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ABSTRACT: Natural organic matter (NOM) plays an important role in elemental cycles and ecology. Fourier-transform ion cyclo-
tron resonance mass spectrometry (FT-ICR-MS) is an ultra-high resolution technique used to molecularly resolve the complexity of
NOM mixtures. However, even the very high mass resolution of FT-ICR-MS may result in multiple formula assignments to peaks in
an NOM spectrum, especially at the high mass-to-charge ratio (m/z). Absorption mode is one option to process raw FT-ICR-MS data
that can further increase the resolution of the peaks and has not been widely applied in NOM studies. In this study we show the
advantages of using absorption mode for the analysis of NOM samples using a reference sample (Suwannee River fulvic acid).
Absorption mode increased the precision of peak detection as well as the number (+23%) and accuracy of formula assignment (by
28%) when compared to magnitude mode, besides achieving three times higher resolution. The results presented here highlight the
potential to reduce the error threshold used during molecular formula assignment. In conclusion, absorption mode shows advantages

in the processing of NOM samples and other complex mixtures and should be promoted in the NOM community.

1. INTRODUCTION

Natural organic matter (NOM) represents the largest pool of
organic carbon in all environments, such as inland and marine
waters, soils or aerosols.>®* NOM is composed of different clas-
ses of naturally occurring organic compounds with differing
ecological and biogeochemical roles that may vary as a function
of environment and individual molecular reactivity.* High mass
resolution is essential to molecularly resolve the complexity of
NOM mixtures. State-of-the art technique to study the molecu-
lar chemical composition of NOM is Fourier-transform ion cy-
clotron resonance mass spectrometry (FT-ICR-MS).>® How-
ever, even the ultra-high mass resolution and mass accuracy of
FT-ICR-MS may result in multiple molecular formula assign-
ments to individual peaks in an NOM spectrum. Especially at
higher mass-to-charge ratio (m/z) and using typical elemental
boundaries in NOM studies (e.g. CHON,S;) the number of pos-
sible formulas within a pre-defined error threshold non-linearly
increases while at the same time the resolution of FT-ICR-MS
decreases.’®

Magnitude and absorption processing are two different
modes available to convert raw FT-ICR-MS data from the time-
domain to the frequency-domain. For magnitude mode fre-
quency is plotted versus the magnitude of the complex output
of the Fourier transformation. While for absorption mode
knowing of the phase of the ions is necessary to plot the fre-
quency against the real part of the Fourier transformation. How-
ever, ions with different m/z show different initial phase angles
in the ICR cell when the detection starts.® Thus, despite absorp-
tion mode spectral processing is expected to improve peak res-
olution and signal to noise ratio (SNR) as compared to magni-
tude mode, the challenges related to the correction of the phase
of the ions resulted in magnitude mode being prevalent in the

processing of FT-ICR-MS spectra up to now.!® The recent de-
velopment of spectral processing tools such as phase algo-
rithms, apodization functions and baseline corrections pro-
moted absorption mode ?

Several studies have shown an increase in the mass resolution
of absorption mode spectra and the improvement in mass accu-
racy, studying petroleum samples.'®13 Nevertheless, the re-
ported significant improvements outside the scope of NOM
studies (e.g. m/z above 1000) and the extra step in the pro-
cessing of absorption spectrum resulted in magnitude mode be-
ing still routinely applied in the field of NOM. However, no
studies have been published testing the precision and reproduc-
ibility of absorption mode, which also represent an important
and decisive point in the choice of the spectral processing mode.
In this study we evaluate absorption mode for the analysis of
NOM samples via comparison with magnitude mode using an-
alytical figures of merit such as accuracy, precision and repro-
ducibility.

2. METHODS

Suwannee River fulvic acid (SRFA) samples were measured us-
ing a solariX XR 12 Tesla FT-ICR-MS (Bruker Daltonik
GmbH, Bremen, Germany) with dynamically harmonized ana-
lyzer cell and electrospray ionization (ESI) in negative mode, 4
megaword time-domain and 256 co-added scans in the mass
range of 150-1000 m/z. FT-ICR-MS data were initially rec-
orded in magnitude mode and subsequently transformed to ab-
sorption mode using FTMSprocessing (v 2.2.0). One measure-
ment of SRFA was done to calibrate the phase equation that was
applied in the following triplicate measurements. To minimize
the intensity of the side-lobes of the peaks,'* full sine apodiza-



Table 1. Comparison of absorption and magnitude mode spectrum of triplicate measurements of SRFA.

Processing | SNR # peaks Peaks shared | Avg. resolution at | RMSE of cali- | #  assign- | Assignments

mode threshold between tripli- | 400 m/z bration [ppm] | ments shared between
cates (%) triplicates (%)

Absorption 20,172 +£1,085 | 69 1,202,493 +6,874 | 0.036 £0.002 | 7,530 +298 | 79

Magnitude 19,113 + 724 63 497,124 + 10,900 | 0.038 £0.002 | 6,344 +£222 | 78

tion function was applied to processes the magnitude mode
spectra. For absorption mode, the full sine apodization function
was applied by choosing the Kilgour function with the maxi-
mum occurring at half of the original transient length (F = 0.5).
All spectra were internally calibrated with a reference mass list
of known NOM masses (n = 188; 250 < m/z < 640). To deter-
mine the number of peaks shared between replicate measure-
ments alignment of the peak list was done by applying an initial
window width of 1 ppm.’> Molecular formulas were then as-
signed to mass peaks within £0.5 ppm in the range of
150-1000 m/z according to published rules using element
ranges Ci.s0H1-108N0-40040S0-1.*

