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ABSTRACT: We report an improved, fully automated method of
mass spectral calibration that relies on mass differences instead of
internal calibrants. First, we introduce the mass difference spectrum
and note that confident elemental formulas can be assigned to the
most abundant mass differences between 0 and 50 Daltons, even
for poorly calibrated data. Second, we demonstrate recalibration to
as low as 80 ppb rms error by optimizing the measured mass
differences, without reference to any known masses in the
spectrum. Finally, the improved global calibration facilitates a
subsequent “walking” calibration that proceeds through simple
matrix intersection calculations and ultimately yields confident
molecular formula assignments. We apply the method to a variety
of complex samples, including petroleum, dissolved organic matter

[~
?

F error (ppm)
3%
<,

error (ppm)

AA,/A

m/z
internally re-
calibrated by MDA

CH, J C,H,

externally
calibrated

m/z (
ﬂﬂ Am/z .-{,f. J

RNE;S

mass difference

Bk

# occurrences

histograms
mass difference 3 ; 9 Y A(M/2) g = MM/2)ory
analysis (MDA) "\ £[CHz | CH, A\
£ | |
A(m/z)y = (m/z); - (m/2); § A K ic ali
(m/2)y = (m/z); ~ (m/2); LI N automatic alignment

with theoretical value

Alm/z)peo = Bm/2)er,

(natural, pyrogenic, anthropogenic), biomass, biofuels, lithium-ion batteries, polymers, aerosols, and emerging environmental
contaminants, and others that contain repeated series of mass differences (characteristic “building blocks”). Obvious for polymers,
but less so for other sample types, the repeated mass spacings can arise from thermal/chemical degradation pathways, combustion/
pyrolysis, molecular synthesis methodologies, and/or electrochemical reactions, which are exploited herein for mass spectral
recalibration. The method is implemented in an open-source, Python-based, software platform, PyC2MC, which also enables
automated batch file processing of time-resolved, complex mass spectral data.

Fourier transform ion cyclotron resonance (FT-ICR) mass
spectrometry facilitates research in a diverse array of complex
mixture applications, including nonterrestrial organics,'
degradation products from the built environment,’” ' natural
organic matter,ls_23 emerging contaminants,22’24_29 petrole-
um,**™*  photooxidation products,'”*****" biofuels,”*' ~*
organic leachates,”"*"*>*7** and organic aerosols.*”~>* These
challenging samples are often rich in heteroatoms (e.g, S, N,
O, F, C|, Br, Na, B, Fe, Ni, V, Si) and frequently lack
homologous series that span a large portion of the molecular
weight distribution (for internal recalibration), which poses a
significant data processing challenge. Furthermore, continuous
instrumental advances™ ° have facilitated faster data
acquisition speed, higher resolving power, and increased
mass accuracy. Combined, these factors have expanded the
number of LC-FT-ICR MS applications, and with the recent
installation of the 18 T TIMS FT-ICR MS (iC2MC, Rouen,
France),’’ have resulted in data calibration and elemental
composition assignment as the primary issues that slow sample
throughput.

In the past, strategies to overcome these challenges have
exploited “building blocks” (repeated mass spectral spac-
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ings isotopic depletion or enrichment,”” isotopic
“fine structure”,®>~"° chemical bonding rules, H/C and other
elemental ratios (as constrained by databases), as well as
knowledge about the sample type and ionization modes
employed, to arrive at the most likely (and chemically correct)
molecular formula. Largely summarized in the work of Kind
and Fiehn,”' these “golden rules” have been used collectively
(or in part) to confidently assign molecular formulas in
complex matrices for decades. In such workflows, a
homologous series (e.g, CH,) of an identified elemental
composition is often used for subsequent internal calibration.
Initially reported in 1963 by Edward Kendrick,”” the
exploitation of repeated mass spacings in petroleum mass
spectra was used to reduce the size of “tables of precise masses”
to a manageable number of entries. Building on the work of

