Comments by reviewer #1 are reproduced in a black font below. Our responses follow each comment in a
blue font. Text additions to the manuscript, for example, significantly modified sentences, appear in the revised
manuscript in red color. Deletions from the manuscript are not explicitly shown but are described in the

responses below. Minor editorial edits to the text are not explicitly shown to prevent a cluttered view.

We thank the reviewer for the comments, which we have addressed in a point by point fashion below.

Urban organic aerosol composition in Eastern China differs from North to South: Molecular insight from a
liquid chromatography-Orbitrap mass spectrometry study Wang et al.

This paper describes the results from the analysis of organic aerosol collected at three Chinese cities during
haze events using a high resolution method. The paper is within the scope of ACP and is well written and easy
to follow. A very careful analysis of the data is presented and the methods applied for formula assignment are
appropriate. | agree that the organic aerosol in the North is likely to be more influenced by coal combustion
and the warmer cities in the South more affected by photochemistry. However, I don’t think that the data in
this paper is sufficient to draw those conclusions. Far too much weight is given to very small differences in
0O:C and DBE bhased on peak area only, without any discussion about the impact of structure on ionization
efficiency or any estimate of the uncertainty in these values. For instance on page 11, line 335, is a difference
of 0.11 between the DBE from Shanghai and Guangzhou a meaningful difference? Nitrophenol species can
have vastly different ionisation efficiencies in ESI- depending on the position of the constituents on the ring
(see Schmidt et al., 2006. https://onlinelibrary.wiley.com/doi/full/10.1002/rcm.2591). These nitrophenols are
some of the dominant species detected in this study and thus their peak area will have a significant impact on
the calculation of DBE and O:C. They also effect the calculation of Xc since they give incorrect values using
p=0.5. The ionization efficiency of carboxylic acids also depends on structure and can vary by several orders
of magnitude. Compounds with the same formula such as an unsaturated hydroxy-acids and a carbonyl-acid
are likely to have very different ionisation efficiencies (Leito et al.,  2008.
https://onlinelibrary.wiley.com/doi/pdf/10.1002/rcm.3371, Kruve et al., 2014
https://pubs.acs.org/doi/full/10.1021/ac404066v). The data presented is interesting and shows there are
differences in composition between the three locations. But | would not recommend publication in ACP

without major changes to the way the average peak area weighted metrics are used to draw conclusions.

Response: We thank the reviewer for pointing out the uncertainties existing in the peak abundance weighted
comparison caused by the different ionization efficiencies among different compounds. Actually, we
mentioned these uncertainties in Page 7, Line 202-204 in the original manuscript as well as in the original SI.
Because OA is highly complex and authentic standards are limited, the identification and quantification of OA

components are a challenging analytical task and it is very difficult to avoid ionization efficiency related



uncertainties. Since the conclusions drawn in this study are mainly based on the peak abundance weighted
comparison, we now emphasize the uncertainties in the sections of Abstract (Page 2, Line 50-53) and

Limitations (Page 18, Line 555-571) in the revised manuscript as follows:

Abstract: “...It should be noted that the conclusions drawn in this study are mainly based on comparison of
molecular formulas weighted by peak abundance, and thus, are associated with inherent uncertainties due to

different ionization efficiencies for different organic species.”

Limitations: “In this study, we used the peak abundance-weighted method to illustrate the difference in
chemical formulas assigned by Orbitrap mass spectrometry. This comparison was made based on the
assumption that the measured organic compounds have same peak abundance response in the mass
spectrometer. However, this assumption can bring some uncertainties because the ionization efficiencies vary
between different compounds (Schmidt et al., 2006; Leito et al., 2008; Perry et al., 2008; Kruve et al., 2014).
For example, the ionization efficiencies of nitrophenol species detected in negative ESI mode can vary by a
large degree depending on the position of the substituents at the nitrobenzene ring (Schmidt et al., 2006; Kruve
et al., 2014) and the ionization efficiencies of carboxylic acids can also vary by several orders of magnitude
depending on the structures (Kruve et al., 2014). Nonetheless, it is a challenging analytical task to identify and
quantify all compounds in ambient OA due to the high chemical complexity of OA and the limits in authentic
standards of OA. Despite the inherent uncertainties, the peak abundance-weighted comparison of molecular
formulas provides an overview of the difference in chemical composition of OA in these three representative
Chinese cities. In particular, the chemical formulas assigned in this study can be validated in future studies by

authentic standards and the difference in ionization efficiencies can be further evaluated.”

Specific comments

Abstract: There needs to be a comment in the abstract about the uncertainties of using this approach.

Response: A statement about the uncertainties has been now added in the Abstract (Page 2, Line 50-53 in the

revised manuscript) as follows:

“It should be noted that the conclusions drawn in this study are mainly based on comparison of molecular
formulas weighted by peak abundance, and thus, are associated with inherent uncertainties due to different

ionization efficiencies for different organic species.”

Chromatography: This paper uses UPLC to separate the species and where isomers are found, they are

recombined to produce the reconstructed mass spectra and various figures. It seems a waste to have so much



isomeric speciation and then not use any of it. For instance, how many isomers were found on average per
molecular formula? A similar analysis could have been achieved by direct injection into the source. While
using chromatography may minimise matrix effects, the lack of information on whether structure effects

ionisation efficiency counteracts its usefulness.

Response: The important advantage of the application of UPLC in this study is that compounds are separated
by the LC-column before they enter the ionization source, minimizing the matrix effects. Meanwhile, the
compounds are concentrated in the LC-column, which can increase the sensitivity of the measurement. In
addition, it can provide separation of some compounds and information of retention time of the compounds,
which is useful for the identification of the compounds and the separation of isomers. This statement is now
added in Page 5, Line 142-147 (also see it below). Since the numbers of isomer vary a lot depending molecular
formulas, we have added the term named isomer number fraction (meaning the percentage of formula numbers
that have isomers among all assigned formulas) in the revised Table 1. It shows that 31-34% and 30-56% of
formulas have isomers in negative mode and positive mode, respectively. In addition, we now define the

common formulas observed in all samples as the formulas that have the same molecular formulas and the same

retention time (retention time difference < 0.1 min).

“Compared to the direct infusion method applied in other UHRMS studies (Lin et al., 2012a; Lin et al., 2012b;
Rincon et al., 2012; Kourtchev et al., 2016; Fleming et al., 2018), the UHPLC technique was used in this study,
which could separate and concentrate the compounds before they entered the ion source, reducing the
ionization suppression and increasing the sensitive of the measurement. In addition, it can provide separation
of some compounds and information of retention time of the compounds, which is useful for the identification

of the compounds and the separation of isomers.”

Page 6, line 162: When first reading this I struggled to understand how the values for p and q were derived. |
found the information in the Sl, but this needs to be included in the main paper, alongsidea discussion of the

uncertainties and issues using this approach.

Response: The detailed description of the aromaticity equivalent (Xc) and the values of p and g in the equation

is now stated in Page 6, line 171-185 in the main paper as follows:

“The aromaticity equivalent (X¢) as a modified index for aromatic compounds was obtained using the equation:
Xc=[3(DBE—-(px0+qxn))—2]/[DBE-(p x 0+q xn)], where p and g, respectively, refer to the fraction
of oxygen and sulfur atoms involved in the n-bond structure of a compound. As such the values of p and g

vary between compound categories (Yassine et al., 2014). For example, carboxylic acids and esters are



characterized using p=q = 0.5, while p=q=1and p = g =0 are used for carbonyl and hydroxyl, respectively.
Since it is impossible to identify the structurers of the hundreds of formulas observed in this study, we cannot
know the exact values of p and g in an individual compound. Therefore, in this study, p = q = 0.5 was applied
for compounds detected in ESI— as carboxylic compounds are preferably ionized in negative mode. However,
because of the high complexity of the mass spectra in ESI+, p = q = 1 was used in ESI+ to avoid an
overestimation of the amount of aromatics. Moreover, for DBE < (p x 0 + q x n) or Xc <0, Xc was defined as
zero. Furthermore, in ESI—, for odd numbers of (p x 0 + g % n), the value of (p x 0 + g x n) was rounded down

to the lower integer. Xc = 2.50 and Xc = 2.71 have been suggested as unambiguous minimum criteria for

the presence of monoaromatics and polyaromatics, respectively (Yassine et al., 2014).”

Page 7, line 189-200: The authors need to be careful with the use of the word significant here. It is impossible
to tell if the values are significantly different without an estimate of the uncertainty in the values. An H:C of
1.03 does not seem “‘significantly lower” than a value of H:C = 1.05. What is the spread in the values between
the three replicates? Again, this whole section assumes that peak area = abundance and that the differences in

OC are driven by oxidation and not different sources.

Response: The word ‘significant’ is now carefully used and the sentences related to ‘significant difference’ is
now rephrased throughout the manuscript. The effect of OA sources on the chemical composition (e.g., the

different O/C ratio) is now added in the discussion throughout the revised manuscript (also see it below).

Page 2, Lines 44-47: “Moreover, the EST— analysis showed higher H/C and O/C ratios for organic compounds
in Shanghai and Guangzhou compared to samples from Changchun, indicating that OA undergoes more intense
photochemical oxidation processes in lower latitude regions of China and/or is affected to a larger degree by
biogenic sources.”

Page 8, Lines 235-240: “The different chemical composition of the samples is probably caused by... or by
different biogenic/anthropogenic precursors.”

Page 10, Lines 307-309: “Altogether, these results indicate that CHO— compounds in urban OA from East and
Southeast China experienced more intense oxidation and aging processes and/or were affected to a larger
degree by biogenic sources.”

Page 10-11, Lines 313-315: “Again, these average formulas show that CHO— in Shanghai— and Guangzhou—
experienced more intense oxidation processes and/or were affected to a larger degree by biogenic precursors,

indicated by the larger abundance-weighted MMy with a higher degree of oxygenation.”



Page 8, line 230: In the reconstructed mass spectra in figure 1, the ESI+ spectra from Shanghai and Guangzhou
seem to be dominated by a single ion. What is this ion and how does this affect the calculation of the %
abundance of CHN+? Page 8, line 250: Are the 52 common formulas the same chromatographic peak, or is it
just the formula that is common? Page 9, line 258: The Van Krevelen plots in S1 look fairly similar for
compounds of high O:C, T don’t really see any substantial difference. Page 9, line 266. | don’t agree that these
average abundance weighted formulas can be used to state that the Shanghai and Guangzhou OA experienced
“more intense oxidation”. Certainly the MF have a higher amount of O and a lower amount of C but this could

also be related to the sources of the OA, with more biogenic/aliphatic material in the south.

Response:

1. In Shanghai and Guangzhou samples, the ion with molecular formula of C1oH14N2 is dominant among all
CHN+ compounds, which is probably due to its high concentration and/or high ionization efficiency in ESI+.
This ion accounts for 63% and 52% in terms of peak abundance in Shanghai and Guangzhou CHN+
compounds, respectively. The discussion about this ion is now added to Page 14, line 438-442 in the revised

manuscript, as follows:

“Remarkably, as can be seen in Fig. 6, the abundance of CHN+ compounds in Changchun+ distribute evenly
among different individual CHN+ compounds, while in Shanghai+ and Guangzhou+ they are dominated by
the formula of C10H14N> (the biggest purple circle in Fig. 6) with DBE value of 5, which probably has high

concentration and/or high ionization efficiency in the positive ESI mode.”

2. In the original manuscript, the common formulas just refer to the same formula and do not refer to the same
chromatographic peaks. Now, in the revised manuscript we define the common formulas observed in all
samples as the formulas that have both the same molecular formulas and the same retention time (retention
time difference < 0.1 min). ). It shows that most of compounds with the same molecular formulas have similar
retention time. And the Figure 2 about the new definition of common formulas is now redrawn in the revised

manuscript (please see the revised Figure 2 below).
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Figure 2. (a) Venn diagrams showing the number distribution of all molecular formulas detected in ESI— and
ESI+ for all sample locations. The overlapping molecular formulas refer to the compounds detected in each

city with the same molecular formulas and with the same retention times (retention time difference < 0.1 min).
(b) Peak abundance contribution of each elemental formula category to the total common formulas.

