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Anonymous referee #1 general comments: “This manuscript reports the development
of an analytical procedure for organosulfates, which holds promise for the measure-
ment of polar organosulfates in ambient fine aerosol samples. It also includes an
attractive procedure for the preparation of organosulfate standards. The chromato-
graphic method is based on the use of hydrophilic interaction chromatography (HILIC)
with an amide column. As argued below I am missing some discussion why this column
is superior to a bare silica column for HILIC. In addition, the results should be better
compared with results obtained in previous studies.”
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Response to referee #1 general comments: We agree with the referee that this
manuscript describes a direct method for the synthesis of organosulfate standards and
a method to quantify polar organosulfates in the atmosphere. As suggested by the
referee we have added a paragraph that compares the optimized HILIC method using
BEH amide column to the underivatized BEH HILIC column as discussed in response
to comment #2. Specific comments are addressed point-by-point below.

Referee #1 comment 1- Page 12592 - Introduction – line 14: “Attempts other than those
mentioned in the manuscript have been made in the past to resolve polar organosul-
fates, such as the MW216 organosulfates that are related to isoprene. I specifically
refer here to the study by Wang et al. (2013) where use is made of ion-pairing chro-
matography with dibutylammonium acetate as ion-pairing reagent. For completeness,
it would be appropriate to also mention this study in the introduction, where other
modes of LC separation based on reversed-phase chromatography are treated.

Ref.: Wang, W., Shalamzari, M. S., Maenhaut, W., Claeys, M. Ion-pairing liquid chro-
matography/ negative ion mass spectrometry for improved analysis of polar isoprenere-
lated organosulfates, Rapid Commun. Mass Spectrom. 27, 1585-1589, 2013.”

Response to referee #1 comment 1: As suggested by the reviewer, we have added this
reference to the introduction section. Specifically, the text at line 26 page 12592 to line
3 page 12593 have been removed: “Other modes of LC separation, such as hydrophilic
interaction liquid chromatography (HILIC), are specifically designed to retain molecules
with ionic and polar functional groups (Hemstrom and Irgum, 2006). HILIC chromatog-
raphy has previously been shown to retain hydroxycarboxylic acid organosulfates, such
as glycolic acid sulfate and lactic acid sulfate, which are among the most abundant at-
mospheric organosulfates quantified to date (Olson et al., 2011).”

The text at line 26 page 12592 to line 3 page 12593 have been replaced with: “Other
modes of LC separation such as ion pairing (IP) with dibutylammonium acetate (DBAA)
shown better separation and retention of isoprene derived organosulfates (Wang et al.,
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2013), but has not been used quantitatively. Hydrophilic liquid interaction chromatogra-
phy (HILIC) is specifically designed to retain molecules with ionic and polar functional
groups (Hemström and Irgum, 2006) and shown promise in retaining hydroxycarboxylic
acid containing organosulfates, such as glycolic acid sulfate and lactic acid sulfate,
which are among the most abundant atmospheric organosulfates quantified to date
(Olson et al., 2011).”

Referee #1 comment 2 - Page 12592 – Introduction – line 26: “HILIC has been used
in prior work to resolve polar organosulfates but not with as much success as in the
present study. I specifically refer here to the study by Olson et al. (2011), where use is
made of another type of column, i.e., a bare silica column. It would be useful that the
authors also discuss why the amide column is an improvement compared to the bare
silica column.”

Response to referee #1 comment 2: As suggested by the reviewer, we have added
a discussion of the retention of organosulfates on a BEH amide versus BEH HILIC
column which is undervatized. Specifically, the following text is added as a new section
to the manuscript entitled “3.3 Comparison of BEH amide and BEH HILIC retention” at
page 12601, line 22:

“3.3 Comparison of BEH amide and BEH HILIC retention. Organosulfates were re-
tained significantly longer on the BEH amide column compared to the underivatized
BEH HILIC column. On the BEH HILIC column, glycolic acid sulfate and lactic acid
sulfate were retained for less than two minutes (tR < 2 minutes), while benzyl sulfate,
ethyl sulfate and methyl sulfate were co-eluted (tR < 0.6 min). In comparison, longer
retention times were observed for these standards on the BEH amide column (Table 1
and Fig. 2 A). The improvement in retention results from the amide-functionalization of
silanol groups on BEH particles. The amide functional groups interact with organosul-
fates through hydrogen bonding, dipolar, and dispersion forces, and interact most
strongly with oxygenated organosulfates. Meanwhile, the BEH HILIC column may con-
tain more surface silanol groups on BEH particles that become negatively charged at
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basic pH, repelling anionic organosulfates, leading to shorter retention times and lower
resolution. For the reasons of better retention and resolution, the BEH amide column
was selected for further optimization and aerosol analysis.”

