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9 ABSTRACT: The formation of isoprene nitrates (IsN) can lead to
10 significant secondary organic aerosol (SOA) production and they
11 can act as reservoirs of atmospheric nitrogen oxides. In this work, we
12 estimate the rate of production of IsN from the reactions of isoprene
13 with OH and NO3 radicals during the summertime in Beijing. While
14 OH dominates the loss of isoprene during the day, NO3 plays an
15 increasingly important role in the production of IsN from the early
16 afternoon onwards. Unusually low NO concentrations during the
17 afternoon resulted in NO3 mixing ratios of ca. 2 pptv at
18 approximately 15:00, which we estimate to account for around a
19 third of the total IsN production in the gas phase. Heterogeneous
20 uptake of IsN produces nitrooxyorganosulfates (NOS). Two mono-
21 nitrated NOS were correlated with particulate sulfate concentrations
22 and appear to be formed from sequential NO3 and OH oxidation. Di- and tri-nitrated isoprene-related NOS, formed from multiple
23 NO3 oxidation steps, peaked during the night. This work highlights that NO3 chemistry can play a key role in driving biogenic−
24 anthropogenic interactive chemistry in Beijing with respect to the formation of IsN during both the day and night.

25 ■ INTRODUCTION

26 Poor air quality is the biggest environmental factor
27 contributing to premature mortality globally.1 As earth’s
28 population has grown, the number of people living in urban
29 areas has increased rapidly from 751 million in 1950 to 4.2
30 billion in 2018.2 By 2030, the UN estimates that there will be
31 43 megacities (>10 million inhabitants), with most of them
32 located in developing countries in Africa, Asia, and Latin
33 America.2 Since many of these locations are situated in the
34 tropics, high average temperatures can lead to significant
35 emissions of biogenic volatile organic compounds (BVOC) to
36 the urban atmosphere, in particular isoprene.3 Beijing, China,
37 is a well-studied megacity, with significant air quality issues
38 related to particle pollution and ozone (O3) production.
39 Beijing experiences high average summertime temperatures
40 (ca. 30 °C) and has a high percentage of urban green space
41 (>41% urban green space),4 which can lead to significant
42 amounts of isoprene being emitted.5 Photochemical oxidation
43 of isoprene in the presence of high levels of anthropogenic
44 pollutants, in particular nitrogen oxides (NOx) and sulfur

45dioxide (SO2), can lead to enhanced secondary organic
46aerosol (SOA) production.6−21

47A key uncertainty in understanding SOA production from
48isoprene is the role of isoprene nitrates (IsN). IsN are formed
49in chain-terminating reactions during oxidation by hydroxyl
50radicals (OH) in the presence of NO or by nitrate radicals
51(NO3). IsN formation can reduce local O3 production and
52acts as a sink for atmospheric nitrogen.22 During the daytime,
53the reaction of isoprene with OH leads to the formation of
54hydroxy peroxy radicals (ISOPOO), which can react with NO
55to form isoprene hydroxy nitrates (IHN), with further
56reactions leading to a suite of multifunctional IsN species
57(see Wennberg et al. and references therein).23 At night, OH
58radical concentrations are much lower in areas with sufficient
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59 NOx to form NO3 rapidly;
24 oxidation by NO3 radicals often

60 becomes a more important route for loss of isoprene. Reaction
61 with NO3 leads to the production of isoprene nitrooxy peroxy
62 radicals (INO2), which can then go on to form a range of IsN
63 species via reactions with HO2, RO2, and NO.25,26 During the
64 daytime, volatile organic compound (VOC) + NO3 reactions
65 are usually limited by the fast photolysis of NO3 and its
66 reaction with NO.
67 Isoprene nitrates have recently been observed in rural and
68 forested regions using online chemical ionization mass
69 spectrometry. Ayres et al. measured organic nitrates at a
70 rural forested site in Alabama as part of the SOAS campaign,
71 where emissions were dominated by biogenic VOCs.27 They
72 identified a number of IsN (C5H9NO5, C5H9NO4, C4H9NO5)
73 and they were mainly found in the gas phase. Massoli et al.
74 identified highly oxygenated molecules (HOMs) from
75 isoprene during the same project.28 Significant amounts of
76 highly oxidized IsN were also identified, with some species

77having a strong correlation with SO2 mixing ratios in
78anthropogenically impacted air masses, highlighting the
79importance of NOx-driven chemistry. Lee et al. identified
80highly functionalized IsN in organic aerosol with molecule
81formulas in the range C5H7,9,11NO4−9.

29 Similar species were
82also found in rural Germany in both the gas and particle
83phases.30 These IsN contributed more mass in the daytime
84compared to the monoterpenes that contributed more at
85night-time. Modeling the formation routes shows that while
86IsN formation from RO2 + NO leads to more particulate IsN
87during the day, NO3 chemistry is still an important formation
88route, representing around a third of the total particulate IsN
89at 15:00. However, the low levels of NO3 radicals when
90isoprene was high made it difficult to optimize the model.
91Recent observations in a boreal forest by Liebmann et al.31

92under low-NO conditions indicated that daytime alkyl nitrate
93production from NO3 chemistry can dominate over OH under
94certain conditions. Although Beijing (and other megacities)

Figure 1. (a) Time series of NO3 mixing ratio (pptv) measured by the BBCEAS. (b) Time series of isoprene (ppbv) measured by DC-GC-FID.
(c) NO3 loss fraction calculated using measured NO3 sinks, including photolysis and heterogeneous losses. N2O5 aerosol uptake coefficient of
0.022 has been used based on Tham et al.49 (d) Mean diurnal variation of data shown in (c). (e) Mean diurnal variation of NO3 mixing ratio
(pptv), total production (PNO3

), and loss rates (LNO3
) (ppbv h−1 and s−1, respectively). VOCs in each classification are given in Table S1.
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95 may not be an obvious low-NO environment, recent
96 observations indicate that in summer, NO levels in the
97 afternoon can often drop to below 1 ppbv, and on some days
98 <0.1 ppb, as a result of reactions with ozone and other
99 unknown chemical reactions.32 Thus, daytime nitrate
100 production from NO3 could be important in other megacities
101 that also experience low NO conditions during the day and
102 high VOC levels. There are few measurements of speciated
103 IsN in urban cities, where isoprene can be emitted from urban
104 plants and green spaces.22,33,34 In this paper, we show that
105 NO3 radical chemistry is important for the production of IsN
106 in Beijing during summer, both during the day and at night,
107 using a comprehensive suite of gas- and particle-phase
108 chemical observations taken as part of U.K.−China Atmos-
109 pheric Pollution and Human Health in a Chinese Megacity
110 (APHH-China) program during the summer of 2017.