3. Since the Van Krevelen diagram is plotted by the O/C and H/C, it hides the compounds with different
formulas but with the same O/C and H/C and is not the best tool to present the difference of compounds with
high O/C in these three samples. Therefore, we have calculated the relative peak abundance fraction of
CHO- compounds with O/C > 0.6 (which are considered as highly oxidized compounds, please see the
reference ‘Tu et al., 2016, Analytical Chemistry’) in all samples measured in the negative mode. It shows
that 14% of compounds in terms of peak abundance in Changchun— have O/C ratio larger than 0.6, while
they are relatively higher in Shanghai— and Guangzhou— samples, accounting for 34% in Shanghai and 45%
in Guangzhou. The Figure S1 in Supporting Information is now removed and the following discussion is

now added in Page 10, line 304-307 in the revised manuscript.

“Furthermore, the relative peak abundance fraction of CHO— compounds with O/C > 0.6, which are

considered as highly oxidized compounds (Tu et al., 2016), is 14% in Changchun and somewhat higher in
Shanghai— (34%) and Guangzhou— (45%).”

Tu, P., Hall, W. A. t., and Johnston, M. V.: Characterization of Highly Oxidized Molecules in Fresh and Aged
Biogenic Secondary Organic Aerosol, Anal. Chem., 88, 4495-4501, 10.1021/acs.analchem.6b00378, 2016



4. Yes, we agree that the sources of SOA may also affect the chemical composition of aerosols. Therefore,

the conclusion is now modified in Page 10, line 313-315 in the revised manuscript as follows:

“these average formulas show that CHO— compounds in Shanghai— and Guangzhou— experienced more
intense oxidation processes and/or were affected to a larger degree by biogenic sources, indicated by the larger

abundance-weighted MMy with a higher degree of oxygenation.”

Page 10, line 289: When discussing “individual” compounds, do you mean peaks? For these formulas, how
many peaks were observed? For these species discussed, i.e. C8H803, why have you chosen these specific

oxidation products of estragole? Surely this could also be biomass burning emissions such as vanillin?

Response: 1. They refer to individual formulas. For clarification, we have rephrased the sentence from
“through mass spectrometric analysis of individual compounds™ to “through the analysis of individual
formulas™. There are 3-4, 1-2, 1-4, 1-5, 2-8 peaks were observed for formulas of CsHsO4, C;HsO2, C7H6Os3,
CsHsO2, and CgHsOs, respectively, in these three cities. 2. For the discussion about the source of these specific
compounds, we checked these compounds in the aerosol-related literatures, in which these compounds were
also observed. Yes, the compounds with formula of CgHsO3 could also be suggested to vanillin emitted from
biomass burning. We have now considered ‘vanillin’ as one possible compound of CgHgOs and the related

discussion is now revised in Page 11, Line 343-345 as follows:

“CgHgO2 is likely 4-hydroxy acetophenone, which could be derived from estragole (Pereira et al., 2014), while
CgHsOs is suggested to be either 4-methoxybenzoic acid generated from estragole (Pereira et al., 2014) or

vanillin emitted from biomass burning (Li et al., 2014).”

Page 25, figure 2: In the upper panel, the Venn diagrams need to be labelled as ESI+ and ESI-. Also, the
Guangzhou circle in the Venn Diagram has 304 compounds but in the table there are 488 compounds. Why

are they different?

Response: The label of ESI+ and ESI- is now added in the revised Venn diagram in Figure 2. The number in
the Venn diagram refers to the number of the formulas. However, the number of compounds in Table 1 refer
to the number of peaks, which is higher compared to the number of formulas due to the isomers. In addition,

the information of formula numbers for each compound group is now added in the revised Table 1.



Page 26, Figure 3: Can you explain why the dots are scaled to the fourth root of the peak area? | assume it is
to reduce the size of the largest peaks. However, this is not mentioned in the text and could be easily missed
in the caption. This should be clearly stated in the text. | would also like to see these figures with the observed
peak area for comparison in the SI.

Response: Yes, the purpose for the use of the fourth root of the peak area is to reduce the size difference of the
dots related to different formulas, because the peak areas vary a lot between different formulas. For
clarification, the following statement is now added in Page 10, line 284-288 in the revised manuscript (also
see it below). Meanwhile, the figures with the size of dot related to the absolute peak area are how added in
the Sl (also see them below: Figure S2 of DBE vs. C-atom numbers for CHO-; Figure S6 of DBE vs. C-atom
numbers for CHON-; Figure S8 of DBE vs. C-atom numbers for CHON+; Figure S10 of H/C vs. N/C for
CHN+; Figure S11 of DBE vs. C-atom numbers for CHOS-).

“In addition, since peak abundances for the formula can vary by orders of magnitude, the area of the circles
presented in the Figure 3 and Figures 57 is proportional to the fourth root of the peak abundance of each
formula to reduce the size difference of the circles. For a more detailed comparison, figures with the circle

size related to the absolute peak abundances are presented in the SI.”
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Figure S2. Double bond equivalent (DBE) versus carbon number for all CHO— compounds for all sample
locations. The molecular formula represents the abundance-weighted average CHO— formula and the area of
the circles is proportional to the absolute peak abundance of an individual compound. The color bar denotes
the aromaticity equivalent (gray with Xc < 2.50, purple with 2.50 < Xc < 2.70 and red with Xc > 2.70). The
pie charts show the percentage of each Xc category (i.e., gray color-coded compounds, purple color-coded

compounds and red color-coded compounds) in each sample in terms of peak abundance.
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Figure S6. Double bond equivalent (DBE) versus carbon number for all CHON— compounds for all sample
locations. The molecular formula represents the abundance-weighted average CHON- formula and the area of
circles is proportional to the absolute peak abundance of an individual compound. The color bar denotes the
aromaticity equivalent (gray with Xc < 2.50, purple with 2.50 < Xc < 2.70 and red with Xc > 2.70). The pie

charts show the percentage of each Xc category (i.e., gray color-coded compounds, purple color-coded
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compounds and red color-coded compounds) in each sample in terms of peak abundance.
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Figure S8. Double bond equivalent (DBE) vs C number for all CHON+ compounds of all samples. The
molecular formula represents the abundance-weighted average CHON+ formula and the area of the circles is
proportional to the absolute peak abundance of an individual compound. The color bar denotes the aromaticity
equivalent (gray with Xc < 2.50, purple with 2.50 < Xc¢ < 2.70 and red with Xc > 2.70). The pie charts show
the percentage of each Xc category (i.e., gray color-coded compounds, purple color-coded compounds and red

color-coded compounds) in each sample in terms of peak abundance.



2.5 25
Changchun+ Shanghai+
41% .
2.0 20 77%
2 42%
o , 0%
[e) 3 S
O . o} 7% @) 13%
T154 9 L T15-
OO °
o’ ‘) o .
1.0 4 % -0 1.0
o o o .
>0 o o
© C10.05H11.93N1.53 C9.88H13.55N1.94
0.5 . T . T . 0.5 . T . ; .
0.00 0.25 0.50 0.75 0.00 0.25 0.50 0.75
N/C N/C
: Guangzhou+
74%
2.0 H
)
I 15 _ o Oc
104 - :
CoesH1357N1 88
0.5 . . . : :
0.00 0.25 0.50 0.75

N/C

Figure S10. Van Krevelen diagrams for CHN+ compounds in Changchun, Shanghai and Guangzhou samples.
The area of circles is proportional to the absolute peak abundance of an individual compound and the color bar
denotes the aromaticity equivalent (gray with Xc <2.50, purple with 2.50 < Xc <2.70 and red with Xc > 2.70).
The pie charts show the percentage of each Xc category (i.e., gray color-coded compounds, purple color-coded

compounds and red color-coded compounds) in each sample in terms of peak abundance.
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Figure S11. Double bond equivalent (DBE) versus carbon number for all CHOS— compounds for all sample
locations. The molecular formula represents the abundance-weighted average CHOS— formula and the area of
circles is proportional to the absolute peak abundance of an individual compound. The color bar denotes the
aromaticity equivalent (gray with Xc < 2.50, purple with 2.50 < Xc < 2.70 and red with Xc > 2.70). The pie

charts show the percentage of each Xc category (i.e., gray color-coded compounds, purple color-coded



Minor comments

Page 3, line 64: Change “comprehended” to “understood”.

Response: “comprehended” is now changed to “understood”.

Page 4, line 104: |1 would help the reader to know a little bit more about the differences in industrial structure,

energy etc.

Response: The city of Changchun is located in Northeast of China, which was used to be the center of heavy
industry of China (Zhang, Chinese Geographical Science, 2008). The heavy industries like the coal chemistry
industry and steelworks can produce a large amount of air pollutants (e.g., NOx and SO,), which can affect the
chemical composition of aerosols in this area. However, the cities of Shanghai and Guangzhou are located in
the East Coast of China, where there are much less of heavy industries. Moreover, another important factor is
that residential heating (i.e. coal combustion) is extensively used in wintertime in Northeast of China, which
can make a large contribution to the PM2smass (Huang et al., Nature 2014; An et al., PNAS 2019). And, these

statements are now added in Page 4, linel06-111, in the revised manuscript as follows:

“In addition, the industrial structure, energy consumption and energy sources in these three cities are different,
such as much more heavy industries (e.g., coal chemical industry and steelworks) in Northeast China (Zhang,
2008), which can cause difference in anthropogenic emissions, and can therefore influence the chemical
composition of urban OA. Moreover, OA is strongly affected by residential coal combustion during winter in
Northeast China (Huang et al., 2014; An et al., 2019).”

Zhang, P.: Revitalizing old industrial base of Northeast China: Process, policy and challenge, Chin. Geogra.
Sci., 18, 109-118, 10.1007/s11769-008-0109-2, 2008

Huang, R. J., Zhang, Y., Bozzetti, C., Ho, K. F., Cao, J. J., Han, Y., Daellenbach, K. R., Slowik, J. G., Platt, S.
M., Canonaco, F., Zotter, P., Wolf, R., Pieber, S. M., Bruns, E. A., Crippa, M., Ciarelli, G., Piazzalunga, A.,
Schwikowski, M., Abbaszade, G., Schnelle-Kreis, J., Zimmermann, R., An, Z., Szidat, S., Baltensperger, U., El
Haddad, I., and Prevot, A. S.: High secondary aerosol contribution to particulate pollution during haze events
in China, Nature, 514, 218-222, 10.1038/naturel3774, 2014.

An, Z., Huang, R. J., Zhang, R., Tie, X., Li, G., Cao, J., Zhou, W., Shi, Z., Han, Y., Gu, Z., and Ji, Y.: Severe
haze in northern China: A synergy of anthropogenic emissions and atmospheric processes, Proc Natl Acad
Sci U S A, 116, 8657-8666, 10.1073/pnas.1900125116, 2019.



Page 11, line 317: I don’t understand this sentence. What data does the 59 % relate to?
Response: This sentence means that in terms of peak abundance, 59% of all CHON compounds detected in
the negative mode in Guangzhou samples can be assigned with formulas with oxygen to nitrogen ratio higher

than or equal to 4. And, this sentence is now clarified in Page 12, Line 369-371 as follows:

“In terms of the peak abundance, 59% of CHON— compounds observed in Guangzhou— exhibited formulas
with O/N ratios >4, ...”

Page 12, line 371: Is the 83 -87% the percentage of the peak area?

Response: Yes, the value of 83-87% refers to the percentage of the peak area. For clarification, we have added

“in terms of peak abundance” right after the “83-87%".

Page 15, line 461: this should say “mononitrate organosulfate”

Response: “pinanediol mononitrate” is now changed to “mononitrate organosulfate”.

Page 23, table 1: Does the “number of compounds” mean number of formulas or number of peaks?

Response: “number of compounds” in Table 1 refers to the number of peaks detected in this study. In addition,

the number of formulas assigned fot these compounds is now added in the revised Table 1.

Page 7, line 190: change to “detected”

Response: It is now corrected.



