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Highlights
* PTR-MS technique is proposed as a reliable measnetool of individual organic
nitrates.
« Different clases of organic nitrates are charaogterifrom the mass spectrometric point
of view.
« Different ionization modes and reagent ions areppsed for each type of organic
nitrates.
Abstract

A commercial PTR-ToF-MS has been optimized in ortterallow the measurement of
individual organic nitrates in the atmosphere. Thés been accomplished by shifting the
distribution between different ionizing analyteszH3O*(H20), or NO'/NO;*. The
proposed approach has been proved to be approfoiatiee on-line detection of individual
alkyl nitrates and functionalized nitrates. It H@sen shown that hydroxyl- and keto-nitrates
have a high affinity towards NQleading to the formation of an adduct that allaw®asily
identify the organic nitrate (R) with the R-N@n signal. The recorded sensitivities for both
ionization modes correspond to detection limitdesfs of ppt mirt in the case of hydroxy-
and keto-nitrates. Alkyl nitrates exhibit a moderaffinity towards NOionization leading to
detection units of few hundreds of ppt and the ésgtsensitivity in HO* mode was obtained
for the water adducts signals. This method exhibitsvever lower capabilities for the
detection of PANs with detection limits in the praimge.
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1 Introduction

Organic nitrates are important species of the neachitrogen (NOy) budget in the

troposphere. They are formed in NOx rich air bydegradation of hydrocarbons initiated by
OH (daytime) and Ne(nighttime) radicals. Since organic nitrates héfetgimes of several

days or weeks (Perring et al., 2013), they canaacteservoirs for reactive nitrogen by
undergoing long-range transport in the free tropesp before decomposing and releasing
NOx. They play therefore a key role in the ozonemfation as they sequester reactive
nitrogen in rich NOXx regions and release it in o®gi where production of ozone may be NOx
limited. The significant impact of organic nitratekemistry on ozone budget has been

confirmed by recent modelling studies (Curci et2009; Horowitz et al., 2007).

In addition, several field studies have shown thath polluted and remote atmospheres
contain a large variety of organic nitrates whidgngicantly affects the NOy budget (for
example, 35 - 40 % as reported by Buhr et al. (199d up to 70% according to a modeling
study performed by Madronich and Calvert (1990})eyl are monofunctional alkyl nitrates,
PANSs but also multifunctional alkyl nitrates (Brogvet al., 2013; Fischer et al., 2000; Kastler
and Ballschmiter, 1999; Muthuramu et al., 1993; @B et al., 1995). These latter include i)
hydroxynitrates which are formed by the oxidatidralkenes initiated by OH radicals and by
isomerisation processes of alkoxy radicals (Areglet2001), ii) carbonyl-nitrates which are
produced by the N§oxidation of alkenes but are also second-generatiadation products
of hydrocarbons and iii) dinitrates which are aéspected to be second-generation oxidation
products (Atkinson, 2000; Barnes et al., 1990; Rish&990).

However, measurements of organic nitrates durielgl ftampaigns remain rare preventing a
precise evaluation of their impact on the NOy budgex wide variety of environments. The

main problems in analyzing organic nitrates in dt@osphere are first the great complexity
of the mixtures due to the huge number of precsraod formation pathways and then the
fact that organic nitrates are explosive compouarts only few of them are commercial. So
standards have to be synthesized. These analdiffi@ulties also affect our capability to

study the chemical processes in which organic tesrare involved during lab experiments

(e.g. in simulation chambers).
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Table 1 summarizes, without the intent of being amdtive, some keystone articles

concerning the organic nitrates analysis in figld Eaboratory studies.

Two approaches have been applied for the analysieraplex mixtures of organic nitrates
during field and lab experiments: first, analysésh@ molecular scale which is a powerful
approach to elucidate mechanisms but has the dckwbebe often limited to a low number
of species and then, functional group analysestwaie very useful to assess global budgets
but bring poor information for the understandingpodcesses. The second approach allows to
shortcut the complexity of the organic nitrates mlstry governing their production,
transformation, and removal processes and assestlylihe sum of peroxy nitrat&\N and
alkyl nitratesAN (Day et al., 2002; Perring et al., 2010). Therthal dissociation (TD)
properties of different classes of nitrates wasduase an analytical tool able to sketch the
global chemistry of RONg same as the Laser-Induced Florescence (LIF)fycang down
spectroscopy (CRDS)(Paul et al., 2009), or cavitgraated phase shift (CAPS)(Sadanaga et
al., 2016), were used to quantify the Ni€sued from the organic nitrates decompositiora In
similar way, the infrared spectroscopy (IR) wasdute monitor the time dependent loss of
organic nitrates and measure the rate of homol@idN bond cleavage (Francisco and
Krylowski, 2005) employing specific absorption banih IR (1638 cri). Although
notoriously powerful analytical techniques, the LERDS, CAPS and the IR exhibit poor
capabilities in the individual quantification ofgamic nitrates mixtures due to their intrinsic

conceptual operation mode.

Historically, measurements of individual organidraties have been conducted by gas
chromatography coupled to electron capture detecti@C/ECD, both coupled or not (Atlas,
1988; Blake et al., 1999; Flocke et al., 2005; Fukud Doskey, 1998; Muthuramu et al.,
1993), to a pyrolysis/luminol chemiluminescencel- d&tector (Buhr et al., 1990; Fischer et
al., 2000; Flocke et al., 1991; Gaffney et al., 9:99a0 et al., 1994; Winer et al., 1974), to
electron impact mass spectrometry EI-MS (Luxenhafed Ballschmiter, 1994; Luxenhofer
et al., 1994) or to negative ion chemical ionizatinass spectrometry — NI/CI-MS (Beaver et
al., 2012; Tanimoto et al., 1999) using thermalctetss (&n). Abundant in marine
environments, the halocarbons are highly sensitwerds the ECD detection (Fischer et al.,
2002; Fischer et al., 2000) and may generateaattifin the organic nitrates identification and

quantification (Fukui and Doskey, 1998).
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Although the chromatographic separation represantsffective analytical tool, the organic
nitrates identification relies mainly on the retenttimes, while the dedicated detectors are
only able to confirm, in best case, the presendbehitrate functional group in the molecule.
lllustrative examples are given by the studies okdnhofer et al. (1994) and Kastler and
Ballschmiter (1999) who succeed to analyze comphextures of alkyl and multifunctional
organic nitrates by combining separation with lijaind gas chromatography and detection
using the intense mass-to-charge (m/z) 46 fragnoenthat corresponds to NO The same
study highlights possible interferences with dimiinenols, nitro- and dinitrocresols,

pentachloro-nitrobenzene and to a smaller extérdptfienols.

Besides the poor temporal resolution, another mdjawback of this method is represented
by the recovery factor decline with longer timedtie chromatographic columns. According
to Roberts et al. (2002), the sensitivity of thigthod for PANs is characterized by a
diminishing response factor proportional to the poomds retention time through the
column. Measurement of functionalized (oxygenatedjates appears to be a greater
challenge as the lower vapor pressures and strawgéace interactions of these molecules
make sampling and chromatographic techniques lgsopriate. Additionally, the detection

of functionalized nitrates by electron impact mapsctrometry has proven to be difficult,

mainly due to the instability and thus, the fragtaéion, of the molecular ion formed (Mills et

al., 2016; Roberts, 1990; Rollins et al., 2010).

Lately, the newly developed capabilities in Atmosipt Pressure / Chemical lonization Mass
Spectrometry (AP-CIMS; CIMS) (Huey, 2007; Perratidle 2010; Slusher et al., 2004; Teng
et al., 2014) prone as potentially powerful toolirganic nitrates analysis. Several types of
CIMS have been highlighted by the literature, #nghhique being currently in progress.

