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An approach toward quantification of organic
compounds in complex environmental samples using
high-resolution electrospray ionization mass
spectrometry†

Tran B. Nguyen,‡a Sergey A. Nizkorodov,*b Alexander Laskinc and Julia Laskin*d

Quantitative analysis of individual compounds in complex mixtures using high-resolution electrospray

ionization mass spectrometry (HR-ESI-MS) is complicated by differences in the ionization efficiencies of

analyte molecules, mainly resulting in signal suppression during ionization. However, the ability to

obtain concentration estimates of compounds in environmental samples is important for data

interpretation and comparison. We introduce an approach for estimating mass concentrations of

analytes observed in a multicomponent mixture by HR-ESI-MS, without prior separation. The approach

relies, in part, on a matrix-matched calibration of the instrument using appropriate standards added to

the analyte matrix. An illustration of how the proposed calibration can be applied in practice is provided

for aqueous extracts of isoprene photooxidation secondary organic aerosol, with multifunctional

organic acid standards. We show that the observed ion sensitivities in ESI are positively correlated with

the “adjusted mass,” defined as a product of the molecular mass and the H/C ratio in the molecule

(adjusted mass ¼ H/C � molecular mass). The correlation of the observed ESI sensitivity with adjusted

mass is associated with the trends of the physical and chemical properties of organic compounds that

affect ionization in the positive ion mode, i.e., gas-phase basicity, polarizability, and molecular size.
Introduction

High-resolution electrospray ionizationmass spectrometry (HR-
ESI-MS) is a powerful technique for the identication and char-
acterization of compounds in complex mixtures including
aqueous natural organic matter (NOM),1,2 cloud and fog
samples,3 peptide mixtures,4 crude oil,5 and organic aerosol
extracts.6,7 In these applications, it is desirable to convert raw ion
intensities into absolute concentrations, or at the very least,
determine the relative abundances of compounds in themixture.
Even modest accuracy provided by the estimation would be
invaluable for the interpretation of the experimental results.
Obtaining quantitative results from HR-ESI-MS, however, is
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complicated due to the fact that ionization efficiencies vary
with spray conditions (e.g., voltage, solvent, ow rate), analyte
chemical properties, and thepresence of charge competitors (see
ref. 8 and references therein). Consequently, HR-ESI-MS is typi-
cally used for detection and identication of compounds in
complex mixtures while quantitative measurement studies rely
on liquid chromatography separation, stable isotope labelling,
and/or intensity calibration using internal standards.9

Most studieson thequanticationof analyte ions producedby
ESI focus on relative ionization efficiency measurements of two
standard compounds in pure solvents. This approach is infor-
mative, but because the ionization response depends on the
concentration and chemical properties of all the solutes in the
mixture, two-component mixtures are likely to have different ESI
responses compared to multicomponent mixtures.10 Environ-
mental samples are oen a complex mixture of dissolved
organics, which simultaneously compete for charge. Neverthe-
less, quantitative analyses of selected analytes in polymer
matrices11 and in secondary organic aerosols (SOA)7 have been
performed for a few compounds using internal standards.
Furthermore, external standards in a realisticmatrix, i.e., matrix-
matched standards, have been used to overcomematrix effects in
the quantication of desired analytes, mostly in physiological
samples.11–14Thismatrix-matched calibration canbe expanded to
assign concentration values to HR-MS peak intensities for all
This journal is ª The Royal Society of Chemistry 2013
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observable compounds in anunknown environmentalmixture, if
there is a good correlation between the peak intensities and other
parameters that can be directly obtained from the mass spectra.

In positive ion mode ESI, analyte molecules are typically
converted to protonated [M + H]+ or sodiated [M + Na]+ species.
Therefore, positive mode ionization in ESI enables chemical
characterization of molecules that readily form and stabilize a
positive charge.15–18 Many parameters, oen interrelated, affect
ionization efficiencies within separate compound classes:
polarizability, gas-phase basicity (GB, related to proton affinity
(PA) by an entropic term � TDSo), sodium affinity, and surface
activity that may be estimated based on the octanol–water
partitioning constant.15,16,18,19 These properties, and therefore
ionization efficiencies, are affected by both the molecular size
and the structure of the analyte.

