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Abstract. Guaiacol (2-methoxyphenol) and its derivatives 1 Introduction
can be emitted into the atmosphere by thermal degrada-

tion (i.e., burning) of wood lignins. Due to its volatility, Lignin is a biopolymer of woody plant tissue mainly com-
guaiacol is predominantly distributed atmospherically in the posed of three aromatic alcohols: p-coumaryl, coniferyl, and
gaseous phase. Recent studies have shown the importangmapyl alcohols (Simoneit, 2002). The composition of lignin
of aqueous-phase reactions in addition to the dominant gasyaries among the major plant classes, i.e., angiosperms and
phase and heterogeneous reactions of guaiacol, in the formgymnosperms. Angiosperm (hardwood) lignins are derived
tion of secondary organic aerosol (SOA) in the atmospherefrom products of sinapyl alcohol, while gymnosperm (soft-
The main objectives of the present study were to chemicallyyood) lignins mainly contain products of coniferyl alco-
characterize the main products of the aqueous-phase pherol and to a lesser extent sinapyl alcohol products. Grass
tonitration of guaiacol and examine their possible presencgGramineae) lignins mainly contain products of p-coumaryl
in urban atmospheric aerosols. The aqueous-phase reactioggohol (Simoneit, 2002). The process of wood burning
were carried out under simulated sunlight and in the presenceauses thermal degradation of wood lignins and formation
of hydrogen peroxide and nitrite. The formed guaiacol re-of various degradation products, such as phenols, aldehydes,
action products were concentrated by solid-phase extractioBcids, ketones or alcohols, which generally preserve the orig-
and then purified with semi-preparative high-performanceinal substituents on the aromatic ring. Thus, hardwood burn-
liquid chromatography (HPLC). The fractionated individual ing produces mainly syringol (2,6-dimethoxyphenol) deriva-
compounds were isolated as pure solids and further analyzegles and guaiacol (2-methoxyphenol) derivatives to a lesser
with liquid-state proton, carbon-13 and two-dimensional nu-extent, whereas softwood burning exclusively results in gua-
clear magnetic resonance (NMR) spectroscopy, and direcfacol derivatives (Simoneit, 2002). When emitted into the at-
infusion negative ion electrospray ionization tandem massnosphere, guaiacol and its derivatives are predominantly dis-
spectrometry (()ESI-MS/MS). The NMR and product ion  tributed in the gas phase (Schauer et al., 2001; Simpson et al.,
(MS?) spectra were used for unambiguous product structure005), due to their relatively high vapor pressures (e.g., 21,
elucidation. The main products of guaiacol photonitration 8.1 and 0.45 Pa for guaiacol, 4-methylguaiacol and syringol,
are 4-nitroguaiacol (4NG), 6-nitroguaiacol (6NG), and 4,6- respectively, at 25C; Sagebiel and Seiber, 1993). However,
dinitroguaiacol (4,6DNG). Using the isolated compounds asmeasurements of guaiacol, syringol and their analogs in win-
standards, 4NG and 4,6DNG were unambiguously identifieder fog water from California’s Central Valley by Sagebiel

in winter PMy aerosols from the city of Ljubljana (Slovenia) and Seiber (1993) indicated that their concentrations are
by means of HPLZ(—)ESI-MS/MS. Owing to the strong  higher than those expected on the basis of their vapor pres-
absorption of ultraviolet and visible light, 4,6DNG could be sures. In other words, the enrichment of methoxyphenols in
an important constituent of atmospheric “brown” carbon, es-fog water was usually 3 to 4 times higher than that calcu-
pecially in regions affected by biomass burning. lated from Henry’s law. These observations were explained
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by the possible role of the dissolved fog-borne chemicalsguaiacol under high-NQconditions has also been reported
in their solubilization. The total methoxyphenol concentra- (Yee et al., 2013; Lauraguais et al., 2014). Using GC-FID
tion measured in fog water was in the micromolar range(flame ionization detection) and GC-MS, two nitroguaia-
(up to 10 umol -1 for guaiacol and syringol together). The cols, i.e., 4-nitroguaiacol and 3- or 6-nitroguaiacol, have been
most abundant compounds among the sixteen methoxyphedentified (based on MS spectral library search) as gas-phase
nols studied were guaiacol, 4-methylguaiacol, and syringol.oxidation products of guaiacol (Lauraguais et al., 2014).
Finally, fog water was proposed to be a suitable medium forHowever, to the best of our knowledge, there are no stud-
studying methoxyphenols, especially in regions impacted byies on the photonitration of guaiacol in atmospheric waters
wood burning (Sagebiel and Seiber, 1993). Therefore, the athor have its nitro-products been unambiguously identified so
mospheric aqueous-phase represents an appropriate mediuar.
for studying the reactivity of methoxyphenols, such as gua- In the present work, the aqueous-phase products of gua-
iacol. iacol formed under simulated atmospheric conditions were

Studies dealing with the aqueous-phase reactivity ofstudied. Guaiacol was oxidized by photochemically gen-
methoxyphenols are rather scarce. Chang and Thomperated hydroxyl (OH) and nitro (N£ radicals, using a
son (2010) characterized the colored products of differentcustom-built reactor (Gr@i et al., 2010). The main goal
phenols, catechols, guaiacols and syringols formed by reacwas to isolate and identify the main reaction products with
tion with hydrogen peroxide ($0,) upon irradiation with  semi-preparative high-performance liquid chromatography
ultraviolet (UV) light. The infrared (IR) spectra of syringol (HPLC) with UV/Vis detection, nuclear magnetic reso-
reaction products showed a great similarity with those of au-nance spectroscopy (NMR), and tandem mass spectrome-
thentic humic-like substances (HULIS) reported in the lit- try (MS/MS). Using the isolated compounds as standards,
erature. In addition, Ofner et al. (2011) recently found thatseveral guaiacol products were further identified in ambient
the attenuated total reflectance Fourier transform infraredaerosols by means of HPLC-ESI-MES.
(ATR-FTIR) spectra of in-smog-chamber-formed secondary
organic aerosol (SOA) from catechol and guaiacol under sim-
ulated sunlight and ozone ¢Dexhibit absorptions, which 2 Experimental
were previously reported for natural HULIS and fulvic acids.
Gas-phase and aqueous-phase oxidation of phenolic con?.1 Reaction and reagent solutions
pounds (including methoxyphenols) leads to formation of )
colored SOA products (including products of dimerization T_he splvents, reagents and standards used for this study are
and oligomerization), which absorb UVis light between ~ givenin Sect. S1in the Supplement. _
200 and 600 nm and can contribute to aerosol light-absorbing FOr the aqueous-phase photonitration of guaiacol, a
“brown carbon” (Chang and Thompson, 2010; Ofner et al.,100mL reac_tlon mlxtu_re was prepared by mixing 10 mL of
2011). In another study, the aqueous-phase photooxidatioh:0 MM guaiacol solution, 1 mL of 100 mMz®; and 1 mL
of guaiacol and syringol (100 pM) in the presence e of 1(_)0 mM sodium nitrite in a 100 mL volumetrlp flask gnd
(100 M) was also found to produce ring-retaining aromaticd'“_‘“”gl't tothe mark with a 0.0.55 mM sulfuric §1C|d solution.
oxidized products, including dimers and oligomers, via phe-This mixture with pH 4 contained the following elements:
noxy radical reactions (Sun et al., 2010). Using a high-0-1mM guaiacol, 1 mM sodium nitrite and 1 mMp8,. It
resolution aerosol mass spectrometer (HR-AMS) the author¥/@s poured in a 250 mL clean, round-bottom flask and im-
found signature ions for guaiacol and syringol dimers in amediately set for reaction under YVis light, as described
winter PMys sample collected after a fog event in Fresno, below (see Sect. 2.2). S
California (USA), and concluded that aqueous-phase reac- 1he enzyme catalase and ascorbic acid (vitamin C) were
tions of phenolic compounds can contribute to SOA, espe-tefs'[ed as reaction guenchers and mtroo_luced_ into reaction
cially in regions affected by wood combustion. In general, rmxturg allquots taken from the bulk reaction mixture at de-
guaiacol and syringol were found to be more reactive towarddined time intervals. For that purpose, 0.01% catalase and
aqueous oxidation than their substituted analogs. Thereforel % ascorbic acid solutions were freshly prepared in Milli-Q
they are expected to be the most important products amon¥/ater.
their analogs towards formation of SOA in the atmosphere ) o
(Chang and Thompson, 2010). Soll_mons for the aqueous-phase photpnltra_tlon of