The AP-CIMS uses methanol as a proton source iardodgenerate RHpeaks of the parent
ions. Therefore the nitrogen-containing ions araratterized by even m/z ratios, while the
analytes containing only C, H, and O appear atratild Several PANs were identified as gas
phase products of thepinene + NQ reaction with this technique (Perraud et al., 30T@e
protonated molecular ions were identified and tlesinntense fragments in the MS/MS scan
corresponds to losses of NGHNOsz and to a smaller extent HOONHydroxynitrates and
keto-nitrates have also been detected with thisnigoe. For hydroxynitrates, Rhbeaks as
well as fragments corresponding to the losses08 Bind NQ + H.O in the MS/MS mode
were detected (Perraud et al., 2010; Schoon €2G)7; Tuazon et al., 1999).
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The thermal dissociation—chemical ionization mgsscsometry (TD-CIMS) technique has
been used for measurement of PANs and other muidtifonal organic nitrates by the means
of I' reaction (Lee et al., 2014; Slusher et al., 20Qing et al., 2015). The obtained
carboxylate ion is unique for each parent speeied,the only significant interference that has
been identified is at ppb levels of NO (Slusherakt 2004). The C¥#~ was equally
successfully tested as ionizing source in a CIM$Bragch in order to identify hydroxy-
nitrates formed during the OH oxidation of alkeirethe presence of £and NO (Bates et al.,
2014; Teng et al., 2014). The quantification of thitrates formed was assured by a
complementary TD-LIF technique after subsequent €&Paration. Other polyfunctional

organic nitrates were scarcely detected usingdisnique.

The Proton-Transfer Reaction Mass Spectrometry (RTB} can be positioned as a subset of
Cl. Its use in atmospheric research has expangedlyahese last years but few studies have
tested this technique for the detection of orgarmitcates (Aoki et al., 2007; Hansel and
Wisthaler, 2000; Inomata et al., 2013).

The recent study of Miller et al. (2012) considée the quantification of PAN by PTR-MS
is difficult due to fragmentation. Less promisirggults are also reported by Aoki et al. (2007)
concerning the PTR ionization ofi-&Cs alkyl nitrates. Considerable fragmentation occurs,
even at low field density (E/N) ratio (100 TH;being the electric field strength ahidhe gas
number density; 1 Td = I8V cn?), the signal intensities of protonated alkyl rits
(ROH-NQ)", being in best case, a few percent of those ofdtad ion signals. An increase of
the E/N ratio increases furthermore the fragmemtatproviding common ions such as NO
and more characteristic ones such as.R@her low intensity signals corresponding todrR
ROH-H ions have been also recorded and could result femutions of alkyl nitrates with
H30*(H20)s clusters.

Hansel and Wisthaler (2000) have measured sevérbis RPAN, MPAN and PPN) with
PTR-MS and have reported low detection limit (7@paA5s integration time) and an overall
accuracy of 15 %. Worth noticing that the reporedlytical sensitivities (15-25 counts ppb
1 have not been calculated for the molecular ignai but for typical molecular fragments in
the case of the alkyl nitrates or signals of spetoté subsequent reaction products of the
protonated molecular ions for PANs. These resuiésildustrative for the organic nitrates

overall affinity towards fragmentation due to cheatiionization in a low pressure drift tube
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under high voltage. To our knowledge, polyfunctiomaganic nitrates have never been

detected using this technique.

So, it appears useful to better explore the pdigiloif detecting organic nitrates in real-time
with PTR-MS. In the present work, the detectioralddyl and multifunctional organic nitrates
(PANSs, ketonitrates, hydroxynitrates) by this tdge was investigated. For this purpose,
different organic nitrates were synthesized andiunés at the ppb-ppm level were generated
in a smog chamber. A commercial PTR-ToF-MS instroimeas used but the operating mode
as well as the chemical ionization reagent have beedified and optimized for each type of
organic nitrate in order to gain sensibility in tetection and to reduce fragmentation of ions.

Mass spectra have been carefully interpreted ategtiilen limits have been also determined.

2 Material and methods

2.1 Instrumentation

A commercially available, high mass resolution PTé¥-MS instrument (Kore Technology -

‘Series II' High Performance PTR-TOF-MS) was usedthie present study. The mass
resolution of this instrument is >5000 3. The PTR-MS is equipped with the newly

designed radio frequency ion funnel (RF) which sedito focus ions in the drift tube and
hence to increase the detection sensitivity (Badbedl., 2012). This ion funnel uses a series
of electrodes with progressively reducing apertsizes. In addition to the standard dc
electrical field, an ac electric field is provided a radio frequency creating a strongly
repulsive effective potential near the surface I electrodes, which combined to the
reducing aperture sizes, serves to focus the iadmlly. This system has been shown to
increase the sensitivity by one or two orders ofnitaide (Barber et al., 2012).Worth notice
that operating in the RF mode modifies the dynamitcge over which the drift tube is

operated and the contribution of the radiofrequetocthe global effective E/N ratio remains

difficult to estimate (Barber et al., 2012).

The PTR-MS sampling line was designed in orderstuee the highest transfer efficiency of
the compounds. This line is made of a 1.5 meteg I8ilcosteel® coated stainless steel
tubing, which has been shown to be appropriatedhfertransfer of low-level polar organic

compounds (Smith, 2003). This line was heated €46 order to prevent adsorption of
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compounds in the line. With a sampling flow rate-8fcn? s?, the residence time in the line
has been estimated to be lower than 2s. The PTRAWE system is equally made with
Silcosteel® coated stainless steel tubing and isppged with a temperature control unit

allowing heating up to 150°C.

2.2 Experimental strategy

In PTR-MS, proton transfer reactions with hydroniioms (HO") are typically used to ionize
compounds having a proton affinity (PA) higher thiha one of water (691 kJ mlHunter
and Lias, 1998):

H30* + R— RH' + H,0 (R1)

In this case, the proton transfer reaction is exwtlic and proceeds at a reaction rate close to
the collision rate (18 cn® molecule! s%; Flocke et al. (1991)). In order to avoid a massiv
fragmentation of the analyte and consequently aedse of the intensity and the specificity
of the analytical signal, the energy transferredrduthe reaction should be lower than the

bond energies of the compound of interest.

Only few available data can be found concerning Ri#e of organic nitrates which were
calculated usingab initio quantum mechanical methods exclusively. The PAorgfanic
nitrates have been estimated to: 740 kJ'nfot methyl nitrate (Lee and Rice, 1992), 753 kJ
mol? for ethyl nitrate (Kriemler and Buttrill, 1970)48 kJ moft for methylperoxy nitrate
(Ravelo and Francisco, 2007) and 759-773 kJ'rfmi peroxyacetyl nitrate (Tutek, 2000).
These studies show that the PA of organic nitratesigher than the one of water and so that
proton transfer reaction may occur. Furthermore,ftimctionalized nitrates concerned by the
current study are equally expected to easily petmas it was shown that the presence of an
additional oxygen atom in the molecule enhancesotrerall PA (Ravelo and Francisco,
2007).