3. RESULTS AND DISCUSSION

To better compare mass spectral parameters between the
modes, SNR threshold was initially set to two for absorption
mode and to four for magnitude mode. This resulted in mass
spectra with similar number of peaks (absorption: 20172, mag-
nitude: 19113). The different SNR is due to the different way to
process the signal. In a phased spectrum the random distribu-
tions of the errors is expected to increase the SNR by V2, but
the reduction can be even greater due to the use of different
apodization functions.!” In this study, the use of Kilgour proved
to be suitable with no baseline deviation or imperfect baseline
observed in any spectrum (see Sl for details). Regarding reso-
lution, the average mass resolution at 400 m/z was 3 times
higher in absorption mode than magnitude mode (Table 1). A
similar improvement in mass resolution could also be achieved
in FT-ICR-MS by increasing the magnetic field strength or tran-
sient time. Next to costs and space requirements, a higher mag-
netic field strength demands also highest shimming precision.
Similarly, longer transients are possible but often demand sam-
ple-specific cell tuning due to the risk of ion cloud phase coher-
ence loss. Moreover, available sample volume and instrument
time of FT-ICR-MS analysis often limit the number of possible
measurements (and replicates thereof). Thus, mass precision
and accuracy are essential for the quality of a mass spectrum
and subsequent reliable assignment of formulas.

Peak precision was tested as reproducibility of peak m/z de-
tection between triplicates. Both modes resulted in similar re-
producibility of peak detection being within the threshold for
acceptable reproducibility suggested by Sleighter, et al. *® Note
that the increase by 6% in the number of shared peaks for ab-
sorption mode corresponded to more than 1800 additional
shared peaks as compared to magnitude mode. This increase in
peak detection reproducibility is equivalent to a lower probabil-
ity of false positive peaks, when repeat measurements cannot be
performed. Due to random errors in peak detection between
measurements, a window width of 1 ppm is usually applied to
search for common peaks in replicates.’® When narrowing the

search window from 1 ppm to 0.1 ppm, the number of shared
peaks decreases faster in magnitude than in absorption mode
(see Sl for details). The higher mass resolution in absorption
mode thus translates into an increase in the precision of peak
detection of FT-ICR-MS measurements without changing mag-
netic field strength or transient length.

Mass accuracy of both modes was tested after assigning mo-
lecular formulas to the mass peaks. Although both spectra had
some peaks assigned with more than one formula, absorption
mode had 20% less multiple assignments than magnitude mode
(see Sl for details). In the further analysis, the peaks assigned
with more than one formula were removed. Absorption mode
spectra resulted in >1000 additionally assigned formulas, indi-
cating that new assignments could be made which were not pos-
sible in magnitude mode. The comparably high percentage of
shared formulas in both modes indicates that the higher number
of formulas assigned to absorption spectra are true positives and
not the result of including spectral noise due to the decrease in
SNR threshold. Out of the 1186 new assignments, 1159 (98%)
were present in all three absorption mode spectra. New assign-
ments were mainly above m/z 450 and of CHO (44%), CHNO
(24%) and CHOS (19%) compound class (Figure 1).

Comparing only the molecular formulas present in all six
spectra (triplicates of both modes, n = 4829), absorption mode
resulted in an overall root mean square error (RMSE) of for-
mula assignment being 28% lower than in magnitude mode
(0.088 + 0.000 vs 0.122 £ 0.002). A pronounced improvement
in mass accuracy for molecular formulas containing nitrogen
(N) and sulfur (S) was observed (Figure 2). This resulted in
RMSE of formula assignment being more similar among com-
pound classes in absorption mode. In NOM spectra, N- and S-
containing compounds have a broader distribution of mass er-
rors and thus larger RMSE values due to the overall lower SNR
as compared to CHO formulas (see Sl for details). It was re-
cently demonstrated that spectral averaging across multiple
samples and, hence, reduction of random errors can also be ap-
plied to improve mass accuracy of shared peaks.® However, ab-
sorption mode processing improves the mass accuracy by in-
creasing peak resolution and shape of each individual spectrum.

Lastly also the peak intensity reproducibility between repli-
cates was assessed. Again, only peaks assigned to molecular
formulas present in both modes were selected and the coeffi-
cient of variation (CV) was calculated from the normalized in-
tensities for each mode. The mean CV was 6% for both magni-
tude and absorption mode, with 75% of peaks varying in inten-
sity less than 10% between triplicates. No systematic bias in
relative intensities was observed between magnitude and ab-
sorption mode (see Sl for details), recommending absorption
mode also for semi-quantitative applications using relative peak
intensities.
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Figure 1. (A) Van Krevelen diagram showing the compound class
of new molecular formulas assigned to shared peaks in triplicate
measurements of absorption mode (peaks shared between modes
are shown in grey); (B) m/z density distribution of the peaks shared
between the modes and additionally assigned in absorption mode.
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Figure 2. RMSE of formula assignment for different compound
classes (n = 4829). The number below the bars indicates the number
of formulas assigned in each class.

4. CONCLUSIONS

The higher resolution in absorption mode also corresponds to
an increase in peak precision, reproducibility and accuracy, rec-
ommending its utilization where sample volume is limited
and/or when fast acquisition times are crucial, e.g. for LC hy-
phenation. Furthermore, the increase in mass accuracy of ab-
sorption mode highlights the possibility of confining the win-
dow width for formula assignments. While the search range is
often set to £ 0.5 ppm in NOM studies, our results indicate that
+ 0.25 ppm still covers > 99% of possible assignments in ab-
sorption mode on a 12T FT-ICR-MS instrument. The small ad-
ditional effort of spectrum phasing in absorption mode already

pays off from the first measurement and can even be applied to
previously acquired magnitude mode spectra. We recommend
the use of absorption mode FT-ICR-MS to study NOM and
other highly complex mixtures where easy-to-apply improve-
ments in data quality are highly demanded.
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