Received: April 22, 2025
Revised:  July 24, 2025
Accepted: August 7, 2025
Published: August 19, 2025

https://doi.org/10.1021/acs.analchem.5c02420
Anal. Chem. 2025, 97, 18543—18552


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ryan+P.+Rodgers"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christopher+L.+Hendrickson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christopher+A.+Holder+Montenegro"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alvaro+J.+Tello-Rodriguez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alvaro+J.+Tello-Rodriguez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Teja+Potu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Benjohn+Shung"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mason+Hagan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chad+R.+Weisbrod"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pierre+Giusti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christopher+P.+Ru%CC%88ger"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christopher+P.+Ru%CC%88ger"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Martha+L.+Aguilera"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Germain+Salvato+Vallverdu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.analchem.5c02420&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.5c02420?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.5c02420?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.5c02420?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.5c02420?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.5c02420?fig=agr1&ref=pdf
https://pubs.acs.org/toc/ancham/97/34?ref=pdf
https://pubs.acs.org/toc/ancham/97/34?ref=pdf
https://pubs.acs.org/toc/ancham/97/34?ref=pdf
https://pubs.acs.org/toc/ancham/97/34?ref=pdf
pubs.acs.org/ac?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.analchem.5c02420?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/ac?ref=pdf
https://pubs.acs.org/ac?ref=pdf

Analytical Chemistry

pubs.acs.org/ac

Beynon,” his modified version of these tables normalized the
mass of a CH, unit to exactly 14, thereby imparting the same
mass defect (later to be known as the Kendrick mass defect
(KMD)) for all members of a homologous series. The
approach has been exploited in many areas of research outside
the original field of Petroleomics.”®**7*~7

Recently, the concept of utilizing mass differences to address
various data processing challenges has been demonstrated. In
2006, Kujawinski and Behn introduced an automated
Compound Identification Algorithm (CIA) for accurate
determination of the molecular formulas in complex organic
mixtures analyzed by FT-ICR MS through “formula exten-
sion.””> Perminova et al. expanded this idea with the total mass
difference statistics algorithm, to again address complex
dissolved organic matter mass spectra, but extended it to
larger mass (>50 Da) “building blocks” through the concept of
“virtual elements.”®® Schmitt-Kopplin then updated Kendrick’s
approach to identify boron-containing complexes in DOM
through the mass difference between ''B and '°B.** Notably,
the authors demonstrated the accuracy of small mass
differences (albeit for internally calibrated mass spectra)
through an allowable match error of + 110 pDa. Primarily
focused on confident molecular formula assignment, these and
other reports have introduced the concept of exploiting the
interconnectivity of peaks within a complex mixture to simplify
data processing (in these cases, elemental composition
assignment), similar to Kendrick’s approach more than 50
years ago.gm85

Known mass spacings in mass spectra can also be utilized for
recalibration. Bruce et al. introduced DeCal (Deconvolution of
Coulombic affected linearity) in 1999, to correct space-charge
induced mass shifts in ICR without the need for internal
calibrants.*® In 2005, Wu et al. introduced COFI (Calibration
Optimization on Fragment Ions),”” a method for spectral
recalibration in tandem MS applications that was designed to
correct space-charge effects that utilized graph theory
techniques developed by Xu et al.** Amster and Jing later
built on the idea to demonstrate space-charge corrected
recalibration for MALDI FT-ICR mass spectra, where shot-to-
shot variations in ion abundance inevitably led to abnormally
large mass errors.”® Gavard et al. continued the evolution to
GC FT-ICR MS applications to account for scan-to-scan space
charge differences”” and in the same year, Castilla et al.
demonstrated a correction in direct inlet probe MS for
lignocellulosic biomass analysis.”’ Despite success, the use of
mass differences in ICR has been limited to space-charge
correction (addition of a C term to the calibration equation) of
the externally determined calibration coefficients (A & B),
which yields mass errors in the ppm range. To date, the “gold
standard” in the recalibration of complex FT-ICR mass spectra
remains the “walking” internal calibration method” introduced
by Savory et al. in 2011, which minimizes systematic errors by
breaking the mass spectrum into multiple, consecutive m/z
segments, each with their own calibration coefficients (A, B,
and C (if desired)).””