For homologous series of compounds, GB, sodium affinity
and average polarizability of compounds are proportional to the
molecular size.20–22 However, GB and sodium affinity are also
intrinsically related to structural characteristics like the ioni-
zation site or degree of unsaturation.23–27 Specically, because
the additional p-electrons offer resonance stabilization of the
positive charge, GB increases with the degree of unsaturation in
molecules when ionization occurs on carbon atoms, such as for
aliphatic hydrocarbons,20 carbonyls,27 and cyclic ethers.25,26

However, when ionization occurs on more basic atoms such as
N, S or O, GB decreases with the degree of unsaturation due to
the conversion from the sp3 hybridization state to the sp2 state
of the basic atoms, e.g., going from an amine to an enamine.20

Because the dependence of the ionization efficiency on struc-
tural properties, such as the degree of unsaturation, may vary by
compound class, the molecular size alone is not directly corre-
lated with the ionization efficiency. Therefore, a combination of
factors should be considered when estimating ionization effi-
ciencies, perhaps with one factor describing the size (e.g., mass
or volume) and another relating to the structure of the mole-
cule. Calibrations that utilize easily accessible parameters from
the mass spectra, as opposed to approaches relying on physico-
chemical properties that may not be available in the literature,
will facilitate the processing of large HR-ESI-MS datasets from
which individual molecular formulas can be determined.

In this work, we introduce a semi-empirical matrix-matched
approach to estimate the concentrations of analytemolecules in a
complex environmentalmixture analyzedbyHR-ESI-MS. First,we
characterize the positive ion mode ESI response of a few multi-
functional organic acid standards in an authentic secondary
organic aerosol (SOA) sample matrix without chromatographic
separation. Organic acid species are common in SOA28,29 and
other environmental samples,30,31which are oenhighly oxidized
and comprise multifunctional polar compounds. We demon-
strate that the ESI efficiency of the standards in the SOAmatrix is
correlated with an “adjusted mass” that explicitly incorporates
the contribution of both analyte molecular size and the degree of
unsaturation (parameterized by H/C ratios that are conveniently
obtained from HR-MS). Subsequently, the apparent relationship
between theESI ionizationefficiency andadjustedmass isused to
calculate approximate concentrations of analyte compounds in
isoprene SOA. This approach provides convenient concentration
This journal is ª The Royal Society of Chemistry 2013
estimatesof organic compounds from raw ion intensities and can
be practically applied to environmental samples.
Experimental

SOA from the OH radical initiated photooxidation of isoprene
were synthesized and aqueous extracts of SOA were used as a
matrix for ESI sensitivity calibrations. SOA were generated and
monitored in a 5 m3 photochemical chamber at 70% relative
humidity, as described previously.32 The photooxidation time
was 5 hours and approximately 500 ppb of isoprene (C5H8,
Aldrich purity 99%) and 700 ppb of nitrogen oxides (NO + NO2,
added from a mixture of 5000 ppm of NO in N2) were initially
present in the chamber. No additional OH radical precursors
were added and no inorganic seed particles were used. The
particle size and total SOA mass concentration (in mg m�3) were
monitoredwith a scanningmobility particle sizer (TSI, Inc.). SOA
samples were collected on PTFE lters (Millipore, 0.2 mm pore),
weighedwith amicrobalance (�1mg precision, SartoriusME-5F),
and extracted with 10 minute sonication in 1.5–2.0 mL puried
water (Aldrich, HPLC grade) to a mass concentration of 200 mg
mL�1, comparable to polluted environmental water samples.33

Ionization sensitivity calibrations were performed by adding
an organic acid standard into the aqueous SOA matrix and
recording the HR-ESI-MS spectra. Note that we use “HR-ESI-MS”
when referring to the high-resolution technique for the determi-
nation of analyte masses and only “ESI” when discussing the
general aspects of electrospray ionization of organics in a solvent
or a sample extract. For each standard compound, the calibration
was repeated for four tovedifferent concentrations,whichvaried
over an order of magnitude. Single concentrations of standards
were quantitatively transferred to the aqueous SOA matrix from
diluted stock solutions (10�5 to 10�3 M) to achieve total organic
acid concentrations of 0.1–100 mg mL�1. Four standard
compounds were chosen and used individually, with each stan-
dard containing two chemical functional groups (e.g., carboxyl
and carbonyl or carboxyl and hydroxyl). Standards varied in size
and chemical functionality (diacids vs. monoacids, aromatic vs.
aliphatic). When selecting the standards, we required that they
had different molecular formulas from the compounds already
present in SOA to more accurately obtain limits of detection;
however this condition need not be imposed under a normal
applicationof the calibrationmethodasbackgroundsignal canbe
removed. The addition of standards increased the total volume by
less than 10%, and therefore did not signicantly dilute the SOA
compounds. Table 1 shows the chemical structures and proper-
ties of the standards: malic acid (C4H6O5), 3,5-dihydroxybenzoic
acid (C7H6O4), pinonic acid (C10H16O3) and 5-oxoazelaic acid
(C9H14O4). All standards were used as purchased from Sigma-
Aldrich, Inc., with the highest available chemical grade.

