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ABSTRACT: In this paper we investigate interferences that appear in
molecular mass spectra from aquatic samples. The interferences are
identified as doubly charged ions originating from high molecular
weight material, which is especially abundant in terrestrial samples. The
interferences could be incorrectly assigned to singly charged formulas
with high aromaticity and heteroatom content, as the mass error from
such formulas can be less than 1 ppm. We propose a strategy for
filtering the interference peaks from mass lists based on the presence of
their equivalent isotopologue peaks at mass defects of ∼0.5 Da.

■ INTRODUCTION

High-resolution mass spectrometry (HRMS) gives detailed
molecular insight into complex environmental mixtures of
dissolved organic matter (DOM). Samples are generally
ionized by electrospray (ESI) in negative mode to take
advantage of the prevalence of carboxylic acid groups in DOM.
The resulting mass spectra are processed in routines that
remove noise, calibrate the m/z axis, and assign formulas. In
general, researchers attempt to assign formulas to as much
signal as possible, keeping a close control on the allowed
constraints in mass accuracy and other metrics such as isotope
patterns, in order to minimize false positive assignments.
One critical assumption that has gradually gained acceptance

is that the vast majority of signals generated by ESI of the
DOM samples are from singly charged ions,1,2 although doubly
charged ions have been observed in DOM samples by
ultrahigh resolution MS and ion mobility MS.3,4 The low but
noticeable signal from doubly charged species can be
erroneously assigned to singly charged formulas if the resolving
power is not sufficient, with important implications for how
samples are described. Improved insights into the nature of
complex environmental samples have been obtained through
the detailed separation of mixtures using chromatography,5−7

and we have found that the doubly charged spectral
interferences in the DOM samples can be removed by
fractionating the sample with size exclusion chromatography.
The implication of this result is that the interferences are not
an artifact of the measurement (e.g., doubly charged versions
of the same molecules that form singly charged ions) but are
generated from separate molecular entities in the sample. The
doubly charged “interferences” can be attributed to partial
ionization of higher molecular weight DOM, which is of
greater abundance in more terrestrially dominated, light-
attenuating samples.8

We do not recommend that every sample should be
fractionated prior to the HRMS analysis but, instead, suggest
that formula assignment routines are carefully tuned so that
these interferences are not incorrectly assigned, and we also
recommend that mass spectrometrists take care to manually
inspect mass spectra even as we increasingly employ
automated routines to process samples.

■ METHODS

Suwannee River Fulvic acid (SRFA) was obtained from the
International Humic Substances Society, and it was prepared
to 10.3 mg/mL in 50% methanol (liquid chromatography-mass
spectrometry (LCMS) grade LiChroSolv, VWR) in ultrapure
water (Milli-Q, Millipore). The sample was fractionated into
four size fractions as described in a previous paper,8 and
further details can be found in the Supporting Information.
Briefly, two fractions (high and low molecular weight) were
collected after separation by high-pressure size-exclusion
chromatography, and they were subsequently analyzed by
reversed-phase high-pressure liquid chromatography (HPLC),
along with unfractionated SRFA: The two size fractions were
equivalent to size ranges of ∼1200−2800 Da (Fraction 2) and
60−510 Da (Fraction 4) in an equivalent molecular size of
poly(styrenesulfonate).9 For each of the three samples, HPLC-
ESI-MS data were averaged between 2 and 15 min to a single
mass spectrum and mass list for formula assignment.
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■ RESULTS AND DISCUSSION

Inspection of a mass window at 411.00−412.25 Da in SRFA
showed that some low-intensity doubly charged ions were
present (Figure 1). Note that these interferences are present

throughout the spectrum, not just at m/z 411. The doubly

charged ions have 13C isotopologues at ca. +0.5 Da, while

singly charged ions have isotopologues at ca. +1 Da (Figure

1A). Several potential formulas could be assigned to the

Figure 1. Mass spectra of (A) unfractionated SRFA, (B) high molecular weight fraction, and (C) low molecular weight fraction. Several highly
probable formula assignments are indicated in (A) with black text, and suggested doubly charged interferences are indicated in green boxes. An
example of a possible false assignment of a likely doubly charged peak is indicated in red in (B). Note that the intensity scale on the y-axis is
different for each plot, and the high-intensity singly charged ions are cropped in (A, C) in order to display the interferences.