111 ■ MATERIALS AND METHODS

112 Time-resolved aerosol filter samples were collected between
113 May 18 and June 24, 2017 at the Tower Section of the
114 Institute of Atmospheric Physics (IAP) in Beijing, China.35

115 The site is typical of central Beijing, with several roads nearby,
116 a canal to the south, and several areas of green space to the
117 south and east. Three aerosol filter samples were collected for
118 3-h integrated periods between 08:30 and 17:30, and one
119 additional sample taken overnight (17:30−08:30); see Table
120 S2 for sampling times. Samples were collected at a height of 8
121 m on top of a building at the IAP complex. The samples were
122 collected on preconditioned (500 °C for 5 h) quartz filters (8
123 × 10 in.2) using an ECOTECH HiVOL 3000 with a selective
124 PM2.5 inlet. Filter samples were extracted in the laboratory
125 into high-purity water and analyzed using an Ultimate 3000
126 ultra pressure liquid chromatography coupled to a Q-Exactive
127 Orbitrap MS, with heated electrospray ionization (UPLC-ESI-
128 MS2) using the method described in Bryant et al.36 Further
129 details on the method used for extraction, analysis, and

130calibration can be found in the Supporting Information (SI).
131It should be noted that using surrogate standards for
132calibration can lead to uncertainties, but authentic OS
133standards with similar retention times have been used in
134this study to minimize this effect.37−39 Based on the previous
135investigation of the ionization efficiency of organosulfates and
136matrix effects from aerosol samples, we estimate a total
137uncertainty at concentrations of 60%.36

138A time-of-flight chemical ionization mass spectrometer
139(ToF-CIMS) using an iodide ionization system was used to
140measure gas-phase isoprene nitrates in real time.40 Isoprene
141carbonyl nitrate (INC) was measured using gas-chromatog-
142raphy negative-ionization mass spectrometry (GC-NI-
143MS).41,42 Nitric oxide (NO) was measured via chemilumi-
144nescence with a Thermo Scientific 42i Trace Level NOx

145analyzer with a limit of detection <50 ppt (120 s averaging
146time). NO2 was measured via a cavity attenuated phase shift
147(CAPS) spectrometer (Teledyne T500U CAPS Trace-level
148NO2 analyzer; the limit of detection was <40 ppt, averaging
149time, 60 s). Volatile organic compounds (VOCs) were
150measured hourly using dual-channel gas chromatography
151with flame ionization detection (DC-GC-FID)43 with a limit
152of detection in the 1−5 ppt range. The sum of monoterpenes
153was measured using a proton transfer mass spectrometer
154(PTR-MS).44 Measurements of OH, HO2, and RO2 radicals
155were made via two fluorescence assay by gas expansion
156(FAGE) detection cells.45,46 The limits of detection (LOD)
157on average for the campaign were 5.5 × 105 molecules cm−3

158for OH and 3.1 × 106 molecules cm−3 for HO2. NO3 and
159N2O5 were measured using a broadband cavity-enhanced
160absorption spectrometer (BBCEAS)47 with a conservative
161limit of detection of 1 ppt. The height of the boundary layer
162was measured by a ceilometer.48 Further information about
163the instrumentation can be found in the Supporting
164Information and in Shi et al.35 The campaign average diurnal
165 f1f2profile of NO3 is shown in Figure 1e and those of isoprene

Figure 2. Average diurnal of (A) isoprene loss rate to NO3 (black) and OH (red) in ppb h−1. (B) Calculated IsN production rate from O3 (blue),
NO3 (black), OH (red), and total (green). (C) OH concentration (red, molecules cm−3, measured by FAGE) and isoprene mixing ratio (green,
ppb, measured by DC-GC-FID). (D) C5H9NO5 (blue) and C5H9NO4 (black) measured by I-CIMS and the sum of cis (Z) and trans (E) δ-[1,4]
and δ-[4,1]-isoprene carbonyl nitrates (INC, red) was measured by GC-NI-MS. See the SI for a discussion of the calibration of I-CIMS ions.
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f2 166 and OH are shown in Figure 2C.36 The meteorological
167 variables of wind speed and direction, relative humidity, and
168 temperature were measured at a height of 102 m on the IAP
169 325 m meteorological tower. Photolysis frequencies were
170 calculated from the observed actinic flux using a spectral
171 radiometer (Ocean Optics QE Pro spectrometer coupled to a
172 2π actinic receiver optic (Meteorologie Consult GmbH)).
173 The naming structure for IN species follows Schwantes et
174 al.,24 with the general structure INX, where the position of N
175 is the first number given and X represents other functional
176 groups on the molecule and its position is given by the second
177 number.