SOA mixtures in water, spiked with known amounts of the
organic acid standards, were electrosprayed into a high-reso-
lution (60 000 m/Dm) linear-ion-trap (LTQ) Orbitrap� mass
spectrometer (Thermo Electron Corporation, Inc.) in the posi-
tive ion mode. A mass range of 100–2000 Da was used for
experiments, although the observable compounds in the SOA
did not exceed 600 Da in size. Samples were introduced with
Anal. Methods, 2013, 5, 72–80 | 73



Table 1 Positive ion mode ESI calibration using organic mono- and di-acid standards in an aqueous isoprene SOA sample matrix. Effective sensitivity is the slope of the
dependence of the signal-to-noise ratio on the mass concentration (mg mL�1) of the added standard. Effective limit-of-detection (LOD) for each ion is the minimum
concentration of standard necessary for its detection by HR-ESI-MS within the aqueous SOA matrix

Standard name (formula) Detected ion
Molecular
mass (Da)

Adjusted
mass (Da) Molecular structure Eff. sensitivity (mL mg�1) Eff. LOD (mg mL�1)

Malic acid (C4H6O5) Na+ 134.022 201.033 2.68 (�0.02) 8.83 (�2.42)

3,5-Dihydroxy benzoic
acid (C7H6O4)

Na+ and H+ 154.027 132.023
Na+ ion: 0.011 (�0.001) Na+ ion: 24.5 (�8.6)

H+ ion: 0.09 (�0.02) H+ ion: 5.65 (�0.84)

Pinonic acid (C10H16O3) Na+ and H+ 184.110 294.576
Na

+
ion: 2.86 (�0.42) Na+ ion: 0.30 (�0.10)

H
+
ion: 2.25 (�0.25) H

+

ion: 0.74 (�0.14)

5-Oxoazelaic acid
(C9H14O5)

Na+ 202.084 314.353 5.48 (�0.14) 0.02 (�0.01)

Analytical Methods Paper
direct infusion using a ow rate of 0.5–1 mL min�1 and ionized
with a spray voltage of 4 kV. Analyte compounds were detected
as sodiated [M + Na]+ and/or protonated [M + H]+ species. The
instrument was calibrated with a commercial standard mixture
of caffeine, MRFA, and Ultramark 1621 (LTQ ESI Positive Ion
Calibration Solution, Thermo Scientic, Inc) to maintain high
mass accuracy (ca. 0.5 ppm at m/z 500). Accurate mass assign-
ments were performed in the same manner as previously
described,32,34,35 which generated molecular formulas and
signal-to-noise (S/N) ratios for all observed ions. Peaks with
S/N > 3, as dened by Decon2LS program developed at the
Pacic Northwest National Laboratory (PNNL) [http://
omics.pnl.gov/soware/DeconTools.php], were selected for
analysis. Peaks with S/N below 3 threshold were discarded, in
effect resetting their intensity to zero. The use of S/N ¼ 3 as the
threshold is consistent with the usual denition of the limit of
detection. The molecular formulas of the ions were converted to
“neutral” molecular formulas (M) by removing a proton or
sodium cation. The signals of compounds detected as both
protonated and sodiated ions were summed. The individual
calibration curves were t to an appropriate model using least-
squares analyses. The degree of deviation from linear or non-
linear ts was used as a comparison metric and is reported
as the adjusted squared correlation coefficient, R

2, which
modies the centre-of-density R2 value (R2 ¼ 1 � RSS/TSS) by
considering the degrees of freedom (df) of the model (R2 ¼ 1 �
[RSS/dferror]/[TSS/dftotal]). R