Referee #1 comment 3 - Page 12599 – line 16: “I am not sure that the bisulfate m/z 97
anion (HSO4–) is formed by a cyclic syn-elimination pathway, suggested by Attygale
et al. (2001). Another pathway, involving a hydroxylic hydrogen atom and discussed in
Wang et al. (2013) has also been suggested.”

Response to referee #1 comment 3: We agree with the referee that the m/z 97 fragment
ion from organosulfates may form as proposed by Wang et al. 2013. However, this
would require a hydroxyl group in the C-2 position, which is not the case in organosul-
fate standards used in our study. But the formation of m/z 97 in glycolic acid sulfate
and hydroxyacetone sulfate cannot be explained by the cyclic syn-elimination pathway
proposed by Attygalle et al., 2001 due to absence of a hydrogen at C-2 position. These
may form m/z 97 in a similar pathway as proposed by Shalamzari et al., 2013.

The text at line 16 - 20 page 12599 has been removed: “. . .and the bisulfate anion
(HSO4- at m/z 97) that is postulated to form via a cyclic syn-elimination pathway (At-
tygalle et al., 2001). Notably, the bisulfate anion is absent in the MS/MS spectrum of
methyl sulfate, because there is no C2 position from which a hydrogen may be ab-
stracted.”

The text at line 16 - 20 page 12599 have been revised to read: “. . .and the bisulfate
anion (HSO4- at m/z 97) in ethyl sulfate can be postulated to form via a cyclic syn-
elimination pathway (Attygalle et al., 2001) in which a proton is abstracted from the
C-2 position. Notably, the bisulfate anion is absent in the MS/MS spectrum of methyl
sulfate, as there is no C-2 position. For hydroxyacetone sulfate, the proton likely comes
from the C-3 position. For in glycolic acid sulfate and lactic acid sulfate, the proton may
come from carboxylic acid group, as described by Shalamzari et al. (2013).

Referee #1 comment 4 - Page 12601 – line 7: “I am confused about the presence of six
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methyltetrol sulfate isomers and suspect that only the two compounds eluting between
1 and 2 min correspond to methyltetrol sulfate isomers. Can the authors provide accu-
rate mass data and product ion spectra for the m/z 215 compounds eluting between 3
and 4 min to support their claim? Nevertheless, the baseline separation between the
two first-eluting isomers is an improvement compared to regular C18 reversed-phase
chromatography and compares quite well with that achieved with ion-pairing reversed-
phase chromatography, reported in Wang et al. (2013).”

Response to referee #1 Comment 4: The reviewer’s comment points out the need to
clarify that the extracted ion chromatograms shown in Figure 3 were obtained on a high-
resolution mass spectrometer. We have clarified this in the caption and text. In addition,
we provide exact mass and qualitative MS/MS to further support the identification of
six compounds with m/z 215. Specific changes are:

The following text at Page 12601 – line 7 – 17 has been removed: “As shown
in Fig. 3a, six methyltetrol sulfate isomers derived from isoprene epoxide (IEPOX)
(Gomez-Gonzalez et al., 2008; Surratt et al., 2008) with a precursor ion of m/z
215 (C5H11O7S−) are baseline resolved. The separation of these isomers by this
method is superior to reversed phase chromatography, in which these IEPOX-derived
organosulfate isomers co-elute in two peaks (Stone et al., 2012). The resolution of in-
dividual IEPOX-derived organosulfate isomers is significant, because their separation
will support future quantification of individual isoprene SOA products that may prove
useful in elucidating different organosulfates formation pathways (Surratt et al., 2010)
and because IEPOX-derived organosulfates have generated the greatest organosul-
fates signals in prior field studies (Froyd et al., 2010; Lin et al., 2013).”

The text at Page 12601 – line 7-17 has been revised to read: “As shown in Fig. 3A,
four major and two minor molecular ion signals with m/z 215 (C5H11O7S−; mea-
sured mass: 215.0225) are baseline resolved. Peak retention times (and error in
the observed m/z) are 1.40 (-0.5 mDa), 1.74 (0.5 mDa), 2.87 (-0.3 mDa), 3.65 (-1.8
mDa), 4.51 (-0.2 mDa) and 4.81 (0.1 mDa). All MS/MS spectra (collected by Q-ToF)
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showed m/z 97 as a product ion. Prior studies have shown that m/z 215 corresponds to
methyltetrol sulfates derived from isoprene epoxide (IEPOX) (Gómez-González et al.,
2008;Surratt et al., 2008). The separation of four major and two minor isomers by this
method is superior to reversed-phase chromatography, in which these IEPOX-derived
organosulfate isomers co-elute in two peaks (Stone et al., 2012). The HILIC separa-
tion is also better than the reversed-phase separation achieved with ion pairing which
also given only two peaks for m/z 215 (Wang et al., 2013). The resolution of isomers
is significant, because methyltetrol sulfates have generated the greatest organosulfate
signal in prior field studies (Froyd et al., 2010;Lin et al., 2013) and may prove useful in
elucidating different organosulfate formation pathways.”

