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This study examined the effect of solvent on the analysis of
organic aerosol extracts using electrospray ionization mass
spectrometry (ESI-MS). Secondary organic aerosol (SOA)
produced by ozonation of d-limonene, as well as several organic
molecules with functional groups typical for OA constituents,
were extracted in methanol, d3-methanol, acetonitrile, and d3-
acetonitrile to investigate the extent and relative rates of
reactions between analyte and solvent. High resolution ESI-
MS showed that reactions of carbonyls with methanol produce
significant amounts of hemiacetals and acetals on time
scales ranging from several minutes to several days, with the
reaction rates increasing in acidified solutions. Carboxylic
acid groups were observed to react with methanol resulting
in the formation of esters. In contrast, acetonitrile extracts showed
no evidence of reactions with analyte molecules, suggesting
that acetonitrile is the preferred solvent for SOA extraction. The
use of solvent-analyte reactivity as a tool for the improved
characterization of functional groups in complex organic mixtures
was demonstrated. Direct comparison between mass spectra
of the same SOA samples extracted in methanol versus
acetonitrile was used to estimate the lower limits for the relative
fractions of carbonyls (g42%) and carboxylic acids (g55%)
in d-limonene SOA.

Introduction
A significant fraction (∼50%) of atmospheric particulate
matter (PM) contains organic material (1). The organic
fraction of PM has been shown to adversely affect human
health and to contribute to regional and global climate effects
(1). Primary organic aerosol (POA) is emitted directly into
the atmosphere by natural and anthropogenic sources.
Secondary organic aerosol (SOA) is formed from reactions

between volatile organic compounds and atmospheric
oxidants. Both POA and SOA represent a very complex
mixture of low volatility, polyfunctional compounds con-
taining alcohol, carbonyl, carboxyl, nitro, and other func-
tionalities (2-7). The high degree of chemical complexity of
atmospheric organics has inspired a number of sophisticated
methods that are capable of separating and detecting a variety
of different analytes in PM samples (8). A common approach
involves collection of a sufficient quantity of PM on filters
or substrates, extraction of the collected material into suitable
solvents, and chromatographic/mass-spectrometric analysis
(9-13).

Electrospray ionization mass spectrometry (ESI-MS) offers
a number of advantages for the analysis of OA samples
(5, 9, 11-16). Coupling ESI to state-of-the-art high resolution
MS technologies makes it possible to unambiguously identify
multiple components in complex OA extracts based on the
accurate mass measurements of individual peaks and their
MS/MS fragmentation patterns (12, 17-20). For example, a
previous publication from this group described a detailed
analysis of d-limonene SOA using an LTQ-Orbitrap high
resolution mass spectrometer (13). We demonstrated that
high-accuracy mass measurements ((0.001 m/z) are essential
for unambiguous identification of the elemental composition
of the hundreds of individual compounds found in SOA
extracts. The prevalent ionization mechanisms were depro-
tonation in the negative ion mode leading to [M-H]- ions
and complexation with Na+ in the positive ion mode leading
to [M+Na]+ ions. Data analysis took advantage of Van
Krevelen plots (18, 19) to characterize the C:H:O ratios and
Kendrick plots (17) to identify homologous families in the
reaction products.

Both liquid chromatographic separation and ESI require
OA samples to be dissolved in an appropriate solvent.
Methanol/water and acetonitrile/water mixtures are the most
commonly used solvents in ESI (21). However, one has to
keep in mind that polyfunctional compounds found in OA
can be reactive with methanol. Specifically, carboxylic acids
reacting with methanol may yield esters (R1); carbonyls
reacting with methanol may yield hemiacetals (R2) and
acetals (R2 and R3) (22).

RC(O)OH + CH3OH a
H+

RC(O)OCH3 + H2O (R1)

R2C(O) + CH3OH a
H+

R2C(OH)OCH3 (R2)

R2C(OH)OCH3 + CH3OH a
H+

R2C(OCH3)2 + H2O (R3)

According to the currently accepted organic nomenclature,
ketals are regarded as a subset of acetals; the term “acetal”
will be used in reference to both acetals and ketals in the
subsequent discussion.

