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Abstract

Mass resolving power is one of the key features of Fourier transform ion cyclotron res-
onance mass spectrometry (FT-ICR MS), which enables the molecular characterization
of complex mixtures. Quadrupole (2w) detection provides a significant step forward in
FT-ICR MS performance, as it doubles the resolving power for a given signal acquisi-
tion time. Whether this 2w detection technique truly substitutes for a higher magnetic
field remains unknown however. In this study, a residue oil sample was characterized
using both a 2w 7 Tesla FT-ICR and a 15 Tesla FT-ICR instrument, and analytical figures
of merit were systematically compared. It was shown that 2w 7T FT-ICR MS provided
comparable performance in the deep profiling of the complex oil sample, with better
signal intensities and reproducibilities for absorption-mode processing. The 15T FT-
ICR MS gave more precise measurements with better estimates of the sample’s ele-
mental compositions. To the best of our knowledge, this is the first published study,
which thoroughly compared the performance of 2w detection on a low magnetic field
instrument with that of a high magnetic field FT-ICR-MS.
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1 | INTRODUCTION

Detailed characterization of highly complex mixtures at the molecular
level, for example, profiling of petroleum-related samples, continues to
present significant analytical challenges for high resolution mass spec-
trometry, which drives the development of new Fourier transform ion
cyclotron resonance mass spectrometry (FT-ICR MS) instruments and
data interpretation methods.!~> Progress in these areas has significant
impact on research in the life and environmental sciences, particularly
petroleomics.6-11

FT-ICR MS has been widely utilized in the investigation of complex
natural organic matter (NOM). Mass resolving power (m/Amsgy) is one
of the key analytical figures of merit for mass spectrometers; for exam-
ple, petroleomics applications require a resolving power of >300 000
to distinguish mass differences of a few millidaltons (mDa): C3 versus
SH, (3.4 mDa) or 13C versus CH (4.5 mDa). On the other hand, a resolv-
ing power of roughly 1 000 000 is required for distinguishing 12C4 and
18CSH; (1.1 mDa).1212 |n theory, the resolving power of FT-ICR MS
increases linearly with the strength of the magnetic field.1*1> However,
the cost of the superconducting magnet rises quadratically with its field
size. Moreover, higher field magnets usually demand more laboratory
space, consume more liquid helium, and require better shimming pre-
cision. Nowadays, magnetic field strength of 9.4 Tesla or higher are
required to characterize crude 0il.2¢-29 |t would be of great benefit for
the investigation of complex samples, however, if similar performances
could be obtained on lower field FT-ICR instruments.

The resolving power of FT-ICR MS can be enhanced by a fac-
tor up to two by phasing the raw spectra accurately and plotting
in pure absorption-mode.?>?2 This method has been successfully
applied to petroleum and environmental samples.’2324 Additionally,
quadrupole (2w) detection is a useful technique to improve the resolv-
ing power of FT-ICR MS at a fixed magnetic field: the first experimen-
tal implementation of arbitrary number of electrodes was described by
Nikolaev and co-workers in 1985, and subsequently, Schweikhard con-
firmed this technique for a four electrode configuration.2>2¢ In con-
ventional FT-ICR detection mode, two cellular electrodes are used for
signal detection, whereas 2w detection utilizes four electrodes. Con-
sequently, instruments equipped with 2w detection offer double the
resolution for a set signal acquisition time. Cho et al achieved a mass
resolving power of over 1 000 000 at m/z 400 using a 7 T FT-ICR
equipped with 2w detection.?” More recently, 2w detection was suc-
cessfully coupled with liquid and gas chromatography-mass spectrom-
etry for profiling NOM.282? Despite the reported higher performance,
it presently remains unknown whether 2w detection can truly replace
high magnetic field FT-ICR MS instruments.

To shed some further light on the answer to this question, we evalu-
ated 2w detection for the analysis of a vacuum residue oil sample, by
acquiring mass spectra from both 7 Tesla and 15 Tesla instruments.
After determining important analytical figures of merit such as mass
accuracy, resolving power, precision, signal-to-noise ratio (S/N), choice
of data processing method, and so on, we found that both low and high
magnetic fields have their pros and cons for the analyzed sample. To the

best of our knowledge, this is the first paper systematically evaluating
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the performance of FT-ICR MS equipped with 2w detection versus a
conventional high field FT-ICR MS system.