Comments by reviewer #3 are reproduced in a black font below. Our responses follow each comment in a
blue font. Text additions to the manuscript, for example, significantly modified sentences, appear in the revised
manuscript in red color. Deletions from the manuscript are not explicitly shown but are described in the

responses below. Minor editorial edits to the text are not explicitly shown to prevent a cluttered view.

General comments:

This manuscript presents the application of UHPLC/Orbitrap MS to three sets of samples collected in urban
locations in China. The observed molecular formula are classified according to the components (CHO, CHON,
CHOS, etc.) and overall trends in the abundance and characteristics of these molecular formulas are compared
between the three samples. The paper is well written and the results are clearly communicated. | appreciate the
careful and detailed break down of trends by compound class. The largest gap that | see is a lack of
discussion/consideration for the information provided by the chromatography itself. | recommend publication
after the following concerns are addressed.

Response: We thank the reviewer for the comments. We have revised and improved the manuscript according

to these comments.

Specific comments:

Throughout the manuscript, a comparison is made between overlapping molecular formula. However, no
reference to the LC data set is provided. The separation should provide some information on whether the

observed molecular formulas actually correspond to the same chemical structure.

Response: Compared to direct infusion in other studies, the UHPLC technique used in this study could separate
and concentrate the compounds before they enter the ion source, reducing the ionization suppression and
increasing the sensitive of the measurement. We have now added this description in the Sample Analysis
section in Page 5, Line 142-147 in the revised manuscript (also see it below). Meanwhile, it can provide
additional information of isomers that have the same molecular formulas but different retention time. In the
revised manuscript, we have added the term named isomer number fraction (meaning the percentage of formula
numbers that have isomers among all assigned formulas) in the revised Table 1. It shows that 31-34% and 30-

56% of formulas have isomers in the negative mode and positive mode, respectively.

“Compared to the direct infusion method applied in other UHRMS studies (Lin et al., 2012a; Lin et al., 2012b;
Rincon et al., 2012; Kourtchev et al., 2016; Fleming et al., 2018), the UHPLC technique was used in this study,



which could separate and concentrate the compounds before they entered the ion source, reducing the
ionization suppression and increasing the sensitive of the measurement. In addition, it can provide separation
of some compounds and information of retention time of the compounds, which is useful for the identification

of the compounds and the separation of isomers.”

a. What fraction of the overlapping formulas in Figure 2 (and discussed throughout the document) have the

same or very similar retention times in the column?

Response: It is true that compounds with the same molecular formulas may not have the same retention time.
Therefore, the Figure 2 is now redrawn (please see the revised Figure 2 below) and the overlapping molecular
formulas now refer to the compounds detected in each city with the same molecular formula as well as with
the same retention time (retention time difference < 0.1 min). It shows that most of compounds with the same
molecular formulas have similar retention time. Therefore, the changes of the definition of overlapping
molecular formulas do not change the main conclusions drawn in the manuscript. Furthermore, the values of
the number and peak abundance of the overlapping molecular formulas according to the revised Figure 2 have

been updated in the revised manuscript.

ESI- (a) ESI+

Changchun- / Guangzhou—"

316 18 138

Changchun+ Guangzhou+

59

78 139

Shanghai- Shanghai+

Common formulas in ESI- Common formulas in ESI+

7%
1%

6%
72%

0%

2%
I cHo [l cHoN [ cHOS [l cHONS [ CHN

Figure 2. (a) Venn diagrams showing the number distribution of all molecular formulas detected in ESI- and
ESI+ for all sample locations. The overlapping molecular formulas refer to the compounds detected in each



city with the same molecular formulas and with the same retention times (retention time difference < 0.1 min).
(b) Peak abundance contribution of each elemental formula category to the total common formulas.

b. Possible identities for some compounds are given (e.g. page 10 lines 289-330 and page 11 lines 342-355).
How do the retention times of these compounds compare to standards run with the same column settings?

Response: In this study, the possible identities for these compounds are based on their molecular formulas and
published data in the literatures. It will be very interesting to check/verify these compounds by adding some
standards in future studies. Related discussion has been added in the section of Limitations on Page 18, Line
569-571 as follows:

“In particular, the chemical formulas assigned in this study can be validated in future studies by authentic

standards and the difference in ionization efficiencies can be further evaluated.”

How clean was the separation? Were multiple ions observed under each chromatography peak? Were there
differences in this between the three sample locations? It looks like there are a lot more compounds in the
Changchun samples as a whole. If there was more charge competition during ionization (especially in positive
ion mode) in specific samples, it would be good to clarify this because you are using the signal to directly

correlate to abundance.

Response: 1. Since there were hundreds of different compounds detected in each measurement, it was very
difficult to completely separate all these compounds using one UHPLC method. However, as a high-resolution
Orbitrap MS was applied in this study, these compounds can be efficiently distinguished by the m/z ratios,
even though they had same/similar retention time. 2. Yes, the charge competition during ionization can be
different for samples of different mass loadings and organic components. To reduce the uncertainties from
charge competition, we set the particle mass concentration in the extract to 600 ug mL ™ for all samples (please
see Page 5, Line 139-140 in the revised manuscript). In addition, we have now added a discussion about
uncertainties caused by using the signal to directly correlate to abundance in Page 6-7, Line 186-193 in the

revised manuscript as well as in the section of Limitations (Page 18, Line 555-571) as follows:

“Comparing the peak abundance has been used in UHRMS recent studies (Wang et al., 2017; Fleming et al.,
2018; Song et al., 2018; Ning et al., 2019) to illustrate the relative importance of specific types of compounds.
However, it should be noted that different organic compounds have different signal responses in the mass

spectrometer due to the differences in ionization and transmission efficiencies (Schmidt et al., 2006; Leito et



al., 2008; Perry et al., 2008; Kruve et al., 2014). Therefore, uncertainties may exist when comparing the peak
areas among compounds. In this work, we assume that all organic compounds have the same peak abundance

response in the mass spectrometer.”

Limitations: “In this study, we used the peak abundance-weighted method to illustrate the difference in
chemical formulas assigned by Orbitrap mass spectrometry. This comparison was made based on the
assumption that the measured organic compounds have same peak abundance response in the mass
spectrometer. However, this assumption can bring some uncertainties because the ionization efficiencies vary
between different compounds (Schmidt et al., 2006; Leito et al., 2008; Perry et al., 2008; Kruve et al., 2014).
For example, the ionization efficiencies of nitrophenol species detected in negative ESI mode can vary by a
large degree depending on the position of the substituents at the nitrobenzene ring (Schmidt et al., 2006; Kruve
et al., 2014) and the ionization efficiencies of carboxylic acids can also vary by several orders of magnitude
depending on the structures (Kruve et al., 2014). Nonetheless, it is a challenging analytical task to identify and
quantify all compounds in ambient OA due to the high chemical complexity of OA and the limits in authentic
standards of OA. Despite the inherent uncertainties, the peak abundance-weighted comparison of molecular
formulas provides an overview of the difference in chemical composition of OA in these three representative
Chinese cities. In particular, the chemical formulas assigned in this study can be validated in future studies by

authentic standards and the difference in ionization efficiencies can be further evaluated.”

. The positive ion mode data for Guangzhou and Shanghai are interesting in that they appear to be dominated
by (one?) very high abundance peak. The fact that amines can ionize very well in ESI+ is discussed in the
manuscript. However, it would be helpful to provide more context/information on these samples. In particular,
I suggest including (possibly in the supplemental) the reconstructed MS for Shanghai+ and Guangzhou+ with
a zoom in on the lower abundance ions (indicate those CHN+ ions are off scale). | also recommend making
comparisons in the CHN+ section both in terms of numbers of chemical formula and in terms of abundances

(as is currently provided).

Response: Yes, the organic compounds detected in ESI+ in Guangzhou and Shanghai samples are dominated
by several CHN+ compounds. This is probably because that these CHN+ have high concentrations and/or have
high ionization efficiencies in the positive ESI mode. To display other ions (CHO+, CHON+, CHONS+ and
other CHN+ with low intensity) more obviously, the positive mass spectra figures for Shanghai+ and
Guangzhou+ has been modified by inserting a break in the Y-axis (please see the revised Figure 1 below). In
addition, more information/discussion related to the chemical formula numbers has been now added in the

CHN+ section in Page 13-14, Lines 406-442 in the revised manuscript (also see it below).



“696 CHN+ compounds were detected in Changchun+ samples in ESI+, which is higher than in Shanghai+
(253) and Guangzhou (205). These CHN+ compounds are likely assignable to amines according to previous
studies (Rincon et al., 2012; Wang et al., 2017; Wang et al., 2018)”

“The number of CHN+ compounds accounts for 24%, 36% and 30% of the total organic compounds in
Changchun+, Shanghai+ and Guangzhou+, respectively, whereas the peak abundance of these compounds
accounts for 40%, 71% and 62%, respectively.”

“Moreover, the pie charts show that the majority (83—87% in terms of peak abundance and 72—90% in terms

of peak numbers) of these CHN+ compounds can be assigned to mono- and polyaromatics with Xc = 2.5.”
“Polyaromatic compounds with Xc = 2.7 are displayed in the lower left corner of the van Krevelen diagram,

accounting for 41% in terms of peak abundance (48% in terms of peak numbers) of CHN+ compounds detected
in Changchun+, but merely for 9-10% in terms of peak abundance (27-31% in terms of peak numbers) in

Shanghai+ and Guangzhou+.”
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Figure 1. Mass spectra of detected organic compounds reconstructed from extracted ion chromatograms in
ESI- and ESI+. The horizontal axis refers to the molecular mass (Da) of the identified species. The vertical
axis refers to the relative peak abundance of each individual compound to the compound with the greatest peak

abundance. The pie charts show the percentage of each organic compound subgroup (i.e. CHO, CHON, CHOS,



CHONS and CHN) in each sample in terms of peak abundance. The map in the lower right corner shows the

locations of these three megacities in China.

The conclusion that there is more photochemical aging in the southern locations compared to the more northern
location is made throughout the manuscript. However, | would argue that the differences could also be due to
more fresh emissions being sampled in the northern location compared to the southern ones. This is supported
by, for example, the data in Figure S1 which | think shows similar higher O/C numbers across all three, but
more total lower O/C and aromatic compounds for Changchun. | recognize that van Krevelen diagrams can
hide some depth (different molecular formulas with the same O/C and H/C). If this is the case here, that should

be clarified in the text.

Response: This is a very good point. We have calculated the relative abundance of compounds with O/C >

0.6 (which are considered as highly oxidized compounds, please see the reference ‘Tu et al., 2016, Analytical
Chemistry’) in all samples measured in negative mode. It shows that 31% of compounds in terms of peak
abundance in Changchun— have O/C ratio larger than 0.6, while they are relatively higher in Shanghai— and
Guangzhou— samples, accounting for 46% in Shanghai and 51% in Guangzhou. Therefore, we suggest that
there is more photochemical aging process in the southern locations compared to the more northern location.

This statement is now added in Page 8, line 233-235 in the revised manuscript as follows:

“Furthermore, the relative peak abundance of compounds with O/C > 0.6, which are considered as highly

oxidized compounds (Tu et al., 2016), is 31% in Changchun—, and higher in Shanghai- (46%) and
Guangzhou- (51%).”

Tu, P., Hall, W. A. t., and Johnston, M. V.: Characterization of Highly Oxidized Molecules in Fresh and
Aged Biogenic Secondary Organic Aerosol, Anal. Chem., 88, 4495-4501, 10.1021/acs.analchem.6b00378,
2016

We also agree with the reviewer that more fresh emissions (e.g., coal combustion) were sampled in the
northern location and this was stated in the Abstract section (Page 2, Line 41-43 in the revised manuscript) as
“The degree of aromaticity and the number of polyaromatic compounds were substantially higher in samples
from Changchun, which could be attributed to the large emissions from residential heating (i.e. coal

combustion) during winter time in Northeast China.”



5. What was the photoactive radiation level at each site (were any of them cloudy)? Is there any information on
the age of the air mass (back trajectories, wind speed, wind direction, etc.)? The other possible explanations
for this trend should be addressed: different source types and different overall age of the OA material (i.e.
longer transport for the southern locations).