Herein, we use mass difference analysis (MDA) for global
calibration, walking calibration, and elemental composition
assignment to enable automated processing of FT-ICR MS
data. Mass difference spectra are calculated to identify the
elemental and isotopic compositions of abundant mass repeat
units, which enables calibration across diverse sample types.
We evaluate the accuracy of small (<50 Da) mass differences
in mass spectra. Unique, assigned mass differences (e.g., H,,

CH,, C, or O) are then used to recalibrate the entire mass
spectrum by optimization of the A and B calibration
coefficients, in the Ledford equation,92 for each mass difference
pair so that the measured Am/z minus the theoretical Am/z is
minimized. This enables accurate recalibration of the mass
spectrum (~80 ppb rms error, as determined after elemental
composition assignment) without internal calibrants through
optimum selection of a single set of optimized A and B
coefficients. Once recalibrated, known mass difference net-
works that span the entire mass range facilitate elemental
composition assignment of a network that is subsequently used
for internal “walking” calibration.”" The method eliminates the
need for internal standards and extends the capability of FT-
ICR MS to confidently and exhaustively assign molecular
formulas to increasingly complex mixtures through confident
calibration. Further, the method incorporates quantized mass
differences rooted in the precise masses of elemental particles,
which takes advantage of forbidden regions in the mass
difference space, where certain elemental combinations are
absent due to the constraints of the periodic table.””

B EXPERIMENTAL

Samples. Two representative complex mixtures were
employed for the study. Middle Eastern heavy vacuum gas
oil (HVGO) was used as received. A commercially available
biomass pyrolyzate (BO), generated from fast pyrolysis of
pinewood, was provided by BTG BTL (Enschede, Nether-
lands) company to TotalEnergies Research & Technology
Gonfreville (Harfleur, France). The HVGO sample was first
diluted in toluene to a concentration of 10 mg/mL and further
diluted to a final concentration of 100 ug/mL (APPI). A bio-
oil stock solution, 10 mg/mL in 1:1 (vol) toluene:methanol,
was diluted in methanol to a final concentration of 50 pg/mL
for mass spectral analysis (ESI).

FT-ICR Mass Spectral Analysis. Negative-ion electrospray
ionization (—ESI) and positive-ion atmospheric pressure
photoionization (+APPI) were employed for the analyses.
For -ESI, ionization was facilitated using a needle voltage of
—3.2 kV and a sample flow rate of 0.5 yL/min. For positive-ion
APPI, ions were generated in an APPI Ion Max source
(Thermo Fisher Scientific, Inc., San Jose, CA) operated at a
vaporizer temperature of 300 °C. Nitrogen was used as both
sheath gas (50 psi) and auxiliary gas (32 mL/min) to minimize
oxidation. Gas-phase neutrals were photoionized with a
krypton (10 and 10.6 eV photons) ultraviolet lamp (Syagen
Technology, Inc.,, Tustin, CA). Both ionization modes were
coupled to a custom-built 21 T FT-ICR mass spectrometer.”
For each analysis, 1 X 10° charges were accumulated over 1—5
ms in an external multipole ion trap equipped with automatic
gain control (AGC). Ions were transferred to the ICR cell
based on their m/z ratios using a decreasing auxiliary radio
frequency. To maximize the dynamic range and the number of
detected peaks, ions were excited to an m/z-dependent radius.
Both excitation and detection were performed on the same pair
of electrodes in the dynamically harmonized ICR cell, operated
with a 6 V trapping potential. Time-domain transients of 3.2 s
were acquired using Predator Software, with 100 transients
averaged per sample.