Liu et al. (2012) examined the heterogeneous reactivitydu@iacol ata larger scale (for product isolation
of selected methoxyphenols (syringaldehyde, vanillic acid,2"d identification)
and 'comferyl aldghydg) tqwards nitrate (bb@a}dlcals. They Solutions for preparation of 4-nitroguaiacol (4NG) and
studied the reaction kinetics, proposed reaction pathways and 4.6-dinitroguaiacol (4,6DNG)
identified the reaction products with gas chromatography ' '
time-of-flight mass spectrometry (GC-TOFMS). Recently, 0.28 mL of guaiacol (liquid standard), 2.6 mL of 30 %
the formation of nitro products by gas-phase oxidation of hydrogen peroxide solution and 25 mL of 1.0 M sodium
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nitrite aqueous solution were brought into a 250 mL vol- were made of transparent borosilicate glass (Duran; Schott
umetric flask. 15mL of 92mM sulfuric acid solution AG, Germany) with a UV cut-off below 300 nm and negligi-
was then added and the mixture was adjusted to vol-ble absorption (full transmission) in the region 310—-2200 nm.
ume with Milli-Q water. The final reaction mixture with For dark reactions, amber reaction vessels (amber Duran;
pH 4 contained the following elements: 10 mM guaia- Schott AG) were used with a light transmission lower than
col, 100 mM sodium nitrite and 100 mMdJ@,. It was 10 % in the region 300-500 nm.
poured into a 500 mL round-bottom flask and immedi-
ately set for reaction under UNVis light, as described 2.3 Semi-preparative HPLC purification of the reaction
below (see Sect. 2.2). After 9h of reaction, the reac- product extract
tion mixture was stored in a refrigerator (2@, in the
dark) overnight without addition of reaction quenchers. An Agilent 1100 Series HPLC system (equipped with a sol-
The reaction products were extracted the following day.vent degasser, quaternary pump, autosampler, thermostatted
column compartment, UWVis diode-array detector (DAD),
Solutions for preparation of 6-nitroguaiacol (6NG) and an analytical-scale fraction collector (FC)) was used
0.55mL of guaiacol, 1.5mL of 30% hydrogen per- for analytical and semi-preparative HPLC, as well as for
oxide solution, 15mL of 1.0M sodium nitrite aque- HPLC-ESI-M§MS selected reaction monitoring (SRM) ex-
ous solution and 10mL of 92 mM sulfuric acid were Periments. A ChemStation for LC 3-D systems Rev. B.03.02
mixed in a 250 mL volumetric flask, and the mixture Software (Agilent Technologies) was used for acquisition
was subsequently adjusted to volume with Milli-Q wa- and analysis of HPLC-UVis (DAD) data. The method
ter. This reaction mixture with pH 4 contained the fol- for semi-preparative HPLC purification was initially devel-
lowing elements: 20 MM guaiacol, 60 mM sodium ni- oped at an analytical scale employing an Atlantis T3 column
trite and 58 mM HO,. It was transferred to a 500mL  (3.0x 150 mm, 3um particle size; Waters) with an Atlantis
round-bottom flask and immediately set for reaction un- T3 guard column (3.& 20 mm, 3 um particle size; Waters).
der UV/Vis light (see Sect. 2.2). After 6 h of reaction, An isocratic separation of the studied guaiacol nitro-products
the reaction mixture was stored in a refrigerator (2—Was achieved by using a mobile phase consisting of an
8°C, in the dark) overnight without addition of reaction acetonitrile (ACNYtetrahydrofuran (THF)water (30'4/66,
quenchers. The reaction products were extracted the folv/v/v) mixture containing 5mM ammonium formate buffer

lowing day. pH 3, at a flow rate of 0.5 mL min'. The injection volume
and column temperature were 10 pL and®@Qrespectively.
2.2 Experimental setup for studying aqueous-phase For the semi-preparative method, an Atlantis Prep T3 col-
reactions umn (10x 250 mm, 5 um particle size; Waters) with an At-

lantis Prep T3 guard column (2010 mm, 5 um patrticle size;
The experimental setup employed for studying the aqueousWaters) was used. The chromatographic parameters were the
phase reactivity of guaiacol (Fig. S1 in the Supplement) consame as for the analytical method, except for the mobile
sisted of a custom-built reactor and a solar simulator &rgi phase flow rate and sample injection volume, which were
et al., 2010). The reactor is a modified rotary evaporatorscaled up to 5.0 mL mint and 100 pL, respectively. More-
(Rotavap R-210, Buchi, Switzerland) equipped with a ther-over, in order to completely elute the highly retained reac-
mostatted bath (B-491) and a custom-built low-volume con-tion products from the column (i.e., high-molecular weight
denser. The custom-built condenser was used to minimizdHMW) oligomers) the elution strength of the mobile phase
the headspace volume above the reaction solution. The thewas increased towards the end of the chromatographic run
mostatted bath was used to maintain a constant temperatuf@able S1 in the Supplement).
of 25°C during the illumination experiments, while contin-  The concentrated product extract (see Sect. S2 in the Sup-
uous mixing of the reaction solution was achieved by rota-plement) was used for semi-preparative HPLC purification.
tion of the vessel at a speed of 50 rpm (revolutions per min).The product fractions were collected by an analytical-scale
As a source of UV and Vis light, a low-cost solar simu- FC (Agilent), equipped with a semi-preparative needle and
lator (L.O.T.-Oriel GmbH & Co. KG, Germany) equipped a 10-funnel tray for collection of large volume peaks. It was
with a high-pressure xenon short arc lamp (max. power:triggered for peak collection by the YVis (DAD) signal.
300W, ozone free) was used. The simulator produces a unifhe DAD signal set at 345 nm was used for monitoring and
form and collimated output beam of 40 mm diameter. Its ir- collection of the 4NG and 4,6 DNG peaks, while for collec-
radiance is minimum 1 sun (equivalent to an irradiance oftion of 6BNG the DAD was set at 300 nm. The peak fractions
1367 W n1?2) at a working distance of 180 mm. The xenon from multiple injections were collected into the same frac-
lamp emits continuous radiation in the spectral range 250-tion locations (so-called pooling). After pooling, the organic
2500 nm, but has a negligible output below 260 nm. For thesolvents (ACN and THF) were removed by means of rotary
experiments, an output lamp power of 250 W was used. Thezacuum evaporation (Rotavap R-210, Biichi; bath tempera-
reaction vessels employed for the illumination experimentsture 35°C and vacuum pressure 110 mbar).
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2.4 NMR analysis auxiliary (Gas 2) gas, respectively; and 38Dfor the source
temperature. The dwell time of the SRM transitions was set

The dried crystalline products (4NG, 4,6DNG, and 6NG) to 150 ms.

