote a primary, secondary, and tertiary nitrooxy group, respectively. The synthetic strategies were the
same as those reported in our previous study.?! Briefly, commercially available monoterpene oxides (i.e.,
a-pinene (Ap) oxide, d-limonene (Lm) oxide, and propylene oxide) directly react with fuming nitric acid
(HNOs) and undergo epoxide-opening reaction®>* to generate hydroxy nitrates (HN, i.e., 2° ApHN,
3°_ApHN, a mixture of 2°. LmHN and 3° LmHN, and propylene-derived HN). Further oxidation of the
hydroxyl group of hydroxy nitrates (i.e., 2°. ApHN, 3° LmHN, and propylene-derived HN) via the Dess-
Martin oxidation®> leads to the formation of keto-nitrates (KN, ie., 2° ApKN, 3° LmKN, and
nitrooxyacetone (mixed with propylene-derived HN)). The halohydrination of the B-pinene (Bp) and d-
limonene with N-bromosuccinimide®®*’ followed by nucleophilic substitution of the bromide with silver
nitrate (AgNQO;)!>*¥4% can generate 1° BpHN and 2° LmHN, respectively.

Although nine ONs were synthesized in this study, only four of them (i.e., 3°. ApHN, 2° LmHN,
1° BpHN, and nitrooxyacetone) were introduced into chamber to study the photolysis process. It is noted
that the photolysis of 2° ApHN, 2° ApKN, and 3° LmKN were not studied as they are solid compounds
and we encountered difficulty in injecting them into the chamber owing to their low volatility. Also, we
could not separate 3°. LmHN from its isomer 2° LmHN. Although we could not separate nitrooxyacetone
from propylene-derived HN as well (Figures S1 and S2), their different molecular masses as measured by
HR-ToF-CIMS allowed us to study the photolysis process of nitrooxyacetone. To sum up, the photolysis
process of 3° ApHN, 2° LmHN, 1° BpHN, and nitrooxyacetone were studied by chamber experiments.
Absorption spectra of 3° ApHN, 3° LmKN, 2° ApKN, 2° LmHN, and 1° BpHN solutions were
measured by a UV-Vis spectrophotometer (Cary 5000 UV-Vis/NIR, Agilent).

The purities of all synthetic ONs were higher than 99% based on nuclear magnetic resonance
(NMR) spectra except 3°. ApHN (~98%) and 2° ApHN (~95%). Pure standards were stored at -20 °C
until use.

2.2. Chamber experiments. A series of experiments were performed at 295 + 3 K in the Georgia
Tech Environmental Chamber (GTEC) facility.*! Prior to each experiment, the chamber was flushed with
zero air (Aadco, 747-14) for at least 36 h. All experiments were carried out under dry conditions (<3%

RH). No seed particle was added. The background concentrations of NO and NO, were less than 1 ppbv



for all experiments.

The photolysis of three synthetic MT-ONs (3° ApHN, 2° LmHN, and 1° BpHN) and
nitrooxyacetone were studied in chamber experiments. A 10 pL aliquot of ON in liquid form was
transferred into a glass bulb, which was then evaporated and carried into the chamber by flowing zero air
at 5 L min! through the bulb. The bulb was gently heated (around 313 K) to accelerate evaporation. The
injection time was 1 h for 3°. ApHN and 1° BpHN, and 20 min for 2°. LmHN and nitrooxyacetone. The
MT-ON concentrations in the chamber were in the range of 2.7-7.8 ppbv, which were measured by a
thermal dissociation cavity attenuated phase shift spectroscopy (TD-CAPS) (Table S2). Cyclohexane was
added to the chamber (injection time: 30 min) as an OH scavenger with a mixing ratio of 10 ppmv,
scavenging approximately 99% of OH radicals. Figure 2 shows the different time periods over the course
of a typical experiment (2° LmHN as an example). The dark period D1 (started at about 20 min after the
end of the cyclohexane injection) was to ensure that the chamber content was well-mixed and to evaluate
the extent of vapor wall loss.***® The experiment was initiated (time zero) by turning on the black lights
surrounding the chamber (Sylvania, 24922). After 4-4.5 h of irradiation period, the MT-ON and its
photolysis products were left in the dark for 1 h (D2) to evaluate vapor wall loss as well as reactions with
photochemically generated O3 (around 6-14 ppbv O; formed) and NO; radicals. Afterwards, 100 ppbv of
NO from a standard cylinder (500 ppmv, Matheson) was injected into the chamber at 1 L min’! to
consume O3 and NO; radicals. Since the MT-ONs studied in this work contain a double bond, this step
prevents consumption of MT-ONs by Oz and NO; radicals. The MT-ON and photolysis products were
kept in the dark for another 40 min to 2 h (D3). Separate vapor wall loss experiments were also conducted
for each MT-ON, in which the compound was injected into the chamber and kept in the dark (no lights)
for 17 h to directly measure the vapor wall loss rate constant.