2 | MATERIALS AND METHODS

2.1 | Mass spectrometry and elemental analysis
The vacuum residue oil used in this study was provided by the Research
Institute of Petroleum Processing, Sinopec (Beijing, China). The sample
was dissolved in toluene at 0.5 mg/mL for atmospheric pressure pho-
toionization (APPI) in positive ion mode, as toluene assists the APPI
process by absorption of photons from the krypton lamp and subse-
quent action as reagent ion. Full scan mass spectra were recorded using
a 7T solariX 2XR FT-ICR MS (Bruker Daltonics, Bremen, Germany)
equipped with 2w detection and a 15T solariX XR FT-ICR MS (Bruker
Daltonics).3° Detailed instrumental parameters are described in Sup-
porting Information. Briefly, spectra were both acquired from m/z 200
to 1500 with a transient size of 8 mega words, apodized with a Sine win-
dow function and zero-filled once. A total of 256 individual transients
were collected and co-added to enhance S/N.3! The elemental analy-
sis of sulfur and nitrogen were performed on a Multitek sulfur analyzer
(Antek, TX, USA).

2.2 | Data processing

The acquired datasets were analyzed using a combination of DataAnal-
ysis 5.0 (Bruker Daltonics) and Composer 1.5.6 (Sierra Analytics, CA,
USA) software. Identical internal calibrations were performed on the
mass spectra, using CH and S homologous series throughout the m/z
range 300-1000 (calibration list is shown in Figure S1). Elemental for-
mulae were assigned to the peaks inside the calibrated m/z range, with
the following tolerances to filter the petroleum compounds: composi-
tion was restricted to 12C(1-100), 1H(1-300), 160(0-5), 325(0-2), and
14N(0-3); double bond equivalents (DBE) up to 40; H/C ratio 0-2.5; O/C
ratio 0-1.2; the acceptable mass error was set to +0.5 ppm for singly
charged radical ions and protonated molecules. Phase correction was
performed using ftmsProcessing 2.2.0 (Bruker Daltonics) to generate

the absorption-mode spectra.??

3 | RESULTS AND DISCUSSION

3.1 | Comparison of mass error, S/N, and elemental
composition

The ICR transient and the corresponding broadband mass spectra
obtained by 2w 7T and 15T instruments are shown in Figure 1. The
time-domain signal lasted up to 3.91 and 3.77 s, respectively. Inter-
estingly, S/N of the transient from 2w measurement was much more
intense; this is because 2w detection utilizes additional cellular elec-

trodes in the ICR cell and records the ions’ induced current four times
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FIGURE 1 Full scan mass spectra acquired by 2w 7T (blue) and 15T (red) FT-ICR MS for a residue oil sample, along with their ICR transients
(black)
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FIGURE 2 Histogram showing the mass errors of the residue oil sample measured by 2w 7T (blue) and 15T (red) FT-ICR MS

during one ICR cycle. To better compare the results from the two mass increased S/N of the peaks, and therefore, much more low intensity
spectra, the S/N threshold for peak picking was set to four: 16 247 species could be discerned.

peaks were assigned in the 2w 7T spectra, whereas 12 395 were Figure 2 is a histogram of the mass errors associated with the peak
assigned in the 15T spectra. The larger proportion of assignments was assignments. A normal distribution and pronounced improvement in

resulted from the more intense transient obtained in 2w mode, which mass accuracy were obtained by using the 15T instrument, with more
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than 68% of the assignments having an associated mass error within
the range of +£0.1 ppm. In contrast, only 35% of the assignments were
below +0.1 ppm in 2w 7T detection mode. The improved mass accu-
racy from the 15T instrument measurements highlights the possibil-
ity of confining the window width for better formula assignments.
Apart from that, a slightly positive shift of the mass errors for both
instruments was observed in Figure 2, which was probably caused by
space-charge effects as positive mass errors indicate that the mea-
sured ICR frequencies have a universal drift in the negative frequency
direction.3334