2 gives a more accurate indication of
goodness of t, especially when a smaller sample size is used. In
most cases R2 z R2 and ranges from 0 (poor t) to 1 (perfect t),
but can be negative if a particularly poor model is used.
Fig. 1 ESI sensitivity response for protonated and/or sodiated peaks from (a)
malic acid, (b) 3,5-dihydroxybenzoic acid, (c) pinonic acid and (d) 5-oxoazelaic
acid. See Table 1 for additional information about the standards. Only data above
the LOD are included in the linear fits.
Results and discussion
A Calibration of standards in complex SOA mixtures

A calibration was performed to establish the ESI sensitivity of
individual standards of varying size and structure in a complex
74 | Anal. Methods, 2013, 5, 72–80
isoprene SOAmixture. The SOAmatrix includes multifunctional
organic acids, organic nitrates, carbonyls, and other types of
oxygenated compounds present as monomeric and oligomeric
structures.35–37 The isoprene SOA composition is dominated by
aliphatic molecules (average H/C � 1.6) that are highly oxidized
(average O/C � 0.8) with a molecular weight (MW) range of
approximately 100–600 g mol�1. Although the MW of the stan-
dard compounds (Mw < 200 g mol�1) are lower, the degree of
oxidation (O/C¼0.3–1.2) and chemical functional groups exhibit
good overlap with the isoprene SOA and other oxidized complex
organic matter in ambient samples. High-MW standards with
high O/C andmultiple functional groups were not commercially
available, which limited the calibrationmass range of our study.

Fig. 1 shows that the ion intensities of the standard
compounds are proportional to their concentrations in the
This journal is ª The Royal Society of Chemistry 2013
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complex SOAmixture. The dependence is almost linear (R2 > 0.9)
with respect to standard concentration. Positive values of X
(concentration) intercepts suggest that analyte compounds are
not detected below a certain threshold, and different values of
the intercepts suggest that the threshold is dependent on the
chemical nature of the analyte. In general, ESI sensitivity is a
measure of the ion signal response to concentration. Thus, we
dene the effective sensitivity (a) as the linear slope of the ion
signal (Ii) vs.mass concentration of the analyte ([A]). The effective
limit of detection (LOD) is denedas the analyte concentration at
which the signal intensity drops below the noise level (I ¼ 0).

I ¼ a[A] + b (1)

LOD ¼ �b/a (2)

For the compounds observed in our isoprene photooxidation
SOA sample, the LOD corresponds to the concentration at
which S/N reaches the value of 3 because peaks with S/N < 3 are
rejected by the data processing. Fig. 1 shows that all the stan-
dards have negative vertical intercepts, or a positive LOD, due to
charge competition by the compounds within the dissolved
organic matrix. The a and LOD values for standard compounds
are summarized in Table 1. The LOD values can be large; for
example, approximately 25 mg mL�1 of 3,5-dihydroxybenzoic
acid were needed to be added to the SOA aqueous sample in
order to produce a sodiated signal for that compound. Most
ions have small to intermediate LOD values, e.g. 0.1–1% by
mass in the matrix. However, even these small LOD values may
still lead to an underestimation of the concentration of indi-
vidual compounds in an organic mixture if concentration is
calculated assuming that LOD¼ 0, i.e., [A]detected ¼ I/a. The true
concentration of the analyte has to include a non-zero value of
LOD. Therefore, a matrix-dependent correction, like the one
presented in this work, should be applied.

In contrast, the ESI detection of standards in a pure solvent
does not, and is not expected to, experience such a dramatic
offset due to the charge competition. Fig. 2 shows the ESI signal
Fig. 2 ESI sensitivity response for the sodiated peak of pinonic acid (C10H16O3) in
pure water and in the aqueous isoprene SOAmatrix. Only data above the LOD are
included in the linear fits.

This journal is ª The Royal Society of Chemistry 2013
response of sodiated pinonic acid as a representative
compound in pure water and in an aqueous SOA matrix as a
function of concentration. The LOD of sodiated pinonic acid
ion is reduced tenfold in water (LOD # 0.03 mg mL�1) as
compared to its value in the SOA matrix (LOD � 0.3 mg mL�1).
The variability in the LOD values between different standard
compounds (in terms of size and chemical functionality) and
different matrices highlight the need for the calibration studies
to be performed in a realistic matrix, as opposed to pure solvent.