2.3. Instrumentation. The HR-ToF-CIMS (Aerodyne Research Inc.) used in this study has been
described in previous literature.!>*7* Briefly, reagent ions are generated by flowing a mixture of CH;l
and dry N, (Airgas) through polonium-210 source (NRD; model P-2021). All the compounds presented in
this study are I adducts. The instrument measures gaseous compounds by sampling air from the chamber
at 1.7 L min"!. In order to minimize changes in sensitivity due to varying water vapor pressure inside the
ion molecule reactor (IMR), a small continuous flow of humidified N, (30-50 cm?®) through a bubbler at
reduced pressure is continuously added to the IMR directly.*® Each sampling cycle lasted for 30 min,
consisting of 1 min of dry N, to capture baseline and 29 min of gas-phase sampling. The data were
analyzed using Tofware v2.5.11.

The setting and the operation of TD-CAPS used in the experiments are similar to Sadanaga et al.*
Briefly, the instrument has three channels connected to a CAPS monitor (Aerodyne Research Inc.) for

NO; measurements. The reference channel measures the background NO at room temperature in the



chamber. The other two channels have quartz tube reactors that are heated to 653 K and 473 K, which
enable decomposition of alkyl nitrates and peroxy nitrates, respectively, to generate NO,. The
concentration of the injected ON in chamber was determined by the measured NO; difference under 653
K and room temperature. The quartz tube reactors were disconnected before chamber irradiation and only
CAPS was used to measure the NO; in the chamber during photolysis. The 6 min sampling sequence used
for CAPS included 1 min of zero gas to capture baseline and 5 min of chamber NO, sampling. A NOy
monitor (Thermo 42C) and an ultraviolet absorption O; monitor (Teledyne T400) were employed to
measure NO and O3, respectively.

2.4. Spectroscopic measurements. Absorption spectra of the MT-ON solutions (i.e., 3° ApHN,
3° LmKN, 2° ApKN, 2° LmHN, and 1°. BpHN) were measured by a UV-Vis spectrophotometer with a 1
cm quartz cell. It is noted that the absorption spectra of 2°. ApHN, 3° LmHN, propylene-derived HN, and
nitrooxyacetone were not measured as we encountered difficulty in purifying 2° ApHN to achieve high
purity and in separating 3° LmHN, propylene-derived HN, or nitrooxyacetone from the mixture. Ethyl
ether was selected as the solvent as it has a relatively small polarity and reduces the solvent effect for
absorption spectra.’! Absorption spectra were recorded over a wavelength range of 200-800 nm. Only
spectra of dissolved MT-ONs were determined, because a sufficiently sensitive gas-phase
spectrophotometer was not available.

Molar extinction coefficient (&, L mol! cm™) was calculated from the Beer-Lambert law:

A, =& xXCxl @)

where A, is the measured absorbance, C is the concentration of the absorber (mol L), and 1 is the
optical path length (1 cm).

The base-e absorption cross section (g, cm?) was calculated from the equation:

3
o) = %ﬂn(lo) 2)
A
where N, is the Avogadro constant (6.022x10% mol!). The measured absorption cross sections
(average of 3-6 different solution concentrations) of MT-ONs are shown in Figures 3 and S5.

Photolysis rate constant (J) was calculated from the equation:

800 nm
J= fzoo nm

0 (A1) X F,(1) x Yo (1)dA4, 3)

where F, is the photon flux (photon s' cm?nm™) and Y; is the quantum yield, which is discussed in
more detail below.

2.5. Zero-dimensional (0-D) box model. To better constrain the redistribution of N-containing
species from MT-ON photolysis in both chamber and ambient conditions, a series of 0-D model
simulations were performed using a box model previously described and used in Wang et al.’>** and

references therein. This box model framework was written in IGOR Pro (WaveMetrics, Inc), which solves



the ordinary differential equations using the Backwards Differentiation Formula (BDF) method originally
implemented in the CVODE package.* We simulated the photolysis of 3° ApHN in the box model to
estimate the levels of NOy, inorganic nitrate (i.e., HNO3), and newly formed ONs as the total nitrogen
produced from photolysis of 3° ApHN. The chemical mechanism used in our work was the Master
Chemical Mechanism (MCM, version 3.3.1), with our proposed photolysis mechanism of 3° ApHN
included. The rate constant for each reaction was predicted by either structure—activity relationships
(SARs)3¢ or MCM.>° For chamber conditions, the photolysis rate constants for all related species
(inorganic and organic species, e.g., O3, NO», acetic acid, etc.) were calculated through integrating their
absorption cross sections and quantum yields reported in the MCM under GTEC chamber black lights.
For ambient conditions, we extracted the solar spectral photon flux from tropospheric ultraviolet and
visible TUV-radiation model (NCAR), August 1 at 33.7° latitude North (Atlanta, overhead O3 column
300 Du, and albedo 0.1) from 7:00 am to 7:00 pm (Eastern Time). The average daytime solar zenith angle
was 44.25°, which was employed in the MCM built-in function to normalize photolysis rate constants for
all related species. The ambient photolysis rate constant of 3° ApHN was estimated using the average
daytime solar spectral photon flux of August 1 based on Equation 3. The details are discussed in section

3.3 and SI section S5.