In a mass spectrum, the intensity or area of each peak represent the
instrument’s response to its corresponding ion current and therefore
offer semi-quantitative determination of specific ion species. Based
on the peak area together with its assigned elemental formulae, it is
possible to estimate the relative compositions of specific elements in
the sample (Table S1 lists the compositions of sulfur and nitrogen cal-
culated from the two FT-ICR instruments and compare these com-
positions to traditional elemental analysis). The FT-ICR analysis here
utilized APPI, which preferably ionized nonpolar, conjugated systems;
it produced both protonated molecules and radical ion species. Conse-
quently, many polyaromatic hydrocarbons and sulfur-containing com-
ponents such as thiophene-based compounds in the residue oil were
ionized.?33 In our case, such polycyclic aromatic sulfur heterocycles
(PASHSs) are detrimental species for the vacuum oil residue, which
would not be detected unless using APPI or using electrospray ion-
ization (ESI) following derivatization.?¢3” The estimation of S from
both FT-ICR instruments was very close to the results from elemen-
tal analysis, especially from the 15T instrument. Such a phenomenon
also implied that classes such as sulfide (readily protonated by ESI)
are less dominated in this residue sample. This 15T advantage is due
to the 15T instrument’s higher resolving power to distinguish the Cy4
and 18CSHj3 (1.1 mDa) species at the high m/z end (see next sec-
tion for more details). On the other hand, the FT-ICR estimation for
N was much lower as compared to elemental analysis. The nitrogen-
containing compounds in the oil sample normally consist of pyrrolic
(five-membered ring, acidic) and pyridinic structures (six-membered
ring, basic), which are more readily ionized in ESI. Although APPI
is also able to observe pyridinic and pyrrolic structures by forming
protonated and radical ions simultaneously, its ionization efficiency
is lower as compared to ESI. It can also induce thermal fragmenta-
tion before ion detection.®® For this reason, the nitrogen-containing
compounds are less dominant in the APPI measurements and there-
fore results do not truly represent the nitrogen composition of

asample.

3.2 | Mass resolving power and performance for
individual compound classes

In theory, the mass resolving power of FT-ICR increases linearly with
the applied magnetic field strength. As the quadrupole detection mode
can double the resolving power for a given magnetic field, the two

instruments investigated here should offer comparable performance.
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In our experiments, the resolving powers were calculated from both
7 and 15T mass spectra, showing that the mass resolving powers
decreased by a factor approximately equal to m/z, and a resolving
power of almost 1 000 000 was seen at m/z 400 for spectra from both
instruments (an example is shown in Figure S2). In petroleum sam-
ples, compounds appear in regular patterns according to their hydro-
gen deficiency, heteroatom content, and carbon distribution. In our
analyses, a resolving power of >400 000 was still be achieved at m/z
900, demonstrating that the 2w 7T instrument has the ability to dis-
tinguish the small mass difference between C3 and SH4 (3.4 mDa)
even at the high m/z end (Figure 3), which is an important prereqg-
uisite for petroleum studies. Apart from this important mass differ-
ence, which is widely used as a benchmark for the capabilities of a
FT-ICR system,%2* another characteristic mass difference was also
seen for the difference of C4 and 13CSH,, corresponding to 1.1 mDa.
This Amass is seen in APPI spectra where both even and odd elec-
tron ions are produced. In Figure 3, m/z windows of ~10 mDa were
expanded for representative compounds to compare the performance
of the two FT-ICR instruments. At m/z of 448.2186, the elemental for-
mula of [C35H,g] * was calculated, with a small adjacent isobaric signal
at m/z 448.2175 ([C318CH3pS+H]*) with 1.1 mDa distance (C,4 and
13CSH,). The two peaks were successfully resolved from both mass
spectra. Generally, differences of the two instruments were less pro-
nounced in the lower m/z end. At higher m/z values, however, this issue
became significant due to the sharp decrease of mass resolving power
and the large increase of possible elemental compositions. As illus-
trated in Figure 3 (right) for m/z812.7194, the wide sideband extending
from the large [C¢gHg,]+ peak interfered and overlapped with the low
abundant [Cs413CHg4S+H]™* ion species nearby for the 2w 7T instru-
ment. This phenomenon is called “peak coalescence,” which occurs
when two ion clouds have very similar m/z. This issue can be overcome
by increasing the magnetic field.'* By utilizing the 15T instrument,
the C4 and 13CSH, ion species at the high m/z end were almost base-
line resolved, along with greatly improved mass accuracy. However, it
should also be pointed out that the minute mass difference of 1.1 mDa
is generally of minor importance, as the 13CSH, species is an additional
isotopic signal; hence, the number of compound assignments does not
increase by using the additional 13CSH, peak assignments.