obtained after the final product isolation (see Sect. S3 in Analyst 1.5 Software (Applied BiosysterfidDS Ana-

the Supplement) were dissolved in deuterated chloroformytical Technologies Instruments) was used for acquisition

(CDCl) for liquid-state!H-NMR, 13C-NMR, and 2D-NMR  and analysis of the direct infusion ESI-¥I&nd HPLC-ESI-

analysis.'H-NMR, 13C-NMR and 2D-NMR spectra were MS/MS (SRM) data.

recorded on a Unity Inova 300 MHz NMR spectrometer (Var-

ian Inc., CA, USA). VNMRJ software (Varian Inc.) was used 2.6 Chromatographic conditions for the

for processing and analyzing the spectra. For 4NG, 6NG and ~ HPLC-ESI-MS /MS (SRM) method used for

4,6DNGIH spectra, 16, 19 and 68 scans, were acquired, re- identification of nitroguaiacols in aerosol samples

spectively, with a relaxation delay of 10.0s. For 4NG, 6NG

and 4,6DNGI3C spectra, 847, 12544 and 878 scans, re-The identification of guaiacol nitro-products in ambi-

spectively, and a relaxation delay of 2.0s were used. Af-€nt aerosols was performed on an Atlantis T3 column

ter NMR analysis the deuterated solvent was evaporated ant?-1x 150 mm, 3um particle size; Waters) preceded by an

the dried products were sealed in 10 mL round-bottom flaskg\tlantis T3 guard column (2.% 10 mm, 3 um particle size;

and stored in a refrigerator (228), until ESI-MS and/or Waters), using the liquid chromatograph and mass spectrom-

HPLC-ESI-MSMS (SRM) analysis. eter described in Sects. 2.3 and 2.5. Two different elution
regimes were applied to the separation of the nitroguaiacols.
2.5 ESI-MS/MS conditions For thefirst elution regime, an isocratic mobile phase, con-

sisting of a methanglHF/water (3Q/15/55, v/v/v) mix-

A triple quadrupole — linear ion trap hybrid mass spec- ture contajning 5mM am'monium.formate buffer pH 3, was
trometer, 4000 QTRAP LEMS/MS System (Applied use_d (Elution method I; Kitanovski et al., 2012a). Beegond
BiosystemgMDS Sciex, Ontario, Canada) equipped with a "€gime employed an ACNTHF/water (30'4/66, v/v/v)
TurbolonSpray (TIS) source (a variation of an electrosprayMixture containing 5mM ammonium formate buffer pH 3,
ionization (ESI) source) was used for direct infusion ESI- @ mobile phase (Elution method II). For both, a flow rate
MS? (MS2-product ion MS) and HPLC-ESI-M31S exper- of 0.2mLmin %, an injection volume of 10 uL and a_col—
iments. A central supply of high-purity nitrogen was used for Umn temperature of 3IC were used. For the analysis of
nebulizer, drying, and collision gas. PMjo extracts, the m(_)blle phase elution strength was in-

For obtaining negative ion ESI-MSproduct ion spec- creased after .the elutlc_)n of the tqrgeteq_analytes, to com-
tra of the deprotonated molecules [M —HDf nitrogua- pletely elute h|ghly_reta|ned material co—.lnjected on t.he cgl_—
iacols, their individual standards (200 ugl for 4NG, umn. The preparation of standard §o|utlons for the |Qent|f|—
1500 pg L=t for 6NG and 180 g L for 4,6DNG, prepared cation of 'the nitroguaiacols in ambient samples is given in
in a methangiwater 37 (v/v) mixture containing 5mM am-  S€ct. S4 in the Supplement.
monium formate buffer pH 3) were directly infused into the
TIS source at a flow rate of 10 puL mih by using a Harvard
11 plus syringe pump (Harvard Apparatus, Holliston, USA).
The following MS parameters were used4500V for the
TIS capillary voltage, 15 psi for the curtain gas, “high” set-

. . - 5 . .
t"s]?fé\r/?k?glézbjife?.isl(ocga;;r%g(; %\?}Eﬁﬁ!?ggfﬁ;if about filter pretreatment and weighing, sample collection and
P 9 ' 9 storage as well as sample preparation for analysis has been

potential (DP), and-5.0 V for the collision cell exit potential ; ; .
(CXP). In order to obtain summed spectrarich in characteris-OIescrIbeOI elsewhere (Kitanovski et al., 2012a).

tic product ions, the collision energy (CE) was ramped from
—120V to—5V using 1V per spectrum step. 3 Results and discussion

The detection of nitroguaiacols was achieved by using
negative polarity ESI-MAMS in the SRM mode. The final 3.1 Aqueous-phase photonitration of guaiacol
optimized values of compound-dependent NS param-
eters used in the SRM method, such as DP, CE and CXHror studying the aqueous-phase photonitration of guaiacol,
are given in Table 1. In the final HPLC-ESI-MBIS (SRM) reagent concentrations were initially chosen to closely sim-
method, two characteristic SRM transitions of 4NG, 5NG, ulate atmospheric aqueous-phase conditions. To match the
6NG and 4,6DNG were simultaneously monitored (Table 1),acidity of cloud waters the pH of the aqueous medium
for their unambiguous identification in ambient aerosols. Thewas adjusted to 4 (Hindman et al., 1994). The concen-
ESI source parameters were as followg000 V for the cap-  tration of guaiacol (0.1 mM) in the aqueous medium em-
illary voltage; 16, 50, and 60 psi for the curtain, nebulizer andployed for reaction, however, was much higher than its levels

2.7 Sample collection and preparation

The winter PMg samples were collected on quartz fibre fil-
ters at an urban background location in the city of Ljubljana,
Slovenia (Kitanovski et al., 2012a). Additional information
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Table 1. MS/MS (SRM) parameters for the studied nitroguaiacols.

Analyte MW Structure formula MS/MS parameters
Precursor  Product DP CEP CXP®
ion[m/z] ion[m/z] Vi 4 I\

2-methoxy-4-nitrophenol (4-nitroguaiacol; 4NG) ©/OCH3
- N. 168 153 -40.0 -19.9 -10.9
+ 0
OH
OCH,
2-methoxy-5-nitrophenol (5-nitroguaiacol; 5SNG) 169.14 &
T
N
0}
168 79 —-40.0 -379 46
2 h 6-nitrophenol (6-ni iacol; BNG CT)OH
-methoxy-6-nitrophenol (6-nitroguaiacol; ) N OCH,
O+
(T) oH 213 198 -50.0 21.3 3.4
_N OCHj T e T
O +
2-methoxy-4,6-dinitrophenol (4,6-dinitroguaiacol; 4,6DNG) 214.13
- N _50. —30. _8
o N0 213 124 -50.0 30.0 8.0

a Declustering potential Collision energy® Collision cell exit potential.