Response: The daily solar radiation values (J cm™) for each city during the sampling dates are now presented
in the revised Table S1 in the SI, which were taken from the World Radiation Data Centre. It shows that the
solar radiation in the two Southern Chinese cities (Shanghai and Guangzhou) is 994-1329 J cm™, which is
higher compared to 485-841 J cm in the Northern city (Changchun). The related discussion is now added in

Page 8, line 235-240 in the revised manuscript as follows:

“The different chemical composition of the samples is probably caused by the rather low ambient temperatures
and decreased photochemical processing of organic compounds in Northeast China (indicated by the lower
solar radiation in Northeast China, see Table S1), slowing down oxidation processes and leading to a larger

number of PAHSs, which are mainly emitted from coal burning (Huang et al., 2014; Song et al., 2018).”

48 hours back trajectories of air arriving at the three cities (Changchun, Shanghai and Guangzhou) during the
sampling time is now calculated using the NOAA HYSPLIT model and they are now presented in Figure S1
in the SI (please also see Figure S1 below). It shows that air masses from Northwest of Changchun and
Shanghai may affect the aerosol samples in Changchun and Shanghai, respectively, while the air masses from
Northeast or North of Guangzhou may affect the aerosol samples in Guangzhou. However, in our study it is
difficult to say how much effect the long transport of air masses can make on the aerosol samples. The related

discussion is now stated in Page 8, line 240-242 in the revised manuscript as follows:

“In addition, long-range transport of air masses (see the 48 hours back trajectories in Fig. S1) may have a

certain effect on the chemical properties of aerosol samples collected in the three cities.”
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Figure S1. 48 hours back trajectories of air arriving at the three cities (Changchun, Shanghai and Guangzhou)
during the sampling time calculated using the NOAA HYSPLIT model (Rolph et al., 2017).

For the CHON and CHN compounds, how many contained two or three nitrogen atoms? | can see evidence
for a few of them in Figures 4 and S2 but it is hard to quantify. This may be a useful piece of information to

include in the supplemental.

Response: In the negative ESI mode, 33-51 CHON- compounds, accounting for 1-17% of all CHON-

compounds in terms of peak abundance, were assigned with formulas containing two or more than two nitrogen



atoms in the three city samples (this information is now presented in Figure S4 in the Sl, also see Figure S4
below). In the positive ESI mode, 140-662 CHON+ compounds (accounting for 42-46% of all CHON+
compounds in terms of peak abundance) and 164-405 CHN+ compounds (accounting for 49-93% of all
CHON+ compounds in terms of peak abundance) were assigned with formulas containing two or more than
two nitrogen atoms in the three city samples (this information is now presented in Figure S5 and S9 in the SI,

also see Figure S5 and S9 below).
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Figure S4. Classification of CHON— compounds into different subgroups according to nitrogen atoms number
in their formulas. The y-axis indicates the relative contribution of each subgroup to the sum of peak abundance
of all CHON- compounds.
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Figure S5. Classification of CHON+ compounds into different subgroups according to nitrogen atoms
number in their formulas. The y-axis indicates the relative contribution of each subgroup to the sum of peak

abundance of all CHON+ compounds.
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Figure S9. Classification of CHN+ compounds into different subgroups according to nitrogen atoms number
in their formulas. The y-axis indicates the relative contribution of each subgroup to the sum of peak abundance

of all CHN+ compounds.

7. Throughout the text, differences are stated to be significant but no significance tests are performed. | would

recommend re-phrasing to avoid implying a level of analysis that was not carried out.

Response: The word ‘significant’ is now carefully used and the sentences related to ‘significant difference’ is

now rephrased throughout the manuscript.
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Abstract:

Air pollution by particulate matter in China affects human health, the ecosystem and the climate.
However, the chemical composition of particulate aerosol, especially of the organic fraction, is still

not well understood. In this study, particulate aerosol samples with a diameter of < 2.5 um (PMz5s)

were collected in January 2014 in three cities located in Northeast, East and Southeast China,
namely Changchun, Shanghai and Guangzhou. Organic aerosol (OA) in the PM2s samples was
analyzed by ultrahigh performance liquid chromatography (UHPLC) coupled to high-resolution
Orbitrap mass spectrometry in both negative mode (ESI-) and positive mode electrospray
ionization (ESI+). After non-target screening including the assignment of molecular formulas, the
compounds were classified into five groups based on their elemental composition, i.e., CHO,
CHON, CHN, CHOS and CHONS. The CHO, CHON and CHN groups present the dominant signal
abundances of 81-99.7% in the mass spectra and the majority of these compounds were assigned
to mono- and polyaromatics, suggesting that anthropogenic emissions are a major source of urban
OA in all three cities. However, the chemical characteristics of these compounds varied between
the different cities. The degree of aromaticity and the number of polyaromatic compounds were
sigatficanthyr-substantially higher in samples from Changchun, which could be attributed to the large
emissions from residential heating (i.e.; coal combustion) during winter time in Northeast China.
Moreover, the ESI— analysis showed higher H/C and O/C ratios for organic compounds in Shanghai

and Guangzhou compared to samples from Changchun, indicating that OA undergoes more intense

photochemical oxidation processes in lower latitude regions of China and/or is affected to a larger

degree by biogenic sources. The majority of sulfur-containing compounds (CHOS and CHONS) in
all cities were assigned to aliphatic compounds with low degrees of unsaturation and aromaticity.
Here again, samples from Shanghai and Guangzhou show a greater chemical similarity but differ

largely from those from Changchun. It should be noted that the conclusions drawn in this study are

mainly based on comparison of molecular formulas weighted by peak abundance, and thus, are

associated with inherent uncertainties due to different ionization efficiencies for different organic

species.

1. Introduction

In the last decades, China has experienced rapid industrialization and urbanization accompanied by
severe and persistent particulate air pollution (Huang et al., 2014; Sun et al., 2014; Ding et al., 2016;
Song et al., 2018; Shi et al., 2019; Xu et al., 2019). These particulate air pollution extremes can not

only influence the regional air quality and human health in China, but also lead to a global

2
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environmental problem due to long-distance transport of pollutants. To better understand the effects
of air pollution on air quality and human health, chemical characterization of fine particle
(particulate matter with an aerodynamic diameter of less than 2.5 um, or PMz5s) is crucial. However,
the chemical composition of PMa5 in China is still poorly understood due to a wide variety of
natural and anthropogenic sources as well as complex multiphase chemical reactions (Lin et al.,
2012a; Huang et al., 2014; Ding et al., 2016; Wang et al., 2017; Wang et al., 2018; An et al., 2019;
Tong et al., 2019; Wang et al., 2019a; Wang et al., 2019b). In particular, compared to the fairly
well understood nature of the inorganic fraction of aerosol, the organic fraction, also named organic
aerosol (OA), is considerably less comprehended-understood in terms of chemical composition,

corresponding precursors, sources and formation mechanisms (Huang et al., 2017).

During pollution events in China, OA accounts for as high as more than 50% of the total mass of
fine particle (An et al., 2019). Chemical compounds in OA cover a large complexity of species
including alcohols, aldehydes, carboxylic acids, imidazoles, organosulfates, organonitrates and
polycyclic aromatic hydrocarbons (PAHs) (Lin et al., 2012a; Rincén et al., 2012; Kourtchev et al.,
2014; Wang et al., 2018; Elzein et al., 2019; Wang et al., 2019a). Thus, the capacity of traditional
analytical techniques is limited to identify the compounds in OA and the majority (> 70%) of OA
has not been identified yet as specific compounds (Hoffmann et al., 2011). The insufficient
knowledge of chemical composition of OA hinders a better understanding of the sources, formation

and atmospheric processes of air pollution in China.

Recently, ultrahigh resolution mass spectrometry (UHRMS), such as Fourier transform ion
cyclotron resonance mass spectrometry (FTICR-MS) and Orbitrap—MS, coupled with soft
ionization sources (e.g., electrospray ionization (ESI) and atmospheric pressure chemical ionization
(APCI)) have been introduced to elucidate the molecular composition of OA (Nizkorodov et al.,
2011; Linetal., 2012a; Lin et al., 2012b; Rincon et al., 2012; Noziere et al., 2015; Kourtchev et al.,
2016; Tong et al., 2016; Tu et al., 2016; Briggemann et al., 2017; Wang et al., 2017; Fleming et
al., 2018; Laskin et al., 2018; Song et al., 2018; Wang et al., 2018; Briiggemann et al., 2019;
Daellenbach etal., 2019; Ning et al., 2019; Wang et al., 2019a). Due to the two outstanding features
of high resolving power and high mass accuracy, UHRMS can give precise elemental compositions
of individual organic compounds. However, UHRMS studies on Chinese urban OA are very limited.
Wang et al. (Wang et al., 2017) characterized OA in Shanghai and showed variations in chemical
composition among different months and between daytime and nighttime. Our recent Orbitrap MS
study (Wang et al., 2018) showed that wintertime OA in PMs collected in Beijing, China and
Mainz, Germany were very different in terms of chemical composition. In contrast, for summertime
3
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OA from Germany and China, Briiggemann et al. (2019) found similar compounds and
concentrations of terpenoid organosulfates in PMig, demonstrating that biogenic emission can
significantly affect OA composition at both locations. Ning et al. (2019) analyzed the OA collected
in a coastal Chinese city (Dalian) and found that more organic compounds were identified in haze
days compared to non-haze days. Nonetheless, since severe particulate pollution in China occurs
on a large-scale, more UHRMS studies are needed to fully elucidate the chemical composition of
OA in different Chinese cities.

In this study, PM.s aerosol samples were collected in three Chinese cities, i.e., Changchun,
Shanghai and Guangzhou, and their organic fraction was analyzed using ultra-high-performance
liquid chromatography (UHPLC) coupled with Orbitrap—MS. The Chinese cities of Changchun,
Shanghai and Guangzhou are located in the Northeast, East and Southeast of China, which are
major populated regions in China with a population of 7.5, 24 and 15 million, respectively. The
geographic locations of these three cities cover a large latitude spanning from 23.12°N to 43.53°N
resulting in different meteorological conditions, including intensity and duration of sunlight,
average daily temperature and monsoon climate. In addition, the industrial structure, energy

consumption and energy sources in these three cities are different, such as much more heavy

industries (e.q., coal chemical industry and steelworks) in Northeast China (Zhang, 2008), which

can cause difference in anthropogenic emissions, and can therefore influence the chemical
composition of urban OA. Moreover, OA is strongly affected by residential coal combustion during
winter in Northeast China (Huang et al., 2014; An et al., 2019). Therefore, this study presents a
comprehensive overview of chemical composition of OA in three representative Chinese cities
during pollution episodes, which eventually can improve our understanding of OA effects on
climate and public health and also provide a chemical database for haze mitigation strategies in
China.

2. Experimental
2.1 PM_y5samples

Three 24-h integrated urban PM.s samples were collected during severe haze pollution events with
daily average PM,s mass concentration higher than 115 pg m2in each of the three Chinese cities:
Changchun (43.54° N, 125.13°E, 1.5 m above the ground), Shanghai (31.30°N, 121.50°E, 20 m
above the ground) and Guangzhou (23.07°N, 113.21°E, 53 m above the ground), which are located
in the Northeast, East and Southeast regions of China, respectively (see Fig. 1). Samples in

Changchun were collected on 4, 24 and 29 of January 2014 with PM25s mass concentrations of

4
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185-222 pg m 3, samples in Shanghai were collected on 1, 19 and 20 of January 2014 with PM,s
mass concentrations of 159—172 pg m *and samples in Guangzhou were collected on 5, 6 and 11
of January 2014 with PM_s mass concentrations of 138—152 pg m 3. Further details (e.g., the daily
average concentrations of PMas, SO2, NO2, CO and Os, the average temperature and the daily solar

radiation value during sampling dates) are presented in Table S1, the 48 hours back trajectories of

air arriving at the three sampling sites during the sampling periods are shown in Fig. S1. All PM.5

samples were collected on prebaked quartz-fiber filters (20.3x25.4 cm) using a high-volume PMa s
sampler at a flow rate of 1.05 m® min™* (Tisch Environmental, USA) and at each sampling site field

blanks were taken. After sample collection, filters were stored at —20 °C until analysis.
2.2 Sample analysis

Detailed description on the filter sample extraction and UHPLC—Orbitrap MS analysis can be found
in our previous studies (Wang et al., 2018; Wang et al., 2019a). Briefly, a part of the filters (around
1.13 cm?, corresponding to about 600 ug particle mass in each extracted filter) was extracted three
times with 1.0-1.5 mL of acetonitrile-water (8/2, v/v) in an ultrasonic bath. The extracts were
combined, filtered through a 0.2 um Teflon syringe filter and evaporated to almost dryness under
a gentle nitrogen stream. Finally, the residue was redissolved in 1000 pL acetonitrile-water (1/9,
v/V) to reach the total particulate mass concentration of around 600 pg mL™ for the following

analysis.

