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ABSTRACT: We present a detailed molecular characterization of
organophosphorus compounds in ambient organic aerosol
influenced by wildfire smoke. Biomass burning organic aerosol
(BBOA) is an important source of phosphorus (P) to surface
waters, where even a small imbalance in the P flux can lead to
substantial effects on water quality, such as eutrophication, algal
blooms, and oxygen depletion. We aimed to exploit the ultrahigh
resolving power, mass accuracy, and sensitivity of Fourier
transform-ion cyclotron resonance mass spectrometry (FT-ICR
MS) to explore the molecular composition of an ambient BBOA
sample collected downwind of Pacific Northwest wildfires. The 21-
T FT-ICR MS yielded 10 533 distinct formulae, which included
molecular species comprising C, H, O, and P with or without N,
i.e., organophosphorus compounds that have long been quantified in wildfire smoke but have not yet been characterized at the
molecular level. The lack of detailed molecular characterization of organophosphorus compounds in BBOA is primarily due to their
inherently low concentrations in aerosols and poor ionization efficiency in complex mixtures. We demonstrate that the exceptional
sensitivity of the 21-T FT-ICR MS allows qualitative analysis of a previously uncharacterized fraction of BBOA without its selective
concentration from the organic matrix, exemplifying the need for ultrahigh-resolution tools for a more detailed and accurate
molecular depiction of such complex mixtures.
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directly emitted from large-scale biomass burning events is
soluble in water. However, atmospheric aging by the uptake of
oxidants during long-range transport converts insoluble organic
phosphorus to soluble forms, making it a non-negligible source
of bioavailable P to surface waters.'* Based on simulation
studies, Myriokefalitakis et al.'* estimated bioavailable
atmospheric P from biomass burning to have increased by
28% since 1850, with a further 22% increase expected by the

Atmospheric aerosols play a central role in controlling our
planet’s radiative balance, biogeochemical cycling, air
quality, and human health, due to which they constitute one of
the nine planetary variables' that must be regulated globally to
limit human impact on the climate and environment. Large-
scale biomass burning events, such as wildfires, contribute
substantially to total organic mass loading in the atmos-
phere.”™ The chemical nature of biomass burning organic

aerosol (BBOA) is one of the determinative factors behind its
influence on climate and the biotic/abiotic entities that it
interacts with. Phosphorus (P)-containing atmospheric aero-
sols are an important source of P to surface waters via wet and
dry atmospheric deposition.”” Phosphorus is an essential
nutrient that can limit primary production and nitrogen (N)
fixation despite its diffused and minor influx into surface water
via aerosols; it can alter the biogeochemical balance of aquatic
ecosystems leading to eutrophication, algal blooms, and/or
oxygen (O) depletion.”®’ A total of 3.7 Tg P/year is estimated
to be emitted globally by a variety of sources,'’ including soil
and desert dust, primary biological and marine aerosols, coal
combustion, biomass burning, and agricultural fertilizers;'' "3
20% (0.7—0.8 Tg P/year) of this P is projected to originate
from natural fires.'"” Only a small fraction of P (9 Gg/year)
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year 2100. These predictions are not unprecedented,
considering that an increased occurrence of wildfires globally
is expected in the future, owing to a warmer, drier climate and
changes in fuel availability."”

It is well established that P is emitted in substantial
quantities from biomass burning and can exert a profound
influence on aquatic ecosystems; however, its molecular
composition is unknown because only a few studies have
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included P along with C, H, O, N, and S in ultrahigh-resolution
mass spectrometry (ultra-HRMS) analyses of organic aero-
sols."®" Even in such studies, P-containing formulae were
removed from analyses due to their quantitative insignificance
among other molecular groups (CHO, CHNO, CHOS,
CHNOS, etc.). Given that molecular-level characterization of
organophosphorus compounds can provide insight into their
aromaticity,ls’lg molecular weight, and elemental ratios, their
better representation in HRMS studies on BBOA is warranted.
However, a major limitation to mass spectrometric analyses of
organophosphorus compounds in complex mixtures is the
inefficient ionization of phosphate functional group (PO,*")
by electrospray ionization (ESI), especially when organo-
phosphates are present in relatively minute quantities among
an overwhelming background of non-P organic matter
containing competing functional groups, such as carboxylic,
carbonyl, and phenolic members.” Studies targeting dissolved
organic phosphorus (DOP) in natural aquatic organic matter
have suggested selective isolation and concentration of DOP
prior to ESI and HRMS analysis,”*~** which is typically not a
feasible option for atmospheric aerosol due to limited amounts
of sample. Highly oxygenated P-containing species were
recently observed in solid-phase extracted dew water using
(=)ESI and 12-T Fourier transform-ion cyclotron resonance
mass spectrometry (FT-ICR MS), where they were speculated
to originate from DNA, phospholipids, and reactions of P-
metabolites exuded on the surface of leaves.”> However, such
inclusion of organophosphorus compounds in the molecular
characterization of BBOA is yet to be performed.