measured in fog water samples (0.0001-0.001 mM; Sagewere investigated: (a) drying out, (b) adding catalase and
biel and Seiber, 1993), but it is of the order of the maxi- (c) ascorbic acid to the aliquots of the reaction mixture. The
mum concentrations of the total methoxyphenols measureefficiency of drying vs. addition of catalase was first exam-
in the same samples. The,BLand nitrite concentrations ined. At defined reaction times, i.e., 30, 60, 90, 120, 150, 180
employed (1.0 mM) were also higher than their reported am-and 250 min after exposure to YVis, two 0.5 mL aliquots
bient values, i.e;~ 0.1 mM for HO> in cloud water (Watan-  of the reaction mixture were withdrawn and transferred to
abe et al., 2006) and 0.1 mM for nitrite in fog water (Anas- autosampler vials (2 mL). One of the sample vials was imme-
tasio and McGregor, 2001). It is noted that in most pub-diately set for evaporation under a gentle stream of nitrogen
lished studies much higher initial concentrations of the re-(at room temperature), while 20 uL 0.01 % aqueous catalase
actants than their ambient ones were used (e.g., Chang armblution was added to the other ones and thoroughly mixed.
Thompson, 2010; Sun et al., 2010; Ervens et al., 2011). ThiPrying out 0.5 mL aqueous reaction mixture took more than
is due to the low concentrations of the formed products wherhalf an hour and a characteristic odor of volatilized guaia-
reagent concentrations typical of atmospheric conditions areol could be sensed during that time. After drying, the solid
used, challenging the sensitivity of the spectroscopic techresidue was reconstituted into 0.5 mL of Milli-Q water. Af-
niques used for product identification gied quantification  ter application of the corresponding quenching method, both
(UV/Vis, IR and NMR spectroscopy, and mass spectrome-sample aliquots were immediately subjected to HPLC analy-
try). sis, without further waiting in the HPLC autosampler. Char-
After 3 hours under UWVis irradiation, the photonitra- acteristic chromatograms of the analyzed reaction mixture
tion of guaiacol (0.1 mM) in the presence of (1.0 mMy®} aliquots, sampled at= 0 min, quenched by drying or ad-
and sodium nitrite, yielded a yellow-colored reaction solu- dition of catalase, are given in Fig. 1.
tion. Owing to the presence of reactive radical species (OH, The enzyme catalase was used to destroy the unreacted
NOy) and unreacted $D, in the reaction solution after irra- amount of HO, and by doing so, to quench the reaction(s)
diation, the unreacted guaiacol was further oxidized/and involving H>O» (Perri et al., 2009, 2010). From Fig. 1 it can
nitrated, resulting in a complete decay when the solution wade seen that the guaiacol peak in the chromatogram of the
left overnight and under dark conditions. Therefore, efficientsample aliquot quenched with catalase is similar (by height
quenching of the reaction was indicated for studying the guaand area) to that of a guaiacol 0.1 MM aqueous standard.
iacol photonitration kinetics. For that purpose, three methoddn contrast, the guaiacol peak can be barely detected in the

www.atmos-meas-tech.net/7/2457/2014/ Atmos. Meas. Tech., 7, 248/ 2014
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Figure 1. Chromatograms of an aqueous standard containing
0.1mM guaiacol (a) and guaiacol reaction mixture aliquots
quenched by addition of catalage) or by drying(c), both sam-
pled atr = 0min. Chromatographic conditions: isocratic elution,
ACN/THF/water (30'4/66, v/v/v) mixture containing 5mM am-
monium formate buffer pH 3, column: Atlantis T3 (3<0150 mm,
3um particle size), flow rate: 0.5 mL mift, column temperature:
30°C, injection volume: 10 pL, detection: UV (276 nm). The peak
eluting at 5.02 min corresponds to guaiacol.

Reaction time [min]

Guaiacol (276 nm) | (0)
4NG (345 nm)
6NG (300 nm)
4,6-DNG (380 nm)

4ponm

A

Peak area [mAU*s]

chromatogram of the sample quenched by solvent evapora-
tion (drying). A consistent absence of the guaiacol peak was )
observed in the chromatograms of the other reaction mix- T o 0 o o o
ture aliquots quenched by drying and sampled later during Reaction time [min]
the photonitration reaction. The chromatogram of the gua-
iacol 0.1 mM aqueous standard after “quenching” by dryingFigure 2. Time evolution of guaiacol, 4-nitroguaiacol (4NG), 6-
showed a negligible guaiacol peak, as well. These experihitroguaiacol (6NG) and 4,6-dinitroguaiacol (4,6DNG) in the pres-
ments demonstrate that reaction quenching by drying is unénce of 0.1 mM guaiacol, 1.0 mM2®; and 1.0 mM NaN@ under
suitable for kinetic measurements, since it cannot recover th&V/Vis irradiation. Reaction quenched with 0.01 % catalagand
unreacted amount of guaiacol. This observation is supported *¢ 25corbic acidb). Chromatographic parameters are the same as
by the fact that guaiacol is a small volatile phenolic com- in Flg._ 1. The useq compound specific d’etectlon wavelengths are
. given in parenthesis after the compounds’ names.
pound (MW 124) with a vapor pressure of 21 Pa aP@5
(Sagebiel and Seiber, 1993).
The effect of ascorbic acid as reaction quencher was in-
vestigated and compared to catalase. A reaction was startdd products. Another support for this reasoning is the peak
as previously described, and two 0.5mL aliquots of the re-area variability for the second consecutive injection of the
action mixture were sampled at defined reaction times (sesamples quenched with catalase, which is especially visible
above). The aliquots were transferred into vials containingfor guaiacol (Fig. 2a). For some time points there was up
50 pL 0.01 % catalase or 50 pL 1 % ascorbic acid solution ando a 10 % decrease of the guaiacol peak area 120 min,
subjected to HPLC analysis. For each reaction time, the samFig. 2a) in the second analysis compared to the first one,
ple aliquot quenched with catalase was analyzed first (2 inwhich is above the variability of the analytical method. In
jections), followed by that quenched with ascorbic acid (2 in- contrast, the vials with added ascorbic acid that were ana-
jections). The time evolution plots are given in Fig. 2. lyzed later showed stable peak areas and overall results that
One obvious difference between both plots in Fig. 2 favor ascorbic acid as a quencher over catalase.
is the initial concentration (proportional to the peak area) Ascorbic acid can be converted into dehydroascorbic acid
of the reactant (guaiacol) and the main nitration products(Fig. S2 in the Supplement), via a two-step oxidation reaction
(4NG, 6NG, and 4,6DNG). When ascorbic acid was usedinvolving an intermediate radical anion, semidehydroascor-
as quencher (Fig. 2b), the peak area of the products wabic acid, which is a strong acid and a good radical scavenger.
zero, atr =0min. In contrast, it was non-zero when cata- Ascorbic acid is an effective scavenger for singlet oxygen
lase was used (Fig. 2a). Although the vials to which cata-(Chou and Khan, 1983; Jung et al., 1995), superoxide radi-
lase was added stood very shortly in the queue before injeceals and HO,, but a weak one for OH radicals (Wang and
tion and HPLC analysis, the time was sufficient for the re- Jiao, 2000). In the guaiacol reaction mixture, the concentra-
actions of guaiacol oxidatigmitration to proceed and result tion of ascorbic acid used was much higher (5 times) than
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Figure 3. Semi-preparative chromatogram of the guaiacol reaction

product extract. Chromatographic conditions: for mobile phase con-
ditions, see Table S1 in the Supplement; column: Atlantis Pre
T3 (10x 250 mm, 5 um particle size), flow rate: 5mL mih, col-
umn temperature: 30C, injection volume: 100 pL, detection: UV
(300 nm). Green and red lines intersecting the main peaks represe
the times of peak collection start and end, respectively.
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w
o

the initial concentration of b0, and sodium nitrite. Its ef- 01
ficiency to quench the photonitration of guaiacol is evident 25 300 350 400 450 500 550
from the significant difference between the results shown in Wavelength (nm)

Fig. 2a and b. Moreover, ascorbic acid (MW 176) is a very 218 4,6DNG
polar compound and does not interfere with the HPLC anal- 120 74 384

ysis of the reaction samples, since it elutes in the column:T 1001

void time. In contrast, the use of catalase (a protein of MW<
~ 250 000) as quencher caused a gradual increase of the cof
umn backpressure during HPLC analysis, most probably ow% 601
ing to the adsorption of the protein on the chromatographics 4]
support, which is not removed after regular column cleaningé