Referee #1 comment 5 - Page 12602 – line 5: “Acetonitrile has also been shown to
give advantages for the extraction of compounds other than organosulfates such as
carboxylic acid group containing secondary organic aerosol compounds (e.g., pinonic
acid, pinic acid, etc.) in that methyl ester formation can be prevented. It would be
appropriate to also cite the following study by Kristensen and Glasius (2011) here.”

Ref.: Kristensen, K.; Glasius, M. Organosulfates and oxidation products from biogenic
hydrocarbons in fine aerosols from a forest in NorthWest Europe during spring. Atmos.
Environ. 45, 4546-4556, 2011.

Response to referee #1 comment 5: As suggested by the reviewer, we have added a
comment that acetonitrile provides many advantages as an extraction solvent.

The text at line 5 – 8 page 12602 previously read: “It has been previously shown that
methanol converts carboxy-organosulfates to methyl esters and should be avoided in
quantitative analysis of organosulfates (Olson et al., 2011). Instead, ACN and water
(95: 5, by volume) were used as the extracting solvent in this study.”

The text at line 5 – 8 page 12602 have been revised to read: “It has been previously
shown that methanol converts carboxy-organosulfates to methyl esters and should be
avoided in quantitative analysis of organosulfates (Olson et al., 2011), while ACN is ef-
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fective extracting carboxylic acids in ambient aerosols (Kristensen and Glasius, 2011).
In this study, ACN and ultra-pure water (95: 5, by volume) were used as the extracting
solvent.”

Referee #1 comment 6 - Page 12601 – line 17 and Figure 3: “The m/z 213 organosul-
fates do have volatile organic compound precursors other than isoprene, including 2-
E-pentenal, a photolysis product of the green leaf volatile 3-Z-hexenal. See Gómez-
González et al. (2008). No evidence could be found in the latter study for their relation-
ship with isoprene.”

Response to referee #1 comment 6: As suggested by the reviewer, we have revised the
text to reflect that m/z 213 has precursors other than isoprene, such as 2-E-pentenal
as mentioned in Gómez-González et al. (2008).

Specifically, the text at line 17 - 20 page 12601 has been removed: “Two additional
organosulfates derived from isoprene, with precursor ions of m/z 213 (C5H9O7S-) and
m/z 211 (C5H7O7S-) (Gomez-Gonzalez et al., 2008; Surratt et al., 2008) shown in Fig.
3b and c, respectively, were retained although not fully resolved by this method.”

The text at line 17 - 20 page 12601 has been replaced with: “Figure 3B-E shows
m/z 213, which is associated with 2-E-pentenal, a photolysis product of the green leaf
volatile 3-Z-hexenal (Gómez-González et al., 2008). . .

Referee #1 comment 7 Page 12614 – Figure 3: “It would be relevant (perhaps more
relevant than the m/z 213 organosulfates) to include the m/z 199 and m/z 183 traces,
as the MW 200 and 184 organosulfates are polar and known to be related to isoprene.
See Shalamzari et al. (2013).”