178 ■ RESULTS AND DISCUSSION

179 Nitrate Radical Production and Loss. The comprehen-
180 sive measurement suite available allows the investigation of
181 the dominant production and loss mechanisms for NO3 in
182 Beijing. Figure 1a shows the mixing ratio of NO3 radicals
183 measured by the BBCEAS. The average NO3 mixing ratio was
184 5 ppt, with a standard deviation of 10 ppt. A strong diurnal
185 profile was observed, shown in Figure 1e, with a peak at
186 21:00−23:00 and a minimum around 06:00−08:00. The NO3
187 production and loss rates were calculated using the measured
188 O3 and NO2 concentrations and measurements of known
189 NO3 sinks, including reaction with VOCs, photolysis, and loss
190 via N2O5 heterogeneous uptake. More details on these
191 calculations are provided in the SI. High ozone mixing ratios
192 (up to 180 ppbv) in Beijing35 resulted in high NO3
193 production rates of the order of 4 ppbv h−1, peaking in the
194 late afternoon and early evening (Figure 1e). High daytime
195 NO3 loss rates, owing to rapid photolysis and reaction with
196 NO, led to an average mixing ratio of ∼2 pptv of NO3 into
197 the afternoon (Figure 1e). It is often assumed that daytime
198 reactions of NO3 with hydrocarbons are negligible due to the
199 dominance of loss processes over production. High levels of
200 isoprene were observed in Beijing, shown in Figure 1b, with
201 an average midday mixing ratio around 1 ppb and a maximum
202 of 2.7 ppb, and so its reaction can compete as a NO3 loss
203 mechanism during the day. Figure 1c shows the fractional loss
204 of NO3 calculated from measurements of various NO3 sinks;
205 the absolute loss rates are also shown in Figure S3. Reaction
206 with NO and photolysis dominate the loss rate of NO3 in
207 Beijing. The mean NO3 loss to isoprene is around 5% across
208 the entire measurement period (Figure 1d), but higher
209 fractional loss rates were observed on some afternoons
210 (Figure S4) with a maximum of 22% prior to sunset on
211 June 14 (Figure S5).
212 Isoprene Nitrate Production. The main daytime sink of
213 isoprene (ISOP) is the reaction with OH radicals, with the
214 calculated loss rate of isoprene (LISOP+OH = kOH[OH][ISOP])
215 peaking at about 3.7 ppbv h−1 at midday, as shown in Figure
216 2A. As a result of high day time emissions of isoprene, its loss

217 rate via reaction with NO3 (LISOP+NO3
= kNO3

[NO3][ISOP])
218 was highest between 13:00 and 18:00, as shown in Figure 2A,
219 with a maximum loss rate of isoprene of 160 pptv h−1 in the
220 afternoon. The loss of isoprene from reaction with O3 was
221 calculated to be a minor pathway, representing less than 10%
222 of LISOP throughout the day.
223 The production rate of nitrates from isoprene can be
224 estimated using eqs 1 and 2

α= [ ][ ]+P k OH ISOPIsN ISOP OH 1 1225 (1)

α= [ ][ ]+P k NO ISOPIsN ISOP NO 2 2 33 226(2)

227where α1 and α2 are the oxidant-specific relative yield of IsN,
228k1 and k2 are the rate constants for the reaction of isoprene
229with OH (1.0 × 10−10 cm3 molecule−1 s−1 at 298 K) and NO3
230(6.5 × 10−13 cm3 molecule−1 s−1 at 298 K), respectively.50

231During the afternoon in Beijing, Newland et al.32 showed that
232the fraction of the peroxy (RO2) radicals formed from
233isoprene + OH, reacting with NO can be as low as 65% ( f NO
234= 0.65), with the remainder reacting with HO2, RO2, or
235undergoing isomerization. Therefore, the production rate of
236IsN from OH chemistry calculated in eq 1 should be
237multiplied by f NO during the afternoon as shown in eq 3. The
238hourly fNO values used for Beijing were taken from Newland
239et al.32

α= [ ][ ] ×+P k fOH ISOPIsN ISOP OH 1 1 NO 240(3)

241There is a degree of uncertainty in the values of the total first-
242generation IsN yields, α1 and α2, in the literature, and a
243discussion of the recent literature is given in the SI, Section
244S4. We use α1 = 0.11 from isoprene + OH/NO,51 the most
245recent IUPAC recommended value,50 and α2 = 0.76 from
246isoprene + NO3 from Schwantes et al.25 (see the SI for
247discussion of values used here). A sensitivity analysis was also
248carried out using a range of α1 and α2 values, shown in the SI,
249but the overall trends in the IsN production are similar under
250all conditions The yield of IsN from the reaction of isoprene

251with O3 is uncertain. The PIN ISOP+O3
was calculated following

252Liebmann et al.,31 where the ozonolysis was assumed to lead
253to a 100% yield of RO2 radicals and the OH IsN yield (α 1 =
2540.11) was used. The total calculated IsN production rate

255(PIsN total = PIsN ISOP+OH + PIsN ISOP+NO3
+ PIsN ISOP+O3

) is shown
256in Figure 2B, with a maximum of 535 ppt h−1 at 14:00. The
257relative contributions of the three pathways to PIsN total are
258shown in Figure S6. O3 represents a minor pathway of IsN
259production in Beijing during the measurements, with an

260average PIN ISOP+O3
of 2.2% and a maximum of 5.8% at 18:00.

261Therefore, the following discussion focuses solely on the
262comparison of IsN production from reaction with OH and
263NO3 radicals.
264The calculated IsN production rates are shown in Figure

2652B, with PIsN ISOP+OH shown in red and PIsN ISOP+NO3
shown in

266black. At midday, PIsN total is 480 pptv h−1, with approximately
26782% from the OH + NO chemistry (PIsN ISOP+OH) and 16%

268from NO3 oxidation (PIsN ISOP+NO3
), as shown in Figure S6.

269The I-CIMS measured the sum of IHN (C5H9NO4), the first-
270generation nitrates formed from isoprene + OH oxidation.
271The average diurnal observed is shown in black in Figure 2D,
272and peaked at midday at around 120 pptv, before dropping off
273in the late afternoon to a minimum overnight as isoprene was
274depleted.36 By 16:00, PIsN total dropped to ca. 210 pptv h−1 as a
275result of the low-NO conditions in the afternoon and a
276reduction in the isoprene mixing ratios. At 16:00, 40% of the
277calculated PIsN total was from NO3 + isoprene chemistry.
278Observations of δ-[1,4] and δ-[4,1]-isoprene carbonyl nitrates
279(INC) formed from NO3 chemistry indicate that these species
280peak in the early evening (red line in Figure 2D). However,
281even though they are likely to undergo fast photolysis and
282rapid reaction with OH,52 they are present during the daytime
283in low concentrations indicating daytime production of IsN
284from isoprene + NO3 chemistry. A similar trend is seen in
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285 C5H9NO5 (black line in Figure 2D), which is likely to be a
286 mixture of IsN produced from NO3 chemistry (isoprene
287 nitrooxy hydroperoxide (INP), isoprene nitrooxy hydroxyep-
288 oxide (INHE), and isoprene dihydroxynitrate (IDHN)).24