Mass Difference Database. A petroleum mass difference
database was constructed for the Middle Eastern HVGO
sample through meticulous validation of all elemental
composition assignments (including heavy isotopes) and
evaluation of the resulting error distribution after walking
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Figure 1. HVGO mass difference distributions derived from the externally calibrated peak list (for S/N > 66) for 6 of the most abundant mass
difference distributions that spanned a mass difference between 0 and 50 Am/z, at a histogram bin size of 1 yDa. The theoretical mass difference
value is denoted by a black, solid vertical line for each distribution, and the x-axis is reported in micro-Dalton.

calibration. The sample was intentionally selected because of
its moderate complexity (10,539 peaks > 6¢), known carbon
number range (imposed by distillation), and known bulk
elemental composition (C, H, N, O, and S). Combined with
the mass spectral performance metrics of the 21 T FT-ICR
mass spectrometer, we confidently assign 99.89% of the
relative abundance in the mass spectrum, the highest
percentage known for a petroleum sample to date. In fact,
manual assignment of the final remaining unassigned peaks led
to the discovery of a series of silicates (identified by mass
difference analysis that confirmed the presence of *Si and
39Gi), which had not been previously observed. Figure S1
summarizes the error distribution obtained after walking
calibration.

Walking Calibration. A walking calibration was performed
after global recalibration as described elsewhere’' and utilized
either carbon number (HVGO) or class (oxygen)/DBE/
carbon number series (BO) of a confidently assigned (no other
plausible elemental composition within + 2 ppm), low m/z
peak with a S/N > 10. Identification and selection of these
series will be discussed in detail, later in the manuscript.

Molecular Formula Assignment. Molecular formulas
were assigned with PyC2MC”* using a lowest error algorithm
comparing measured m/z values and theoretical values in a
molecular formula database. Elemental and isotopic composi-
tions are further refined with constraints on DBE and
elemental ratios ((0.2 < H/C < 3) for both samples, and for
the BO sample, (0 < O/C < 0.8)). The elemental constraints
are defined by sample type and discussed later in the
manuscript. The algorithm starts with the peak with the
highest S/N and continues in decreasing order. After each
monoisotopic formula is assigned, the associated isotopic peaks
are assigned before continuing to the next highest S/N peak.
Peak lists (uncalibrated, global calibration, mass difference
calibrated, and walking calibrated) for both samples high-
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lighted herein (HVGO and bio-oil) are publicly available at
Open Science Framework, DOI 10.17605/OSF.IO/D7G3N.

B RESULTS AND DISCUSSION

HVGO Mass Difference “Spectrum”. A mass difference
histogram (“spectrum”) was first generated from an externally
calibrated mass spectrum by taking the highest m/z peak
centroid (m/z,) and subtracting the value of all lower m/z
peak centroids (m/z,’s).”” The highest m/z value is then
removed from the list, and the calculation is repeated until no
peaks remain. Note that by design, all mass differences are
positive, and the total number of calculations is [N x (N-1)]/2,
where N is the number of peaks. The mass difference
histogram (0 — 50 Da) is plotted as the number of occurrences
vs mass difference with a bin size of 1 yDa. Figure 1 displays a
zoom of the mass difference histogram for six specific intervals
that correspond to the masses H,, H¢, C,H,, C,H,, C;H,, and
C,, which are derived from the externally calibrated HVGO
APPI FT-ICR MS peak list. These repeating units, common in
petroleum, were selected to span the range 0 < Am < 50. The
theoretical mass differences for these six repeat units are
denoted by black, vertical lines. As the mass difference
increases (from ~2 to 48 Da), the magnitude of the error
between the measured mass differences and the theoretical
value increases with a concurrent broadening of the mass
difference distribution (from ~10 pDa at H, to 50 uDa fwhm
at C,). Neglecting this obvious error and assigning elemental
compositions directly from the externally calibrated mass
spectrum yields the error distribution shown in Figure 2 (rms
error = 280 ppb). To address this issue, we developed a mass
difference calibration method, which iteratively adjusts the A
and B coefficients in the Ledford equation (eq 1), where m is
the mass, z is the charge, and f is the measured cyclotron
frequency. This method aligns the mass difference distributions
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Figure 2. Molecular formula assignment error vs m/z of the externally
calibrated HVGO peak list (bottom), and the corresponding error
histogram (top). The error range is ~1.4 ppm, with a mean of —190
ppb, a standard deviation of 206 ppb, and rms error of 280 ppb.