It is well known that other chemical processesaan occur in the PTR reactor (Blake et al.,
2009; de Gouw and Warneke, 2007). ThgHand R can cluster with water molecules in

the sampled air. The water cluster ions formatiothie PTR cell is generally considered as
problematic since their presence complicates thesngpectra treatment. Typically, their
formation is limited by high kinetic energy of thens into the drift tube at E/N ratios superior

to 100 Td. However, the proton-transfer reactionHe®*(H2O), clusters is more selective
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than the HO" due to a higher PA (808 kJ mipiGoebbert and Wentold (2004)). This property
may be valuable in our case as it allows a softeization of analytes. Recently Jacobs et al.
(2014) have used #@*(H20), ions (distribution centered around n=4) in PTR-GIM
technique with the objective of monitoring isoprederived hydroxynitrates and their
oxidation products. In order to evaluate the edfiwy of the protonation mode by
H30*(H20), for the detection of other organic nitrates, aevidnge of E/N ratios will be

tested.

The NO chemical ionization has also been tested for #tedtion of organic nitrates during
our experiments. It has been shown to be a complieme sensitive and reliable method for
the detection of some organic compounds such amést aldehydes and alkenes by CI-MS
and SIFT-MS techniques (Knighton et al., 2009; Maiski et al., 2014; Perraud et al., 2010;
Wang et al., 2004). NOions are produced from the ionization of dry aithim the hollow
cathode discharge ion source. This process prodaogs amounts of NOwith only minor
amounts of N@, O;*, and HO*(H20)» impurities (Knighton et al., 2009). The intenstief
02", and HO*(H20)» are quite low, less than 1% of the primary Ns@nal. In addition, it has
been shown that the intensity of the N@npurity is controllable and dependant on how the
hollow cathode ion source is operated (Knightoralet 2009). The ion source extraction

voltage and the hollow cathode discharge currentres two most important parameters.

Previous studies interrelated the PA of water @NID" chemical ionization binding energies
(BE), creating an absolute N@ffinity scale (Cacace et al., 1997). The studsduthe HO-
NO* binding energy as a reference anchor between wioecbnjugated parameters and
concerned various classes of ligands (alkyl haliddisyl nitrates, alcohols, nitro-alkanes,
nitriles, aldehydes, ketones, aromatic and hetetimcgompounds). With the exception of the
aromatic compounds, for which the N©@ type complex structures are replaced by the
complexes, the overall data exhibit a highly cated linear dependence (k& = 0.367 PA

— 1745 kJ mol). When compared with protonation energies, thedibin energies

characterizing the NOchemical ionization are significantly lower (Caeaat al., 1997).

This characteristic offers the opportunity to getersoft ionizations with little fragmentation
of the product ions, which is of high interest floe present study. Reactions which may occur

are:

NO* + R— R+ NO (R2a)
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NO* + R— R-NO' (R2b)
NO*+RX— R*+XNO  (X=-H, -OH, -CH, -OR)  (R2c)

As a function of the chemical affinity, N@hemical ionization may follow several pathways.
The charge transfer reaction (2a) seems to be & gommon process for compounds
having ionization energies slightly lower or cldsethat of NO (IE = 9.26 eV) (e.g. isoprene
(Karl et al.,, 2012) butadiene, benzene (Knightoralet 2009), monoterpenes, terpenoids
(Amadei and Ross, 2011; Rimetz-Planchon et al.1p@hd phenols (Wang et al., 2004)).
This hypothesis is confirmed by Smith et al. (2088 reported for a series of ketones-(C

Cy) that the yields of parent radical cation increas¢he |IE decrease.

The adduct formation pathway (2b) has been prelyjaeported for the detection ofz@4
alkanes, alkenes and terpenes (Diskin et al., 26pagl and Smith, 1998), ketones (Smith et
al., 2003; Wang et al., 2004) and flavoring es{@ashetta et al., 2010) by selected ion flow
tube mass spectrometry. The speculated mechanisam Wwas been proposed to explain the
formation of the adduct involves the formation ofexcited intermediate complex (R-N©
which is then stabilized by collision with the darrgas (Smith et al., 2003). Evidently the
process is enhanced at upper PTR reactor pressuaiging higher collision rates.

A third mechanism, similar to the protonation, ilwes the hydride, hydroxide, methyl or
alkoxy abstraction (2c), as reported for aldehyeééisers, alcohols (Smith and Spar2005)
terpenoids (Amadei and Ross, 2011) or several uratetl alcohols (Karl et al., 2012;
Schoon et al., 2007; Wang et al., 2004).

The Q" ionization can generate artefacts, particularlgmwthe PTR-MS is operated in dry air
mode, as it proceeds via a dissociative chargesfeameaction producing parent cations M
but also fragment ions. In consequence, this psogeesents low interest for chemical

ionization of large molecules.

To summarize, several parameters will be testeatdier to establish the optimal conditions

for the detection of each class of organic nitrates

A thoughtful procedure was performed in order tdalglish the optimal measurement
conditions for each class of organic nitrates:
- First, the instrument has been used in a dual maeloying alternatively 0" and
NO* as a reagent ion, by shifting the GD source gas fivater vapor to dry air. Dry

air was supplied to the hollow cathode ion soursiagithe alternative GD ionization
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line. A third operation mode which consists in s@3sing the GD source gas once the
plasma is established has also been tested. Wtioparational mode implies hence
the retro-diffusion of the sampling line dry aitarthe GD cavity and will be further
referenced as the Retro-diffusion mode (RDiff).

- The ions intensity and distribution are sensitivéhte extraction voltage used to inject
the reagent ions into the drift tube and to thddwolcathode discharge current. The
PTR-MS instrument was thus operated in a wide rafigeN (electric field to number
density of the gas) ratios (30 — 180 Td), hencé#ispithe distribution between the
different ionizing analytes in the protonation mgteO*/ HzO*(H20)n) or into the dry
air mode (NO/NO:").

- The sampling line and the inlet system along with drift tube was slightly heated
(40°C) and the reactor pressure ranged from 0X.@anbar. The sampling flow rate
(2.9 to 3.5 cris?) affects through the mass of the sampled analytierough the third
body collision processes the instrument response.eAhanced influence of this
parameter may be noticed while operating in tharidie.

- The influence of radio frequency ion funnel mode tbe detection of the various
organic nitrates has been tested by performingrerpats with the RF mode on and
off.

Ideally, little or no fragmentation occurs in thase of a soft ionization process. The large
differences in ionization energy of the collidingesies enhance the fragmentation of the
organic molecule. Therefore the ionizing gas spesheould correspond, especially for labile
molecules, to the analyte of interest in order ¢bieve the high yield ionizations with low

excess energy.

In addition, the soft ionization processes demamdusage of uncommon settings of the PTR-
MS device. The various effects of the altered PTR-Mning are termed in detail elsewhere
(Hewitt et al., 2003; Knighton et al., 2009). Sugpkntary information relating the ion source

discharge current and the extraction voltage infleaare discussed in the Results section.

All reported signal intensities took systematicalhto account the background values,
representing in most of the cases negligible loiues of a few counts per minute.
Background measurements are achieved before eiaye £xperiment by sampling the dry

synthetic air of the reaction chamber.

10
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2.3 Normalizing analytical signal for HzO* and NO™ ionization

In this study, calibrated response factors of PTR-&te determined for several types of
organic nitrates in both 4@* and NO ionization modes. For that purpose, known amoahts
organic nitrates are introduced in LISA simulatiramber (see section below). To quantify
the PTR-ToF-MS response factors (S; ncpm pppthe ion signal @:; ncpm) is divided by
the known concentration of organic nitrate (pppvas measured by the FTIR in-situ
technique. Corrections of the product ion signakl)(ldue to changes of the operational
conditions have to be taken into account, as shbwmrevious studies (Knighton et al.,
2009):

=) @) G e

The intensity of the product ion raw signal{iexpressed in counts per minute is adjusted to
the variabilities of the ionizing analytg,+) normalized to its averaged valugs, ,+) ),
(f1a+ = ija+/(i14+) ; IAY = H3O" or NO") as it has been shown that both signalsdnd ia+)

are related. The drift tube temperature (T) andguree (P) are also included in this expression
to account for the small changes in the reactiore tand gas number density that can occur
during measurements. In our experiments, the temtyoer was very stablet (1 K) but the
PTR pressure was affected by the pressure in thelation chamber which usually slowly

decreases because of the sampling from in theamnablume of the rigid chamber.