289 The mixing ratios of the IsN species will be controlled by a
290 number of processes (secondary chemistry, photolysis,
291 availability of co-reactants) and thus there is unlikely to be
292 a direct correlation between them and the IsN production
293 rate. The total mixing ratio of IsN observed was lower than
294 the theoretical IsN production rate, likely as a result of loss

295processes and measurement of a small subset of potential IsN
296species.
297Even though only a small fraction of isoprene reacts with
298NO3 during the afternoon (a few percent, as shown in Figure
2992A), it can represent a significant source of IsN, contributing
300an average of 32% PIsN total over the afternoon (12:00−19:00).
301In the early evening and into the night, the contribution of

302PIsN ISOP+NO3
to the total PIsN total increases rapidly (average

30386% between 19:00 and 05:00) as the photochemical
304production of OH drops significantly and NO3 concentrations

Table 1. Molecular Formulae, Negative-Ion Masses ([M − H]−1), Retention Times (RT), Time-Weighted Means (ng m−3),
Maximum and Minimum Concentration of NOS Observed in Beijinga

isoprene tracer [M − H]−1 RT (min) time-weighted mean (ng m−3) maximum (ng m−3) minimum (ng m−3) reference

C5H11O9NS 260.0082 0.86 12.6 154.1 0.10 19
C5H9O10NS 273.9874 0.94 9.17 53.8 BD 47
C5H10O11N2S 304.9933 2.18 1.04 8.62 BD 19
C5H10O11N2S 304.9933 1.89 0.83 7.69 BD 19
C5H10O11N2S 304.9933 1.56 0.42 2.90 BD 19
C5H10O11N2S 304.9933 3.60 0.31 3.32 BD 19
C5H9O13N3S 349.9783 5.90 0.19 2.04 BD 25
C5H9O13N3S 349.9783 5.49 0.02 0.17 BD 25
C5H9O13N3S 349.9783 5.34 0.008 0.10 BD 25

aBD, below detection. The references indicate previous publications where these molecular formulae were observed in isoprene oxidation chamber
experiments.

Figure 3. Time series of the measured concentrations of NOS in Beijing aerosol. The vertical lines are at midnight of each day of sampling: (a)
C5H11NO9S (MW 261), (b) C5H9NO10S (MW 275). (c) Sum of C5H10N2O11S species (MW 306). (d) Sum of C5H9N3 O13S (MW 351) species.
The blue and red bars on each point show the full filter sampling time. The mid-sample points are connected with a line to show the temporal
trend.
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305 increase. Once produced, the gas-phase IsN can react further
306 or partition into the particle phase either directly, depending
307 on their volatility, or undergo heterogeneous uptake via the
308 reaction with acidic particles, including the formation of
309 nitrooxyorganosulfates (NOS). To study the presence of
310 isoprene SOA in PM2.5, we collected particles onto filter
311 samples and analyzed the water-soluble extracts using UPLC-
312 ESI-MS. This method is not particularly suited to IsN, owing
313 to low signal intensity using ESI and the possibility of
314 hydrolysis of IsN in aqueous solutions. However, the sulfated
315 analogues (NOS) give a strong signal and allow us to
316 investigate the factors that can affect the production of SOA
317 from isoprene nitrates in Beijing.
318 Particulate Isoprene Nitrooxyorganosulfates (NOS).
319 Nine isoprene-derived NOS compounds were observed in the
320 Beijing samples and their mean, median, and maximum

t1 321 observed concentrations are shown in Table 1. Two isoprene-
322 derived mono-nitrated tracers (C5H11NO9S, molecular weight
323 (MW) 261 and C5H9NO10S, MW 275) followed similar
324 temporal trends as other isoprene OS, peaking generally
325 during the day, and with a strong correlation with particulate
326 sulfate as discussed below.36 Four isoprene-derived di-nitrated
327 NOS isomers (C5H10N2O11S, MW 306) and three tri-nitrated
328 NOS isomers (C5H9N3O13S, MW 351) were also observed, all
329 showing a strong enhancement during the night.
330 Mono-nitrate NOS. A NOS (C5H11NO9S, MW 261)

f3 331 consistent with 2-methyltetrol nitrooxyorganosulfate was
f3 332 observed, and the time series is shown in Figure 3a. This

333 species had a mean concentration of 12.6 ng m−3, a standard
334 deviation of 19.6 ng m−3, and a maximum of 154 ng m−3. This
335 mean concentration is similar to that of 2-methyltetrol-OS (2-
336 MT-OS, MW 216) in PM2.5, observed during the same period
337 (mean = 11.8 ng m−3, a standard deviation of 26.3 ng m−3).

338This species generally peaked in the samples taken during the
339 f4late afternoon, as shown in box whisker plots in Figure 4A,
340although there is not a very strong diurnal profile. This NOS
341species was observed to have a moderate correlation with
342particulate sulfate (R2 = 0.61) shown in Figure S7. This NOS
343species also correlated moderately to strongly with other OS
344species formed from isoprene oxidation by OH, observed in
345Beijing36 (2-MT-OS, R2 = 0.51; 2-methylglyceric acid-OS, R2

346= 0.58; C5H10O6S, MW 198, R2 = 0.8). Wang et al.53 also
347observed that this NOS species correlated well with other
348isoprene-derived OS at Changping, a site 38 km northeast of
349Beijing. We propose that this NOS compound is formed from
350the acid-catalyzed heterogeneous uptake of isoprene nitrooxy
351 s1hydroxyepoxide (INHE),25 as shown in Scheme 1.
352The reaction of isoprene with NO3 radicals leads to
353isoprene nitrooxy peroxy radicals (INO2). Under the low
354concentrations of NO observed in this study, INO2 can react
355with HO2, leading to the formation of isoprene nitrooxy
356hydroperoxide (INP), as shown in the central section of
357Scheme 1. Using the observed concentrations of NO and HO2

358measured, we estimated that up to 10−15% of INO2 can react
359with HO2 during low NO afternoons in Beijing, as shown in
360Figure S8. There are six INP isomers possible and only the
361most abundant isomer (δ-[1,4]-INP) observed by Schwantes
362et al.25 is shown. The reaction of INP with OH radicals,
363followed by OH recycling, can lead to INHE (β-[4,1]-INHE
364and β-[1,2]-INHE) in a similar way to the formation of
365isoprene-derived epoxydiols (IEPOX) from the reaction of
366OH with isoprene hydroxy hydroperoxides (ISOPOOH).54