with their theoretical values, as demonstrated in Figure S2, and
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HVGO Mass Difference Calibration (MDC). The
Ledford equation relates the mass-to-charge ratio (m/z) of
an ion to the calibration coefficients A and B, as well as the
measured cyclotron frequency. To recalibrate mass differences

(Am), the Ledford equation can be adapted to describe the
difference between the m/z values of two peaks i and j (eq 2):
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The accuracy and precision of the mass difference
distributions shown in Figure 1 allow a confident match
between the average value of A(m/z)ij and a database of
theoretical mass differences A;. The database contains building
blocks with Am/z < 50 Da, such as C,, H,, CH,, and 3C,
among others. A correspondence is thus drawn between
measured A(m/z); and theoretical A mass differences.
The calculation of A and B is then an optimization problem
in which the following Q least-squares distance between
measured and theoretical mass differences is minimized:
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In the first sum, index k iterates over a set of theoretical m/z
differences, noted A. Then, (i, j) indices iterate over the set of
pairs of peaks that correspond to measured m/z differences
which contribute to the m/z differences distribution associated
to the theoretical m/z difference k. @;; are weights that can be
used to restrain the set of i and j peaks as a function of a third
quantity, such as S/N. The selection of peaks based on S/N is
discussed below.

For example, considering only one mass difference selected
from the mass difference distribution of CH, (14.0156501),
the equation can be modified to eq 4).

A {l - l} +B [% - iz] — 14.0156501 = 0
Y R VA @

For global calibration, eq 4 can be written for each pair of
m/z values belonging to the mass difference distribution of
CH, (which is depicted in the upper right panel of Figure 1),
leading to eq 3. A and B are then iterated such that eq 3
approaches 0. The complete procedure is detailed in
Supporting Information and summarized in Figure S2.

Mass difference calibration was performed by selecting (m/
z); and (m/z)j pairs based on their average signal-to-noise
values. The highest 25% were then used to determine the mass
difference distributions and the optimum A and B coefficients.
Recalibration of m/z values are computed via the Ledford
equation, eq 1), and the optimum A and B coefficients.

Figure 3 reveals the result of the mass difference calibration
(MDC) after optimization of the top 25% of the S/N values
within the CH, mass difference distribution, for the same mass
difference pairs shown in Figure 1. The MDC successfully
corrected the mass differences to their corresponding
theoretical values (black, vertical lines) and narrowed the
mass difference distributions. Subsequent molecular formula
assignment using the A and B calculated from the top 25% S/
N mass difference pairs within the CH, mass difference
distribution yielded the mass error distribution shown in
Figure 4, which can be compared with that obtained from
external calibration in Figure S3. The mass difference
recalibration successfully recalibrates the mass spectrum
without the need for internal calibrants to yield a decreased
rms error of 80 ppb. Repeating the same calculation for the 10
most abundant mass difference distributions (individually and
collectively) between 0 and SO Da yielded similar results
(Figure S4). Thus, the approach is insensitive to the mass
difference distributions selected for recalibration, which
highlights the robustness of the method and is achieved
because m/z values that comprise each mass difference
distribution span a large range of the mass spectrum. The
most abundant mass differences and their statical metrics are
provided in Table S1.