426
80

20

3.2 Characterization of the formed nitroguaiacols 0]

250 300 350 400 450 500 550
A semi-preparative chromatogram of the guaiacol product Wavelength (nm)
extract is given in Fig. 3. Three main products eluting in
the retention time window between 9 and 13min can be . . .
ucts of guaiacol. The spectra were collected during analytical

clearly observed. They correspond to the main photonitratior]_|F,I_C_UV/ViS (DAD) analysis of the nitroguaiacols. Solvent:

products of guaiacpl, i.e., 4NG, 6NG, and 4,6DNG. In addi- ACN/THF/water (30'4/66, v/v/v) mixture containing 5mM am-
tion, a huge peak is observed towards the end of the chromenijum formate buffer pH 3; and temperature °80

matogram, representing compounds which exit the column
under the strongest eluting mobile phase composition, used

for final column cleaning. This late-eluting peak comprisesin the Supplement). In the following section, we present the

various light-absorbing, hydrophobic gfmt HMW photoni-  yv/Vis, mass and NMR spectra of the obtained pure ni-
tration and oxidation products of guaiacol. troguaiacols.

Of the nitroguaiacols, only 4NG and 5NG reference stan-
dards were commercially available. In the reaction product3.2.1 UV/Vis spectra of the nitroguaiacols
extract, only 4NG was identified by its retention time and
UV/Vis (DAD) spectrum. However, the simple matching The characteristic UYVis spectra of 4NG, 6NG and
of retention times and UXVis spectra between sample and 4,6DNG are presented in Fig. 4. They were recorded in
standard peaks is often not sufficient for unambiguous comthe spectral range between 210 and 600 nm. Nitroguaiacols
pound identification in complex samples. Therefore, 4NGstrongly absorb light in the UV and yellow visible region
and the other two main (unknown) compounds were first pu-(400-420 nm; Fig. 4), characteristic also for atmospheric
rified with semi-preparative HPLC (Sect. 2.3) and then iso-"brown” carbon and HULIS (Gelencsér et al., 2003; Chang
lated as pure solids by solid-phase extraction (SPE) (Sect. S8nd Thompson, 2010; Ervens et al., 2011; Ofner et al., 2011;

Figure 4. UV/Vis spectra of the main photonitration prod-
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Claeys et al., 2012). The absorption bands in the spectra s/ (a) 153 168
mainly result fromr — 7* transitions of the aromatic elec- 3,608
trons andh — m* transitions of the electrons from lone pairs
of the hydroxy and methoxy groups (Ofner et al., 2011).
The spectrum of 4NG is very similar to that of 4-
nitrocatechol, which was reported to be the major con-
stituent of HULIS extracted from Pjg collected from
the Amazonian rainforest in Rondonia, Brazil (Fig. 7 in £
Claeys et al., 2012). It shows three strong absorption bands 12| 46
at 212, 242, and 346nm (Fig. 4). The spectra of 6NG s 95
and 4,6DNG are quite different from that of 4NG, with 47| | &
major absorption bands positioned at 222 and 292nm for l e 79
6NG, and four intense bands at 218, 274, 384, and 426nm % 0 70 %0 %0 10 101201040 180 6o e
for 4,6DNG (Fig. 4). In addition to nitroguaiacols, many ;g
oxidized/nitrated guaiacol products eluting at the end of the
chromatogram (Fig. 3) and corresponding to HMW prod-  60e6
ucts are chromophoric with absorptions well extending into s 0es
the visible region. Guaiacol HMW products (dimers and &
oligomers) containing conjugatedelectron systems are im- £ 40
portant SOA constituents contributing to SOA absorption of £
visible light (Ervens et al., 2011; Ofner et al., 2011). There—é 8,006
fore, SOA products formed through reactions of oxidation™ ,
and/or nitration of guaiacol in cloud water can increase the 46 123
solar light absorption by clouds, thereby influencing the plan-  1.0e 79 95
etary albedo and climate. 51 69 | ‘ 103107 [125

0,0 | 1
40 50 60 70 80 90 100 110 120 130 140 150 160 170

m/z

3,28
2,88
24e8
2,0e8
1,68 123

ntensity (cps)

(b) 153 168

3.2.2 Directinfusion (-)ESI-MS product ion spectra of
the nitroguaiacols soe7| (C) 213

From this point onward the isolated nitroguaiacols (4NG,
6NG, and 4,6DNG) were used as analytical standards. Fig-
ure 5 presents [M — H] MS? product ion spectra for 4NG
(Fig. 5a), 6NG (Fig. 5b), and 4,6DNG (Fig. 5¢). The in-
strumental conditions used for acquiring the spectra are de'g
scribed in Sect. 2.5. The product ion spectrum of 4NGE
(Fig. 5a) contains peaks at/z 153 and 123, corresponding
to ions formed by loss of the methyl radical (@bfrom the
aromatic methoxy group and a combined loss of the methyl 4 56 7g80 124 154
radical and NO (15 +30u) from the depr0t0nated molecule 00,0 %0 o ‘70‘ go 50 100 110 120 130 140 150 160 170 180 100 200 290 220
(m/z168), respectively. In addition, there is a characteris- miz
tic ion atm/z 95, most probably owing to a combined 10SS figyre 5. Direct infusion ()ESI-MS2 product ion spectra of
of the methyl radical, NO and CO (15+ 30u+ 28u) from M — 1]~ for 4-nitroguaiacol(a), 6-nitroguaiacol(b) and 4,6-
[M —H]~ (Schmidt et al., 2006; Fig. S3a in the Supplement), dinitroguaiacol(c) standards obtained on the 4000 QTRAP instru-
aswell as anion at:/z 46 (NG,) (Fig. 5a). ment.

The product ion spectrum of 6NG (Fig. 5b) is nearly iden-
tical to that of 4ANG (Fig. 5a); it additionally contains three ) ) ]
weak peaks at:/z 125, 107, and 103. The ion at/z 125 affording the ion atn /7 198 (Flg..Sc). Cpmpared to 4ANG and
can be explained by a neutral loss of CO from the demethyﬁNGv the presence of an additional nitro group in the struc-
lated product ion ai/z 153 (Fig. S3b in the Supplement). ture of _4,6_DNG further decreases t_he electron density of_the
After a 1,2-phenyl shift rearrangement (Levsen et al., 2007)aromat|c ring and _a||0\_NS t_he format|on of amore stable anion
it could further lose NO and give the ionat/z 95 (Fig. S3b by charge delocalization in the ring (Schmidt et al., 2006).
in the Supplement).

The product ion spectrum of 4,6DNG shows an abun-
dant ion of the deprotonated molecule/¢ 213), which is
very stable and only results in a loss of the methyl radical,

4,0e7

3,0e7 198

ty (cps)

2,0e7

1,0e7
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Table 2.1H and13C-NMR data comparison of the reaction-isolated Table 3.1H and13C-NMR data of 6NG in CDQ.
and commercial 4NG in CDGl

Observed J's
3J (H-3, H-4) = 8.1 Hz
3J (H-4, H-5) = 8.8 Hz
4J (H-3,H-5) = 1.4 Hz

Observed J's
4J (H-3, H-4) = 2.5 Hz
3J (H-4, H-5)= 8.8 Hz

Carbon 1H-NMR: proton,sy [ppm]  13C-NMR:

multiplicity, J [Hz] 8¢ [ppm]

1H-NMR: proton,sy [ppm]

multiplicity, J [Hz] 13C-NMR: 5¢ [ppm] g; H-1,10.74,s 1;?)6(')3
Carbon Reaction 4NG Reaction 4NG c-3 H-3.7.13. dd, 1.4, 8.1 117.7
C-1 H-1,6.28, br s 151.6 C-4 H-4, 6.90, dd, 8.1, 8.8 118.9
C-2 146.1 C-5 H-5, 7.68, dd, 1.4, 8.8 116.0
C-3 H-3,7.77,d, 2.5 106.3 C-6 134.0
C-4 141.1 C-7 H-2,3.94, s 56.7
C-5 H-4,7.88, dd, 2.5, 8.8 118.6
C-6 H-5, 6.98, d, 8.8 113.9
C-7 H-2,4.00, s 56.4

from the commercially available 4NG are in agreement with
those obtained for the reaction-isolated product (Table 2).