Substantial formation of esterification products was
reported in humic acid samples stored in alcohol solvents
(23). Because the complexity of OA samples is comparable
to that of humic substances (24), we expect similar
solvent-analyte reactions to be significant in OA-alcohol
extracts as well. Analogous solvent-analyte reactivity has
also been reported in the analysis of amoxicillin using ESI-
MS in methanol (25). This work examines solvent-analyte
reactions of SOA material generated by ozonolysis of
monoterpenes and extracted in methanol and acetonitrile
for the purposes of direct ESI-MS analysis. In addition, the
possibility of using these solvent reactions for qualitative
detection of functional groups in OA is explored.
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Experimental Method
Laboratory-generated SOA particles were prepared by the
ozone-initiated oxidation of d-limonene vapor in an inflatable
300 L Teflon reaction chamber as described in ref 13. The
particles were collected by pumping the reaction mixture
through a glass fiber filter at 30 slpm for ∼6 min. The filters
were cut into 2-4 equal segments, and each filter segment
was separately extracted in 10 mL of a solvent, assisted by
sonication, for ∼20 min. The solvents included methanol,
d3-methanol, d4-methanol, acetonitrile, and d3-acetonitrile.
The resulting extracts were filtered through 0.45 µm filters.
ESI mass spectra of SOA samples were typically taken minutes
to hours after the extraction.

In addition to the SOA samples, ESI mass spectra of three
test compounds were investigated (Figure S1 in the Sup-
porting Information). They are referenced by their acronyms
throughout this paper. PA refers to cis-pinonic acid, a
carboxylic acid with an additional ketone group and a major
constituent of SOA formed from the oxidation of R-pinene
(10). SS stands for succinic semialdehyde, a carboxylic acid
with an additional aldehyde group. DDA refers to 2,5-
dioxobicyclo[2.2.2]octane-1,4-dicarboxylic acid, a dicarboxy-
lic acid with two additional ketone groups. Glacial acetic
acid was used to acidify the solutions of these test compounds.
Commercial sources and purity grades of all chemicals and
solvents used in this work are listed in the Supporting
Information.

ESI mass spectra of the test compounds were recorded
as a function of time since dissolution. Solution concentra-
tions were 43.5 ( 5.0 µM DDA, 53.5 ( 5.0 µM PA, and 186
( 10 µM SS. The solutions were promptly acidified to achieve
acetic acid concentrations of 16 ( 2 µM, 1.6 ( 0.2 mM, or
16 ( 2 mM. As all test compounds contain carboxyl groups,
the solutions were slightly acidic even without the acetic

acid addition. Solutions were stored in 1.5 mL clear glass
vials at room temperature (25 °C) in the dark. At certain time
intervals, a ∼100 µL aliquot was transferred in a syringe for
ESI-MS analysis in both positive and negative modes.

ESI mass spectra were recorded using a Finnigan LTQ
(linear ion trap)-Orbitrap hybrid mass spectrometer (Thermo
Electron Corporation, Inc.) with a modified ESI source.
Samples were injected through a pulled fused silica capillary
tip (50 µm i.d.) at a flow rate of 1.00 µL/min. The system was
operated in both positive and negative modes with a resolving
power of 60 000 (m/∆m at m/z 400). The m/z axis was
calibrated using standard solutions of caffeine, MRFA, and
Ultramark 1621. All m/z values cited in this paper refer to the
experimentally determined calibrated peak positions, which
are generally within ( 0.0003 m/z of the theoretically
predicted masses.

Results
Figure 1 shows characteristic positive ion mode mass spectra
for d-limonene SOA extracted into methanol, d3-methanol,
acetonitrile, and d3-acetonitrile. For discussion purposes, only
a small portion of each spectrum around m/z 190-230 is
displayed. Full spectra recorded in acetonitrile are reported
in Walser et al. (13). The mass spectra recorded in acetonitrile
and d3-acetonitrile are nearly identical. On the contrary,
substantial differences exist between mass spectra of the
same SOA sample extracted into methanol and acetonitrile,
with a number of additional peaks appearing in the methanol-
based mass spectra. Furthermore, methanol and d3-methanol
mass spectra differ from each other in terms of peak positions
and relative intensities.

Similar observations were made for the negative ion mode
spectra of d-limonene SOA; additional peaks appeared in
the methanol-based mass spectra, and their isotopic shifts

FIGURE 1. Sections of ESI positive ion mode mass spectra of the same d-limonene SOA sample extracted into four different solvents:
(a) methanol; (b) d3-methanol; (c) acetonitrile; and (d) d3-acetonitrile. Peaks appearing at m/z 223.1305 in methanol and at m/z
226.1494 in d3-methanol correspond to hemiacetals of the precursor peak at m/z 191.1043.
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were consistent with reactions of analytes with one or more
methanol molecules. The negative ion mode spectrum of
d-limonene SOA contained fewer peaks, most of which were
also detected in the positive ion mode (13). Because the
positive ion mode data set is larger, the following discussion
will deal primarily with the positive ion mode mass spectra.