The effect of S/N filtering (initially top 25%) for subsequent
A and B calculation and the resulting impact on molecular
formula assignment errors is shown in Figure S5. The weights
w; in eq 3 are used here to filter mass differences using a
criterion on S/N values. As expected, the higher S/N mass
pairs yielded the lowest molecular formula assignment errors.
Future work will discuss the tradeoff between the use of high
S/N mass difference pairs (with higher precision but lower
molecular weight range coverage) compared to those with
lower S/N threshold values (with lower precision but higher
molecular weight range coverage) to calculate optimum A and
B coefficients. Walking calibration (discussed later herein) of
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Figure 4. Molecular formula assignment error of the mass difference
recalibrated (CH, distribution, top 25% in S/N) HVGO peak list
(bottom) and corresponding error histogram (top). The error range is
~200 ppb, with a mean of 60 ppb, a standard deviation of 52 ppb, and
rms error of 80 ppb.

Figure 4

the mass spectrum yields results similar to those shown in
Figure S1.

Bio-Oil Mass Difference Calibration. The peak list from
the negative mode ESI analysis of the bio-oil sample (>60
baseline noise) was subjected to the same mass difference
analysis as the HVGO peak list. Adapting the method from one
sample to another is straightforward and requires only a choice
of the mass difference distributions considered. As we
highlighted in the case of the HVGO sample, any of the
most abundant mass difference distributions yield similar
results. Three of the four most abundant distributions from the
mass difference “spectrum” before (blue) and after (orange)
mass difference calibration (calculated from the CH,O mass
difference distribution) are displayed in Figure S. Notably, the
displacement of the externally calibrated mass difference
distributions for the BO sample (~150 mDa at Am/z of 28
(CO) and 30 (CH,0)) is markedly greater than that of the
HVGO sample at similar Am/z (~20 mDa at Am/z of 28
(C,H,)), Figure 1, bottom left). Consequently, forced
assignment of the previously determined elemental composi-
tions with the externally calibrated A and B coefficients exposes
an abnormally large mass error range (—3.2 to —4.6 ppm) and
rms error (3.9 ppm), for external calibration (Figure 6, left,
blue). In fact, this particular mass spectrum was selected
because of the outdated A and B calibration coefficients and
for the nonlinear nature of the error distribution. Thus, it
represents one of the “worst case” scenarios for both mass
difference and walking recalibration, albeit at high mass
resolving power. Mass difference calibration yields a notable
improvement (rms error of 354 ppb) in elemental composition
mass errors (Figure 6, right, orange). As with the HVGO mass
difference calibration, the selection of other abundant mass
difference distributions yielded similar recalibration results
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Figure 6. Molecular formula assignment error of the externally
calibrated (blue) and mass difference recalibrated (orange) BO peak
lists (bottom), and corresponding error histograms (top). After mass
difference calibration, the rms error improves to 354 ppb (orange) vs
3879 ppb (blue, external calibration).

(Figure S6), and the impact of S/N filtering on molecular
formula assignment errors revealed similar trends for the
CH,O mass difference (Figure S7), which follow the
established relationship of increased precision and greater S/
N.”>% Confirmation that selection of the top 25% S/N mass
pairs within any distribution yields those with the highest
precision is provided in Figure S8. The abundant O, CO, and
CH,O mass difference histograms before (blue) and after
(orange) mass difference calibration are plotted with the top
25% S/N mass pairs in each distribution (top) and all S/N
values (bottom), which reveal that the top 25% are clearly the
narrower distribution that make up the apex of each of the
histograms shown.

Walking Calibration. Although the results presented
herein suggest that the mass difference calibration successfully
recalibrates externally calibrated mass spectra to yield mass
errors of < + 1 ppm, to test the ability of the approach to

18548

correctly identify a confident set of elemental compositions for
walking calibration, the method was tested at an allowable
mass error of = 2 ppm. For the HVGO mass difference
calibrated peak list, the mass difference “spectrum” (0 < Am <
50) was searched to identify which mass difference
distributions contained the highest S/N peak. As expected
for a petroleum-derived sample, the abundant mass difference
distributions were H,, C,, CH,, C,H,, and C;H,, with C,H,
being the most abundant. The C,H, mass difference matrix
was then filtered to identify a consecutive series that spanned
at least 90% of the molecular weight range, under the
constraint that it included the highest S/N peak, which
resulted in a match.