Figure 2. van Krevelen diagrams (H/C vs O/C for each assigned formula) for the unfractionated sample. Assignments before (A) and after (B)
filtering the data for doubly charged ions. (C) Likely false positive assignments removed. Point size is shown as the square root of intensity; colors
indicate CHO peaks (black) and those with at least one nitrogen or sulfur (red).
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doubly charged ions under some formula assignment algorithm
constraints, as indicated in Figure 1B. The intensity of the 13C
isotopologues of the doubly charged ions was at the same
order of magnitude as the monoisotopic 12C ions, presumably
due to the high carbon number of the more likely (M-2H2−)
assignments, which have been made previously at higher
resolving power.4 This is different than the typical 13C
isotopologues of singly charged ions in this mass range (Figure
1A), which are typically ∼10−20% of the intensity of the
monoisotopic ions due to the ions’ carbon numbers from 10 to
20 and the natural proportion of 13C/12C of ∼1%.
Fractionation of SRFA into nonadjacent high molecular

weight and low molecular weight size fractions demonstrated
that the doubly charged ion intensity was due to high
molecular weight components of the mixture, and it was not
any type of artifact of the ionization and measurement of low
molecular weight material (Figure 2). Accordingly, we suggest
that this material is genuinely present in the sample and,
without time-costly sample fractionation, cannot be removed.
Instead the data treatment needs to take the high molecular
weight material into account in order to avoid false positive
formula assignment. As determined previously, these doubly
charged ions are split from some singly charged sulfur-
containing peaks by just 0.43 mDa,4 leading to the obtained
coalescence of ions (Figure 1B) when resolving power is not
extremely high. With assumed Gaussian peak shape and 10%
valley definition of resolution,10 the mass-dependent peak
resolution (R) required to avoid coalescence of these peaks can
be calculated from eq 1.

R
m z

m z
/

Full Width at Half Maximum
2000
0.43

/= ≥
(1)

This relationship is not satisfied at any mass for the Orbitrap
used in this study and only for masses less than ∼180 m/z for
12T FT-ICR and less than ∼500 for 21T FT-ICR, according to
data from refs 4 and 11 (Figure S1). We found that the high
molecular weight material responsible for the spectral
interference is more abundant in samples with high terrestrial
influence, such as SRFA and headwater stream samples. These
species progressively decrease in clearer water aquatic systems
and are at the lowest in groundwater and marine water.8

There are spectral interferences at each mass (odd and even)
at similar intensities, because the typical repeating pattern of
odd masses (grouping patterns of +2 Da) for singly charged
ions is decreased to grouping patterns of +1 Da. This means
that the relative abundance of the doubly compared to singly
charged ions is higher at even masses (e.g., 412 Da, Figure 1A),
leading to a high probability of false positive assignments of
nitrogen-containing formulas (Figures 2 and S2).
One approach to avoid false positive assignment of doubly

charged ions to singly charged formulas is to simply allow
doubly charged formulas.4 This would double the processing
time of most routines and would lead to some false
assignments. Since the vast majority of doubly charged ions
are of a very low intensity (as evidenced by the lack of
abundant ions at mass defects 0.5−0.6) and also coalesce with
singly charged peaks, this solution is probably too crude.
Interferences greater than 250 Da can only be resolved from
singly charged ions by ion mobility spectrometry and greater
than or equal to 21 T Fourier-transform ion cyclotron
resonance (FTICR) MS3,4,12 (Figure S1).
In more routine applications, we suggest that interferences

should be removed before the noise determination and formula

assignment steps. This can be done by identifying the
isotopologues of the doubly charged peaks at mass defects of
0.45−0.65 and then removing the equivalent monoisotopic
doubly charged peaks at the identified mass of −0.5017 Da
(±2 ppm), which is half the mass of the difference between
13C and 12C. This can be done for a mass list in a simple coded
loop (see the Supporting Information).
In Figure 2, we show the effect of applying such a filter on

the data with van Krevelen diagrams of the assigned formulas
for the bulk SRFA sample. Formula assignment tolerance was 1
ppm, and up to two nitrogens and one sulfur were allowed.
It is clear from Figure 2 that a large portion of the doubly

charged spectral interferences can be assigned to heteroatom-
containing formulas that occupy the lower left corner of the
van Krevelen space and might, therefore, be considered as
“condensed aromatics” or “black nitrogen” type of compounds
by popular molecular class assignments. These false positive
assignments can often be found in the literature in the same
surprising corner of the van Krevelen diagram. Simply applying
the filter described to remove doubly charged ions from
considerations decreased the number of CHO + N,S peaks
dramatically from 1892 to 346.
The numerous high aromaticity false assignments can also

be avoided by applying a formula assignment rule (double-
bond equivalents minus oxygen less than 10).13 Such a rule
may still be necessary even after the filter we suggest is applied,
as several such assignments were still made after the filter was
applied (Figure 2B). In any case, applying such a rule would
not remove all false positives we identify in Figure 2C, many of
which are found in the center of the plotted van Krevelen
space. Improving mass accuracy and isotope pattern require-
ments might also help, but considering that the spectral
interferences lead to many low-intensity ions at every nominal
mass (not just odd masses), isotope pattern algorithms may
also be confounded.
The best approach should combine noise and interference

filtering steps and sensible formula constraints that are adapted
according to the resolving power of the instrument used. In
any case, all automated routines are likely to make some false
negative and positive assignments, and so careful vigilance of
the results is required, and expert mass spectrometrists cannot
be removed from the process quite yet.
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The Supporting Information is available free of charge at
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Additional method detail, two supplemental figures and
an example MATLAB code for removing spectral
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