Careful examination of the differences in peak positions
reveals that the majority of extra peaks correspond to an
addition of one methanol molecule to an existing ion. For
example, there is a progression of peaks with a general
formula C10H16OnNa+, with n ranging from 2 to 7, observed
in the positive ion mode mass spectra of all solvents (13).
Figure 1 includes three members of this progression: m/z
191.1043 (n ) 2) arising predominantly from limononalde-
hyde, m/z 207.0992 (n ) 3), and m/z 223.0942 (n ) 4). In
mass spectra of SOA extracted into methanol, an additional
peak is observed at m/z 223.1305, which corresponds to the
C11H20O3Na+ ion and differs from the limononaldehyde peak
by the exact mass of one CH3OH molecule. A similar peak
is observed at m/z 226.1494 in mass spectra of SOA extracted
into d3-methanol, which corresponds to the C11H17D3O3Na+

ion and differs from the limononaldehyde peak by one CD3OH
molecule. A weak peak at m/z 223.1305 also appears in d3-
methanol based mass spectra, presumably resulting from
CH3OH residue in d3-methanol. Peaks of this nature were
also evident in the d4-methanol extracts as described in the
Supporting Information.

In order to assess the extent of reactions between
methanol and various SOA constituents, we compared
positive ion mode ESI mass spectra of d-limonene SOA
samples in d3-methanol, methanol, and acetonitrile. Only
peaks in the range of m/z 100-500, corresponding to
monomeric and dimeric oxidation products (13), above the
0.5% abundance threshold, were selected for analysis. We
focused our attention on reactions (R1, R2, and R3) resulting
in the following m/z shifts: 14.0156 (+CH3OH -H2O) and
17.0345 (+CD3OH -H2O) for ester formation (R1); 32.0262
(+CH3OH) and 35.0450 (+CD3OH) for hemiacetal formation
(R2); and 46.0419 (+2CH3OH-H2O) and 52.0794 (+2CD3OH
-H2O), for acetal formation (R2R3). It is important to note
that interference between different solvent-analyte reactions
can introduce ambiguities to the assignment of functional
groups, especially for polyfunctional SOA constituents. For
example, esterification of a carboxyl group (+CH3OH-H2O)
produces the same mass shift as hemiacetal formation
followed by dehydration of an aldehyde. Similarly, acetal
formation from a carbonyl (+2CH3OH -H2O) results in the
same mass shift as a concurrent hemiacetal formation and
esterification of a molecule that has both carbonyl and
carboxyl functional groups. In addition, ∆(m/z) values for
the CH3OH reactions can naturally occur in all solvents
because ozonolysis of d-limonene generates many homolo-
gous families of products (13).

The results of this comparison (described in more detail
in Figure S2 in the Supporting Information) clearly dem-
onstrate that mass spectra recorded in CD3OH provide the
most information about the extent of solvent-analyte
reactions. Positive ion mode d3-methanol-based spectra
contained over 200 peaks at even m/z values attributable to
the solvent-analyte reaction products. In most cases, these
peaks could be clearly distinguished from the isobaric 13C
containing ions, based on the relative abundance and exact
m/z values. Specifically, 189 pairs of peaks were separated
by the exact mass of d3-methanol, representing hemiacetal
formation. In addition, there were 198 pairs of peaks
corresponding to the formation of esters, and 41 pairs
corresponding to the formation of acetals. In more than 100
instances, the same products were formed by more than one
reaction (R1, R2, and R3) because of the simultaneous

presence of both carbonyl and carboxyl functional groups in
many SOA constituents.

Figure 2 is a graphical representation of the extent of
solvent-analyte reactions in SOA extracts. It compares the
positive ion mode mass spectrum of d-limonene SOA
recorded in acetonitrile with mass spectra of the same SOA
sample recorded in methanol and d3-methanol. The aceto-
nitrile-based mass spectra (top) contains all peaks with>0.5%
relative intensity, including those from 13C containing ions.
In contrast, the methanol- and d3-methanol-based spectra
(bottom) include only peaks corresponding to compounds
capable of forming hemiacetals. Approximately 39% of
d-limonene oxidation products in the monomeric range and
47% in the dimeric range are capable of adding one methanol
molecule to form a hemiacetal. We stress that it is not just
the smallest peaks that are affected by the methanol-analyte
reactions. For example, if we limit the discussion only to
peaks with relative abundance greater than 2% of the base
peak (instead of 0.5%), the fraction of compounds capable
of forming hemiacetals increases to 55% in the monomeric
range and to 63% in the dimeric range.