Due to the high abundance of the ionizing spetiesdirect measurement ot®" and NO
reagents was not possible as the ion counting Isigfm/z 19 and 30) were regularly
saturated. The natural isotopic abundance progesfi€O (0.038% of 0)'80 (0.200% of O)
and !N (0.368% of N) are used to overcome this drawkaudk evaluate the primarys&*
and NOJ ion intensity using the m/z 21 §40) and 31 respectivellE (°NO* and N’O*) (De
Laeter et al., 2003). Thasb+ = Im/z21 X 500 andNo+ = Im/z31 X 247 formulas were applied as a

result of isotopic abundance probability calculasio

2.4 LISA Atmospheric Simulation Chamber.

Gaseous mixtures of organic nitrates at the ppb-fgwel were generated in the simulation
chamber at LISA. This chamber comprises a Pyrestoeaf 977 L equipped with a multiple
reflection optical system interfaced to a FT-IRdpameter (Vertex 80 from Bruker). Details

of this smog chamber are given elsewhere (Doussih £997).
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All experiments were conducted in the dark at 298K and atmospheric pressure. Mixtures
of organic nitrates were generated in synthetic(Mir 80% + Q 20%) by introducing a
known amount of the organic nitrate into the chamd@ cross-monitored by long path
situ FTIR and PTR-MS techniques. Concentrations of mimaitrates were checked from
their infrared spectral absorption bands. Integr&and Intensities (IBls; expressed in“cm
molecule! and calculated in decimal logarithm) and the spédhtegration areas used to
quantify PAN like compounds and other nitrates &&0x10" for PANs (765-812 ci),
8.30%10"8 for alkyl nitrates (820-900 cW), 1.17x10" for hydroxynitrates (816-882 cHy,
1.08x10 for ketonitrates (820-870 cHr The IBIs values are given by the Beaver et al.
(2012) and Bates et al. (2014) studies for the PANd the hydroxynitrates respectively,
whereas for the alkyl nitrates and ketonitrates Bk were calculated from repetitive
injections of known amount of analyte, in the catrstudy. Worth notice the weak disparity

of cross sections concerning the characteristicGeabsorption band.

Before and after every single experiment, a cleapimocedure was applied in order to avoid
memory effects from an experiment to the next dineonsists in vacuum clean-up down to
102 mbar for at least 10h and UV irradiation (340 @66 nm fluorescent tubes) in order to

heat the reactor and improve desorption of semi@mdsolatile compounds from the walls.

2.5 Chemicals and gases

The simulation chamber was filled with dry synthediir generated with N(from liquid
nitrogen evaporation, >99.995% pure, <5ppreOH Linde Gas) and ©O(quality N45,
>99.995% pure, <5 ppm2B, Air Liquide). Supplementary cylinder air was dder the dry
air glow discharge generation in PTRMS (ALPHAGAZ™H0 < 0,5 ppm; GHm < 50 ppb;
C0, < 0,1 ppm; CO < 0,1 ppm; NG 10 ppb)

The alkyl nitrates considered in the present stidgropyl nitrate - 97% Janssen Chimica;
AIKC3 and isobutyl nitrate - 96 % Sigma Aldrich; kkC4) were used as commercially

available, without further purification.

Ketonitrates were synthesized using Kames' metiaimes et al., 1993): a liquid/gas phase
reaction in which the corresponding hydroxyketoserdacted with N@radicals released

from the dissociation of dDs , at ice bath temperature, under dry conditiore Thrbonyl

12
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nitrates and nitric acid were separated by multipadspaces vacuum procedure. The
carbonyl nitrates’ structure and purity were vedfiey FT-IR. The presence of HNGs
regularly noticed as injected as by product of ¢aebonyl nitrates synthesis. 1-hydroxy-2-
propanone (95% Alfa Aesar) and 3-hydroxy-3-methydeanone (97% Sigma Aldrich) were

used for the synthesis of 1-nitroxy-2-propanone 2umitroxy-2-propanone respectively.

The hydroxynitrate was synthetized starting frore tommercially available 3-bromo-1-
propanol (97% Sigma Aldrich). Its conversion to thealog iodide was performed by a
Finkelstein reaction with sodium iodide (Baughmarak, 2004) and the subsequent mild
conversion with AgN®@ (Castedo et al., 1992) leads to the formation-bfdroxy-3-nitroxy-
propane (LOH3C3).

The PAN type compounds were generated in the stronla&hamber from the gas-phase
oxidation of corresponding aldehydes by N@dicals (Hanst, 1971). In our experiments,
peroxyacetyl nitrate (PAN) was formed from the @tidn of acetaldehyde (>99.5% Sigma
Aldrich). This reaction has been shown to produ@niy PAN with a yield close to 70%
(Doussin et al., 2003).

3 Results and discussion

3.1 Influence of the operating conditions on the ionizing analytes signals

As already termed, intensities and mixing ratioshef ionizing species are dependent on the
E/N ratio. For a standard drift tube, E/N is a wagfined quantity but when the instrument is
run in RF mode, the influence of the additionaledectric field on the E/N ratio has to be
taken into account and this is not obvious. Bardeal, 2012 have attempted to empirically
estimate an effective E/N by running the instrumeith the RF mode on and off and by
seeking operating conditions for the RF mode om ti@tch the performance obtained when
the RF mode is off. The criterion used to estim#ite performance is the ratio
[H3O*J/[H30"(H20)]. During our experiments, the additional ac &ledield was fixed. Thus,

variations of E/N ratio result only from variat®of the dc component of the drift tube.

Typically recorded distributions over a relevamge of E/N are illustrated irigure 1 for
both ionization modes, with and without the aboesalibed RF mode. When the RF mode is
not employed, the water cluster ion distributiontaited in this studyHigure 1) is in
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reasonable agreement with those calculated andumsebby de Gouw and Warneke (2007)
asserting that i) the 40*(H20): cluster is abundant for E/N ratios < 60Td, i #O0*(H20)
signal is maximum around 80Td and iii) theQ signalis predominant for values larger than
100Td. In the RF mode, it has been observed tlasitinal of HO* ion is much higher than
those of clusters for the entire range of E/N matithe HO*(H20) is one order of magnitude
lower than the ED* and one order of magnitude more abundant thakl30&(H-O),. As the
distributions of ions obtained with and without Rfode are quite different, it was not
possible to estimate an effective E/N as proposeBdrber et al., 2012. So E/N ratios have
been calculated without taking into account thed@htribution. In the case the RF mode is

on, E/N ratios are indicated with * (E/N*).