3. Results and discussion

3.1. Photolysis of monoterpene-derived organic nitrates. Laboratory chamber experiments were
performed to evaluate the photolysis rate constants for 3° ApHN, 2° LmHN, and 1°. BpHN. HR-ToF-
CIMS was used to monitor the progress of reaction by monitoring the decay of normalized C;oH7NO4I"
signal (ion cluster of I with MT-ONs). An example decay curve is shown in Figure 2 for 2°. LmHN. By
plotting In[CioHi7NO4I']/[Ci10H17NO4l]o as a function of time, a straight line can be fitted to the data in
each period, with slope kyy for the irradiation period and slopes kpi, kp2, and kps for the dark periods
(Table S1). During irradiation, in addition to photolysis, OH oxidation, ozonolysis, NO; radical reaction,
and vapor wall loss can contribute to the decay of the MT-ON. The OH oxidation pathway was eliminated
with cyclohexane added to the chamber as an OH scavenger (Table S2). To determine the photolysis rate
constant of MT-ON under chamber conditions (Jchamber), all other processes need to be accounted for. The
methodology is detailed in Supporting Information section S2 and briefly noted here. The NOs radical
reaction was negligible owing to the limited amount of NO; formed. The ozonolysis rate constant (kos) of
each MT-ON was determined from separate ozonolysis experiment. The vapor wall loss rate constant
(kwi) of each experiment was set to be the average of kp; and kps, in which kp; and kps are the vapor wall
loss rate constants in D1 and D3 periods (before and after irradiation), respectively. The Jchamber value was

determined using a novel regression approach, in which the measured MT-ON time series data in the



irradiation period were fitted to the analytical solution of the differential equation describing the decay of
MT-ON, considering photolysis, wall loss, and ozonolysis. Two experiments were conducted for each
MT-ON. Results from the duplicate experiments were in good agreement (Figure S4). The photolysis rate
constants (average of duplicate experiments) obtained for the three MT-ONs are given in Table 1.

Under GTEC chamber black lights, the photolysis rate constants were determined to be Jehamber = (2.3
+ 0.80)x1075 s7! for 3° ApHN, (1.3 £ 0.50)x1073 s7! for 2° LmHN, and (0.55 £ 0.10)x107° s! for
1° BpHN. The uncertainties of Jehamber Were calculated by propagating the statistical errors (26) associated
with kywi and kos. Average quantum yields were determined by comparing the measured values of Jehamber
with predicted photolysis rate constants calculated by setting ¥, = 1 in Equation 3 and using measured
absorption cross sections and measured spectral photon flux (Figure 3). We obtained average quantum
yields of 0.23, 0.071, and 0.038 for 3° ApHN, 2° LmHN, and 1° BpHN, respectively (Table 1). These
results suggest that MT-ONs have lower quantum yields than alkyl nitrates (3-5 carbon numbers), which
have quantum yields of 0.9 or 1.0.%!'" There are several explanations for the lower effective quantum
yields of MT-ON:s. It is possible that there is a solvatochromic shift between the absorption spectra we
determined from solution-phase measurements and gas-phase absorption cross section — the extracted
quantum yield would be quite sensitive to even a small shift. It is also likely that the larger MT-ONs are
more efficiently quenched by O, and N, when photoexcited, which would decrease the photolysis
quantum yield.®® The impurity (<2%) in our synthetic MT-ONs can possibly lead to an overestimation of
the absorption cross sections, and therefore reduction in the apparent quantum yields. The uncertainty in
the measured chamber black lights spectra (5%, according to the instrument manuals, Figure 3a) can also
affect the effective quantum yields. But the most important effect is that the quantum yield is not expected
to be constant over the wavelength range of the chamber black lights. Since the wavelength dependence is
not known, we assumed the simplest possible scenario with Y set to 1 below a certain cutoff wavelength
and to 0 above this wavelength (similar to the well-known case of NO,®'"). Using Equation 3 with unity
quantum yield, we intergraded the absorption cross section of each MT-ON from 200 nm to a certain
wavelength such that the calculated photolysis rate constant is equal to the measured photolysis rate
constant. We regarded this specific wavelength as the cutoff wavelength for each MT-ON. We found that
the cutoff wavelengths were 330 nm, 325 nm, and 312 nm for 3° ApHN, 2° LmHN, and 1° BpHN,
respectively (Table 1). We note that the assumed step-function dependence on wavelength is likely too
simplistic, and future studies should measure the actual wavelength dependence of photolysis quantum
yields for MT-ONs.