367Schwantes et al.25 also showed that INHE could undergo
368reactive uptake to highly acidified aerosol, similar to IEPOX.
369INP, the precursor to INHE, only forms from NO3
370oxidation of isoprene. In Schwantes et al.,25 it was proposed

Figure 4. Box and whisker plots of observed NOS concentrations separated by the time of day the filter was collected: (A) C5H11O9NS, (B)
C5H9O10NS, (C) C5H10O11N2S, and (D) C5H9O13N3S. The filter midpoints were split into different times of day, 00:00−07:00, 07:00−11:00,
11:00−13:00, and 13:00−17:00, based on the general sampling times of the filters (Table S2) and labeled as night, morning, midday, and
afternoon, respectively. The thick black line represents the median value; the upper and lower hinges represent the 75th and 25th percentiles,
respectively, with the upper and lower whiskers representing the largest value in the set. Outliers were removed so that the diurnal profiles could
be seen more clearly.
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371 that any INP formed overnight and any still remaining at
372 sunrise could undergo OH oxidation to form INHE. Our
373 ambient observations indicate that the suppressed NO
374 conditions often experienced in Beijing during the afternoon32

375 could enhance the production of daytime INHE in this
376 polluted environment owing to two factors. First, the loss rate
377 of NO3 via the reaction with NO is reduced leading to a
378 longer NO3 daytime lifetime, as indicated by the observed
379 sustained levels of afternoon NO3 in Figure 1e. Second, the
380 INO2 radicals that form from NO3 + isoprene chemistry will
381 have a longer lifetime under low-NO conditions and thus a
382 higher fraction will react with HO2 to form INP. INP
383 produced in the daytime can then readily react with OH to
384 form INHE.
385 A second isoprene-derived mono-NOS (C5H9NO10S, MW
386 275) was observed, and the time series is shown in Figure 3b.
387 This species had a mean concentration during the campaign
388 of 9 ng m−3, a standard deviation of 10.1 ng m−3, and a
389 maximum of 53.8 ng m−3. This species had no obvious diurnal
390 profile, as shown in Figure 4B. Of all the isoprene SOA tracers
391 observed previously,36 this compound correlated most
392 strongly with the 2-methyltetrol NOS described above (R2 =
393 0.79). Nestorowicz et al.56 identified this species as a highly
394 oxidized NOS tracer formed from 2-methylthreonic acid in
395 isoprene SOA collected during photo-oxidation experiments in
396 the presence of NO. Here, we suggest that this isoprene NOS
397 species could be produced from two alternative routes. First,

398from the oxidation of isoprene nitrooxy aldehyde (a C5

399carbonyl nitrate species (ICN))25,51,57 formed from the
400reaction of INO2 with NO, NO3, and/or another RO2

401species, or from the reaction of INP with OH (in an
402alternative reaction pathway to the formation of INHE). This
403ICN species can then react with NO3 or OH, leading to the
404formation of the observed NOS species via an isoprene
405nitrooxy hydroxy-α-lactone (INHL) species, as shown in
406Scheme S1. This route is similar to the formation of 2-MG
407from isoprene + OH derived hydroxymethyl-methyl-α-lactone
408(HMML).16 The second proposed route is the formation of
409this species as a result of heterogeneous oxidation of 2-
410methyltetrol nitrate (C5H11NO9S), as shown in Scheme S2.
411This route has recently been shown to be an important
412pathway to form the nonnitrated OS analogues, with 2-MT-
413OS undergoing salting-out to the surface of particles making it
414susceptible to heterogeneous OH oxidation.49 The carbonyl
415species formed may then undergo cyclization to form a NOS
416hemiacetal species. Further work is needed to determine
417which of these pathways are important for the formation of
418this abundant isoprene derived NOS species in polluted
419environments.
420Di- and Tri-Nitrated NOS. Four of the isoprene-derived
421NOS species are di-nitrate isomers (C5H10N2O11S, MW 306,
422with retention times 1.56, 1.86, 2.18, and 3.6 min) and three
423are tri-nitrate isomers (C5H9N3O13S, MW 351, with retention
424times 5.34, 5.49, and 5.90 min). These structural isomers

Scheme 1. Proposed Formation Pathways of Mono-Nitrated OS and Di-Nitrated OS Species Observed in the Aerosol from
the NO3 Initiated Oxidation of Isoprenea

aNote that only one of six possible INP isomers is shown, for simplicity, with δ-[1,4]-INP and β-[1,2]-INHE the dominant isomers observed in
Schwantes et al.55

Environmental Science & Technology pubs.acs.org/est Article

https://dx.doi.org/10.1021/acs.est.0c05689
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

G

http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c05689/suppl_file/es0c05689_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c05689/suppl_file/es0c05689_si_001.pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.0c05689?ref=pdf