Compared to the direct infusion method applied in other UHRMS studies (Lin et al., 2012a; Lin et
al., 2012b; Rincon et al., 2012; Kourtchev et al., 2016; Fleming et al., 2018), the UHPLC technigue

was used in this study, which could separate and concentrate the compounds before they entered

the ion source, reducing the ionization suppression and increasing the sensitive of the measurement.

In addition, it can provide separation of some compounds and information of retention time of the

compounds, which is useful for the identification of the compounds and the separation of isomers.

The analytes were separated using a Hypersil Gold column (C18, 50 x 2.0 mm, 1.9 um particle size)
with mobile phases consisting of (A) 0.04% formic acid and 2% acetonitrile in MilliQ water and
(B) 2% water in acetonitrile. Gradient elution was applied with the A and B mixture at a flow rate
of 500 puL min™ as follows: 0—1.5 min 2% B, 1.5-2.5 min from 2% to 20% B (linear), 2.5-5.5 min
20% B, 5.5-6.5 min from 20% to 30% B (linear), 6.5—7.5 min from 30% to 50% B (linear), 7.5-8.5
min from 50% to 98% B (linear), 8.5-11.0 min 98% B, 11.0—-11.05 min from 98% to 2% B (linear),
and 11.05-11.1 min 2% B. The Q Exactive Hybrid Quadrupole-Orbitrap MS was equipped with a
heated ESI source at 120 °C, applying a spray voltage of —3.3 kV and 4.0 kV for negative ESI mode
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(ESI-) and positive ESI mode (ESI+), respectively. The mass scanning range was set from m/z 50
to 500 with a resolving power of 70,000 @ m/z 200. The Orbitrap MS was externally calibrated
before each measurement sequence using an Ultramark 1621 solution (Sigama—Aldrich, Germany)
providing mass accuracy of the instrument lower than 3 ppm. Each sample was measured in

triplicate with an injection volume of 10 pL.
2.3 Data processing

A non-target peak picking software (SIEVE®, Thermo Fisher Scientific, Germany) was used to find
significant peaks in the LC-MS dataset and to calculate all mathematically possible chemical

formulas for ions signals with a sample-to-blank abundance ratio =10 using a mass tolerance of +

2 ppm. The permitted maximum elemental number of atoms was set as follows: *2C (39), 'H (72),
%0 (20), N (7), *S (4), **CI (2) and #Na (1) (Kind and Fiehn, 2007; Lin et al., 2012a; Wang et
al., 2018). To remove the chemically unreasonable formulas, further constraint was applied by
setting H/C, O/C, N/C, S/C and CI/C ratios in the ranges of 0.3-3, 0—3, 0-1.3, 0—0.8 and 0-0.8
(Kind and Fiehn, 2007; Lin et al., 2012a; Rincon et al., 2012; Wang et al., 2018; Zielinski et al.,
2018), respectively. For chemical formula CcHrOoN»SsCly, the double bond equivalent (DBE) was
calculated by the equation: DBE = (2c + 2 — h — x + n) / 2. The aromaticity equivalent (Xc) as a
modified index for aromatic compounds was obtained using the equation: Xc = [3(DBE — (p x 0 +
gxn))—2]/[DBE - (p x 0 +q x n)], where p and ¢, respectively, refer to the fraction of oxygen

and sulfur atoms involved in the n-bond structure of a compound. As such the values of p and g

vary between compound categories (Yassine et al., 2014). For example, carboxylic acids and esters

are characterized using p=q=0.5, whilep=g=1and p =g =0 are used for carbonyl and hydroxy],

respectively. Since it is impossible to identify the structurers of the hundreds of formulas observed

in this study, we cannot know the exact values of p and g in an individual compound. Therefore, in

this study, p = g = 0.5 was applied for compounds detected in ESI— as carboxylic compounds are

preferably ionized in negative mode. However, because of the high complexity of the mass spectra

in ESI+, p = q =1 was used in ESI+ to avoid an overestimation of the amount of aromatics.

Moreover, for DBE < (p X 0 + g X n) or Xc <0, Xc was defined as zero. Furthermore, in ESI—, for

odd numbers of (p X 0 + g x n), the value of (p X 0 + g X n) was rounded down to the lower integer.

Xc = 2.50 and Xc = 2.71 have been suggested as unambiguous minimum criteria for the presence

of monoaromatics and polyaromatics, respectively (Yassine et al., 2014).

Comparing the peak abundance has been used in recent UHRMS studies (Wang et al., 2017;

Fleming et al., 2018; Song et al., 2018; Ning et al., 2019)_to illustrate the relative importance of
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specific types of compounds. However, it should be noted that different organic compounds have

different signal response in the mass spectrometer due to the differences in ionization and

transmission efficiencies (Schmidt et al., 2006; Leito et al., 2008; Perry et al., 2008; Kruve et al.,

2014). Therefore, uncertainties may exist when comparing the peak areas among compounds. In

this work, we assume that all organic compounds have the same peak abundance response in the

mass spectrometer. The peak abundance-weighted average molecular mass (MM), elemental ratios,

MMavg =3 (MM X A) /> A

OlCag = (O/Ci X A / Y A

H/Cavg =3 (H/Ci X Ai) /Y Aj

DBEa\/q — 7 (DBE| X A|) / 7 Ai

XCavg =D’ (Xci X Aj) /Yy Aj

where A is the peak abundance for each individual compound i.

3. Results and discussion
3.1 General characteristics

The main purpose of this study was to tentatively identify and compare the chemical composition
of organic compounds in the PM,s samples collected in the three Chinese cities: Changchun,
Shanghai and Guangzhou during pollution episodes. The number of organic compounds_and

molecular formulas detected in each city, the peak abundance-weighted average values of

molecular mass (MMayg), elemental ratios, DBE, Xc_and the isomer number fraction (meaning the

percentage of formula numbers that have isomers among all assigned formulas) for each subgroup

are listed in Table 1. It should be noted that in this study we focus solely on organic compounds
with elevated signal abundances, and thus, presumably rather high concentrations. In contrast to
our previous study (Wang et al., 2018), compounds with low concentrations were excluded by
increasing the reconstitution volume from 500 pL to 1000 uL, reducing the sample injection volume

from 20 pL to 10 pL, and increasing the sample-to-blank ratio from 3 to 10 during data processing.

Overall, 416—769 (assigned to 272—415 molecular formulas) and 687—2943 (assigned to 383—679

molecular formulas) organic compounds in different samples were determined in ESI- and ESI+,

respectively. The largest number of organic compounds was observed in Changchun samples in
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both ESI- and ESI+, indicating that OA collected during winter season in Northeast China was
more complex compared to urban OA in East and Southeast China. This increased number of
compounds can possibly be explained by the large residential coal combustion emissions in winter
in North China (Huang et al., 2014; Song et al., 2018; An et al., 2019). In addition, ambient

temperatures were lowest during the sampling period in Changchun (i.e., —14 °C to -9 °C, Table

S1), which likely led to a decreased boundary layer height and therefore enhanced accumulation of
pollutants and enhanced formation of secondary organic aerosol through for example gas-to-

particle partitioning.

As shown in Table 1, the abundance-weighted average values of MMayg—H/CS and O/C ratio of the
total assigned formulas for Changchun samples dectected in negative mode (Changchun-) are 169;
1.03-and 0.58, respectively, which are sigrificanthy-lower than those for Shanghai— (MMayg = 176;
H/G=1.065-and O/C = 0.69) and for Guangzhou— (MMayy = 183 H/C=2114 and O/C = 0.74). On
the contrary, the aromaticity equivalent Xc for organics detected in Changchun—, Xc(Changchun-)
= 2.13, is substantially higher than that for Shanghai—, Xc(Shanghai-) = 1.92, and Guangzhou—,
Xc(Guangzhou-) = 1.65. These observations indicate that urban OA in Northeast China features a

lower degree of oxidation and a higher degree of aromaticity compared to urban OA in East and

Southeast China. Furthermore, the relative peak abundance fraction of compounds with O/C > 0.6,

which are considered as highly oxidized compounds (Tu et al., 2016), is 31% in Changchun—, and

higher in Shanghai— (46%) and Guangzhou— (51%). The different chemical composition of the

samples is probably caused by the rather low ambient temperatures and decreased photochemical

processing of organic compounds in Northeast China_(indicated by the lower solar radiation in

Northeast China, see Table S1), slowing down oxidation processes and leading to a larger number

of PAHSs, which are mainly emitted from coal burning (Huang et al., 2014; Song et al., 2018) or by

different biogenic/anthropogenic precursors. In addition, long-range transport of air masses (see

the 48 hours back trajectories in Fig. S1) may have a certain effect on the chemical properties of

aerosol samples collected in the three cities.

Figure 1 shows the reconstructed mass spectra of organic compounds detected in ESI- and ESI+.
A major fraction organic species detected in ESI- are attributed to CHO— and CHON-—, accounting
for 30—42% and 39-55% in terms of peak abundance, respectively, and comprising 39-45% and
23-33% in terms of peak numbers, respectively. This is consistent with previous studies on Chinese
urban OA by Wang et al. (2017 and 2018) and Briiggemann et al. (2019). Comparing the organic
compounds detected in ESI- for the three cities, £39-120 formulas were observed in all cities as

common formulas (which refer to the compounds detected in all cities with the same molecular
8
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formulas and with the same retention times (retention time difference < 0.1 min)) (Fig. 2a),

accounting for 3529-5144% and 7857—8771% of all assigned formulas in terms of peak-formula
numbers and peak abundance, respectively. Despite the above-mentioned differences in chemical
composition for OA from Changchun compared to OA from Shanghai and Guangzhou, these results
demonstrate that still a large number of common organic compounds exist in Chinese urban OAs
collected in different cities, in particular for organics with higher signal abundances. Furthermore,
as shown by the pie chart in Fig. 2b, these common formulas are dominated by CHON—and CHO—,
accounting for 5962% and 3330% of the total common formulas in terms of peak abundance,

respectively.

As it is commonly known, ESI exhibits different ionization mechanisms in negative and positive
ionization modes. While ESI— is especially sensitive to deprotonatable compounds (e.g., organic
acids), ESI+ is more sensitive to protonatable compounds (e.g., organic amines) (Ho et al., 2003).
Due to the different ionization mechanisms, clear differences were observed in the mass spectra
(Fig. 1) and chemical characteristics (Table 1) from ESI— and ESI+ measurements. For example,
CHO compounds were preferentially detected in ESI—, accounting for a relatively large fraction of

30—42% of all detected compounds_in terms of peak abundance, compared to merely 4—13% for

such CHO compounds in ESI+. In contrast, CHN compounds were only observed in ESI+, yielding

a rather large peak abundance fraction of 40—71%. In particular, as can be seen in Fig.1, several

peaks of CHN+ compounds in Shanghai+ and Guangzhou+ have much higher abundance compared

to _other organic species, probably due to their high concentrations and/or high ionization

efficiencies in the positive mode. This observation indicates that most CHO compounds with high
concentrations are probably organic acids, whereas the majority of CHN compounds likely belong
to the group of organic amines, which is in good agreement with previous studies (Lin et al., 20123;
Wang et al., 2017; Wang et al., 2018). Organic compounds in ESI+ are dominated by CHN+ and
CHON+ compounds in terms of both peak numbers and peak abundance and these compounds are
characterized by rather high H/C ratio and low O/C ratios (Table 1), indicating a low degree of
oxidation. The Venn diagram presented for ESI+ measurements in Fig. 2a shows that out of a total
of 383—679 formulas, £68-129 formulas were found in samples from all three cities. Such common
formulas, thus, account for 2519-4434% and 6530—-9075% of all assigned formulas in terms of
peak-formula numbers and peak abundance, respectively. Among these common formulas, CHN+
and CHON+ exhibit the highest abundance fractions of 6172% and 3526%, respectively (Fig. 2b).