To extrapolate the chamber MT-ON photolysis rate constants to ambient conditions, one has to
account for the difference between the spectral photon fluxes emitted by the chamber black lights and the

sun (Figure 3). We estimated the ambient photolysis rate constants of these compounds using absorption



cross sections and cutoff wavelengths derived in this work and the solar spectral photon flux estimated by
the TUV-radiation model at a solar zenith angle of 28.14° (12:00 solar time), August 1 at 33.7° latitude
North (Atlanta, overhead O3 column 300 Du, and albedo 0.1, Figure 3). Based on Equation 3, the ambient
photolysis rate constants were estimated to be (8.3 = 4.0)x107° s! for 3°. ApHN, (3.0 = 1.5)x107 s™! for
2° LmHN, and (1.7 = 0.60)x107° s™! for 1°_ BpHN using the average quantum yields. The corresponding
lifetimes were 3.3 £ 1.6 h, 9.2 £ 4.5 h, and 17 + 6.0 h for 3° ApHN, 2° LmHN, 1° BpHN, respectively.
When employing the wavelength-dependent quantum yield for each MT-ON, the ambient photolysis rate
constants were (14 £ 6.7)x107 s7! for 3° ApHN, (8.1 £ 4.0)x1075 s7! for 2° LmHN, and (4.1 £ 1.4)x107°
s! for 1° BpHN, with corresponding lifetimes of 2.0 £ 0.96 h, 3.4 + 1.7 h, and 6.8 + 2.4 h, respectively
(Table 1). The uncertainties of ambient photolysis rate constants and corresponding lifetimes of MT-ONs
were propagated from Jehamber, instrumental uncertainty (5%) of measured chamber spectral photon flux,
and uncertainty of the average of measured absorption cross sections from different solution
concentrations (Figure 3b).

Nitrooxyacetone was used as a reference compound to compare our results with previous work. %1011
Under GTEC chamber black lights, the photolysis rate constant of nitrooxyacetone was determined to be
(0.29 £ 0.11)x107% s1, corresponding to a lifetime of 95 + 36 h. Owing to the limitation in our synthetic
method, we could not separate pure nitrooxyacetone to measure its absorption cross section. Thus, we
used the reported absorption cross section for nitrooxyacetone'>®* to estimate its photolysis rate constant
under chamber conditions. The calculated average quantum yield for nitrooxyacetone was 0.50 = 0.21,
which is lower than previously reported (0.9 or 1.0).!%!! This difference could arise from the use of
relatively short chamber experiments (4 h) to estimate photolysis rate constant of nitrooxyacetone, which
has a long lifetime (95 h).

According to previous work, interactions between the two adjacent functional groups can strongly
affect the absorption cross sections. 126 The conjugation of carbonyl group and nitrooxy group can lead
to a larger absorption cross section at atmospherically relevant wavelengths (i.e., above 290 nm). 81263 In
this work, we also measured the absorption cross sections of 2° ApKN and 3° LmKN (Figure S5). The
absorption cross section of 3°. LmKN is higher than other MT-ONs at wavelengths above 270 nm, which
can be explained by the conjugation of carbonyl group and nitrooxy group. By comparing the absorption
cross sections of 3°. ApHN, 2° ApKN, and 2° LmHN, we found that the conjugation of double bond and
hydroxyl group (3° ApHN) can also increase the absorption intensity from wavelengths 220-270 nm
compared to single carbonyl group (2°_ ApKN) or single nitrooxy group (2° LmHN). We also found that
the conjugation of double bond and nitrooxy group can enhance the absorption cross section of 1° BpHN
from wavelengths 220-270 nm. Taken together, these results show that 1) the enhancement in absorption

cross section from the conjugation effect between carbonyl group with nitrooxy group (3°. LmKN) is the



highest at wavelengths above 270 nm and 2) the conjugation of double bond and nitrooxy group
(1°_BpHN) or hydroxyl group (3° ApHN) can increase the absorption cross section from wavelengths
220-270 nm.

While we could not measure the photolysis rate constants of 2° ApKN and 3° LmKN in chamber
experiments owing difficulty in injecting them into the chamber, we evaluated their ambient photolysis
rate constants by Equation 3 using the wavelength-dependent quantum yields (Table S4) obtained from
chamber photolysis experiments of 1° BpHN, 2° LmHN, and 3° ApHN. The ambient photolysis
lifetimes were estimated to be 2.3-7.9 h for 2°. ApKN and 0.69-3.1 h for 3° LmKN.

The reported photolysis rate constants for MT-ONs in this work are much faster than those reported
for alkyl hydroxy nitrates with 3-6 carbons,'> but of the same order of magnitude as alkyl keto-nitrates
with 3-5 carbons ¥!! (Figure 4). In previous studies, photolysis was reported to be the dominant sink for
alkyl keto-nitrates with lifetimes less than 9 h (Table S3). The short photolysis lifetimes of MT-ONs were
attributed to the synergetic interaction between the nitrooxy group and double bond or carbonyl group to
increase the 1 — n* and n — w* transition intensities. We found that the absorption cross sections of MT-
ONs are higher than smaller alkyl keto-nitrates (e.g., nitrooxy acetone, Figure SS5), which can be
explained by absorption cross sections increasing with longer carbon chain length.%* Although future work
is warranted to ascertain the photolysis rate constants for all kinds of MT-ONs with multifunctional
groups, our results indicate that photolysis has the potential to be a substantial sink for MT-ONs.