Analysis of'3C-NMR data disclosed seven distinctive car-
bon signals. There are two quaternary signals corresponding
C-1 H-1,6.35, brs 1516 to oxygenated aromatic $garbons C-1 and C-2¢ 151.6

1H-NMR: proton,sy [ppm]
multiplicity, J [Hz] 13C-NMR: s¢ [ppm]
Carbon Reference 4NG Reference 4NG

C-2 146.1 and 146.1 ppm) and one quaternary signal from an aromatic
C-3 H-3,7.76,d, 2.5 106.2 ; ; _
o4 1410 sp? carbon bearing the nitro group, C-4c(141.1ppm).

i ' Analysis of 13C-NMR and gHSQC (gradient heteronuclear
C-5 H-4,7.88, dd, 2.6, 8.8 118.5 . .
C-6 H-5. 6.98. d, 8.8 113.9 single quantum coherence) spectra disclosed carbons€-5 (
c-7 H-2.4.00, s 56.4 118.6 ppm), C-6 4c 113.9ppm) and C-35¢ 106.3 ppm).

The oxygenated Spcarbon C-7 bearing a methoxy group
displayed a resonance at 56.4 ppm. Detalldd>C gHMBC
(gradient heteronuclear multiple bond coherence)'hdH
gCOSY (gradient correlation spectroscopy) correlations are
illustrated in Fig. S4 in the Supplement. The phenolic pro-
ton appeared as a broad singlet at 6.28 ppm and did not show
4-nitroguaiacol was isolated as pale yellow crystals and itscorrelation. In the gHMBC spectrum, the methoxy protons
structure was unambiguously confirmed by a combination ofH-2 (4 4.00 ppm, s) displayed a correlation with C-8g (
IH-NMR, 3C-NMR and 2D NMR spectroscopy, and com- 151.6 ppm), C-2 {¢ 146.1ppm) and C-3s¢ 106.3 ppm).
parison of the NMR spectra against a commercially avail-The H-3 proton §4 7.77 ppm, d) showed a correlation with
able reference standarth- and'3C-NMR data of reaction-  C-1, C-2, C-4 §c 141.1 ppm), and C-55¢ 118.6 ppm). Fur-
isolated and commercially available 4NG are compared inthermore, proton H-454 7.88 ppm, dd) displayed a strong
Table 2. Analysis of thé¢H-NMR spectrum revealed pro- correlation with C-1, C-3, and C-4. Proton H-4(6.98 ppm,
ton H-4 4 7.88 ppm), which appears as a doublet of dou-d) showed a strong correlation with C-1, C-2 and C-4 (Fig. S4
blets (dd) with corresponding coupling constahxyalues of  in the Supplement).

2.5 and 8.8 Hz, typical for meta- and ortho-aromatic proton 6-nitroguaiacol was isolated as a pale yellow solid and its
coupling (Table 2). The proton resonance at 7.76 ppm corstructure was unambiguously confirmed By-NMR, 13C-
responds to H-3, which appears as a doublet (d) with a NMR, and 2D NMR spectroscopy. Based t-NMR anal-
value of 2.5Hz. Based on thg value, proton H-3 occupies ysis, the phenolic proton of 6NG resonates at higher fre-
the meta-position in respect to H-4. Proton H-5 appears as guencysy 10.74 ppm (s, 1H), owing to hydrogen bonding
doublet with aJ value of 8.8 Hz, typical of a vicinal proton with the adjacent nitro group at the C-6 position (Table 3).
coupling in aromatic rings. The proton resonance at 6.28 pprmAdditional aromatic and methoxy protons are observeiy;at
appeared as a broad singlet (br s) and corresponds to a noii-68 ppm (dd,J = 1.4, 8.8 Hz, 1H), 7.13 ppm (dd; = 1.4,
hydrogen bonded phenolic OH functional group. Finally, the 8.1 Hz, 1H), 6.90 (dd/ = 8.1, 8.8 Hz, 1H), and 3.94 ppm
resonance at 4.00 ppm appeared as a singlet (s) which co(s, 3H). The proton resonance&f 6.90 ppm is split into a
responds to a methoxy group. The- and3C-NMR data  doublet of doublets by double ortho-coupling with aromatic

3.2.3 NMR spectra of the nitroguaiacols
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Table 4.1H and3C-NMR data of 4,6DNG in CDG. nitro group. Additional aromatic and methoxy protons are
observed atsy 8.69 ppm (multiplet (m), 1H), 7.97 ppm
(d, J =2.6Hz, 1H), and 4.08 ppm (s, 3H). The HI34
coupling constant*y = 2.6 Hz) is consistent with a meta-

. Observed J's coupling range typical of aromatic hydrocarbons. The same

J (H-3, H-4) = 2.6 Hz long-range correlation is observed in thel-'H gCOSY
spectrum. In depth analysis 6fC and gHSQC NMR data
disclosed seven carbon signals corresponding to two oxy-

Carbon H-NMR: proton, sy [popm] ~ 13C-NMR: genated quaternary aromatic2sparbons §c 150.8 and
multiplicity, J [HZ] Sc [ppm] 150.6 ppm), two quaternary aromaticsgarbons bearing a
c-1 H-1,11.18, brs 150.6 nitro functionality §c 139.3 and 132.4 ppm), two aromatic
c-2 150.8 sp? carbons §c 112.6 and 111.0 ppm), and one oxygenated
c-3 H-3,7.97,d, 2.6 111.0 sp? carbon §c 57.3 ppm).
C-4 139.3 The combination offH-NMR, *C-NMR and 2D NMR
C-5 H-4,8.69, m 112.6 correlation spectroscopy enabled us to assign the NMR
C-6 132.4 signals and establish the nitro substitution pattern in the
C-7 H-2,4.08, s 7.3 guaiacol scaffold. Some kejH-'H gCOSY and!H-13C