Response to referee #1 comment 7: As the referee suggested we have extended Fig-
ure 3 (shown in this response as Figure 1) to include extracted chromatograms of m/z
199 and m/z 183. The revised figure includes additional sections “D” and “E” shown
below. In addition, we have revised the discussion at line 17 – 20 page 12601:
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“HILIC chromatography of atmospheric aerosol samples from Centreville, AL reveals
the existence of multiple isomers of major biogenic organosulfates. Fig. 3B-E shows
m/z 213, which is associated with 2-E-pentenal, a photolysis product of the green
leaf volatile 3-Z-hexenal (Gómez-González et al., 2008), m/z 211 associated with iso-
prene (Surratt et al., 2008), m/z 199 associated with 2-methylglyceric acid, a photo-
oxidation product of isoprene (Gómez-González et al., 2008; Safi Shalamzari et al.,
2013), and m/z 183 which derives from isoprene and crotonaldehyde (Safi Shalamzari
et al., 2013). As shown in Fig. 3B, six major signals for m/z 213 (C5H9O7S-; mea-
sured mass: 213.0069, error ≤ 1.6 mDa) were observed, but not resolved with reten-
tion times 1.10, 1.29, 1.58, 1.80, 2.07, and 2.23 minutes. Three signals for m/z 211
(C5H7O7S-; measured mass: 210.9912, error ≤ 1.5 mDa) are shown in Fig. 3C with
retention times of 0.56, 0.74, and 0.85 minutes. Fig. 3D shows multiple peaks for m/z
199 (C4H7O7S-; measured mass: 198.9912, error ≤ 2.7 mDa), but only the peaks at
3.67, 3.81, 3.98 , 7.19, and 8.36 minutes are assigned the formula C4H7O7S- with
error < 3 mDa. Notably, the strongest signal obtained for m/z 199 is baseline resolved
and retained more than eight minutes near glycolic acid sulfate and lactic acid sulfate,
suggesting that it contains a carboxylate group. Fig. 3E shows three peaks for m/z 183
(C4H7O6S-; measured mass: 182.9963, error ≤ 1.2 mDa) with retention times 0.67,
0.91, and 1.23 minutes. The combination of high-resolution mass spectrometry with
HILIC chromatography reveals the presence of multiple conformational isomers for ma-
jor organosulfate signals that are associated with biogenic VOC. Thus, this separation
method provides reliable quantification of organosulfates and insight to the distribu-
tion of individual organosulfate isomers that may provide insight to the mechanisms of
biogenic SOA formation.”

Likewise, the caption for Figure 3 page 12614 has been revised to read: “Figure 3.
High-resolution extracted ion chromatograms for organosulfates qualitatively identified
in PM2.5 collected during the daytime on July 2013 in Centreville: A) m/z : 215.0225,
B) m/z 213.0069, C) m/z 210.9912, D) m/z 198.9912, E) m/z 182.9963 (smoothed 2×1;
abs window: 0.01 Da).”
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Referee #1 comment 8 - Page 12603 – Conclusions – line 16: “I suggest to keep the
conclusions more general and write: “: : :.. holds promise for the separation of other
isoprene-derived and polar organosulfates.”

Response to referee #1 comment 8: We agree with the referee and will revise this
sentence to include a more generalized conclusion.

The text at line 14 - 16 page 12603 was previously read: “In addition to resolving the
six model compounds used in method validation, the HILIC separation holds promise
for the separation of a range of isoprene-derived organosulfates.”

The text at line 14-16 page 12603 have been revised to read: “In addition to resolv-
ing the six model compounds used in method validation, the HILIC separation holds
promise for the separation of organosulfates derived from isoprene and other biogenic
VOC.”

Technical corrections:

Referee #1 comment 9 - Page 12598 – line 23: “replace “molecular ion” by “deproto-
nated molecule”. The term “molecular ion” is reserved for molecular ions formed by
electron ionization. See IUPAC guidelines for terms relating to mass spectrometry by
Murray et al. (2013).”

Response to referee #1 comment 9: The text at line 23 page 12598 was previously
read: “The detector operated in multiple reaction monitoring (MRM) mode, in which
the molecular ion was selected in the first quadrupole, fragmented in the second
quadrupole and product ions were selected in the third quadrupole.”

The text at line 23 page 12598 have been revised to read: “The detector operated
in multiple reaction monitoring (MRM) mode, in which the deprotonated molecule was
selected in the first quadrupole, fragmented in the second quadrupole and product ions
were selected in the third quadrupole.”

Referee #1 comment 10 - Page 12599 – line 14: “replace “fragment” by “product”.
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Again, see IUPAC guidelines for terms relating to mass spectrometry.”

Response to referee #1 comment 10 - Page 12598 – line 23: The text at line 14 page
12599 was previously read: “Major fragment ions included the sulfite radical (SO3-.
at m/z 80) that forms from the homolytic cleavage of an O-S bond, the sulfate radical
(SO4-. at m/z 96) that forms from the homolytic cleavage of a C-O bond, the bisul-
fite anion (HSO3- 15 at m/z 81) that forms from the heterolytic cleavage of the S-O
bond,. . .”

The text at line 14 page 12599 have been revised to read: “Major product ions included
the sulfite radical (SO3-. at m/z 80) that forms from the homolytic cleavage of an O-S
bond, the sulfate radical (SO4-. at m/z 96) that forms from the homolytic cleavage of
a C-O bond, the bisulfite anion (HSO3- 15 at m/z 81) that forms from the heterolytic
cleavage of the S-O bond,. . .”
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Figure 1 (revised Figure 3) 
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