3.2. Photolysis products and mechanisms. The major gas-phase products from photolysis of
3° ApHN, 2° LmHN, and 1° BpHN were measured by HR-ToF-CIMS (Figures 5a, S9a, and S10a). The
dominant gas-phase product was CioH;7NO:s for all three MT-ONs. For 3° ApHN, other major gas-phase
products were C7H1903 and CioHi6O3 (Figure 5a). For 1° BpHN (Figure S10a), other major gas-phase
products were C7;Hi003, CoH1403, C7H11NOs, and CoHsNOs. Interestingly, we noticed that C7H10O3 from
3° ApHN and C;oH;7NOs from 2° LmHN increased during both irradiation and D2 periods. Because of
the presence of NOs radicals and large amount of Os in D2 period, the increase in D2 period can be
attributed to ozonolysis and/or NO; radical reaction of the MT-ONs. However, we observed a much faster
generation rate during irradiation period than D2 period, indicating that photolysis was a more efficient
formation pathway than ozonolysis and/or NO; radical reaction. Vapor wall loss led to the decrease of
products during D3 (without light, NOs radicals and O3) period.

Figure 5b shows the proposed formation mechanism of major products from photolysis of 3° ApHN
as observed by HR-ToF-CIMS. 3° ApHN is the first-generation oxidation product from o-pinene/OH
reaction in the presence of NO.® The photolysis process started as reaction R1 with the O-N bond
cleavage. The RO can simultaneously undergo (1) isomerization because of the double bond via reaction

R2, (2) decomposition via reaction R3, and (3) 1,5 H-migration via reactions R4 and R5. While we could



not obtain the branching ratio directly through the ratio of products from R2, R3, R4, and RS, we used
structure—activity relationships®-° to estimate the rate constant for R3, R4 and R5, which was determined
to be 3.61x10% s7!, 1.02x107 s7!, and 6.65x107 s™!, respectively. There is no direct method to evaluate the
isomerization rate constant of RO. However, according to Vereecken et al.,*%” the potential energy barrier
for decomposition of RO (5.2 kcal/mol) to eliminate acetone (reaction R3) is similar to isomerization (5.0
kcal/mol) to form six membered cyclic ether (reaction R2). Thus, we assumed the branching ratio for
isomerization, decomposition, and 1,5 H-migration was 0.45:0.45:0.1. O, combines with the alkyl
radicals from R2, R3, R4, and RS to generate peroxy radicals (RO;) quickly. Therefore, we regarded alkyl
radical formation and O, addition as one step. C10RO2 from reaction R2 (isomerization), M1C10RO2
from R4 (1,5 H-migration), and M2C10RO2 from R5 (1,5 H-migration) can further react with NO from
the chamber background or from photolysis of NO, to produce Ci;oHi7NOs. Ci;oH;7NOs has been
commonly detected in field measurements and chamber experiments from reaction of monoterpene with
NO; radicals. 2414868 It is noted that the C1oH;7NOs generated from RS is unstable because of the special
structure with hydroxyl and nitrooxy group linked in one carbon atom. This work provided an alternative
pathway for CioH;7sNOs formation through photolysis of monoterpene-derived hydroxy nitrates.
Alternatively, CIORO2 and M1CI10RO2 can be oxidized to generate ketone compound CioHisOs.
Simultaneously, C7RO2 from reaction R3 (decomposition) produced C;H;00O; through several steps with
NO and any of the radicals present (RO, or HO»).

The proposed photolysis mechanisms for 2° LmHN and 1° BpHN are shown in Figures S9b and
S10b, respectively. In these mechanisms, RO produced by direct photolysis of 1°. BpHN also underwent
isomerization, decomposition, and 1,5 H-migration to produce the major photolysis products. However,
RO produced by photolysis of 2° LmHN can only undergo decomposition and 1,5 H-migration because
of the stereo-structure. Specifically, the oxy radical and allyl group are located on different spatial
surfaces, which prevents the isomerization of RO formed from 2° LmHN photolysis. As the mass
spectrometer provides formulas but no structural information, the product structures shown in the figures
are tentative, and multiple isomeric products may be possible. In addition, we only reported photolysis
reaction of MT-ONs with RO and NO, as the major products. Elimination reactions or
photoisomerization reactions may potentially be minor pathways in photolysis mechanisms of MT-ONs
and warrant future studies.