In the following, we will compare and discuss the chemical properties in detail for the three cities,

including degrees of oxidation, unsaturation and aromaticity of each organic compound class (i.e.,
9



283
284
285
286
287
288

289

290
291
292
293
294
295
296
297
298
299

300
301
302
303
304
305

306
307
308
309

310
311
312
313
314

CHO, CHON, CHN, CHOS and CHONS). It should be noted that the chlorine-containing
compounds were not discussed in this study due to the very low MS signal abundance._In addition,

since peak abundances for the formula can vary by orders of magnitude, the area of the circles

presented in the Figure 3 and Figures 5—7 is proportional to the fourth root of the peak abundance

of each formula to reduce the size difference of the circles. For a more detailed comparison, figures

with the circle size related to the absolute peak abundances are presented in the SI.

3.2 CHO compounds

CHO compounds have been widely observed in urban OA, accounting for a substantial fraction
(8-67%) of OA (Rincon et al., 2012; Tao et al., 2014; Wang et al., 2017; Wang et al., 2018).
Previous studies have shown that a large fraction of CHO compounds in urban OA is composed of
organic acids, containing deprotonatable carboxyl functional groups, which are detected
preferentially in negative ionization mode when using ESI-MS. As shown in Table 1, a total of
346, 164, and 196 CHO— compounds were detected in ESI- in the OA samples collected in
Changchun, Shanghai and Guangzhou, accounting for 30%, 40% and 42% of the overall peak
abundance in each sample, respectively. Out of all assigned formulas, 52-47 common CHO-
formulas were observed for all cites, accounting for £335—1752% and #442—8868% of all identified

CHO- formulas in terms of formula numbers and peak abundance, respectively.

Despite this similarity, OA samples from Changchun— (i.e. in negative ionization mode) exhibit
certain differences compared to samples from Shanghai— and Guangzhou—. The average H/C
values for CHO— compounds are in a similar range for the three locations (i.e., 0.96—1.10), however,
the average O/C values for O/C(Shanghai—) = 0.59 and O/C(Guangzhou-) = 0.65 are rather high
compared to the average O/C ratio for Changchun—, O/C(Changchun-) = 0.41. Furthermore, the

relative peak abundance fraction of CHO— compounds with O/C > 0.6, which are considered as

highly oxidized compounds (Tu et al., 2016), is 14% in Changchun and somewhat higher in
Shanghai— (34%) and Guangzhou— (45%). Altogether, these results indicate that CHO— compounds

in urban OA from East and Southeast China experienced more intense oxidation and aging

processes and/or were affected to a larger degree by biogenic sources.

Similarly, as shown in Fig. 3, the abundance-weighted average molecular formulas for CHO—

compounds in Changchun—, Shanghai— and Guangzhou— are CgssH7.8603.22 (MMayg(Changchun-)

= 162), Cg01H7.2704.20 (MMayg(Shanghai—) = 171) and C7.70Hs 040448 (MMayg(Guangzhou-) = 172),

respectively. Again, these average formulas show that CHO—- in Shanghai— and Guangzhou-—

experienced more intense oxidation processes and/or were affected to a larger degree by biogenic
10
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precursors, indicated by the larger abundance-weighted MM,y With a higher degree of oxygenation.
In contrast, CHO— compounds from OA samples in Changchun— exhibit a lower abundance-

weighted MMayq With a decreased oxygen content.

Besides oxygenation, the aromaticity of the detected CHO— compounds exhibits remarkable
differences in these three cities. In all cities, the CHO— compounds with high peak abundance were

mainly assigned to monoaromatics with 2.5 << Xc < 2.7 (purple circles in Fig. 3) in the region of

7—12 carbon atoms per compound and DBE values of 5-7. The relative peak abundance fraction

of monoaromatics in total CHO— compounds is 67% in Changchun, which is higher compared to
64% in Shanghai and 49% in Guangzhou. In addition, 14% of CHO— compounds in Changchun

were identified as polyaromatic compounds with Xc = 2.7 (red circles in Fig. 3), which is

signhificanth-higher than the 8% in Shanghai and 4% in Guangzhou. These observations indicate
that CHO— compounds in the three Chinese cities are highly affected by aromatic precursors (e.g.,

benzene, toluene and naphthalene), in particular for the Changchun aerosol samples.

Besides the monoaromatics and polyaromatics, the rest of the detected CHO— compounds were
assigned to aliphatic compounds with an Xc lower than 2.5 (grey circles in Fig. 3). Interestingly,
these aliphatic compounds account for about 47% of all CHO— compounds for Guangzhou—
samples in terms of peak abundance, whereas samples from Changchun— and Shanghai— exhibit
only rather small fractions of such CHO- compounds, i.e., 19% and 28%, respectively. Such
aliphatic compounds are commonly derived from biogenic precursors (Kourtchev et al., 2016) and
vehicle emission (Tao et al., 2014; Wang et al., 2017) and/or generated by intense oxidation
processes of aromatic precursors, indicating the different biogenic and anthropogenic emission

sources and chemical reaction processes for OAs in the three cities.

In addition, through mass-spectremetricthe analysis of individual eempedndsformulas, we find that
for the Changchun— samples, formulas of CgHgO4, C7HsO2, C7H6O3, CsHsO2, and CsHsOswith DBE

values of 6, 5, 5, 5, and 5 dominate the assigned CHO formulas with respect to peak abundance.
According to previous studies, CsHsO4, C7HgO2 and C;HsO3 are suggested to be phthalic acid,
benzoic acid and monohydroxy benzoic acid, respectively, which are derived from naphthalene
(Kautzman et al., 2010; Riva et al., 2015; Wang et al., 2017; He et al., 2018; Huang et al., 2019).

CgHsO- is likely 4-hydroxy acetophenone, which could be derived from estragole (Pereira et al.,

2014), while CgHgO3 is suggested to be either 4-methoxybenzoic acid generated from estragole

(Pereira et al., 2014) or vanillin emitted from biomass burning (Li et al., 2014). For the Shanghai—
samples, besides CgHsO4, C7HgO3 and C7HgsO;, formulas of CsHgO7 and CyHsO4 with DBE values

11
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of 3 and 6 were observed with high peak abundances. C¢HsO- was identified as citric acid in the
pollen sample and mountain particle sample in previous studies (Fu et al., 2008; Wang et al., 2009;
Jung and Kawamura, 2011) and CgHsO4 are probably homophthalic acid derived from e.g. estragole
(Pereira et al., 2014). For the Guangzhou— samples, besides the formulas of CsH¢O4 and CgHgO7
discussed above, CsHsO4 and CsHsOs with low DBE values of two were detected with high
abundances and are suggested to be succinic acid and malic acid, respectively (Claeys et al., 2004;
Wang et al., 2017).

3.3 CHON compounds

A large amount of nitrogen-containing organic compounds was detected in these three cities,
accounting for 39-55% and 25-47% of total peak abundance detected in ESI- and ESI+,
respectively. Out of all assigned formulas, 5345 common CHON- and 89-62 common CHON+
formulas were observed in all cities, accounting for 9865-9682% and 6125—7544% of all CHON

compounds detected in ESI—and ESI+ in terms of peak abundance, respectively. It indicates that a

large amount of CHON compounds in all three Chinese cities show similar properties of chemical

composition.

The CHON compounds were further classified into different subgroups according to their O/N
ratios_(Fig. 4 for CHON— and Fig. S3 for CHON+) or according to the number of nitrogen atoms
in their molecular formulas (see Fig. S4 for CHON— and S5 for CHON+). As shown in Fig. 4, the
majority (84-96%_in terms of peak abundance) of CHON— compounds exhibited O/N ratios = 3,

allowing the assignment of one nitro (—~NO) or nitrooxy (—ONO-) group for these formulas, which
are preferentially ionized in ESI— mode (Lin et al., 2012b; Wang et al., 2017; Song et al., 2018;
Wang et al., 2018). CHON- formulas with O/N ratios = 4 suggest the presence of further
oxygenated functional groups, such as a hydroxyl group (—OH) or a carbonyl group (C=0). In
terms of peak abundance, 59% of CHON- compounds observed in Guangzhou— exhibited formulas
with O/N ratios = 4-, which is sigaificanthr-higher than 51% in Changchun—and 45% in Shanghai—,

indicating that CHON— compounds in Southeast China show a higher degree of oxidation
compared to those in Northeast and East China. Not surprisingly, CHON+ compounds generally
exhibit lower O/N ratios (Fig. S3), as they probably contain reduced nitrogen functional group (e.g.,
amines) which are preferably detected in ESI+. As shown in Fig. S3, CHON+ compounds with
O/N ratio of 1 are dominant in Changchun+, whereas CHON+ compounds in Shanghai+ and
Guangzhou+ show a broader range of O/N ratios from 1 to 3. Moreover, the average O/C ratios
(0.27-0.45) in Shanghai+ and Guangzhou+ (Table 1) are much greater than that (0.19) in
12
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Changchun+. Consistent with the observations for CHO compounds, these results indicate again
that CHON+ compounds in the OA of East and Southeast China experienced more intensive

photooxidation_and/or were affected to a larger degree by biogenic precursors.

Figure 5 shows the DBE versus C number of CHON— compounds for the three cities. The majority
of CHON- compounds lie in the region of 5-15 C atoms and 3—-10 DBEs. 67% of CHON-
compounds in terms of peak abundance were assigned to mono or polyaromatics in Shanghai—,
which is sigrifieant-higher than 52% in Guangzhou— and 55% in Changchun—. It indicates that

CHON- compounds are dominated with aromatic compounds in all cities, while relatively higher

peak abundance weighted fraction of aromatic CHON— compounds were observed in Shanghai.

The peak abundance-weighted average molecular formulas for CHON- compounds in
Changchun—, Shanghai— and Guangzhou— are Cr.10He760356N103, Cro7He030380N124 and
Cr.12He.3603.99N1 24, respectively, showing that CHON- formulas in Shanghai— and Guangzhou—
contain more O and N atoms on average than those for Changchun—. Formulas of CeHsO3N;,
CeHs04N1, C7H;03N;, C7H704N1, CgHoO3N1, and CsHgOsN; were detected with the highest
abundance in all cities. These molecular formulas are in line with nitrophenol or nitrocatechol
analogs, which have been identified in a previous urban OA study (Wang et al., 2017). Furthermore,
these nitrooxy-aromatic compounds were shown to enhance light absorbing properties of OA
(Laskinetal., 2015; Linetal., 2015). In addition, it should be noted that the Xc values for CeHsO4Nj,
C7/H704N; and CgHgO4N;1 were calculated to be lower than 2.5, suggesting that the fraction of
aromatics in CHON— compounds was underestimated. This is because that for nitrocatechol
analogs with formulas of C¢Hs04N1, C7H704N1 and CgHyO4N1, only one oxygen atom is involved
in the w-bond structure corresponding to the p value of 0.25 in the Xc calculation equation, which
is lower than the p value of 0.5 applied for the Xc calculation in this study. The diagram of DBE
versus C number for CHON+ compounds observed in the three locations (presented in Fig. S3-S7
in SI) shows that more aromatic CHON+ compounds with relatively lower degree of oxidation

were assigned in Changchun+ samples compared to Shanghai+ and Guangzhou+ samples.
3.4 CHN+ compounds

205-696 CHN+ compounds were detected in Changchun+ samples in ESI+, which is higher than

in Shanghai+ (253) and Guangzhou (205). These CHN+ compounds are likely assignable to amines

according to previous studies (Rincén et al., 2012; Wang et al., 2017; Wang et al., 2018). The
number of CHN+ compounds accounts for 24%, 36% and 30% of the total organic compounds in

Changchun+, Shanghai+ and Guangzhou+, respectively, whereas the peak abundance of these
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compounds accounts for 40%, 71% and 62%, respectively. The majority (> 97% in terms of peak

abundance) of CHN+ compounds have one or two nitrogen atoms in their molecular formulas (see
Fig. S9). Comparing the CHN+ compounds for the three cities, 58-51 common CHN+ formulas

were observed in all cities, which contribute to as much as 8343—9889% of the total abundance of

CHN+ formulas. This large percentage indicates that CHN+ compounds with presumably high
concentrations in Changchun+, Shanghai+ and Guangzhou+ exhibit similar chemical composition.
However, again OA samples from Changchun show some distinct differences to samples from

Guangzhou and Shanghai.