The effective sensitivity, dened as slope a in eqn (1),
measures the ion abundance of the analyte of interest in parallel
with other compounds in thematrix. We note that this denition
is different from that of other work in the literature,15,18 which
measured the ability of a compound to form gas-phase ions from
a single- or two-component solution. Most molecules in our HR-
ESI-MS studies were ionized through a single ionization mecha-
nism, but somemolecules like pinonic acidwere detected as both
sodiated and protonated species. Both ionized species were
observed for these compounds at concentrations higher than
those shown in Fig. 1, although they may not be visible in the
graph. The effective sensitivities for such analytes were obtained
by summing up the observed intensities of the [M + H]+ and [M +
Na]+ ions as both ions contribute to the ionization potential of the
molecule. Likewise, the effective LOD for both ions are summed
because using only one LOD value will not accurately correct the
ESI signal for the entire concentration of a particular analyte.

Due to the expected dependence of the ionization efficiency
on mass and the structure of the standard compounds, the ESI
sensitivity for each standard (ai) and LODmay correlate with the
product of neutral molecular mass and the H/C ratio (proxy for
degree of unsaturation), which we term “adjusted mass” (AM,
units of Da):

AM ¼ (H/C) � (molecular mass) (3)
Fig. 3 Sensitivity and LOD as a function of adjustedmass [AM¼ (neutral mass)�
(H/C ratio)]. Justifications for correlating the effective sensitivity with AM are
provided in the text.

Anal. Methods, 2013, 5, 72–80 | 75
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H/C is commonly used to characterize structure of SOA
compounds6,38 but has not been considered as a factor relevant
to the ESI efficiency.

Fig. 3a shows that the ESI sensitivities for the four standards
indeedhave a strongpositive correlationwithAM.The sensitivity
dependence on AM can be t well with an exponential rise to a
maximum function, y[x]¼ y0 + y1(1� exp(�R0$AM)) (R2¼ 0.999)
or a linear function (R2 ¼ 0.985, not shown). The exponential
function is more appropriate for high MW compounds because
effective sensitivities and LOD (Fig. 3b) exhibit asymptotic
behaviour at higher AM. The asymptotic behaviour may arise
because higher AMvalues are correlatedwith lower unsaturation
(p-electron density) but higher average polarizability, whichmay
have opposite effects on ionization in each homologous series.
Similar saturation behaviour in properties like GB at higher AM
are observed, which is discussed later in the paper.

In contrast to AM, the ESI sensitivity correlates much more
poorly with molecular mass (R2 ¼ 0.332) and H/C ratio (R2 ¼
0.757) individually. The correlation of ESI sensitivity with O/C is
also poor (R2¼�0.353) and furthermore, O/C cannot be used as
a calibration parameter for unoxidized molecules. It is
remarkable that AM is a better independent variable for our
experimental calibration than molecular mass or H/C individ-
ually. We propose that the correlation between the effective
sensitivity and AM is neither unique to our experiments nor to
the specic set of multifunctional standard compounds chosen
for this study. The dependence of ESI sensitivity on AM provides
the basis for the calibration method reported here.
Fig. 4 Gas-phase basicity (GB) as a function of adjusted mass for 13 classes of m
reported in Table 2. Identities of compounds used for analysis are reported in Table

76 | Anal. Methods, 2013, 5, 72–80
LOD also appears to be related to AM and increases sharply at
low AM (Fig. 3b). This observation highlights the bias of ESI
against small molecules when a signicant concentration of
competing analytes is present. For example, approximately 10 mg
mL�1 of malic acid (M + Na+ ion m/z 157) in the SOA mixture is
needed to overcome the effective LOD, compared to #0.03 mg
mL�1 needed for 5-oxoazelaic acid (M + Na+ ion m/z 225). In
addition to the matrix effects, the high value of LOD for small
compounds may also be a reection of specic experimental
conditions used in this work, such as relatively high tube lens
voltage (150 V) that reduced the transmission of the low-mass
ions into the LTQ. The calibration described in this study must
be carried out for specic ESI-MS conditions and can then be
only applied to experiments performed under those conditions.

B The adjusted mass axis

The dependence of ESI sensitivity on AM is consistent with
other accounts in which both molecular size and degree of
unsaturation of organic compounds affect experimental ESI
response.39,40 This association of ESI sensitivity with AM may be
rationalized in terms of the effects of the molecular size and
structure on the key physico-chemical properties that affect
protonation and/or sodiation of organics. These interrelated
properties include (a) the ability of the analyte to form cations in
the gas phase, which is controlled by GB and sodium affinity
and (b) the ability of the analyte ion to stabilize charge, which is
controlled by molecular size (mass or volume), degree of
unsaturation, and average polarizability.16,20,21,41,42 However, any
olecules (ref. 43). Linear least-squares fits have been applied and R
2 values are

S1.†

This journal is ª The Royal Society of Chemistry 2013
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particular parameter may have a different degree of inuence
on the ionization efficiencies of different homologous series.15

We focus on GB and polarizability as representative properties
as large compilations of data are available in the literature for
many compound classes.