To examine reactions occurring in methanol under more
controlled conditions, we compared ESI mass spectra of the
test compounds shown in Figure S1 using d3-methanol,
methanol, and acetonitrile as electrospray solvents. All test
chemicals contain a carboxylic acid group, and their mass
spectra in acetonitrile are dominated by the [M+Na]+ and
[M-H]- peaks in the positive and negative ion modes,
respectively. In addition, these test compounds have one or
two carbonyl groups, leading to the appearance of the
corresponding ester and acetal peaks in the d3-methanol
and methanol spectra.

Sample measurements of product peak intensities as a
function of the storage time are presented in Figure 3, wherein
all intensities are normalized to the corresponding precursor
peaks. The hemiacetal product peaks had a comparatively
weak dependence on storage time and solution acidity. For
example, Figure 3a and Figure 3b show the abundances of
hemiacetals of SS and DDA, respectively. In both cases, the
relative abundance of the hemiacetal started at a high initial
value of ∼5 and ∼0.6 for SS and DDA, respectively, and
remained constant with time within the experimental
uncertainty. These hemiacetals presumably attained an
equilibrium with their precursor carbonyls before the first
mass spectrum was taken (in less than ∼5 min), and this
equilibrium was then slowly shifted by the much slower acetal
formation. We conclude that solvent-analyte reactions can
result in large peaks appearing in the ESI mass spectra
immediately after the sample preparation.

The intensity of the ester product peaks grew considerably
more slowly with time. For example, all DDA solutions
reached the esterT DDA equilibrium in less than 24 h with
no apparent dependence on the acetic acid concentration
(Figure 3c). On the contrary, the PA solutions did not attain
the esterTPA equilibrium even after 90 h of storage, although
the extent of the reaction noticeably increased with acidity
(Figure 3d). The normalized abundance was larger for the
DDA ester compared to that for the PA ester, presumably
due to the presence of two carboxylic groups in DDA.

The acetal product peaks slowly increased in their relative
abundance as a function of both time and solution acidity.
For example, the relative abundance of the PA acetal (Figure
3e) started at a very low initial value, and reached a steady
state corresponding to the acetalTPA equilibrium after about
one day of storage in solutions acidified with 16 mM and 1.6
mM acetic acid. Solutions containing 16 µM or no acetic acid
did not reach equilibrium even after one week of storage.
The relative abundance of the SS acetal (Figure 3f) similarly
increased with time and with solution acidity. However, the
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system was far from the acetal T SS equilibrium even after
one week of storage in the presence of 16 mM acetic acid.

Discussion
Drastic changes in the SOA mass spectrum resulting from
isotopic substitution in the solvent molecules (methanolf
d3-methanol) clearly demonstrate that many SOA constitu-
ents undergo chemical reactions with methanol during
extraction, storage, and possibly during the electrospray
process. The reaction equilibria (R1, R2, and R3) generally
favor the initial reactants but can be pushed toward the
products with excess methanol, i.e., under typical conditions
of extraction of a small quantity of organic material by a
large volume of solvent. In addition, excess methanol can
replace all sOR groups in various esters present in SOA
sample withsOCH3 groups introducing additional artifacts
to the mass spectra.

As opposed to the methanol case, isotopic substitution
of acetonitrile for d3-acetonitrile has nearly no effect on the
appearance of ESI mass spectra of SOA samples. Acetonitrile
can undergo addition reactions with certain alcohols in the
presence of concentrated acids (26). In the presence of strong
bases, acetonitrile can be deprotonated to form the cya-
nomethide ion, which is reactive toward carbonyls (27) and
alcohols (28). The laboratory-generated OA extracts as well
as extracts of field PM samples are expected to be neutral or
weakly acidic (29). Reactions of carbonyls and alcohols with
acetonitrile are very unlikely under such mild conditions.

Formation of esters, hemiacetals, and acetals is well-
known to be acid-catalyzed (22). Therefore the effect of

increasing acidity should lead to the faster appearance of
reaction products in the mass spectra. This prediction is
consistent with the observed time dependence of solvent
reactions with test species SS, PA, and DDA (Figure 3). As
expected, the acidity affects the rate but not the extent of the
reaction: given enough time the same final equilibrium state
is attained. The observed reduction of the hemiacetal peaks
with the solution acidity (e.g., Figure 3a) can be explained
by assuming fast carbonyl/hemiacetal equilibrium, followed
by much slower hemiacetal/acetal equilibrium. As the
solution acidity increases, the latter equilibrium is attained
faster, leading to the relative increase in the acetal peak at
the expense of the hemiacetal and analyte peaks.