425 result from the different INO2 radicals that can form during
426 isoprene + NO3 oxidation. However, the product-ion mass
427 spectra (MS2) provided only a few ions related to the loss of
428 sulfate and nitrate and could not be used to determine the
429 position of the groups. The time series of the sum of the di-
430 and tri-nitrated NOS is shown in Figure 3c,d, respectively.
431 The sum of the four isoprene di-nitrate NOS isomers had an
432 average concentration of 2.6 ng m−3, a standard deviation of
433 2.6 ng m−3, and a maximum of 23 ng m−3. The tri-nitrated
434 NOS species were observed at much lower concentrations,
435 with an average sum of 0.2 ng m−3, a standard deviation of 0.3
436 ng m−3, and a maximum of 2.3 ng m−3. These isoprene-
437 derived NOS exhibited moderate to strong correlations with
438 each other, as shown in Figure S7 (R2 = 0.76−0.99).
439 The di-nitrated NOS (MW 306) species show a strong
440 enhancement at night, as shown in Figure 4C, with the mean
441 nighttime concentration (3.43 ng m−3), around 7 times higher
442 than during the afternoon (0.47 ng m−3). These NOS tracers
443 have all previously been observed in chamber studies of NO3
444 oxidation of isoprene.19,25,50 The same di-nitrates have also
445 been observed during the oxidation of isoprene by OH in the
446 presence of NO,50 but this is assumed to be a minor NOS
447 formation pathway under the conditions observed in Beijing
448 owing to their significant enhancement in the night-time
449 samples. The tri-nitrated NOS is also elevated at night, as
450 shown in Figure 4D, with very low concentrations observed in
451 the afternoon.
452 Ng et al.26 proposed the formation of di- and tri-nitrated
453 OS via the formation of an isoprene hydroxynitrate (IHN)
454 from INO2 + INO2 self-reactions after the initial NO3 attack.
455 A second NO3 oxidation step at the other double bond then
456 leads to the formation of dihydroxy-dinitrates, again via the
457 reaction with INO2 radicals. A subsequent unknown reaction
458 step with particulate sulfate is then postulated to lead to NOS
459 formation. Here, we propose an alternative mechanism where
460 this species is formed via heterogeneous uptake of a di-
461 nitrated epoxide, as shown in the lower section of Scheme 1.
462 Similar to the mono-nitrate formation, the NO3 reaction with
463 isoprene leads to INO2, and the reaction with HO2 leads to
464 the isoprene nitrooxy hydroperoxide (INP). Subsequent
465 addition of a second NO3 at the C2 position of the remaining
466 double bond leads to an alkyl radical on the C3 position. This
467 radical then eliminates OH to form isoprene di-nitrated
468 epoxide (IDNE), as proposed in Kwan et al.57 Again, this
469 mechanism is very similar to the production of IEPOX from
470 ISOPOOH,54 except in this case rather than being OH neutral
471 (as in the mono-nitrate route to INHE in Scheme 1), it can
472 act as a net source of OH radicals at night. Using an OH yield
473 of 0.15, based on Wennberg et al.,23 the calculated OH
474 production rate from this pathway during sunset and early
475 evening (19:00−22:00) was relatively small, of the order of
476 2−5 × 104 molecules cm−3 s−1. The resulting IDNE species
477 can then undergo heterogeneous uptake to acidic aerosols to
478 form either di-hydroxy-di-nitrates via the reaction with H3O

+

479 or di-nitrooxy hydroxy OS from the reaction with sulfate.
480 The isoprene-derived di- and tri-nitrated NOSs exhibited a
481 strong diurnal profile as shown in Figure 4C,D, peaking in the
482 night-time samples, suggesting their formation is a result of
483 multiple steps of NO3 oxidation. This is in contrast to the
484 INHE-derived mono-nitrate outlined above that formed as a
485 result of NO3 oxidation followed by OH oxidation. The
486 correlation of the di- and tri-nitrated NOS with particle sulfate
487 is much weaker than the mono-nitrated NOS, as shown in

488Figure S7 (R2 = 0.07−0.45). There is no correlation with the
489average night-time NO3 mixing ratio (R2 = 0.1), but there is a
490weak correlation with the maximum production rate of NO3

491(PNO3
, R2 = 0.29) calculated during each filter sampling

492period. Production of these NOS species is predicted to be
493highest just after sunset (ca. 19:15−19:30), where residual
494isoprene can react with increased levels of NO3 as shown in
495Figure 1e, resulting from lower levels of photolysis. The
496production will then reduce rapidly as the isoprene and NO3
497are consumed, with the mean NO3 dropping to sub-pptv
498values by 05:00 (see Figure 1e). The strong enhancement of
499the observed di- and tri-nitrated NOS at night, in comparison
500to the INHE-related mono-nitrate, may indicate that their
501common precursor INP reacts with OH radicals during the
502day, and the products that require two NO3 oxidation steps
503therefore only form when OH levels drop after sunset. The
504formation route of the tri-nitrated species remains uncertain.
505The diurnal profile of the di- and tri-nitrated NOS species
506both show a surprisingly rapid drop in the concentration
507during the daytime. In a previous study of highly oxidized
508organic nitrates using CIMS, the optimum model-observation
509agreement was achieved using a short atmospheric lifetime of
510the order of 2−4 h.51,52 Therefore, the diurnal profile seen in
511Beijing is likely the result of a rapid in-particle loss of di- and
512tri-nitrated NOS, through processes such as hydrolysis or
513oxidation.53 This may lead to particle-phase inorganic nitrate
514formation and act as a minor sink of atmospheric NOx in
515Beijing. The drop in concentration of these species during the
516day may be partly due to the expansion of the boundary layer
517in the morning; however, this is not sufficient to explain the
518trends. On most days, there was also an appreciable amount of
519these NOS species in the morning samples, as shown in
520Figure 3c; and on a few days, the concentration of di-nitrated
521OS (MW 306) increased in the morning sample. The average
522diurnal profile of the observed mixing layer height during the
523campaign shows a shallow nocturnal boundary layer with a
524minimum of around 250 m at midnight, then increasing from
525around 08:00 to a maximum of around 1000 m at 15:00
526(Figure S9). A recent study has shown the efficient formation
527of IsN in a polluted residual layer over Sacrameto,
528California.54 We suggest that the relatively high abundance
529of these species during the early morning sample may be the
530result of mixing down of regionally produced NOS from the
531nocturnal residual layer during the collapse of the nocturnal
532boundary layer (Figure S9).
533Our observations show that the reaction of isoprene with
534NO3 leads to the formation of isoprene-derived nitrates in
535both the gas and particle phases in Beijing and that the nitrate
536radical plays a key role in the formation of IsN both during
537the day and at night. The mono-nitrated isoprene NOS
538identified are predominately formed in the late afternoon from
539the reaction with NO3 and then OH radicals, with their
540concentration also influenced strongly by particulate sulfate
541availability. In contrast, the abundance of the di- and tri-
542nitrated isoprene NOS species, in summertime, is driven by
543both local night-time NO3 chemistry, most likely in the early
544evening when the nitrate radical concentrations are increasing
545(and OH decreasing) as the sun goes down and isoprene is
546still present in reasonable amounts, and the mixing down of
547aged aerosol in the morning from more regional sources as the
548nocturnal boundary layer collapses. Unfortunately, the long
549nocturnal filter sampling time (15 h) in this study does not
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550 allow the full dynamics of the night-time formation of NOS to
551 be observed and increased temporal resolution is needed to
552 determine the relative role of isoprene, NO3, and sulfate
553 aerosol to and NOS formation in Beijing and other megacities.
554 The measurements were taken at 8 m and so represent surface
555 processes close to the emission of both isoprene and NO.
556 Further work is needed to understand the extent of this
557 chemistry throughout the boundary layer and the role of
558 nonlocal sources on the isoprene IsN and NOS.58−61
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864 Day, D. A.; Campuzano-Jost, P.; Jimenez, J. L.; Xu, L.; Ng, N. L.;
865 Guo, H.; Weber, R. J.; Wild, R. J.; Brown, S. S.; Koss, A.; de Gouw,
866 J.; Olson, K.; Goldstein, A. H.; Seco, R.; Kim, S.; McAvey, K.;
867 Shepson, P. B.; Starn, T.; Baumann, K.; Edgerton, E. S.; Liu, J.;
868 Shilling, J. E.; Miller, D. O.; Brune, W.; Schobesberger, S.; D’Ambro,
869 E. L.; Thornton, J. A. Highly Functionalized Organic Nitrates in the
870 Southeast United States: Contribution to Secondary Organic Aerosol