The NO ionization mode has been found more promisinghi@ RF mode, since the
abundance of the ionizing species is largely sopeffurthermore, the N@NO," ratio
exhibits the highest values around 40Td in the Rielen increasing the probability to form
the analyte-NOadduct. Therefore, all further results presemeithé current work in the NO
mode have been recorded with the RF mode and ezp&itN* were calculated without

taking into account the ac radiofrequency contidyut

3.2 Alkyl-nitrates

3.2.1 HzO" ionization mode

A series of tests has been conducted in orderdio the optimum operating conditions for the
measurement of alkyl nitrates withs®l ionization mode. In particular, the E/N ratio was
spanned in the 50-140 Td range. The intensity ef rtiain signals obtained for n-propyl
nitrate (AIkC3) with the RF mode off has been mdtes a function of E/N iRigure 2. The
recorded mass spectra of AIkC3 are characterizesl tigh degree of fragmentation, even for
the lowest E/N (50 Td). The AIKC3 mass spectra ndeo at the lowest extent of
fragmentation of the protonated molecular ion lissitated byFigure S1 in Sl.. The same
result has been observed for AIkC4. Consequenily, densitivity of the molecular ions
formed is low (see Table 2). The protonated alklybtes are expected to adopt the ion-dipole
complex conformation (ROH-NO; R1a) and not a covalently bound ROMO one (Cacace
and de Petris, 2000).

H3O" + RONQ — ROH-NG* + H,0 (R1a)

14
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The bound energy of these complexes was calcutated initio methods to be around 82 kJ

mol? in the case of methyl nitrate (Lee and Rice, 1992)

The only other study (Aoki et al., 2007) describag¢entative of alkyl nitrate detection with
PTR-MS used E/N ratio spanning in between 96 ardTidl The low BE characterizing the
formed complex enables its decomposition in ROH ah@." by collision induced
dissociations. The recorded signals of NQ@n/z 46) and RO(m/z 59 for AIkC3 and 73 for
AlkiC4) are probably formed by the mechanisms:

ROH-NGQ* — ROH + NQ* (R3)
ROH-NG* — RO' + HONO (R4)

This statement is supported by the decrease gbrihtenated signal in conjunction with the

increase of the N© with increasing E/N.

The presence of the m/z 43 (AIkC3) and respectively (AlkiC4) signal was clearly
identified as the alkyl fragment {R of nitrate by the means of high resolution mass
spectrometer allowing to differentiate between @itygcontaining analytes and alkyl

fragments.

Due to the abundance of water clusters, higheumstudy than typically, the R5 mechanism
is considered more likely, as proposed by Aokilef2007). The formation of R-OH.Hon
can also be explained by reaction R6 as propos&pbhyel and Smith (1997) This ion is then

expected to form the alkyl fragment*{Pby reaction R7:
RONQ; + HsO*(H20)n — R-OH-H + HNO;z + nH0 (R5)
RONQz H* + HsO* — R-OH-H + HNGs (R6)
R-OH-H — R* + H,0 (R7)

A third option is to consider the direct formatioh the alkyl fragment from the collision
induced dissociation of the protonated alkyl nésatormed in reaction 1la into"Rnd HNQ.
Further collisions of the alkyl fragment {R= GsH;") might generate the loss of two

hydrogens and explain the weak signals at m/z 4iercase of AIkC3.
CsH7" — CsHs™ + H (R8)

It should be noticed that the analog process ferntiiz 55 in the case of AlkiC4 cannot be

observed since it falls nearby a relatively abundaater cluster signal.
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Results obtained with the RF mode are shown inrEigifor the AIKC3. The ionization
pattern of the analyte is slightly different frorhet one obtained without RF mode and
enables, adjacent to the formation of the protahatkyl nitrate, the identification of other
specific signals like the adduct AIkCZ®f formation. Characterized by a high degree of
fragmentation, the spectra contain the protonateetipole complex ROH-NO at m/z = 106
(R1a) with the highest sensibility above 60Td. BN ratio is calculated without taking into
account the RF contribution. The m/z 124 signal lsarassigned to the AIkC3s:8* adduct
formation. An analog process is described in ttexdiure for long alkanes (> C6) providing
M-HsO" signals (Spa#i and Smith, 1998), in contrast with the alkenescwhare readily
protonated due their higher PA.

The alkyl (R) intermediary parent ion, described in R5 and R60H-H) is equally
recorded, corresponding in the case of AIKC3 torttie 61 signal. The increase of the E/N
ratio over 60Td contributes to a higher degree efay of this intermediate ion in the
particular conditions of the RF mode. The 'R@n at m/z 59 is equally present in the case of

AIKC3 confirming the existence of the R4 mechan@nducting to HONO formation.

To summarize, the use of:8&" ionization is not really suitable for the detentiof alkyl
nitrates as it leads to high fragmentation, evetowat E/N ratios, hence generating intense
signals of common organic analytes, unsuitable doreliable identification of these
compounds. In addition, if considering the morerabteristic signals of the protonated ion-
dipole complex ROH:-Ng, the BO* ionization mode exhibits poor detection limit: pbp
min’! for both AIkC3 (m/z 106) and AlkiC4 (m/z 120). Bhiletection limit was estimated for
a mean signal/noise ratio of 3 at the chosen m/z.

In Table 2, are gathered the characteristic sigofaésach organic nitrate studied here as well

as their detection limits.

3.2.2 NO" ionization mode

The performances of the NQonization were also evaluated. The most promisisplts,
enabling the identification of characteristic silgnaf the studied alkyl nitrates, were obtained
in the RF mode. The scan of a large range of EAtibs confirmed that the highest sensibility

towards NO induced ionization and identification is obtainmwund 40Td as illustrated in

16



Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2016-318, 2016 Atmospheric
Manuscript under review for journal Atmos. Meas. Tech. Measurement
Published: 7 November 2016 Techniques

(© Author(s) 2016. CC-BY 3.0 License.

487
488

489
490
491
492
493
494

495
496
497
498
499
500
501

502
503
504
505
506
507

508
509
510
511
512
513
514
515

516

Discussions

Figure 3 for the AIKC3 case. As mentioned previpugie calculated E/N ratio does not take

into account the RF contribution to the ion funfield.

The recorded mass spectra of the analyte of interésrms of relative peak intensities as a
function of the m/z are represented by the thielcklines in Figure 4. It will be kept in mind
that the NO and NQ' signals illustrated above are the sum of the spoerding nitrate
fragments as well as the ions formed into the dirplasma GD. The presence of'Qm/z =

32) and its interfering isotopic abundance sigmélm/z = 33 and 34 has been observed and

could result in interfering signals.

For both alkyl nitrates, the adduct formation (2pears to be the main ionization
mechanism under these given conditions, leadingtémse peaks at m/z = 135 (105+30) and
m/z = 149 (119+30) for AIKC3 and AIkC4 respectivébee Figure 4 and Figure S2). The
hydride abstraction (R (-H)was also detected as a minor pathway (2c) at mi@4=and m/z
=118 for AIkC3 and AlkC4 respectively. Despitevaak intensity, this signal can be used as
an interrelated identification signal for alkyl naites. The fraction of the abstraction channel is

at no time higher than 10% of the intensity of éldeluct formation channel.

An intense peak corresponding to the alkyl fragn{&} was observed in spectra at m/z 43
(AIkC3) and 57 (AlkiC4). The alkyl fragment signal followed by a downward series of
signals at m/z 41 and 39 in the case of AIKC3 ahdn& 55 and 53 for the AlkiCA4.

Considering the collisions of the alkyl fragment aim@nism generating the loss of two
hydrogens (R8), as proposed by Aoki et al. (2007}He protonation mode, could explain the

recorded signals.