The lowest m/z member of this 41-member series (m/z =
232.1279983) was then used to calculate plausible elemental
compositions with an allowable mass error of + 2 ppm.
Elemental constraints were set to C;_;00H,-200No—400-4S0—4
with both protonated and radical cations allowed for APPI.
The search yielded a single result, C,sH,,S;, a radical cation
with a DBE = 6.5. The proposed elemental composition was
verified by intersecting the 4l-member calibration matrix,
derived from the C,H, mass difference series, with the S —
*2S mass difference histogram matrix, an approach inspired by
the work of Zhang and McElvain.”” This intersection
confirmed the detection of the S isotopic peak at its expected
theoretical location for the highest S/N members of the
calibration series. This step validates both the accuracy of the
proposed elemental composition (C;sH,0S;) and the mass
difference calibration method, ensuring that the calibration is
chemically and isotopically consistent. Once the elemental
composition and calibration matrix were verified, walking
calibration was performed as previously described.”’ As the
lowest m/z peak in the series was identified, the rest of the
series was determined by extending C,H, units across the
molecular weight range. This verified series served as a
reference point for walking recalibration of the mass spectrum,
propagating corrections across nearby peaks. This process
ensures improved mass accuracy across the entire molecular
weight range of the spectrum.

Walking calibration of the bio-oil sample was performed in a
similar manner and relied on the identification of abundant
mass difference distributions that contained the highest S/N
peak: H,, C;, C;H,, and O,. The walking calibration series was
constructed from these mass difference matrices by applying
recursive criteria, requiring that members of the series form a
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consecutive sequence. This process began with one matrix and
involved intersection calculations with the remaining three.

The starting matrix for these calculations (within O mass
difference distribution) was determined by which set of
successive mass difference pairs included the highest S/N
peak in the mass spectrum. Once obtained, the intersection
between this series and any of the other mass difference
distributions identified the starting points for the repeated
identification of successive mass difference series within that
mass difference distribution. Once all the consecutive series are
identified, an intersection calculation with any of the other 3
distributions starts the process again. The calculation continues
until 90% of the molecular weight range (m/z 0 — M/Zn) is
covered. As the mass differences, or series of mass differences
between any 2 peaks in the final matrix is known, the molecular
formula assignment of any one of these m/z values results in
the confident assignment of all. Thus, to limit the number of
possible elemental compositions and molecular formula
candidates, the lowest m/z member of the calibration matrix
was used (177.0555879). Elemental constraints were set to
Ci-100H2-200N0-500-3080—5' "Bo—3' 'Bo_3 with only deproto-
nated anions allowed ((-) ESI). Possible molecular formulas
(five possibilities within + 2 ppm) include O;, O,''B;, and
O;N;S,'°B,""B; classes (less than 1 ppm) and 0,'°B,/
O,N;S,'%B,""B, classes (less than 2 ppm). The correct
molecular formula (O; class) was identified through a final
intersection calculation between the walking calibration matrix
and the "B — '°B mass difference matrix, which yielded no
matching m/z values (Figure S9). The lack of matches
confirms that molecular formulas containing boron isotopes
are invalid, leading to the confident assignment of the O; class
as the correct formula. After the assignment of all molecular
formulas within the calibration matrix, a walking calibration is
performed. The resulting error distribution is shown in Figure
S10.