3.3. Modeling results. In order to evaluate the influence of MT-ONs photolysis on NOx recycling and
O; formation, we employed a 0-D box model to simulate photolysis of 3°. ApHN under both chamber and
ambient conditions. Since I-CIMS tends to have a higher selectivity towards compounds with higher
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oxygen numbers and its sensitivity can differ widely between compounds, some products with fewer

oxygen numbers or with higher detection limits may not have been detected during photolysis. Therefore,



we included all possible products in the MCM photolysis mechanism of 3°. ApHN and major products
detected by I-CIMS (Figure S11) in the following model simulations. In model simulations of chamber
conditions, the OH reaction, NOs radical reaction and ozonolysis rate constants for 3° ApHN were
9.9x10'° ¢m® molecule! s, 7.2x101? ¢m® molecule” s and 4.2x10""7 cm® molecule™ s!, respectively,
which were estimated by MCM and separate ozonolysis experiment. The photolysis rate constant was
2.4x1075 s7! and vapor wall loss rate constant was 2.9x107° s!, which was the average of kpi and kps
(Section S3). The model results were sensitive to the initial NO level, hence we conducted two sets of
model simulations with an initial NO concentration of 0 versus 1 ppbv. The simulated 3° ApHN, O3, and
NO; were in good agreement with our measurements in both cases (Figure S13). The measured Os level
was 14 ppbv at the end of photolysis. When including the O3 source in chamber (0.02 ppbv/min from
chamber background experiment, Figure S12), the level of O3 during irradiation matched the simulated Os
range considering instrument uncertainty. The measured NO; level was consistent with simulated NO,
considering instrument uncertainty.”> For NO, because it was difficult to capture 0.1 ppbv change of NO
in the NOx monitor during photolysis experiments (the detection limit of the NOx monitor is 0.4 ppbv),
we did not observe any dynamic trend of NO in the experiments (the model predicted that NO was below
0.4 ppbv most of the time). The average measured NO concentration was 0.94 ppbv.

The agreement between our experimental observations and model simulations under chamber
conditions allowed us to extend the model simulations from chamber conditions to ambient conditions. The
initial concentration of 3°_ ApHN was set to be 28 pptv. This concentration was roughly determined based
on the reported daily average a-pinene concentration (0.37 ppbv)* and the yield to produce 3° ApHN
from OH-initiated oxidation of a-pinene (upper bound as 7.5%, which is the yield of ring-opened RO»
which can further react with NO to produce 3° ApHN, MCM) (SI Section S5.4). In this work, we
employed the box model to simulate the simplest case with photolysis as the only sink for 3°. ApHN. The
model simulation started with 3° ApHN as the only reactive nitrogen source, without any initial NO and
NO,.* We did not consider the OH reaction, NOs radical reaction, and ozonolysis of 3°. ApHN. In ambient
conditions, the photolysis rate constant of 3°. ApHN was determined to 10.2x107° s™%. It is noted that this
value is different from the photolysis rate constant of 3°. ApHN discussed in section 3.1, which is for 12:00
solar time. Here, we used the twelve-hour average solar spectral photon flux (7:00 am to 7:00 pm, Eastern
time) in Atlanta of August 1 to estimate the photolysis rate constant of 3° ApHN (Figure S14) with
wavelength-dependent quantum yield. The initial O3 concentration was 46 ppbv (summer average in
Atlanta, https://www.epa.gov/outdoor-air-quality-data/download-daily-data). ~The other relevant
parameters (e.g., relative humidity, temperate, etc.) employed in the model are detailed in the SI (section
S5.4).

The simulation was run for 12 h and the results are shown in Figure 6. Released from photolysis of



3° ApHN, NO; can undergo fast photolysis to produce NO and Os. NO can produce new ONs by reaction
with RO,. Therefore, the NOy/ONs cycle essentially served as a NOy reservoir, extending the effective
lifetime of NOx which would otherwise be oxidized to HNO;. After 12 h of irradiation, the reactive
nitrogen from the initial 3°. ApHN was converted into NOx (2.7% mass of reactive nitrogen), inorganic
nitrate (i.e., gaseous HNO3, 97%), and a small fraction (0.36%) remained in the form of ONs. Along with
the nitrogen conversion during photolysis of 3°° ApHN, Os increased (0.34 ppbv). This increase of O3 is a
result of the photolysis of NO; (released from 3° ApHN photolysis).

4. Atmospheric implication

Monoterpenes, a major class of biogenic volatile organic compounds, are known to react with OH
radical under high NOx condition and NO; radical to produce MT-ONs.*>?*?7 Among them, MT-ONs with
hydroxyl group are typical first-generation products.*’-*>” In this study, we experimentally determined the
photolysis rate constants of three MT-ONs with hydroxyl groups (i.e., 3° ApHN, 2° LmHN, and
1° BpHN) in chamber experiments. By comparing the photolysis rate constants predicted from the
measured absorption cross sections with the measured photolysis rate constants of MT-ONs from
chamber experiments, we extrapolated the chamber MT-ONs photolysis rate constants to ambient
conditions using either average quantum yields or wavelength-dependent quantum yields. The results
from this work alone do not allow for evaluation of which quantum yield is more accurate. However,
wavelength-dependent quantum yields are more commonly observed for photolysis of atmospherically
relevant species (e.g., NO>®!, acetaldehyde™, etc.). The ambient photolysis lifetimes for 3° ApHN,
2° LmHN and 1° BpHN were determined to be 2.0 + 0.96 h, 3.4 + 1.7 h, and 6.8 + 2.4 h, respectively,
using wavelength-dependent quantum yields. It is noted that we assumed the simplest possible scenario in
which the quantum yield is 1 below a certain cutoff wavelength and 0 above this wavelength. This
assumption can lead to overestimation of the ambient photolysis rate constants and underestimation of the
photolysis lifetimes of MT-ONs.