gHMBC correlations are illustrated in Fig. S6 in the Sup-
plement. The methoxy group protons H-§4(4.08, s) cor-
H-3 and H-5, thus indicating the pattern of three consecutiverelate with C-1 §c 150.6 ppm), C-2 {¢ 150.8 ppm), and
aromatic protons. Examination of tAel-'H gCOSY spec- C-3 (5c 111.0 ppm). The aromatic proton H-3 correlates
trum revealed a correlation between H8g (7.13ppm) and  with C-2 (¢ 150.8 ppm), C-44c 139.3 ppm) and C-55¢
H-4 (84 6.90 ppm) and between H-4 and H%(7.68 ppm)  112.6 ppm), while the aromatic proton H-4 correlates with C-
but displayed no long-range correlation between H-3 and H-3 (5¢c 111.0 ppm), C-44¢c 139.3 ppm), C-64c 132.4 ppm),
5.13C-NMR analysis displayed seven distincth@€ signals  and C-1 §c 150.6 ppm). The phenolitH-NMR shift and
corresponding to two oxygenated quaternary aromatfc sp correlations of the H-4 proton with C-3, C-4, C-6 and C-1
carbons §c 150.0 and 146.3 ppm), one quaternary aromaticindicate a C-5 connection to carbons C-4 and C-6 bearing the
sp? carbon bearing a nitro functionalityd 134.0 ppm), three  nitro group functionality. The deshielding effect of the phe-
aromatic sp carbons §c 118.9, 117.7 and 116.0 ppm), and nolic 1H-NMR shift is attributed to hydrogen bonding with
one oxygenated Sgarbon §c 56.7 ppm). the nitro group at C-6.
The detailed'H-13C gHMBC, H-1°N gHMBC and!H-
1H gCOSY correlations are illustrated in Fig. S5 in the Sup-3.3 Identification of nitroguaiacols in atmospheric
plement. In the gHMBC spectrum, the phenolic proton H-1 particulate matter
(64 10.74 ppm, s) displayed a strong correlation with Gd. (
146.3 ppm), C-2dc 150.0 ppm), and C-65¢ 134.0ppm). Isolated nitroguaiacols (6NG and 4,6DNG), as well as com-
This data set in combination with tAel-15N gHMBC corre-  mercial 4NG and 5NG, were used as analytical standards for
lation confirmed that the nitro group is positioned at carbontheir HPLC-MS$MS screening in atmospheric Rylsam-
C-6 adjacent to proton H-55§ 7.68 ppm, dd) and pheno- ples. For this purpose, two optimized HPLC-(-)ESI-ME&
lic proton H-1. Additional HMBC correlations which helped (SRM) methods were used. SRM is a specific and sensitive
to establish the connectivity for 6NG are the correlationstechnique for the mass spectrometric detection and quantifi-
of the methoxy proton H-25(; 3.94 ppm, s) to carbons C- cation of known analytes, when tandem mass spectrometry
1, C-2 and C-3{c 117.7 ppm), of the aromatic proton H-3 in space (i.e., triple quadrupole (QqQ) or quadrupole TOF
(64 7.13 ppm, dd) to carbons C-1, C-2, C4£(118.9ppm) (QQTOF)) or tandem mass spectrometry in time is being
and C-5 §c 116.0ppm), of the aromatic proton H-44(  used. In SRM, a precursor ion generated in the ion source
6.90 ppm, dd) to carbons C-2, C-3, C-5 and C-6, and finallyis selected by the first mass analyzer (Q1, quadrupole), frag-
of the aromatic proton H-5 to carbons C-1, C-4, and C-6. Inmented by collision-induced dissociation (CID) in the colli-
addition, the!H-1>N gHMBC spectrum displayed a correla- sion cell (q) and one or several product ions derived from it
tion of protons H-4 and H-5 with the nitrogen from the nitro are selected by the second analyzer (Q2, quadrupole or TOF)
group (Fig. S5 in the Supplement). and transmitted to the detector. The ion transitions used in
4,6-dinitroguaiacol was isolated as a yellow crystalline SRM are based on the well-known fragmentation pattern of
solid and its structure was unambiguously determined bythe analyte. Therefore, SRM provides analyte-specific detec-
IH-NMR, 3C-NMR, and 2-D NMR spectroscopy. TRél-  tion and is the technique of choice when both quantitative
NMR spectrum of 4,6DNG (Table 4) showed a signal for the and qualitative data are needed in the analysis of complex
phenolic proton resonating at higher frequedigyl 1.18 ppm  samples. Atmospheric aerosol is a complex sample contain-
(br s, 1H), thus indicating hydrogen bonding with an adjacenting thousands of different organic compounds (Goldstein and
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Galbally, 2007). Detection interferences from isobaric com- ;.. 857

pounds (isomers) sharing the same SRM transition Can 0C-  sues| —— mea13— mre 124 @
cur, when solely one SRM transition per analyte is used for
identification. The use of multiple SRM transitions per ana-  ***
lyte together with information about the analyte’s chromato-

graphic (retention time) and fragmentation (relative inten-

1.0e4

sities of the SRM traces) properties, will considerably re- 00 e
duce the possibility of reporting false positives (Pizzolato s\ .00 .. e (b)
et al., 2007; Picotti and Aebersold, 2012). Therefore, two — m/z168 — m/z79

SRM transitions per analyte were optimized and monitored — soe
(Table 1), i.e.,m/z168 — m/z153 (SRM1) andn/z 168
— mlz 79 (SRM2) for 4NG, 5NG and 6NG, and/z 213

2.0e4

— m/z198 (SRM1) andn/z 213 — m/z 124 (SRM2) for 1004

4,6DNG (Figs. 6 and 7). The defined analyte SRM traces o )\ A~

should be similar in shape and peak on equal retention times , 9.06 ©
(or completely “coelute”) in the chromatogram (Picotti and __ T mzies o meiss

Aebersold, 2012). Only if these preconditions are satisfied,§ 1568
their relative difference (i.e., SRMASRMZ2; calculated from >

ity

1.0e5

peak areas) can be measured and used as an additional ide#-
tification marker in conjunction with the analyte’s retention ﬁ s0e4
time (Pizzolato et al., 2007). 00 —~
The SRM chromatograms presented in Fig. 6 were ob- ., 8.10 @
tained by using elution method | (Sect. 2.6). The chro-  **|  mzies - miete

matograms of nitroguaiacol standards (Fig. 6a—d) were com-  s.es
pared with that of a winter PMy sample from Ljubljana
(Slovenia, Fig. 6e). Based on the retention tingg (match,
three nitroguaiacols can be identified in the sample, i.e.,
4NG, 6NG, and 4,6DNG (Fig. 6 and Table 5). However, 00 — e
the calculation of SRMYSRM2 peak area ratios for each 1065
compound in the standard and sample chromatograms re-
vealed a false positive identification of 6NG made solely
by rr matching of the peaks (Table 5). The calculated

4.0e4

2.0e4

m/z 213 — m/z 198 (e)
m/z213 — m/z 124

m/z 168 — m/z 153

m/z168 — m/z 79

8.0e4

6.0e4

4.0e4

SRM1/SRM2 ratios for 6NG differ significantly between 734

standard and sample (7.4 vs. 88.7), indicating the presence *** /\ A

of an isobaric compound in the sample eluting at the same o0 P {kﬁ e 7 s s 1w
tr @s 6NG. This claim was further supported by employ- Retention time (min)

ing a second LC-MAVS elution method, which provided

a significantly different chromatographic selectivity with re- o) ) 1
(270pgL*, diluted 1:100) (a), 6NG (1130pgLC+)

gard to 6NG (Fig. 7). SRM chromatograms for the same(b)’ ANG (150pgLl) (©), 5NG (150pgLd) (d), and

nitroguaiacol standards and sample obtained by using eIuI-DNI10 sample (2312/10) (¢) Chromatographic conditions:

tion method Il (Sect. 2.6) are given in Eig. 7afe. Note pyantis T3 column (2.1 150mm, 3pmparticle size);
the change of the elution order for the nitroguaiacol po-methanolTHF/water=30/15/55 (v/v/v) mixture containing
sitional isomers (4NG, 5NG, and 6NG) by only substitut- 5 mm ammonium formate buffer pH 3; flow rate: 0.2 mL mih

ing methanol by acetonitrile in the mobile phase (Fig. 6 vs.column temperature: 38; injection volume: 10 L; and detection:
7). The elution orders were 6NG5NG—4NG (Fig. 6b—  MS/MS (SRM).

d) and 5NG->4NG—6NG (Fig. 7b—d) when LC-MBJS

elution method | and 1l were employed, respectively. Under

the conditions of the second method, the 6NG peak elute®©ne might conclude that this is an expected result, since the
last and is not detected in the winter Pdvsample (Fig. 7b  same compound-dependent k&S (SRM) parameters were
vs. 7e). Like in the previous analysis (Table 5), only 4NG used in both methods and the fragmentation of analyte ions
and 4,6DNG were unambiguously identified in the samplewill be identical and independent of the mobile phase con-
based on retention time match and SRMARM2 ratios (Ta-  ditions. This is however only true for small molecules hav-
ble 6). Another observation is that the SRM3RM2 ra-  ing a single charge-bearing site in ESI (Wang et al., 2010)
tios for the nitroguaiacol standards (and sample) were alsuch as for those in this study (i.e., a phenolic OH group).
most the same for the two elution methods (Table 5 vs. 6)In other cases, the analyte’'s fragmentation pattern depends

Figure 6. SRM chromatograms for the standards of 4,6DNG
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Table 5. SRM1/ SRM2 ratios obtained by using LC-MBIS elution method I.