In conclusion, the NOionization mode appears to be more suitable ferdétection of alkyl
nitrates than the #D* ionization mode as it produces two characterisignals,
corresponding to the adduct formation (M.N@nd the hydride abstraction (M(-Hl) The
detection limit for the M.NO signal was estimated to be 205 ppt ¥for AIKC3 (m/z 135)
and 126 ppt mif in the case of AlkiC4 (m/z 149) (see Table 2).haligh superior to the
protonation mode, the NQonization exhibits a poor sensitivity. For measuents in real
atmosphere where alkyl nitrates mixing ratios aeally in the ppt level, accumulations for

several hours will be necessary.
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3.3 Hydroxy-nitrates

3.3.1 The H3O" ionization

As for alkyl nitrates, the measurement of hydroxtyates by PTR-MS has been tested with
H3O" ionization mode, with and without RF mode. Forstpurpose, 1-hydroxy-3-nitroxy-
propane (10H3C3) was synthesized and used as tempiahe classical mode (RF off), the
main signals which have been attributed to 10H3@& a/z 43 (GH3O%), m/z 104
(M1onac{-OH)"), m/z 122 (MownscaH"), m/z 139 (Monsc3H20)"). Intensities of these
signals have been plotted as a function of E/Rigure 5. As expected, the intensity of the
signal m/z 43 increases with high E/N ratio whitetpnation and water adduct formation are
favored by low E/N. A possible explanation for fleemation of the ion Monsc{-OH)" is a
loss of HO after protonation of the hydroxyl-nitrate, as gested by several studies for
alcohols (Schoon et al., 2007; Smith et al., 2012zon et al., 1999).

When the RF mode is on, the same signals (43, 1P2, 139) were observed but with
different relative abundance. The influence of BiNthe intensity of these signals has been
plotted inFigure 6. Above 40 Td, the signal characterizing the watlduct formation (m/z =

139) is more abundant in the RF mode with a maximumand 45Td.

The water clusters are probably abundant in the REERtor due to the low E/N ratios and

dissociate only into the RF region after the ioti@aoccurs.

The mass spectrum illustrated by Figure S3 wasrdecbin absence of the RF funnel and is
dominated by fragments like m/z 59, 60, 73, whhe specific signal of the protonated

molecule m/z 122 is present close to the noisd.limi

The above described water adduct formation (m/39) is competed by asd* adduct (m/z

= 140), equally present into the spectra. The &tion is probably induced by the expected
high levels of water cluster, following an analogqurocess with the one described in R5.
This involves the release of HN@nd arise the signal at m/z 773KgOH)-OH-H and
subsequently at m/z 59 with the loose of suppleargnater (R7). Further collisions of the
above mentioned ions may well explain the signata/a 75 and 57, generated by the loss of
two hydrogens (R8).

In RF mode, the mass spectrum obtained for LOH3@3Nt =45 Td (corresponding to the

operational condition for which the signal at m&91is the most intense) was illustrated in
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Figure 7. It is worth to notice that all the other comge&tionization processes are strongly
diminished in comparison to the spectrum obtaimeclassical mode. Only the specific signal
at m/z = 104 exhibit a stronger signature compdcethe case above. The fragmentation

pattern is strongly diminished in this case.

To conclude, it has been observed that protonatidghe hydroxynitrate is a minor process in
comparison to fragmentation and to adduct formatidre use of the RF mode significantly
reduces the fragmentation for the benefit of theld®" adduct formation. The lowest DL (80
ppb min') was obtained at 45Td* in the RF mode for the aigrorresponding to the water
adduct formation at m/z 139. The same signal ireabs of the RF effect is at least twice
weaker in terms of sensibility. Sensitivities ohet specific signals are equally proposed for

comparison in Table 2.

3.3.2 The NO* ionization

The detection of hydroxy-nitrates in NQonization mode has been evaluated for the first
time, by varying the E/N ratio (39 — 44 Td) anddbydying the influence of the RF mode. As

stated before the highest sensibility towards tk¥ Bdduct formation are obtained in the RF

mode, most likely due to the higher abundance efitimizing species, as already seen in
Figure 1.

Results obtained with RF mode have showrFigure 8. Main signals which have been
observed are: 151 and 167 which have been attdbtdteM.NO" and M.NQ* adducts
formation and 43 (g430") which is characteristic of fragmentation. Althbugveak, the
hydride abstraction (R2c) leading to a signal at 20 has also been observed in the
recorded spectra. This process has already beesrvelsin previous studies for various
saturated and unsaturated alcoholsigCand phenol (Karl et al., 2012; Schoon et al., 7200
Spanel and Smith, 1997) using SIFT and PTR-MS fgci@s. The hydride ion transfer of
these compounds generates the corresponding caroxand HNO), while the hydroxide
ion transfer gives the corresponding hydrocarbon i@nd HNQ). Assuming the
corresponding ionization of hydroxynitrate in thase of the 10H3C3, would involve the
formation of the (@NO-CsHeg)-O" at m/z 120 and (]NO-CsHe)* at m/z 104 but their spectral
signature is marginal into the spectra.
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As expected, the intensity of the signal 43 incesasith increasing E/N ratio. The opposite
tendency was observed for adducts. The mass speathiained at E/N* = 41 which

corresponds to the highest sensitivity for the %% signal is shown iRigure 9.

Beside the above mentioned characteristic sigr@lser specific mechanisms could be
associated to the spectral signature of 10H3C3.nidhanism is reviewed and suggested by
(Harrison, 1999) for the particular case of NiGnization of primary alcohols. In this study,
an additional product (R (-2H) + NPhas been observed which would correspond in ase ¢
to an m/z = 149, hypothetically formed by the oxiola of the alcohol to the corresponding
aldehyde and its subsequent ionization. Althoudgtively weak the signal is systematically
recorded in the mass spectra of the hydroxy-nitfEte 45 and 67 ions are equally present in

mass spectra and can be attributed to fragmentation

The detection limit obtained in NQonization mode at E/N ratio of 41 Td* for the MON
signal at m/z 151 was quite low (37 ppt.mMirshowing that this ionization mode is more
suitable than ED* mode for the measurement of hydroxy-nitrates. W@as in Table 2, the

hydrogen abstraction signal (m/z 120) is at leastarder of magnitude less sensitive.

3.4 Keto-nitrates

3.4.1 The H30O" ionization

Two distinct keto-nitrates were synthesized andattarized in the current study, 3-nitroxy-
2-propanone (KnC3) and the 3-nitroxy-3-methyl-2anane (KnC5).

In order to identify the optimal conditions for tHetection of ketonitrates insB* ionization
mode, tests were performed by varying E/N ratids inlarge domain, from 45 to 170 Td
(Figure 10).

Several signals which can be attributed to ketmatés have been detected, as illustrated in
Figure 10 for KnC3: At low E/N ratios, which correspond thet HHO*(H20), controlled
regime, the formation of two keto-nitrate waterstér adducts, M-HsO" (m/z=138) and
Min-HO*(H20) (m/z=156) has been observed. Worth notice tdeatéon of these specific
signals with the decay of the preeminent ionizinglgte HO"(H20). (m/z= 55) signal. The

literature available data expect that for polar poondsthe ionization process may follow
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two similar pathways, by proton-transfer (R9a) daydligand—switching reaction (R9b) (de
Gouw et al., 2003).

Min + HsO*(H20)n — MinH* + (n+1) HO (R9a)
Min + H3O*(H20)n — MinH*(H20)m + (n-m+1) HO (R9b)

The bound energy of the cluster ions formed inrdaetion above (R9b) is weaker than the
water cluster bond. In the given conditions, thisrea high probability that the drift tube
dissociative effect can split the formed clustersiand lead to the formation of Mtand
MH™- (H0). Since the cluster ion distribution may be goeer by the water vapor drift tube
loads, the detection efficiency can be humidityarglin this particular case (de Gouw et al.,
2003).