Fig. 4 shows that GB correlates well with AM for 13 classes of
compounds. Each class of compounds includes 8–23molecules,
depending on the availability of data taken from ref. 43 and
references therein. The identities of the compounds used for
statistical analysis and their proton affinity (PA), GB, and
molecular volume (calculated from atomic radii) values are
listed in Table S1 of the ESI.† PA and molecular volume show
similar trends with AM as GB (not shown). Linear ts of GB with
respect to AM are shown in Fig. 4 for each compound class.
There is no particular reason to expect a linear, exponential or
any other type of dependence of GB on AM. However, we use
correlation coefficients of linear ts as a semi-quantitative
comparison for using AM vs. molecular mass or H/C as a cali-
bration parameter. We note that for many types of compounds,
there appears to be a saturation effect for GB at higher AM,
consistent with the ESI sensitivity behaviours of our calibrant
compounds in the SOA matrix.

Table 2 reports the adjusted squared correlation coefficients
(R2), and the ratios of residual sum of squares (RSS) from
correlations of GB to AM compared to correlations of GB to
molecular mass or H/C for each compound class. RSS ratios
provide a convenient metric for comparing the appropriateness
of using these parameters for calibration. As low values for
RSS indicate better correlation, values of (RSSH/C/RSSAM) or
(RSSmass/RSSAM) greater than unity imply that AM is a better
parameter for the correlation than either molecular mass or
H/C. For the linear correlations reported in Table 2, AM is either
as good a parameter to use for calibration (RSS ratio � 1) or
better (RSS ratio > 1), based on GB, when comparing to
molecular mass and H/C ratio. The correlation of GB with AM is
good using a linear relationship for the majority of compound
classes. However, it is notably poor for the class of carboxylic
Table 2 R
2 values for linear least-squares fit for GB (kJ mol�1) as a function of

adjusted mass (AM) for 13 classes of molecules. Residual sum of squares (RSS)
ratios (please see text for definition) for correlations of AM vs. molecular mass and
H/C provide an effective metric for an improvement in fit

Compound class # Points
Lin. R2

(AM)
RSS Ratios
(mass)

RSS Ratios
(H/C)

Imidazoles 8 0.921 11 10
Pyrazoles 13 0.886 5.7 8.8
Pyridines 23 0.867 1.9 1.1
Saturated esters 15 0.533 0.7 1.8
Unsaturated esters 15 0.571 1.1 2.0
Alkyl ethers 16 0.687 0.7 2.2
Saturated ketones 20 0.882 1.4 4.1
Diamines 11 0.862 3.9 2.4
Primary amines 16 0.484 1.1 1.5
Secondary amines 11 0.505 0.8 0.9
Tertiary amines 11 0.835 0.8 1.3
Alcohols 10 0.652 1.3 1.1
Carboxylic acids 12 0.465 0.6 0.9
Average values 0.700 2.4 2.9

This journal is ª The Royal Society of Chemistry 2013
acids. In contrast, the carboxylic acids used as calibration
standards in our work correlated well with AM. The reason for
the discrepancy may be due to the absence of additional func-
tional groups for the carboxylic acids in the correlation study.
The acid standards chosen for the calibration resembled
compounds expected in SOA more closely because they are
more oxidized andmultifunctional, e.g., they contain additional
oxo or hydroxyl groups. The additional alcohol or ketone
groups, which in isolated groups correlate well with AM, may
provide additional protonation or sodiation sites on the struc-
ture of the matrix-matched standards to improve their correla-
tion with AM.