SRM1/ SRM2 ratio

Analytes Standard 23/12/10 Identified tr match
(£SD;n =3) PM;g sample (by SRM1/SRM2)  (SD vs. sample)
4-nitroguaiacol 59.4£1.5) 50.0 Yes Yes
5-nitroguaiacol 68.31£4.8) not detected No No
6-nitroguaiacol 7.440.1) 88.7 No Yes
4,6-dinitroguaiacol 33.64£0.9) 331 Yes Yes

Table 6. SRM1/ SRM2 ratios obtained by using the LC-MES elution method II.

SRM1/ SRM2 ratio

Analytes Standard 23/12/10 Identified tR match
(£SD;n =3) PM;g sample (by SRM1/SRM2)  (SD vs. sample)

4-nitroguaiacol 61.1£0.9) 58.7 Yes Yes

5-nitroguaiacol 68.8£3.8) not detected No No

6-nitroguaiacol 7.240.1) not detected No No

4,6-dinitroguaiacol 28.0£0.6) 32.9 Yes Yes

Peak atg =6.84 min - 89.2 - -

on the mobile phase composition, pH and ionic strength, esas previously detected in winter Rylsamples from Mari-
pecially for larger molecules, such as peptides and proteinbor and Ljubljana (Peak ak =9.26 min in Fig. 5¢ and
(Wang et al., 2010, and references therein). its MS? spectrum in Fig. 7b from Kitanovski et al., 2012b,
4ANG was recently reported to be one of the major nitro-and peak 10 in Fig. 3 from Kitanovski et al., 2012a) and
products of guaiacol gas-phase oxidation under high-NO speculated to be 6NG. The present study rules out that this
conditions (Lauraguais et al., 2014). We have previouslycompound is 6NG. The only possible nitroguaiacol isomer
identified and quantified 4NG in the same set of winter, M  which was neither available commercially nor could be ob-
samples from Ljubljana (Kitanovski et al., 2012a). The con-tained by photonitration of guaiacol is 3-nitroguaiacol (2-
centration of 4,6DNG, however, was only estimated in threemethoxy-3-nitrophenol). However, previous studies on ni-
winter PMyp samples (from the same set of samples as intration pathways of electron-rich aromatics (including gua-
Kitanovski et al., 2012a), by using an external standard calidacol) report the formation of derivatives with the nitro
bration and LC-M3MS elution method |, which was already group bound on the aromatic ring in ortho- or para-positions
validated (Kitanovski et al., 2012a), but not for the determi- with respect to the phenolic OH group (Sobolev, 1961,
nation of 4,6DNG. Its concentration was determined in theDwyer and Holzapfel, 1998), thus rendering the formation
present study and ranged from 0.15 to 0.8 ngmwhich is in of 3-nitroguaiacol quite unlikely. Another possible com-
the same order of magnitude as the winter particulate concerpound corresponding to the unknown peakrat 6.84 min
trations of methyl-nitrophenols and nitrosalicylic acids (Ki- (Fig. 7€) could be an isomeric nitro-methoxyphenol, where
tanovski et al., 2012a). To the best of our knowledge, ourthe methoxy and hydroxy groups are in para-position to each
study is the first report on the identification of 4,6DNG in other (4-hydroxyanisole moiety); in this respect, 2-nitro-4-
ambient aerosols. In a very recent study, the formation ofmethoxyphenol (or 3-nitro-4-hydroxyanisole) can be a rea-
4,6DNG in a smog chamber through heterogeneous reactioronable candidate (Robinson and Smith, 1926), since its pre-
of particulate surface-bound vanillic acid or coniferaldehydecursor, anisole (methoxybenzene), is emitted into the atmo-
with gas-phase N@radicals has been reported (Liu et al., sphere by natural and anthropogenic combustion of hydro-
2012). In addition to its heterogeneous production, gas-phasearbons.
and aqueous-phase nitration of guaiacol (and nitroguaiacols)
can thus also be significant formation pathways of 4,6DNG
inthe atmo;phere. Agditignal studies are warrante_d to link its4 Conclusions
atmospheric production with recent biomass burning events.

The peak eluting ar = 6.84min in Fig. 7e corresponds 1 research presented was mainly focused on the isolation
to the nitroguaiacol isobaric compound eluting atthe same 5 structure elucidation of the main guaiacol products ob-

as 6NG in Fig. 6erg = 7.34min). Itis the same compound (ained by photonitration in the aqueous phase. Furthermore,
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Figure 7. SRM chromatograms for the standards of 4,6DNG
(270pgLY) (@), 6NG (1130pgLCl) (b), 4NG (150pgLcd)
(c), 5NG (150pgLl) (d), and PMg sample (2312/10) (e).
Chromatographic conditions: Atlantis T3 column (2150 mm,
3um particle size); ACNTHF/water=30/4/66 (v/v/v) mixture
containing 5mM ammonium formate buffer pH 3; flow rate:
0.2mLmimL; column temperature: 3C; injection volume:

10 uL; and detection: MBS (SRM).

their possible presence in urban atmospheric aerosols was

also examined. Initially, we examined the efficiency of dif-

ferent quenching methods applied to the samples Withdrawra:I
from the reaction medium at defined reaction times. The ad-

dition of ascorbic acid to the reaction samples was shown
to provide the desired quenching of the reaction(s), com-
pared to the addition of catalase or quenching by drying out
the sample. Analytical and semi-preparative HPLC/\W\é
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methods were optimized for studying the composition of the
formed guaiacol SOA and purifying the main guaiacol nitro-
products, respectively. The products in the purified fractions
were further isolated as pure solids by means of SPE and fi-
nally characterized by Uis and NMR spectroscopy, and
MS. The main photonitration products of guaiacol, i.e., 4NG,
6NG and 4,6DNG, were screened for their presence in winter
urban aerosols by using an optimized HPLC-(-)ESI/MS
(SRM) method. In order to reduce the possibility of re-
porting false positive identifications, two characteristic SRM
transitions per compound were monitored during the analy-
sis. 4NG and 4,6DNG were unambiguously identified in the
aerosol samples. The aerosol concentration of 4,6DNG was
found to be substantial and was estimated to be comparable
to those of methyl-nitrophenols and nitrosalicylic acids. Ow-
ing to the strong absorption of UV and visible light (with
wavelengths up to 500 nm), 4,6DNG could be an important
constituent of atmospheric “brown” carbon, especially in re-
gions affected by biomass burning. Furthermore, the pres-
ence of two nitro groups in the structure increases its toxicity
towards humans and non-human biota.

The Supplement related to this article is available online
at doi:10.5194/amt-7-2457-2014-supplement
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