Redistribution processes among the various precioss formed into the glow discharge can
equally occur, leading to the formation of auxyidnydrated ions such as N(®I>0),, able to

produce ligand-switching reactions alike the ones@nted above (R9b).

For intermediate E/N ratios, where®f(H20) water cluster is the key analyte, we notice that
the signal corresponding toxMH" (m/z=120) is maximum. In addition, two other signal

corresponding to M-NO" (m/z=149) and M-NQ;" (m/z=165) adducts formation have also
been observed and rise up to a maximum for thésemediate E/N ratios. These adducts can
be explained by the formation of N@nd NQ* analytes in the GD, which increases with the

increasing E/N ratios.

For high E/N ratios, the m/z 43 £8:0") signal which is a common fragment of organic
compounds, strongly increases. This reveals thamlynkagmentation occurs, making this

region not suitable for the detection of ketondgat

From these results, the intermediate E/N ratios- (@0 Td) appear to be the most suitable for
the detection of keto-nitrates ins®" ionization mode. Mass spectra obtained at E/N=75Td
which corresponds to the highest sensibility of Mha- H® signal are shown ifigure 11 for
KnC3 and in S.I. Figure S4 for KnC5 respectively.

For KnC3, the most intense signal corresponds i@ W1 (m/z=120). As discussed above,
additional processes occur which are responsibletfeer signals: M- NO™ adduct formation
at m/z 149 and fragmentation at m/z 43H€D"). These characteristic signals are tailed by

their corresponding isotopic abundance signals pdime t0*C isotope at m/z=121 and 150.
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The already discussed reactions R5 and R6 coulthiexihe intense signal of m/z 75 since

the resulting (€HsO)-OH- H" ion seems the accurate match of this signal.

Worth notice that due to the low E/N ratios, impbbg the breakability of organic nitrates, in
the above illustrated mass spectra examples, thasities of the signals m/z 19 4Bf) and
37 (HO*(H20)) are of the same order of magnitude while the 5& (HO*(H20).) is one or

two orders of magnitude lower.

In the case of KnC5, the /M H" (m/z=148) signal is not the most intense one, estijgg that
fragmentation is more favored that for KnC3 undienilar conditions. The characteristic
fragmentation pattern of this analyte exhibits arabteristic m/z 85 signal corresponding to
the GHoO" group after the cleavage of the Nftagment. An analogous process is described
by Aoki et al. (2007) asserting the alkyl grouptfas main signal in the mass spectra of alkyl
nitrates. The abundant m/z 59 fragmentH@* or GH30.") is most probably a result of

subsequent fragmentation/recombination processes.

The intense m/z=103 signal could be ascribed taatteady mentioned R5 and/or R6, both
conducting to the formation of a {850)-OH- H" ion with release of HN@and water. Worth
notice that the elimination of supplementaryCHfrom the resulting complex could also
contribute to the m/z 85 signal {@;0").

In the RF mode, the water clusters distributionlasninated by the ¥#D* ion, for the entire
range of E/N* ratios. Its signal is the most aburtdavhile all the other ED*(H20)» species
are at least one order of magnitude lower. Thestablution of water cluster in the RF mode
modifies obviously the keto-nitrates’ fragmentatjpattern and the burden of each ionization
channel in a similar way as in the case of hydmitsates. No straightforward correlation can

be made in between the two modes, showing the @xitplof the ion funnel influence.

The most noteworthy difference in the RF mode essith the presence of an intense signal
corresponding to a # adduct formation (m/z 137 and 165 respectivedypilar to the
hydroxy-nitrate, with a maximum intensity around %8 (Table 2) as calculated without

taking into account the RF contribution.

With the same PTR entry voltage, the RF mode awtivanduces the enhancement of the
fragmentation due to higher input energies andntia&imum of the protonated ketonitrate
signal glides towards 48 Td. Making the assumptiat the highest sensibility is related in

the two modes to an analogous E/N state, a coassssment of the RF mode contribution is
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estimated (25 - 35 Td) as the difference betweenwo modes maximum sensibility for the

protonated molecular ion signal.

To conclude, it has been observed that protonatfonketonitrates is the main ionization
process in the absence of a RF field. The use @Rk mode modifies the fragmentation
patern and enhances the mechanism leading to tHe(W.adducts formation. The recorded
sensitivities listed in Table 2 for thes®" ionization mode, to a DL of 70 - 80 ppt rdifor
the protonated signal of KnC3 (m/z 120). A simildr is reached by the water adduct signal
at m/z 137 under the influence of the RF ion funfiéle highest sensibility for the KnC5
identification is attained by the water adduct sigat m/z 165 recorded at 48Td in the RF
mode with a DL of 20 ppt mih Sensitivities of other specific signals are elyuptoposed

for comparison in Table 2.

3.4.2 The NO* ionization

For the first time, the detection of keto-nitratesng NO ionization was tested. In a similar
way as for the protonation process, mass spectién@3 and KnC5 were recorded as a
function of E/N ratios. The previously proven aitjnof NO* coupling -C(O) functional
group in ketones to form adducts (Smith et al.,3}00as for the first time tested in a PTR
reactor. The adduct formation was successfullyea@d in the presence of N@or both

studied ketonitrates, for which very similar IE asgected.

In the given ionization mode and considering thghbi IE of ketonitrates, the adduct
formation is expected to prevail over the chargegfer, the literature stating that the yield of
parent radical cation formation seems to be antietated with the IE of the ketones, the
lowest IE analytes, presenting the highest proliglidr the charge transfer reaction (Smith et
al., 2003).

Following the same approach as in the previous, dageE/N* region was set in order to
provide the highest NONO;" ratio. TheFigure 12 is presenting the influence of the E/N ratio
variation in the RF mode over the analyte signaintérest. We notice that the N@rofile

sharply increasing together with the NRO," ratio is joint by the adduct signal.

We plot as an example, the KnC5 adduct signal athv7 (147+30) as a function of two
fragments (m/z= 43 and 85) having potentially, aplaned above, different formation

pathways. A decrease of the fragmentation yielthwor of the adduct formation in the PTR
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reactor is observed over the 35 Td shoulder. Tk &ensitivity of the instrumental setup for

the identification of ketonitrates is quantifiedTiable 2.

Due to the rising incidence of the N@nd NQ" ions, simultaneously formed in the GD, the
signals corresponding to the WMNO" and Man-NQG* adducts formation is equally

strengthened (m/z=149 and 165 for the Kn@®3gure 13 and m/z=177 and 193 for the KnC5
— see S.l. Figure S5 respectively). All these attarestic signals are tailed by their
corresponding isotopic abundance signals due mantyC isotope at m/z=121, 150, 1686,
178 and 194 respectively.

The KnC3 spectrum was recorded at E/N* = 40Td asvshin Figure 13. We notice a low
fragmentation pattern of the analyte with a majidect signal contribution at m/z= 149. The
existence of a secondary (water controlled) cortipetiprocess might be revealed by the
existence of the minor protonated signal at m/z ha@€ked by the characteristic fragment at
m/z =75 as described by R5-7.

In an analog way, i&l. Figure S5, the mass spectrum of KnC5 is plotted for the umagntal

setup corresponding at the lowest fragmentatiohl €86 Td). We notice the distinct signal
of the formed adduct (m/z =177) as well as, to weloextent, the characteristic signals
described above (m/z= 59, 85, 103) which are mkslyl formed following the mechanisms

described in the previous paragraph, since thenisteiquitously present in the system.