The photolysis lifetimes of MT-ONs were shorter than those for smaller alky nitrates, which can be
attributed to the larger absorption cross sections in these MT-ONs, which likely arise from the synergy
between chromophoric functional groups (e.g., double bond, nitrooxy group).”” We found that the
enhancement in absorption cross section from the conjugation effect between carbonyl group with
nitrooxy group (3° LmKN) is the highest at wavelengths above 270 nm. The conjugation of double bond
and nitrooxy group (1°. BpHN) or hydroxyl group (3°_ ApHN) can increase the absorption cross section
from wavelengths 220-270 nm.

In addition, we proposed formation mechanisms for the major photolysis products of 3°° ApHN and
1°_BpHN, which were produced by RO isomerization, decomposition and 1,5 H-mitigation. However, the

major photolysis product of 2° LmHN was only produced by RO decomposition and 1,5 H-mitigation. The



isomerization of RO (ring closure) was less studied compared to RO decomposition and H-mitigation.>>

Although efficient RO isomerization (ring closure) typically requires the RO to have an unsaturated
bond,’ previous work revealed that RO with an unsaturated bond is one of the major intermediates in the
reactions of isoprene” or terpenes®’® with OH or NOj; radicals. Therefore, it is worth studying the rate
constant of isomerization of RO (ring closure) with an unsaturated bond and OH substituent in future,
which can be the missing pathway in isoprene or terpenes oxidation by OH and NO; mechanisms.%3¢777

In addition to photolysis, MT-ONs can undergo other loss pathways such as OH reaction and
ozonolysis. To evaluate the relative importance of photolysis of MT-ONs in ambient conditions with
respect to other loss processes, we compared the photolysis lifetimes with those from gas-phase OH
reaction and ozonolysis (estimated by MCM, Estimation Program Interface suite’®, and separate
ozonolysis experiments) for 3° ApHN, 2° LmHN, and 1° BpHN. The lifetimes for OH reaction ((OH] =
1.5%10°® molecule cm™) and ozonolysis ([Os] = 50 ppbv) for these MT-ONs ranged from 1.9-3.2 h and 5.3-
20 h, respectively (Table 2). The photolysis, OH reaction, and ozonolysis lifetimes of MT-ONs in gas
phase are comparable, demonstrating that photolysis is a competitive loss process for MT-ONs.

The treatment of photolysis of MT-ONs in current atmospheric models simply relies on analogies with
structurally similar compounds.?®?"*3° For example, Browne et al. (2014)* reported that 3-6% of
degradation of MT-ONs was caused by photolysis. In their global chemical transport model, Browne et al.
set the photolysis rate constant of MT-ONs to be one third of the photolysis rate constant of tert-butyl
nitrate, which was 5-42 times smaller than our reported photolysis rate constants of MT-ONs under the
same solar spectral photon flux. This means the loss rate for MT-ONs was underpredicted in the model.
Schwantes et al. (2020)* estimated that less than 10% loss of MT-ONs was due to photolysis, when
employing the photolysis rate constant of methyl hydroperoxide to represent the photolysis rate constant of
MT-ONs. The photolysis rate constant of methyl hydroperoxide was 3-20 times smaller than our reported
photolysis rate constants of MT-ONs under the same solar spectral photon flux. Therefore, the degradation
fraction of MT-ONs by photolysis and the subsequent O; formation can be different when using our
reported photolysis rate constants of MT-ONs. In this work, we only employed a simple box model to
simulate the simplest case in the atmosphere with photolysis as the only sink for 3°° ApHN. After 12 h of
irradiation time, 99% of 3°. ApHN was converted to inorganic nitrogen with Oz formation. This simplest
model simulation indicates that the photolysis of MT-ONs can be one of the sources of NOx for O;
formation and photolysis is an important atmospheric sink for MT-ONs. This is the first study to report
experimentally constrained photolysis rate constants of MT-ONs, which provides the fundamental
information to update MT-ON chemistry in regional and global chemical transport models. The MT-ONs
reported in this work are limited to unsaturated, less-oxygenated compounds (CioHxNOs) while ambient

MT-ONs have more diverse chemical structures and are more oxygenated (C;oHxNOs4; multifunctional,



saturated/unsaturated, etc.).’”*>”® Future photolysis studies on such diverse MT-ONs are warranted to
obtain a more comprehensive understanding on their impacts on nitrogen/NOy recycling and O3 budget as a

whole system.
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Table 1. Summary of photolysis rate constants.