On average, the correlation of GB with AM is better than with
molecular mass or H/C by a factor of 2–3. The improvement in
t is �2 without the contribution of imidazoles, the class of
compounds most well-correlated with AM. Examples of the
signicant improvements in t with the AM axis are illustrated
in Fig. 5a–c for imidazoles and pyrazoles, for which the GB
exhibits poor correlation with molecular mass and H/C ratios.
Fig. 5d–f illustrate a difference in the sign of dependence for
tertiary amines, the GB of which decreases with H/C but
increases with molecular mass and with AM. In all the
compound classes used in our study, the GB of alcohols,
amines, and alkyl ethers are negatively correlated with H/C for
reasons discussed in Section A of Results and discussion. The
correlation is positive for nearly all other families of
Fig. 5 GB as a function of molecular mass, H/C ratios and AM for (a–c)
imidazoles and pyrazoles and (d–f) tertiary amines.

Anal. Methods, 2013, 5, 72–80 | 77



Fig. 6 Dependence of average polarizability on adjusted mass for hydrocarbons
and oxygenated hydrocarbons listed in Table S2.†

Fig. 7 An application of the sensitivity–AM correlation to a mass spectrum of
isoprene SOA dissolved in water. The main graph shows the ratio between the
estimated mass concentration and the corresponding peak intensity in the raw
mass spectrum. The largest variation occurs at a low m/z region where the cali-
bration with standards doped in SOA matrices enhance the signal contribution
from low-MW analytes. The inset shows the resulting calibrated mass spectrum.

Analytical Methods Paper
compounds. This observation is consistent with other experi-
mental and theoretical accounts where alcohols, amines and
aliphatic ethers deviate in ionization behaviour from other
compound classes.20 Despite varying effects of degree of unsa-
turation on GB, the correlation of GB on AM is always positive
for the classes of molecules whose GB values are available in the
literature.

Fig. 6 shows that the average polarizability (cm3), which
determines the strength of the electrostatic interaction between
a positive charge and the analyte, can also have a positive
correlation with AM for a large number of hydrocarbons and
oxygenated hydrocarbons compounds44 listed in Table S2.† This
increase in average polarizability with respect to AM is expected
because polarizability increases with molecular size and the
number of alkyl groups in the molecule,45,46 which result in
higher AM values. Similarly to GB, there is a polarizability
saturation effect with size as the change in size becomes
increasingly smaller in relation to the total size of the molecule.
Polarizability affects sodium affinity and GB to a large extent47–49

and it is reasonable to assume that both the strength of sodium
binding and protonation will increase with AM. It is important
to emphasize that even though individual physico-chemical
properties considered in this study are correlated with AM,
positive ion mode ionization will depend on the combination of
many factors. Therefore, experimental calibration of the type
performed in this work is essential.

C Application of sensitivity calibration to a high-resolution
mass spectrum

The suggested calibration procedure is applied to an HR-ESI-MS
mass spectrum aer peak extraction and formula assignment,
which makes it possible to calculate AM values for each
compound in the mixture from the assigned neutral molecular
formulas. Suitable parameterizations of a(AM) (Fig. 3a), and
LOD(AM) (Fig. 3b) functions are then used to convert peak
intensities into concentrations of individual analyte species:

[A] ¼ I/a(AM) + LOD(AM) (4)

An additional constraint on the total mass concentration of
analytes (200 mg mL�1 in this work) in eqn (5) can optionally
78 | Anal. Methods, 2013, 5, 72–80
be used to normalize the [A] values calculated from eqn (4)
such that

Xn

0

½A� ¼ total concentration ¼ 200 mg mL�1 (5)

Because eqn (5) readjusts the predicted [A] values, the cali-
bration is most sensitive to the relative, not absolute, AM-
dependent ionization efficiencies of analytes. This effectively
reduces errors of the predicted analyte concentrations. Without
the normalization via eqn (5), the sum of predicted [A], i.e.
predicted total organic concentration, for several SOA samples
of varying composition were higher than the actual total organic
concentration by a factor of 2–6. Although quantication of all
analytes based on a few standards is fairly approximate, the
deviations from the actual total organic concentrations are
within the range of other methods. For example, the quantita-
tive analyses of peptides in ESI-MS is achieved within a factor of
3–5 of the true value when calibrating with respect to several
observable parameters.9