To further explore the two instruments’ performances for individ-
ual compound classes, DBE versus carbon number plots of the Sq
radical ion class ([C4H,S1]*) were generated (Figure 4). It was imme-
diately obvious that the chemical compositions distributed continu-
ously in both plots (2w 7T versus 15T) and almost no gap was observed.
The upper plot for the 2w 7T showed a wider distribution because
the 2w mode was able to record more intense ion signals, resulting
in a larger number of compounds detected. Although the 15T instru-
ment was able to resolve the 1.1 mDa mass difference of C4 and
13CSH; throughout the entire m/z range, the additional isotope signal
of the 13CSHj; species did not offer extra compound assignments (vide
supra). A detailed view of the DBE distribution revealed more intense
contributions from 6, 9, and 12 DBE, indicating favored individual com-
pound structures of the [C,H, S;]* radical species during APPI ioniza-

tion, and thus providing additional structural insight. In petroleomics
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FIGURE 3 Mass scale expansions of two adjacent peaks (C3 versus SH,4, 3.4 mDa) and (C, versus 13CSHj3, 1.1 mDa) from mass spectra

acquired by 2w 7T (blue) and 15T (red) FT-ICR MS
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FIGURE 4 DBE versus carbon number distribution plots for the
S4 compound class radical ions observed from 2w 7T (top) and 15T
(bottom) FT-ICR MS, with possible alkylated thiophenic structures
proposed for the compounds with DBE of 6, 9,and 12

studies, this distribution corresponds to the well-known thiophenic
core.%? For the S; radical ion class investigated here, a DBE of 6, 9,
and 12 correlates with alkylated benzothiophenes, dibenzothiophenes,

and benzonaphthothiophene, respectively (Figure 4), demonstrating

that these three aromatic cores are likely present in the vacuum oil
residue. In addition, Figure 4 also shows the lack of S; species of DBE
values between 0 and 5; indicating that compounds such as sulfides,
thiophenes, naphthenothiophenes, and cycloalkenothiophenes are less
abundant in the sample.*0-42

Importantly, it was shown that both instruments have the ability
to comprehensively characterize the thiophene-based compounds and
polycyclic aromatic hydrocarbons in a complex mixture. A wide carbon
number range was recorded by the 2w 7T instrument due to the higher

signal intensities.

3.3 | Phase correction

Magnitude and absorption-mode processing are two different modes
to display FT-ICR mass spectra. Most often, magnitude-mode is used,
where absolute values of the complex output after the Fourier trans-
form are plotted. In absorption-mode, the real part of the complex
output is plotted by considering the accurate phase value of each ion
signal. It has been recognized that absorption-mode spectra offer up
to a two-fold increase in mass resolving power and \/2—f0|d increase
in the S/N compared to the conventional magnitude-mode.31:43-4>
In this study, the mass spectra acquired from the two instruments
were processed using a commercial software (ftmsProcessing 2.2.0)
for absorption-mode spectra generation. Unfortunately, a negative

baseline drift was observed in the absorption-mode spectra recorded
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from the 15T instrument, which would severely distort spectral qual-
ity and subsequent data interpretation (an example is shown in Fig-
ure S3). In contrast, the absorption-mode spectrum from the 2w 7T
instrument showed a much flatter and smoother baseline and lead
to an approximately two-fold improvement in the spectral quality.
As the peak shapes resulting from the Fourier transform are a con-
volution of a “Sinc” and a “Lorentzian” functions, the slight wiggles
seen in the spectra are actually characteristic of an absorption-mode
spectrum.*® For absorption-mode processing, a function in which the
ions’ phases accumulated quadratically with their cyclotron frequen-
cies is required to precisely correct the phase shifts for each data
point in the spectrum.3! For example, an ion with m/z of 250 corre-
sponds to a frequency of 860 000 Hz in a 7T instrument; this value
will be 920 000 Hz in a 15T instrument. Consequently, after quadrat-
ical accumulation, a much more complex phase shift is expected in a
15T instrument, leading to the unusual negative wiggles in the baseline.
Normally, additional data processing such as windowing function, base-
line correction and peak-picking algorithms would be required to over-
come such an issue.2147-50 For this reason, the additional efforts of
spectrum handling for the absorption-mode may not always be worth-
while for performing phase correction on a high magnetic field FT-ICR

instrument.

4 | CONCLUSIONS

Quadrupole detection is an important complementary technique for
FT-ICR MS for the study of complex mixtures at the molecular level,
especially for instruments with small magnetic fields. This work demon-
strates that 2w 7T FT-ICR MS offered comparable mass resolving
power and even higher compound assignment rates as compared to the
15T FT-ICR MS and therefore produced more continuous DBE and car-
bon number distributions. On the other hand, the measurements from
15T FT-ICR MS were more precise and therefore gave improved relia-
bility of peak assignments and better estimation of elemental composi-
tions for the investigated sample. In addition, phase correction was also
examined for the two instruments, but additional efforts are required
for the 15T FT-ICR MS to generate spectra in the absorption-mode. In
summary, we believe that this work represents an important contribu-
tion to scientists and users interested in the comparison of the perfor-

mance of different FT-ICR instruments.
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