871and Reactive Nitrogen Budgets. Proc. Natl. Acad. Sci. U.S.A. 2016,
872113, 1516−1521.

(30) 873Huang, W.; Saathoff, H.; Shen, X.; Ramisetty, R.; Leisner, T.;
874Mohr, C. Chemical Characterization of Highly Functionalized
875Organonitrates Contributing to Night-Time Organic Aerosol Mass
876Loadings and Particle Growth. Environ. Sci. Technol. 2019, 53, 1165−
8771174.

(31) 878Liebmann, J.; Sobanski, N.; Schuladen, J.; Karu, E.; Hellen, H.;
879Hakola, H.; Zha, Q.; Ehn, M.; Riva, M.; Heikkinen, L.; Williams, J.;
880Fischer, H.; Lelieyeld, J.; Crowley, J. N. Alkyl Nitrates in the Boreal
881Forest: Formation via the NO3-, OH- and O-3-Induced Oxidation of
882Biogenic Volatile Organic Compounds and Ambient Lifetimes.
883Atmos. Chem. Phys. 2019, 19, 10391−10403.

(32) 884Newland, M. J.; Bryant, D. J.; Dunmore, R. E.; Bannan, T. J.;
885Acton, W. J. F.; Langford, B.; Hopkins, J. R.; Squires, F. A.; Dixon,
886W.; Drysdale, W. S.; Ivatt, P. D.; Evans, M. J.; Edwards, P. M.;
887Whalley, L. K.; Heard, D. E.; Slater, E. J.; Woodward-Massey, R.; Ye,
888C.; Mehra, A.; Worrall, S.; Bacak, A.; Coe, H.; Percival, C.; Hewitt,
889C. N.; Lee, J.; Cui, T.; Surratt, J.; Wang, X.; Lewis, A.; Rickard, A.;
890Hamilton, J. Rainforest-like Atmospheric Chemistry in a Polluted
891Megacity. Atmos. Chem. Phys. Discuss. 2020, 1−18.

(33) 892Stutz, J.; Wong, K. W.; Lawrence, L.; Ziemba, L.; Flynn, J. H.;
893Rappenglück, B.; Lefer, B. Nocturnal NO3 Radical Chemistry in
894Houston, TX. Atmos. Environ. 2010, 44, 4099−4106.

(34) 895Brown, S. S.; Dube,́ W. P.; Bahreini, R.; Middlebrook, A. M.;
896Brock, C. A.; Warneke, C.; de Gouw, J. A.; Washenfelder, R. A.;
897Atlas, E.; Peischl, J.; Ryerson, T. B.; Holloway, J. S.; Schwarz, J. P.;
898Spackman, R.; Trainer, M.; Parrish, D. D.; Fehshenfeld, F. C.;
899Ravishankara, A. R. Biogenic VOC Oxidation and Organic Aerosol
900Formation in an Urban Nocturnal Boundary Layer: Aircraft Vertical
901Profiles in Houston, TX. Atmos. Chem. Phys. 2013, 13, 11317−
90211337.

(35) 903Shi, Z.; Vu, T.; Kotthaus, S.; Harrison, R. M.; Grimmond, S.;
904Yue, S.; Zhu, T.; Lee, J.; Han, Y.; Demuzere, M.; Dunmore, R. E.;
905Ren, L.; Liu, D.; Wang, Y.; Wild, O.; Allan, J.; Acton, W. J.; Barlow,
906J.; Barratt, B.; Beddows, D.; Bloss, W. J.; Calzolai, G.; Carruthers, D.;
907Carslaw, D. C.; Chan, Q.; Chatzidiakou, L.; Chen, Y.; Crilley, L.;
908Coe, H.; Dai, T.; Doherty, R.; Duan, F.; Fu, P.; Ge, B.; Ge, M.;
909Guan, D.; Hamilton, J. F.; He, K.; Heal, M.; Heard, D.; Hewitt, C.
910N.; Hollaway, M.; Hu, M.; Ji, D.; Jiang, X.; Jones, R.; Kalberer, M.;
911Kelly, F. J.; Kramer, L.; Langford, B.; Lin, C.; Lewis, A. C.; Li, J.; Li,
912W.; Liu, H.; Liu, J.; Loh, M.; Lu, K.; Lucarelli, F.; Mann, G.;
913McFiggans, G.; Miller, M. R.; Mills, G.; Monk, P.; Nemitz, E.;
914O’Connor, F.; Ouyang, B.; Palmer, P. I.; Percival, C.; Popoola, O.;
915Reeves, C.; Rickard, A. R.; Shao, L.; Shi, G.; Spracklen, D.;
916Stevenson, D.; Sun, Y.; Sun, Z.; Tao, S.; Tong, S.; Wang, Q.; Wang,
917W.; Wang, X.; Wang, X.; Wang, Z.; Wei, L.; Whalley, L.; Wu, X.; Wu,
918Z.; Xie, P.; Yang, F.; Zhang, Q.; Zhang, Y.; Zhang, Y.; Zheng, M.
919Introduction to the Special Issue “In-Depth Study of Air Pollution
920Sources and Processes within Beijing and Its Surrounding Region
921(APHH-Beijing). Atmos. Chem. Phys. 2019, 19, 7519−7546.