Fig. 7 shows the result of applying the calibration to an
experimental mass spectrum of isoprene photooxidation SOA in
water. The nonlinear function that extends to higher masses
was used to assign approximate analyte concentrations in the
isoprene SOA sample. The ratio [A]/I is a measure of change in
predicted concentration relative to the experimentally observed
ion signals in the spectrum. A constant value of [A]/I throughout
the mass spectrum indicates identical sensitivities of analytes
in the matrix. The lower mass range has higher [A]/I ratios
relative to the higher mass range aer applying the calibration
because of the lower ionization efficiency of low MW analytes in
ESI and bias in ion transmission resulting from potentials used
in this study. Higher molecular mass analytes in the range
300–600 Da were generally treated as having similar ionization
efficiencies due to the asymptotic behaviour of the calibration
curve of both sensitivity and LOD toward higher AM (Fig. 3).
This is reected in the effectively constant [A]/I ratios of analytes
This journal is ª The Royal Society of Chemistry 2013
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with masses >300 Da. The main source of any variance from the
[A]/I trend is due to the different H/C of SOA compounds.
Because isoprene SOA contains mostly aliphatic molecules, the
range over which H/C varies in this work, and hence the vari-
ance from the general [A]/I trend, is relatively small (hH/Ci ¼
1.55 � 0.14). The inset of Fig. 7 shows the calibrated [A] values
for each detected compound. The shape of themass spectrum is
generally preserved aer applying the calibration but the low
masses are enhanced relative to the raw mass spectrum as
can be inferred based on the higher [A]/I values at the lower
mass range.

The approach to assign mass concentrations by application
of eqn (4) and (5) in series makes an important simplifying
assumption that HR-ESI-MS detects the dominant fraction of
organic molecules present in the sample. The accuracy of this
assumption depends on the sample. The majority of organic
molecules ionize well as either protonated or sodiated species
in the positive ion mode ESI, but some samples may contain
compounds (e.g., small organosulfates, saturated hydrocar-
bons, etc.) that are poorly ionizable in the positive ion mode.
The appropriate choice of standards becomes increasingly
important in these cases.

Although limited data are available, a comparison can be
made between the method introduced here and other quanti-
cation methods for compounds in isoprene high-NOx photo-
oxidation SOA. For example, 2-methylglyceric acid (C4H6O4,
120.042 Da) is an important component of isoprene high-NOx
SOA and has been quantied by Surratt et al. (2006) using ultra-
high performance liquid chromatography (UPLC)-ESI-MS.
Using this technique, it was determined that 2-methylglyceric
acid accounts for 2.7–3.7% of the SOA mass when the SOA is
produced under dry (RH < 5%) conditions.36 For consistency in
the comparison with Surratt et al. (2006), we applied the cali-
bration procedure to a high-resolution mass spectrum of the
isoprene high-NOx SOA sample generated under similar
conditions, i.e. low RH (<5%) and using H2O2 as a radical
precursor, which was reported in an earlier work.35 Using the
calibration procedure described in this study, we found 2-
methylglyceric acid to be 4 (�2) % of the SOA mass, which is in
excellent agreement with the UPLC-ESI-MS technique. As more
quantitative information on the composition of SOA becomes
available in the future, more extensive validation of the cali-
bration approach proposed in this work will become possible.
Conclusions

In this study, we introduced a new quantication approach for
estimating the concentrations of molecules in complex organic
mixtures. The approach is based on a calibration of several
standards that are structurally similar to molecules in the
mixture, from which a relation between their “effective sensi-
tivity” and the novel “adjusted mass” (AM) parameter is
obtained and used to estimate concentrations of all the
constituents. In isoprene high-NOx SOA, the quantication
method predicted a concentration for 2-methylglyceric acid that
is comparable to that measured with LC-based techniques.
Moreover, concentration values were obtained for all other
This journal is ª The Royal Society of Chemistry 2013
detected analytes in the isoprene SOA sample, which enhances
the utility of this technique. We predict that the proposed
intensity-to-concentration conversion will be useful for data
interpretation of high-resolution mass spectrometry data. For
some studies of environmental samples where the analyte
concentrations change due to chemistry, the consistent appli-
cation of the calibration approach is especially useful for
calculating relative concentration values as demonstrated in
our recent work.50

Furthermore, ESI ionization behaviour in a complex organic
matrix was observed to be dramatically different than that in the
pure solvents, which are predominantly used to study ioniza-
tion suppression effects. A surprisingly high initial concentra-
tion of the added standard compounds was needed to achieve
observable ionization within the sample mixture. Applying the
sensitivity and LOD calibration more accurately represents the
contribution of ions in the low mass range. As the quantica-
tion approach relied on a calibration of standards in an
authentic matrix, the results predicted are more representative
than those predicted based on physico-chemical properties or
from studies of single- or two-component mixtures.
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