A van Krevelen diagram of CHN+ compounds detected in the three samples is shown in Fig. 6,
illustrating H/C ratios as a function of N/C ratio. In this plot, major parts of the CHN+ compounds
are found in a region, which is constraint by H/C ratios between 0.5 and 2 and N/C ratios lower

than 0.5. Moreover, the pie charts show that the majority (83—87%_in terms of peak abundance and

72-90% in terms of peak numbers) of these CHN+ compounds can be assigned to mono- and

polyaromatics with Xc = 2.5. In addition, as shown in Table 1, the average DBE and Xc values of

CHN+ compounds are the highest among all organic species. These observations imply that CHN+
compounds exhibit the highest degree of aromaticity of all organics in the Chinese urban OA
samples, which is consistent with previous studies (Lin et al., 2012b; Rincén et al., 2012; Wang et

al., 2018). Polyaromatic compounds with Xc = 2.7 are displayed in the lower left corner of the

van Krevelen diagram, accounting for 41%_in terms of peak abundance (48% in terms of peak

numbers) of CHN+ compounds detected in Changchun+, but merely for 9—10%_in terms of peak

abundance (27-31% in terms of peak numbers) in Shanghai+ and Guangzhou+. For example,
formulas of C11H11N1 (Xc = 2.7), CioHgN1 (Xc = 2.7), and Ci12H13N1 (Xc = 2.7), which are assigned

to be naphthalene core structure-containing compounds, have relatively higher abundance in

Changchun+ than in Shanghai+ and Guangzhou+. Moreover, the average DBE and Xc values of
CHN+ compounds (see Table 1) in Changchun+ are significanthr-substantially higher than those in
Shanghai+ and Guangzhou+, further indicating that CHN+ compounds in Changchun+ show a
higher degree of aromaticity, which can be caused by large coal combustion emissions in the winter

in Changchun. Remarkably, as can be seen in Fig. 6, the abundance of CHN+ compounds in

Changchun+ distributes evenly among different individual CHN+ compounds, while in Shanghai+

and Guangzhou+ they are dominated by the formula of C10H14N> (the biggest purple circle in Fig.

6) with DBE value of 5, which probably has high concentration and/or high ionization efficiency

in the positive ESI mode. According to a previous smog chamber study (Laskin et al., 2010), most

CHN+ aromatics are probably generated from biomass burning through the addition of reduced
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nitrogen (e.g., NHs) to the organic molecules via imine formation reaction, indicating that biomass
burning probably made a certain contribution to the formation of CHN+ compounds observed in

the three urban OA samples in our study.
3.5 CHOS- compounds

In this study, 75—-155 CHOS— compounds were observed, accounting for 10%, 12% and 14% of
the total peak abundance of all organics in Changchun—, Shanghai— and Guangzhou—, respectively.

Around 89-96% of these CHOS— compounds were found to fulfill the O/S = 4 criterion allowing

the assignment of at least one —OSOsH functional group, and thus, a tentative classification to
organosulfates (OSs) (Lin et al., 2012a; Lin et al., 2012b; Tao et al., 2014; Wang et al., 2016; Wang
etal., 2017; Wang et al., 2018; Wang et al., 2019a). OSs were shown to affect the surface activity
and hygroscopic properties of the aerosol particles, leading to potential impacts on climate (Hansen
et al., 2015; Wang et al., 2019a). Out of all formulas, 28-23 common CHOS- formulas were
detected for the three sample locations, accounting for 3928%, 6858% and 6552% of the CHOS—
peak abundance in Changchun—, Shanghai— and Guangzhou—, respectively. However, 40 common
CHOS- formulas were found between Shanghai— and Guangzhou—, accounting for 60—65% and
7078-8381% in terms of the CHOS— formula numbers and peak abundance, respectively. This
indicates that the chemical composition of the major CHOS— compounds of Shanghai— and
Guangzhou— are quite similar, while they show substantial chemical differences for samples from

Changchun—.

Figure 7 shows the DBEs as a function of carbon number for all CHOS— compounds detected for
the three cities. The CHOS— compounds exhibit a DBE range from 0 to 10 and carbon number
range of 2—15. However, the majority of CHOS— compounds with elevated peak abundances
concentrate in a region with rather low DBE values of 0-5. The average H/C ratios of CHOS—
compounds are in the range of 1.56—1.85, and thus, higher than for any other compound class,
whereas the average DBE values of 1.71-2.55 are the lowest among all classes. This indicates that
CHOS— compounds in the OA from the three Chinese cities are characterized by a low degree of

unsaturation. Moreover, the pie charts in Fig. 7 show that aliphatic compounds with Xc < 2.5 are

dominant in CHOS— compounds with a fraction of 96—99% in terms of peak abundance, which is
sighificanthrsubstantially higher than that (13—48%) for CHO, CHON and CHN species. Aliphatic

CHOS— compounds with C < 10 can be formed from biogenic and/or anthropogenic precursors

(Hansen et al., 2014; Glasius et al., 2018; Wang et al., 2019a), such as C,H40S; (derived from
glyoxal) (Lim et al., 2010; McNeill et al., 2012), CsHeOsS: (derived from isoprene) (Surratt et al.,
15
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2007) and CgH1604S; (derived from a-pinene). However, more CHOS— compounds with C > 10
and with DBEs lower than 1 are observed in Changchun—, such as CisH205S1, Ci3H2605Ss,
Ci12H2405S1, Ci11H20s5S1 and  CiiH2006S:. These high-carbon-number-containing CHOS—
compounds are likely formed from long-alkyl-chain compounds with less oxygenated functional
groups, which were previously suggested to be emitted from traffic (Tao et al., 2014) or derived
from sesquiterpene emissions (Briiggemann et al., 2019). However, as sesquiterpene emissions can
be expected to be very low in wintertime at Changchun, the presence of these compounds further
underlines the strong impact of anthropogenic emissions on CHOS— formation in Changchun—. In
this study, (O—3S)/C ratio was used instead of traditional O/C ratio to present the oxidation state of
CHOS— compounds, since the sulfate functional group contains three more oxygen atoms than
common oxygen-containing groups (e.g., hydroxyl and carbonyl), which makes no contribution to
the oxidation state of the carbon backbone of the CHOS— compounds. Comparing average values
for H/C, (O—-3S)/C and DBEs of CHOS~ for the three sample locations (see Table 1), we find that
the H/C ratios (1.85) and (O—3S)/C ratios (0.61-0.71) for Shanghai— and Guangzhou— samples are
larger than those for Changchun— samples (H/C = 1.56 and (O—3S)/C = 0.52), whereas the DBE
values (1.71-1.79) in Shanghai— and Guangzhou— are lower than those for Changchun— (2.55).
These observations indicate that CHOS— compounds in urban OA from Northeast China are less
oxidized but more unsaturated compared to those in East and Southeast China, likely due to

enhanced emissions from residential heating during winter in North China.
3.6 CHONS compounds

4-5% of the total organics detected in ESI— were identified as CHONS— compounds_in terms of

peak abundance. In contrast, CHONS+ compounds account merely for 0.3—1% of all organics

detected in ESI+. The average MM,y of the CHONS— compounds for the three sample locations
ranges from 214 to 293 Da, generally showing larger molecular masses than compounds of any
other class because of the likely presence of both nitrate and sulfate functional groups. In total, only
8-5 common CHONS- formulas were detected for all three sample locations, accounting for 84%,
5821% and 5620% of the CHONS— peak abundance in Changchun—, Shanghai—and Guangzhou-,
respectively. As already observed for other compound classes, these percentages imply that the
CHONS- compounds in urban OA of Shanghai— and Guangzhou— exhibit a rather similar chemical

composition, whereas such compounds are sigrificanthy-different for Changchun—.

In the OA samples of Shanghai— and Guangzhou—, 78—-87% of CHONS— compounds in terms of

peak abundance have 7 or more O atoms_in their formulas, allowing the assignment of one —OSOsH
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and one -NOjs functional groups in the molecular structures, thus, classifying them as potential
nitrooxy-organosulfates. In contrast to Shanghai— and Guangzhou—, only 26% of CHONS—
compounds were assigned to such nitroooxy-organosulfates for Changchun—, indicating that most
of the N atoms in the CHONS— compounds are present in a reduced oxidation state, e.g., in the
form of amines. The average DBE and Xc values of CHONS— compounds in Shanghai— and
Guangzhou— are 3.3—3.45 and 0.43-0.44, respectively. Again these values differ sigrificanthy-for
the Changchun— samples with an increased average DBE of 3.75 and an average Xc of 1.06,
indicating that CHONS- compounds in Changchun— possess on average a higher degree of
unsaturation and aromaticity compared to such compounds in Shanghai— and Guangzhou— samples.
Interestingly, the compound with formula C10H17O7NS has the highest relative peak abundance
(32%) in Shanghai— and Guangzhou—, whereas in Changchun— the compound with formula
C2H304NS is dominant. C1oH1707NS has previously been identified as pinranediol-mononitrate
organosulfate generated from a/B-pinene (linuma et al., 2007; Surratt et al., 2008; Lin et al., 2012b;

Wang et al., 2017), while C2H304NS may be assigned as a cyanogroup-containing sulfate. This
observation is comparable to our previous study (Wang et al., 2019a), which found that C10H1707NS
was dominant for CHONS— compounds in low-concentration aerosol samples collected in Beijing
(China) and Mainz (Germany). Consistently, a C;H304NS compound had the highest abundance
among CHONS- compounds in polluted Beijing aerosol samples. This agreement can be explained
by the adjacent locations of Beijing (39.99°N, 116.39°E) and Changchun (43.54°N, 125.13°E) and
similar residential heating patterns by coal combustion during wintertime. In conclusion, these
results further demonstrate that the precursors for CHONS— compounds in Shanghai— and
Guangzhou— are different from those in Changchun—, which is probably due to differences in

anthropogenic emissions.
4 Conclusion

The molecular composition of the organic fraction of PM.s samples collected in three Chinese
megacities (Changchun, Shanghai and Guangzhou) was investigated using a UHPLC-Orbitrap
mass spectrometer. In total, 416—769 (ESI-) and 687-2943 (ESI+) organic compounds were
observed and separated into five subgroups: CHO, CHN, CHON, CHOS and CHONS. Specifically,
139-120 common formulas were detected in ESI— and 168-129 common formulas in ESI+ for all
sample locations, accounting for 7857—-8%71% and 6530—9675% in terms of peak abundance,
respectively. Overall, we found that urban OA in Changchun, Shanghai and Guangzhou shows a
quite similar chemical composition for organic compounds of high concentrations. The majority of

these organic species was assigned to mono-aromatic or poly-aromatic compounds, indicating that
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anthropogenic emissions are the major source for urban OA in all three cities.