(36) 922Bryant, D. J.; Dixon, W. J.; Hopkins, J. R.; Dunmore, R. E.;
923Pereira, K. L.; Shaw, M.; Squires, F. A.; Bannan, T. J.; Mehra, A.;
924Worrall, S. D.; Bacak, A.; Coe, H.; Percival, C. J.; Whalley, L. K.;
925Heard, D. E.; Slater, E. J.; Ouyang, B.; Cui, T.; Surratt, J. D.; Liu, D.;
926Shi, Z.; Harrison, R.; Sun, Y.; Xu, W.; Lewis, A. C.; Lee, J. D.;
927Rickard, A. R.; Hamilton, J. F. Strong Anthropogenic Control of
928Secondary Organic Aerosol Formation from Isoprene in Beijing.
929Atmos. Chem. Phys. 2020, 20, 7531−7552.

(37) 930Riva, M.; Chen, Y.; Zhang, Y.; Lei, Z.; Olson, N. E.; Boyer, H.
931C.; Narayan, S.; Yee, L. D.; Green, H. S.; Cui, T.; Zhang, Z.;
932Baumann, K.; Fort, M.; Edgerton, E.; Budisulistiorini, S. H.; Rose, C.
933A.; Ribeiro, I. O.; e Oliveira, R. L.; dos Santos, E. O.; Machado, C.
934M. D.; Szopa, S.; Zhao, Y.; Alves, E. G.; de Sa,́ S. S.; Hu, W.;
935Knipping, E. M.; Shaw, S. L.; Duvoisin Junior, S.; de Souza, R. A. F.;
936Palm, B. B.; Jimenez, J.-L.; Glasius, M.; Goldstein, A. H.; Pye, H. O.
937T.; Gold, A.; Turpin, B. J.; Vizuete, W.; Martin, S. T.; Thornton, J.
938A.; Dutcher, C. S.; Ault, A. P.; Surratt, J. D. Increasing Isoprene
939Epoxydiol-to-Inorganic Sulfate Aerosol Ratio Results in Extensive

Environmental Science & Technology pubs.acs.org/est Article

https://dx.doi.org/10.1021/acs.est.0c05689
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

K

https://dx.doi.org/10.5194/acp-16-4897-2016
https://dx.doi.org/10.5194/acp-16-4897-2016
https://dx.doi.org/10.5194/acp-15-8871-2015
https://dx.doi.org/10.5194/acp-15-8871-2015
https://dx.doi.org/10.5194/acp-15-8871-2015
https://dx.doi.org/10.5194/acp-15-8871-2015
https://dx.doi.org/10.1073/PNAS.1417609112
https://dx.doi.org/10.1073/PNAS.1417609112
https://dx.doi.org/10.5194/acp-17-2103-2017
https://dx.doi.org/10.5194/acp-17-2103-2017
https://dx.doi.org/10.1021/acs.chemrev.7b00439
https://dx.doi.org/10.1021/acs.chemrev.7b00439
https://dx.doi.org/10.1007/s10874-012-9247-0
https://dx.doi.org/10.1021/acs.jpca.5b06355
https://dx.doi.org/10.1021/acs.jpca.5b06355
https://dx.doi.org/10.5194/acp-8-4117-2008
https://dx.doi.org/10.5194/acp-8-4117-2008
https://dx.doi.org/10.5194/acp-8-4117-2008
https://dx.doi.org/10.5194/acp-15-13377-2015
https://dx.doi.org/10.5194/acp-15-13377-2015
https://dx.doi.org/10.5194/acp-15-13377-2015
https://dx.doi.org/10.1021/acsearthspacechem.8b00028
https://dx.doi.org/10.1021/acsearthspacechem.8b00028
https://dx.doi.org/10.1021/acsearthspacechem.8b00028
https://dx.doi.org/10.1073/pnas.1508108113
https://dx.doi.org/10.1073/pnas.1508108113
https://dx.doi.org/10.1073/pnas.1508108113
https://dx.doi.org/10.1021/acs.est.8b05826
https://dx.doi.org/10.1021/acs.est.8b05826
https://dx.doi.org/10.1021/acs.est.8b05826
https://dx.doi.org/10.5194/acp-19-10391-2019
https://dx.doi.org/10.5194/acp-19-10391-2019
https://dx.doi.org/10.5194/acp-19-10391-2019
https://dx.doi.org/10.5194/acp-2020-35
https://dx.doi.org/10.5194/acp-2020-35
https://dx.doi.org/10.1016/j.atmosenv.2009.03.004
https://dx.doi.org/10.1016/j.atmosenv.2009.03.004
https://dx.doi.org/10.5194/acp-13-11317-2013
https://dx.doi.org/10.5194/acp-13-11317-2013
https://dx.doi.org/10.5194/acp-13-11317-2013
https://dx.doi.org/10.5194/acp-19-7519-2019
https://dx.doi.org/10.5194/acp-19-7519-2019
https://dx.doi.org/10.5194/acp-19-7519-2019
https://dx.doi.org/10.5194/acp-20-7531-2020
https://dx.doi.org/10.5194/acp-20-7531-2020
https://dx.doi.org/10.1021/acs.est.9b01019
https://dx.doi.org/10.1021/acs.est.9b01019
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.0c05689?ref=pdf


940 Conversion of Inorganic Sulfate to Organosulfur Forms: Implications
941 for Aerosol Physicochemical Properties. Environ. Sci. Technol. 2019,
942 8682.

(38)943 Kenseth, C. M.; Hafeman, N. J.; Huang, Y.; Dalleska, N. F.;
944 Stoltz, B. M.; Seinfeld, J. H. Synthesis of Carboxylic Acid and Dimer
945 Ester Surrogates to Constrain the Abundance and Distribution of
946 Molecular Products in α-Pinene and β-Pinene Secondary Organic
947 Aerosol. Environ. Sci. Technol. 2020, 12829.
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