The best results related to the Ni@nization are related typically to the highest N@D,*
ratios in the RF mode as seen in Table 2. Thé high affinity towards adduct formation is
confirmed by the low DL achieved for these highhacteristic signals, 30 and 40 ppt thin
for the adducts formed at m/z 149 and 177 respalgtat an E/N* ratio < 45 Td.

3.5 PANs

The detection of PANs with PTR-MS has been testeddmerating the peroxyacetyl nitrate
(PAN) from the well-known N@oxidation of acetaldehyde in the simulation chambée

disadvantage of this procedure despite the 70% R#Nation yield (Doussin et al., 2003) is
that it generates several bi-products (nitric atddmaldehyde...) leading to more complex
mass spectra. The PANs family analytes were akiobt by in-situ generation using the

corresponding aldehydes. In order to overcome adgment error, the present study will
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only illustrate the PAN mass spectra while for ¢iieer analogous formed PAN like products
(P2MCrN and P3MCrN) we will only discuss about thmeass spectra signals which are

assigned to them.

3.5.1 The H30O" ionization

The optimal conditions for the detection of PANsHgO" ionization mode were explored by
varying the E/N ratios from 55 to 120 Td. The mpsimising results were obtained in the
case of PAN around 85Td where the protonated sig@AN was recorded as we can depict

from Figure S6 in S.I.

In an analogous way with the reaction Rla, the gmatied peroxy-nitrates are equally
expected to form low energy gas phase ion-dipolmptexes (ROOH-N@) with bound
energies of 92 kJ mdlin the case of methyl-peroxynitrate (Ravelo andnEisco, 2007).
Previous studies (Hansel and Wisthaler, 2000) Ipgoposed a speculative decomposition of
the protonated PAN:

RC(O)OONGH" + H,0 — RC(O)OOHH + HNO; (R10)

The same mechanism is equally indicated by lateliess (Aoki et al., 2007), giving the mass
spectral signal at m/z = 77, as recorded in the ofshe PAN (Figure S6). According to their
statements the other protonated PANs parent congp@emerated in our study {&:-
C(O)OONQH*, m/z = 162) should lead to representative ionignais of type GH7-
C(O)OOHH, m/z = 117, which are indeed present in the dedloed mass spectra of our
analytes. Moreover, the fact that this signal isealv during the NO ionization mode
(characterized by inferior 4 levels) may support this hypothetic decompositadnthe
PANSs.

Another likely mechanism which, unexpectedly, magd to the same analytical signal is
reviewed by (Roberts, 1990) proposing the unimdécdecomposition of PANs to form the

corresponding &1 alkyl nitrate. In our particular case the reactioay be written as:
CsH7-C(O)OONQ — C4H7-ONO, + COp (R11)

Assuming the presence of both processes, the iresallkyl nitrate may interfere with the
above mentioned m/z=117 signal in the case of egehtaansfer reaction. More likely, in the
case of a protonation process, the obtained m/zsigttal derived from the alkyl nitrate will

enhance the isobaric signal due to i@ isotopic abundance of the analyte obtained by PAN
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decomposition. The signal of m/z 118 seems indieatif the presence of a double peak
which might confirm the occurrence of both procesdeis fact is equally confirmed by the
l11¢/l117 measured ratio (0.19 - 0.23 for the P2MCrN an@ 0.8.57 for the P3MCrN) which
is significantly different from the expectéiC isotopic abundance for a RC(O)OOHHKpe
compound (0.06). This difference suggests the presef this kind of analytical interference,

more pronounced in the case of P3MCrN.

However the PAN decomposition path is considereldetseveral hundred times slower than

the bond homolysis channel:
C4H7-C(O)OONQ — C4H7-C(0O)O0 + NO, (R12)

The recombinatiorof CsH7-C(O)OO (m/z = 115) with highly abundant *fH.O) and
H*(H20). could generate the signals at m/z 133 and 15%kcésply. Additionally, the high
levels of NQ" (m/z = 46) may favor the presence of N®LO (m/z = 64) which can
potentially quench the £17-C(O)OO radical to give an adduct signal at m/z = 179.

In order to certify the mono-nitrogen containingabes for several ion signals in the
spectrum, an analysis similar to the one perforimethomata et al. (2013) which consists in
subtraction of the isotopic effect 8IC by calculating dven/ lodd ratios of an ion signal at an

even m/z [M] to the adjacent ion signal at an odd fl+1].

As described by Table 2 the normalized sensitifatythe protonated PANs is weak spanning

few counts ppb min? for all three considered PANS.

3.5.2 The NO* ionization

Unlike the keto-nitrates, the PANs present a loms#sglity towards detection in NO

ionization mode and generally a complex chemicallggium in classical PTR analysis.

In the NO ionization mode, the signals corresponding to ddduct formation is barely
noticed for the entire range of E/N considered. Eoav the presence of weak signals at m/z =
191 and 207 for both P2MCrN and P3MCrN, are indieadf the presence of PAN N@nd
PAN NO;" adducts respectively.
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4 Conclusions

Organic nitrates play a key role in atmosphericnuisey as they act as reactive nitrogen
reservoir species. The use of PTR-MS for the measent of VOCs has expanded a lot in
atmospheric research these last years but fewestudive investigated the performances of
this instrument for the detection of organic nimat These studies have shown that this
technique exhibits poor performances (high fragmu#on and poor sensitivity) when it is run
in classical mode. In the present work, the detactf alkyl and multifunctional organic
nitrates (PANSs, ketonitrates, hydroxynitrates) hig technique has been studied by operating
the instrument in the classical modez@H as ionizing species) but also by testing an
ionization induced by NO This study has shown that a soft ionization by"N€ing low E/N
ratios (<50 Td) promotes the R-N@dduct formation and minimizes the fragmentation,
favoring the identification of molecular compositioln addition, the versatility of the
instrument allows an easy change of the chemigakation source, from #D* to NO" by
simply replacing water vapor by dry air in the gldigcharge. This is very useful for a double
identification of the organic nitrates. In termssehsitivity, the NO adduct ionization mode
appears to be the most sensitive for the detectidrydroxy- and ketonitrates with detection
limits in the range of tens ppt/min. This sensitivis suitable for measurement of organic
nitrates during lab studies but also in ambient Hire detection of alkyl nitrates and PANs
with PTR-MS is less sensitive, with detection lisnih the range of hundreds ppt/min,
whatever the ionization source used. For these dasses of nitrates, accumulations over

longer periods will be necessary for measuremengsribient air.

A crucial aspect to be taken into account in furtkkeidies for lab and field measurements
deployment of the method will be the effect of themidity of the sampled air. In addition,
longer acquisition time, elimination of interferirignization paths by selective ionization

sources and softer ionization sources could imptbedechnique’s performances.
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Figure 1. Typical ionizing species distribution asfunction of the E/N ratio, in the two
ionization modes with RF mode on and off. When Rfe mode is on, E/N* ratio were

calculated taking into account only the contribntiof the dc electric field while the
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additional input of the ac electric field remainfidult to estimate.
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Figure 6. Typical signals due to the 10H3C3 saitzation and their behavior as a function
of the E/N ratio variation (left axis) in the RF de The fragmentation intensity depicted by
the m/z=43 ion is illustrated together with thgFion onto the right axis.
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Figure 7. The recorded mass spectrum of 10H3C8KHdars) at the lowest extent of
fragmentation (E/N* = 45 Td) in thes®" ionization mode under the influence of the RF
mode.
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pathways, for several characteristic signals.
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Figure 11. Recorded mass spectrum of protonated3Khlack bars) for E/N = 75 Td,
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