B CONCLUSION

We demonstrate a new global mass calibration and molecular
formula assignment algorithm that makes use of the mass
differences in a mass spectrum to provide internal calibration
without internal calibrants. The mass difference spectrum
reveals the presence and absence of particular elements of the
periodic table and provides a network of mass differences that
are used to confidently assign molecular formulas for walking
calibration. Such an approach has obvious applications for
mass difference-based walking calibration and the automated
elemental composition assignment for all mass spectral peaks
in a spectrum. However, it is outside the scope of this
manuscript and will be reported in future work. The calibration
method is demonstrated here on a petroleum distillate and a
bio-oil but has also been applied to other complex matrices
(i.e., natural organic matter, perfluoroalkyl substances, and
consumer product leachates). We believe the method is
general and will find utility in many mass spectrometry
applications, especially when control of scan-to-scan ion
populations is difficult/impossible (i.e., imaging, LC, and
single-particle MS).*>**?7'% Finally, we demonstrate the
method using 21 T FT-ICR data. In future work, we will apply
the method to lower-field ICR data, and to Orbitrap and TOF
data for selected applications, which will help to define the
lower bound of required resolving power and mass difference
accuracy.
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Table S1. Top 12 mass differences from the HVGO
APPI mass spectrum after mass difference calibration.
The identification and statistical metrics (number of
occurrences, theoretical mass difference, mean of the
measured mass difference histogram, standard deviation
of the measured mass difference histogram to the
theoretical value, error in pDa, and ppm error) are
provided for each. Figure S1. Molecular formula
assignment error of the walking calibrated HVGO
peak list. Figure S2. Explanation of the mass difference
recalibration procedure. The theoretical mass difference
value (CH,) is denoted by a black, solid vertical line, and
the x-axis is reported in micro-Dalton. Figure S3.
Molecular formula assignment error of the externally
calibrated HVGO (blue) and mass difference recali-
brated peak lists (orange), calculated from the CH,
distribution (top 25% in S/N), along wit the error
histograms (right). Figure S4. Molecular formula
assignment error (y-axis scale on the left) of the
externally calibrated HVGO (blue), mass difference
recalibrated (orange) peak lists for each of the top ten
mass difference distributions (top 25% in S/N), and for
all top ten (top 25% in S/N) mass difference
distributions. The number of pairs used in each
calculation is shown in gray (y-axis scale on the right).
Note, the number of pairs utilized for all ten
distributions is given at the top of the column. Figure
SS. Molecular formula assignment error (y-axis scale on
the left) of the externally calibrated HVGO (blue, far
left) and mass difference recalibrated (orange, within the
CH, distribution) peak lists calculated for each of several
different S/N criteria, and for all peaks in the CH, mass
difference distribution (far right). The number of pairs
used in each calculation is shown in gray (y-axis scale on
the right). Figure S6. Molecular formula assignment
error (y-axis scale on the left) of the externall calibrated
BO (blue), mass difference recalibrated (orange) peak
lists for each of the top ten mass difference distributions
(top 25% in S/N), and for all top ten (top 25% in S/N)
mass difference distributions. The number of pairs used
in each calculation is shown in gray (y-axis scale on the
right). Note, the number of pairs utilized for all ten
distributions is given at the top of the column. Figure S7.
Molecular formula assignment error (y-axis scale on the
left) of the externally calibrated BO (blue, far left) and
mass difference recalibrated (orange, within the CH,
distribution) peak lists calculated for each of several
different S/N criteria, and for all peaks in the CH, mass
difference distribution (far right). The number of pairs
used in each calculation is shown in gray (y-axis scale on
the right). Figure S8. BO mass difference distributions
(3 of the 5 most abundant) before (blue) and after
(orange) mass difference recalibration for the CH,O
distribution, top 25% in S/N (top) and all S/Ns
(bottom), at a histogram bin size of 1 uDa. The
theoretical mass difference value is denoted by a black,
solid vertical line for each distribution, and the x-axis is
reported in micro-Dalton. Figure S9. BO mass difference
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intersection calculations reveal the absence of abundant
overlaps between the O, (left) and "B — '°B (right)
mass difference distributions, which eliminates boron-
containing species as plausible elemental compositions.
The parent distributions for each mass difference are
shown in blue, and the intersections between them in
orange. Figure S10. Molecular formula assignment error
of the walking calibrated BO peak list (PDF)
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