Average

Cutoff

ONs Structures Jchamber b Jambient Tambient Jambient Tambient
(X 105 s-l)a Tchamber (h) ql;z;:l?l'lcm (X 105 s-l)c,d,e (h)c,d,e Wa(‘]’lelllf)l:’%th (X 105 S-l)c,d,h (h)c,d,h
0]
Nitrooxyacetone 0.29+0.11 95+ 36 0.50+0.21 1.7+£0.73 16 £ 6.9 / / /
y ONO,
OH
3° ApHN g 2.3+0.80 12+42 0.23+£0.11 8.3+4.0 33+1.6 330£5 14 +£6.7 2.0+0.96
4\0N02
OH
J,ONO,
. 0.071 +
2° LmHN 1.3+£0.50 21+8.1 0.035 30+1.5 92+45 325+4 8.1+4.0 34+1.7
/:\
ONO,
1°_BpHN 0.55+0.10  51+93 0(')03?3* 1.7 £0.60 17+ 6.0 312+ 1 4.1+ 1.4 6.8+2.4
H

# The uncertainties were propagated from the statistical errors associated with kv and kos; ® The uncertainties were propagated from the uncertainties of Jehamber; ¢ The uncertainties were

propagated from jehamber, instrumental uncertainty (5%) of measured spectral photon flux, and the average of measured absorption cross sections from different solution concentrations; ¢ Solar

spectral photon flux was from TUV-radiation model, solar zenith angle of 28.14°, 12:00 solar time, August 1 at 33.75° latitude north (Atlanta), overhead O3 column 300 Du, and albedo 0.1;

The ambient photolysis rate constants and lifetimes were calculated based on average quantum yields; * For wavelength < cutoff wavelength, quantum yield = 1; Otherwise, quantum yield =

0; ™ The ambient photolysis rate constants and lifetimes were calculated based on wavelength-dependent quantum yields.



Table 2. Comparison of photolysis, photooxidation, and ozonolysis lifetimes of MT-ONss.

ONs 3° ApHN 2° LmHN 1° BpHN
OH ONO,
OH Z_ ,ONO,
Structures
~T~0ONo, A H
Rate constant for reaction with a . b
OH (10" cm?® molec! s) 99 39 37
Photooxidation lifetime ([OH] =
1.5%10° molec cm® ) 1.9h 3.1h 32h
Rate constant for reaction with Os c . c
(107'® cm® molec™ s7) 4.2 17 11
Ozonolysis lifetime (O3] =50 531 13h 20h
ppb)
Photolysis rate constant (107 s!) 8.3¢ 14¢ 3.0¢ 8.1¢ 1.7¢ 4.1¢
Photolysis lifetime 3.3%h 2.0°h 9.2¢h 3.4°h 17¢h 6.8°h

a2 Master Chemical Mechanism (version 3.3.1); b Estimation Program Interface suite (EPI Suite™, https://www.epa.gov/tsca-screening-tools/epi-suitetm-estimation-program-
g p pa.g g P prog

interface); ¢ Separate ozonolysis experiments of MT-ONs; ¢ The ambient photolysis rate constants and lifetimes were calculated based on average quantum yields;  The ambient

photolysis rate constants and lifetimes were calculated based on wavelength-dependent quantum yields.
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Figure 1. Molecular structures of ONs (HN: hydroxy nitrates and KN: keto-nitrates) synthesized in this

work and their abbreviations. The numbers (1°, 2°, and 3°) in the abbreviations denote a primary,

secondary, and tertiary nitrooxy group, respectively. The ONs in the boxes were introduced into the

chamber to study the photolysis process.



Dark Light Dark

5100

Ln([2°_LmHN]/[2°_LmHN],)
NO concentration (ppbv)

i i

 ( @«

0 100 200 300
Time since lights on (min)

(i
Qg

@ @ @ (@ @@

@@

Figure 2. First-order kinetics analysis for photolysis of 2° LmHN. The red line in each period
corresponds to first-order kinetics-fitting curve. D1 is the dark period before irradiation time (light on).
D2 and D3 are dark periods after irradiation time. Detailed discussion for each period is provided in

section 2.2.
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Figure 3. (a) Comparison between GTEC chamber black lights and solar spectral photon flux (extracted

from TUV-radiation model, solar zenith angle of 28.14°, 12:00 solar time, August 1 at 33.75° latitude

north (Atlanta), overhead O3 column 300 Du, and albedo 0.1); (b) Absorption cross sections of 3° ApHN,

2° LmHN, and 1°_BpHN in ethyl ether. The uncertainties in the shaded areas were from the average of

measured absorption cross sections in different solution concentrations.
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Figure 4. Photolysis lifetimes reported in this study and in the literature®'%!> (corresponding to Table S3).
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Figure 5. (a) Time series of the major gas-phase products from photolysis of 3° ApHN measured by the HR-ToF-CIMS. D2 and D3 are dark

periods after irradiation time. Detailed discussion for each period is provided in sections 2.2; (b) Proposed mechanisms for the formation of major

gas-phase products from photolysis of 3° ApHN. The compounds in the boxes are major gas-phase products identified by HR-ToF-CIMS.
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