Despite the chemical similarity of the three sample locations for majer-organic compounds in urban
OA, remarkable differences were found in chemical composition of the remaining particle
constituents, in particular for OA samples from Changchun. In general, a larger amount of
polyaromatics was observed for Changchun samples, most likely due to emissions from coal
combustion during wintertime residential heating period. Moreover, the peak abundance-weighted
average DBE and average Xc values of the total organic compounds in Changchun were found to
be larger than those for Shanghai and Guangzhou, showing that organic compounds in Changchun
possess a higher degree of unsaturation and aromaticity. For average H/C and O/C ratios a similar
trend was observed. While average H/C and O/C ratios detected in ESI— were found to be highest
for Guangzhou samples, significanthyrelatively lower values were observed for Shanghai and
Changchun samples, indicating that OA collected in lower latitude regions of China experiences

more intense photochemical oxidation processes_and/or are affect to a larger degree by biogenic

sources.
5 Limitations

In this study, we used the peak abundance-weighted method to illustrate the difference in chemical

formulas assigned by Orbitrap mass spectrometry. This comparison was made based on the

assumption that the measured organic compounds have same peak abundance response in the mass

spectrometer. However, this assumption can bring some uncertainties because the ionization

efficiencies vary between different compounds (Schmidt et al., 2006; Leito et al., 2008; Perry et al.,

2008:; Kruve et al., 2014). For example, the ionization efficiencies of nitrophenol species detected

in negative ESI mode can vary by a large degree depending on the position of the substituents at

the nitrobenzene ring (Schmidt et al., 2006; Kruve et al., 2014) and the ionization efficiencies of

carboxylic acids can also vary by several orders of magnitude depending on the structures (Kruve

etal., 2014). Nonetheless, it is a challenging analytical task to identify and quantify all compounds

in ambient OA due to the high chemical complexity of OA and the limits in authentic standards of

OA.. Despite the inherent uncertainties, the peak abundance-weighted comparison of molecular

formulas provides an overview of the difference in chemical composition of OA in these three

representative Chinese cities. In particular, the chemical formulas assigned in this study can be

validated in future studies by authentic standards and the difference in ionization efficiencies can

be further evaluated.
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|865 Table 1. Number of organic compounds_and molecular formulas in each subgroup and the peak
866  abundance-weighted average values of molecular mass (MMay), elemental ratios, double bond
867  equivalent (DBE), aromaticity equivalent (Xc)_and isomer number fraction (meaning the
868  percentage of formula numbers that have isomers among all assigned formulas) for detected
869  organic compounds in ESI— and ESI+ in the three Chinese cities.

Isomer
Relative number
Number of  abundance fraction
Sample ID  Subgroup compounds” (%) MM.q H/C o/Cc” DBE Xc %
Changchun— total 769(415) 100 169  1.03 0.58 502 213 34
CHO- 346(136) 30 162  0.96 0.41 565 2.28 52
CHON- 180(96) 55 163  0.94 0.51 524 2.44 36
CHOS- 155(105) 10 198 156 1.17(0.52) 255 0.50 28
CHONS- 88(78) 5 214 135 1.07(-1.4) 3.75 1.06 8
Shanghai— total 416(272) 100 176  1.05 0.69 499 1.92 31
CHO- 164(90) 40 171 0.97 0.59 537 1.94 41
CHON- 135(89) 44 169  0.86 0.56 5.67 247 37
CHOS- 75(62) 12 190 1.85 1.41(0.61) 179 0.34 15
CHONS- 42(31) 4 266 156 1.00(0.11) 3.30 0.44 13
Guangzhou— total 488(304) 100 183 114 0.74 455 1.65 34
CHO- 196(110) 42 172 1.10 0.65 468 157 44
CHON- 161(98) 39 173 0.89 0.58 5.56 2.41 35
CHOS- 86(67) 14 201 185 1.48(0.71) 171 021 21
CHONS- 45(29) 5 293 156 0.82(0.06) 3.45 0.43 28
Changchun+ total 2943(679) 100 160 1.21 0.13 558 2.36 56
CHO+ 609(162) 13 174  0.94 0.28 6.55 2.22 50
CHN+ 696(126) 40 154  1.22 0.00 5.84 260 1"
CHON+  1594(352) 46.5 161 1.27 0.19 511 222 55
CHONS+ 44(39) 0.5 196 191 0.70 2.64 0.09 13
Shanghai+ total 704(383) 100 162  1.37 0.09 491 232 32
CHO+ 87(67) 4 184  1.13 0.43 5.46  1.46 19
CHN+ 253(84) 71 159  1.38 0.00 5.08 2.55 54
CHON+ 350(218) 24.7 167  1.40 0.27 434 181 30
CHONS+ 14(14) 0.3 241 117 0.61 532 091 0
Guangzhou+ total 687(412) 100 161 141 0.17 458 207 30
CHO+ 125(87) 8 185 112 0.42 519 1.20 26
CHN+ 205(78) 62 156  1.42 0.00 480 247 o4
CHON+ 336(227) 29 165  1.47 0.45 400 151 26
CHONS+ 21(20) 1 209 1.84 0.71 305 031 5

370 *The values in brackets indicate the number of unique molecular formulas. **The values in brackets indicate the
871 (0O-38)/C and (O—3S—2N)/C ratios for CHOS and CHONS compounds, respectively, detected in ESI— mode

372
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Figure 1. Mass spectra of detected organic compounds reconstructed from extracted ion
chromatograms in ESI— and ESI+._The horizontal axis refers to the molecular mass (Da) of the
identified species. The vertical axis refers to the relative peak abundance of each individual
compound to the compound with the greatest peak abundance. The pie charts show the percentage
of each organic compound subgroup (i.e.; CHO, CHON, CHOS, CHONS and CHN) in each sample
in terms of peak abundance. The map in the lower right corner shows the locations of these three

megacities in China.
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883  Figure 2. (a) Venn diagrams showing the number distribution of all molecular formulas detected in

884  ESI- and ESI+ for all sample locations. The overlapping molecular formulas refer to the

385 compounds detected in each city with the same molecular formulas and with the same retention

386  times (retention time difference < 0.1 min). (b) Peak abundance contribution of each elemental

887  formula category to the total common formulas.
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Figure 3. Double bond equivalent (DBE) versus carbon number for all CHO— compounds for all
sample locations. The molecular formula represents the abundance-weighted average CHO—
formula and the area of the circles is proportional to the fourth root of the peak abundance of an

individual compound (a_diagram with circle areas related to the absolute peak abundances is

presented in Fig. S2). The color bar denotes the aromaticity equivalent (gray with Xc < 2.50, purple
with 2.50 < Xc < 2.70 and red with Xc > 2.70). The pie charts show the percentage of each Xc

category (i.e., gray color-coded compounds, purple color-coded compounds and red color-coded

compounds) in each sample in terms of peak abundance.
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gray color-coded compounds, purple color-coded compounds and red color-coded compounds) in

N/C

each sample in terms of peak abundance.
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Figure 7. Double bond equivalent (DBE) versus carbon number for all CHOS— compounds for all
sample locations. The molecular formula represents the abundance-weighted average CHOS—
formula and the area of circles is proportional to the fourth root of the peak abundance of an

individual compound (a diagram with circle areas related to absolute peak abundances is presented

in Fig. S11). The color bar denotes the aromaticity equivalent (gray with Xc < 2.50, purple with
2.50 <Xc < 2.70 and red with Xc >2.70). The pie charts show the percentage of each Xc category
(i.e., gray color-coded compounds, purple color-coded compounds and red color-coded compounds)

in each sample in terms of peak abundance.
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Table S1:

temperature (T) and daily solar radiation in Changchun, Shanghai and Guangzhou during filter

sampling dates.

The daily average concentrations of PM2s, SO, NO,, CO and Os, average

Solar
Sampling PM2s SO, NO; co 03 T radiation
Sample ID Date (ugm™) | (ugm™) | (ugm>) [(mgm?) | (ugm>) | (°C) (Jecm™®)
04-01-2014| 222 72 63 1.5 43 —14 841*
Changchun |24-01-2014| 162 77 51 1.4 70 -11 485*
29-01-2014| 185 70 29 0.9 58 —9 576*
01-01-2014| 171 63 99 1.7 61 10 1133*
Shanghai | 19-01-2014| 159 33 61 1.3 74 7 1307
20-01-2014| 172 59 76 1.8 42 6 994
05-01-2014| 152 39 89 1.4 113 16 1372
Guangzhou |06-01-2014| 138 42 109 1.7 117 15 1164
11-01-2014| 138 24 80 1.6 69 16 1329

The data of SO2, NO2, CO, Osand T have been taken from an open air quality database (www.aqistudy.cn), while

the data  of

solar

radiation

wereprovided

the  World

Radiation

Data

Centre

(http://wrdc.mgo.rssi.ru/wrdc_en_new.htm). * Since the data of solar radiation for Changchun (43.54°N, 125.13°E)

are not available, here we present the daily solar radiation data observed for Shengyang (41.44° N, 123.31°E),

which is located quite close to Changchun.
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Figure S1. 48 hours back trajectories of air arriving at the three cities (Changchun, Shanghai and

Guangzhou) during the sampling time calculated using the NOAA HYSPLIT model (Rolph et al.,

2017).
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57 Figure S2. Double bond equivalent (DBE) versus carbon number for all CHO— compounds for all

58  sample locations. The molecular formula represents the abundance-weighted average CHO-—

59  formula and the area of the circles is proportional to the absolute peak abundance of an individual

60 compound. The color bar denotes the aromaticity equivalent (gray with Xc < 2.50, purple with 2.50

61 < Xc < 2.70 and red with Xc > 2.70). The pie charts show the percentage of each Xc category (i.e.,

62 gray color-coded compounds, purple color-coded compounds and red color-coded compounds) in

63 each sample in terms of peak abundance.
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Figure S3. Classification of CHON+ compounds into different subgroups according to O/N ratios

in their formulas. The y-axis indicates the relative contribution of each subgroup to the sum of peak

abundance of CHON+ compounds.
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the sum of peak abundance of all CHON- compounds.
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atoms number in their formulas. The y-axis indicates the relative contribution of each subgroup to
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Figure S6. Double bond equivalent (DBE) versus carbon number for all CHON— compounds for

all sample locations. The molecular formula represents the abundance-weighted average CHON-

formula and the area of circles is proportional to the absolute peak abundance of an individual

compound. The color bar denotes the aromaticity equivalent (gray with Xc < 2.50, purple with 2.50

< Xc < 2.70 and red with Xc > 2.70). The pie charts show the percentage of each Xc category (i.e.,

gray color-coded compounds, purple color-coded compounds and red color-coded compounds) in

each sample in terms of peak abundance.
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Figure S7. Double bond equivalent (DBE) vs C number for all CHON+ compounds of all samples.
The molecular formula represents the abundance-weighted average CHON+ formula and the area
of the circles is proportional to the fourth root of the peak abundance of an individual compound

(the diagram with circle area related to absolute peak abundance is presented in Fig. S8). The color

bar denotes the aromaticity equivalent (gray with Xc < 2.50, purple with 2.50 < Xc¢ < 2.70 and red
with Xc > 2.70). The pie charts show the percentage of each Xc category (i.e., gray color-coded
compounds, purple color-coded compounds and red color-coded compounds) in each sample in

terms of peak abundance.
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Figure S8. Double bond equivalent (DBE) vs C number for all CHON+ compounds of all samples.
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compounds, purple color-coded compounds and red color-coded compounds) in each sample in
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Figure S10. Van Krevelen diagrams for CHN+ compounds in Changchun, Shanghai and

Guangzhou samples. The area of circles is proportional to the absolute peak abundance of an

individual compound and the color bar denotes the aromaticity equivalent (gray with Xc < 2.50,

purple with 2.50 < Xc < 2.70 and red with Xc > 2.70). The pie charts show the percentage of each

Xc category (i.e., gray color-coded compounds, purple color-coded compounds and red color-

coded compounds) in each sample in terms of peak abundance.
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Figure S11. Double bond equivalent (DBE) versus carbon number for all CHOS— compounds for

all sample locations. The molecular formula represents the abundance-weighted average CHOS—

formula and the area of circles is proportional to the absolute peak abundance of an individual

compound. The color bar denotes the aromaticity equivalent (gray with Xc < 2.50, purple with 2.50

< Xc < 2.70 and red with Xc > 2.70). The pie charts show the percentage of each Xc category (i.e.,

gray color-coded compounds, purple color-coded compounds and red color-coded compounds) in

each sample in terms of peak abundance.
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