Table S1 in the Supporting Information lists the relative
abundance of the methanol-analyte reaction peaks from
each test solution after 24 h of storage. The methanol-analyte
reaction peak abundances are normalized to the abundances
of the [M+Na]+ and [M-H]- precursor ions in the positive
and negative ion mode, respectively. The relative abundance
of product peaks is generally quite small, often smaller than
a fraction of a percent. For example, all product peaks for PA
are <0.3% of the precursor acid peak. However, relative
abundances of the SS product peaks are quite significant.
The SS hemiacetal and ester peaks are, in fact, both larger
than the SS peak in the positive ion mode. The hemiacetal
and ester of DDA are also fairly abundant. The observed
trend in reactivity toward methanol, SS > DDA > PA, is
consistent with the higher reactivity of aldehydes versus
ketones toward methanol due to both steric and electronic
factors (22). In addition, large substituent groups in carbonyls

FIGURE 2. Graphical representation of the fraction of SOA compounds capable of forming hemiacetal products. The monomer range
(a) and dimer range (b) are displayed separately for clarity. The full d-limonene SOA positive ion mode mass spectrum recorded in
acetonitrile is given in the positive portions of the graphs. The negative portions display mass spectra recorded in methanol and
d3-methanol, and include only peaks corresponding to compounds capable of forming hemiacetals.
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tend to shift the equilibria (R1, R2, and R3) toward the initial
reactants, i.e., away from ester, hemiacetal, and acetal
formation (30).

Table 1 shows how a direct comparison of mass spectra
of the same sample dissolved in acetonitrile and d3-methanol
can be used to detect carbonyl and carboxyl groups in SOA
constituents. Isotopically labeled methanol should be used
for such a comparison because of the natural occurrence of
CH2- and H2O- homologous series in SOA samples (12, 13).
Direct counting of peaks in d-limonene SOA positive ion
mode mass spectrum between m/z 150-500 and above the
2% abundance threshold suggest that at least 42 and 55% of
detectable SOA constituents contain carbonyl and carboxylic
acid groups, respectively. This may appear unrealistically
low given the extent of d-limonene oxidation reported in ref
13, with the O:C ratio approaching ∼0.5. However, this peak-
counting approach is expected to provide only a lower limit
for the fraction of carbonyls and carboxyls in the sample

because not every OA constituent is sufficiently reactive with
methanol to produce significant product peaks in the ESI
mass spectrum. Furthermore, the polyfunctional nature of
SOA constituents could result in the simultaneous deriva-
tization of multiple functional groups within the same
molecule, which cannot be assigned using this simple peak
counting procedure. The remaining oxygen required to
achieve the high O:C ratio observed in ref 13 most likely
resides in hydroxyl, ether, and peroxy functional groups in
SOA constituents, which do not readily react with methanol.

The potential utility of solvent-analyte reactivity as a tool
for interpretation of ESI mass spectra of SOA samples is
further illustrated in Table S2 in the Supporting Information.
Table S2 lists the intensities of the five largest peaks in the
d-limonene SOA positive ion mass spectrum in acetonitrile
and classifies them as either aldehydes or ketones, based on
the peak intensity of the hemiacetal compared to that of the
precursor carbonyl. Table S2 clearly demonstrates that all
major SOA constituents listed in the table contain a carbonyl
group. This is consistent with the known mechanism of gas-
phase ozonolysis of alkenes, which generates carbonyls in
high yields by splitting unstable primary ozonides, and
carboxylic acids by isomerization of carbonyl oxides (13).
Table S2 also shows that the peaks corresponding to the
reactions between SOA constituents and methanol have
appreciable intensities. Indeed, the most abundant peaks
observed in the positive ion mode ESI mass spectra of
d-limonene in methanol and d3-methanol correspond to
hemiacetals. We conclude that solvent-analyte reactions
occur to a significant extent in methanol extracts and should
be taken into serious consideration in the analysis of organic
aerosol samples by ESI-MS.

FIGURE 3. Representative data for the time dependent growth of products in reactions of test compounds with methanol: (a)
hemiacetal of SS; (b) hemiacetal of DDA; (c) ester of DDA; (d) ester of PA; (e) acetal of PA; and (f) acetal of SS. All product
intensities are measured in the positive ion mode and normalized to the corresponding precursor ion.

TABLE 1. Observed Reactivity of OA Components with d3-
Methanola

New peak
at ∆m/z in

d3-methanol product
functional

group
observed fraction in
d-limonene SOA (%)

+35.0450 hemiacetal carbonyl ∼42

+17.0345 esterb
carboxylic

acid ∼55
+52.0794 acetalc carbonyl ∼13

a The last column provides approximate lower limits for
the percentages of carbonyls and carboxyls in d-limonene
SOA. b Can also result from hemiacetal formation followed
by dehydration. c Can also result from hemiacetal forma-
tion followed by esterification.
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