We present the molecular-level composition of a wildfire-
influenced BBOA sample with (—)ESI coupled with a 21-T
FT-ICR MS. This mass spectrometer has the greatest magnetic
field strength reported to date,”*”* which affords it a unique
blend of high resolving power (RP), sensitivity, acquisition
speed, mass accuracy, and dynamic range. The 21-T FT-ICR
MS employed here was custom-built at the Pacific Northwest
National Laboratory (PNNL), Richland, WA; its detailed
design and initial performance have been reported elsewhere.”
The RP and rate of spectral acquisition of FT-ICR instruments
are linearly proportional to their magnetic field strength, while
mass accuracy and dynamic range are quadratically related to
it.”° Furthermore, a stronger magnetic field allows large
populations of ions to be trapped in the ICR cell before
coalescing.”” Altogether, these properties extend the analytical
capabilities of high-field FT-ICR instruments to extract more
information from complex mixtures. Here, molecular charac-
terization of the BBOA sample using the 21-T FT-ICR MS led
to the detection of P-containing species despite no prior
selective concentration of organophosphorus compounds.
These constituents were not observed in a parallel character-
ization performed with another state-of-the-art instrument: 15-
T FT-ICR MS. Organophosphorus compounds have long been
quantitively reported in wildfire smoke but have never been
molecularly characterized with confidence,'®'” and thus, are
the focus of this report to exemplify the importance of
subjecting atmospheric BBOA to ultra-HRMS to advance the
knowledge on its fine-scale nature and minor constituents.

B EXPERIMENTAL SECTION

Sample Collection and Preparation. Aerosol samples
were collected on 0.1-um 90-mm PTEE substrate (Sterlitech
Corporation, WA) by pulling 80 L of air per minute for 6 h on
September 05, 2017, at the Environmental Molecular Sciences

Laboratory of the Pacific Northwest National Laboratory
(Richland, WA) downwind of wildfires that burned in British
Columbia, Canada, and Washington, USA. Trajectories
extending 48 h into the past from the time that sample
collection was concluded on September 05 were generated
using Hybrid Single-Particle Lagrangian Integrated Trajectory
(HYSPLIT) at 350, 1000, and 2000 m above ground level
(Figure S1), which showed the aerosol sample to be
representative of plumes that had intercepted or traveled in
close vicinity of wildfires in the 2 days preceding collection. A
quarter of the filter was immersed in analytical-grade
acetonitrile (ACN) and shaken at 60 rpm for 90 min at
ambient temperature and pressure. The filter was then
discarded, and the liquid ACN-aerosol mixture was filtered
with a 0.2-um PTFE syringe filter to remove insoluble material.
The filtrate thus obtained was maintained at 4 °C during
storage and shipment until analysis. Samples were diluted 10-
fold in 50:50 H,O/ACN immediately before analysis.
Electrospray lonization and Ultrahigh-Resolution
Mass Spectrometry. 15-T FT-ICR MS. Spectra were acquired
on a Bruker SolariX XR FT-ICR MS equipped with a ParaCell
and actively shielded 15-T superconducting magnet. Samples
were infused at 5 pL/min into an Apollo II ESI source
operating in negative mode with a capillary voltage of 4 kV, dry
gas flow of 4 L/min, temperature of 180 °C, and nebulizer gas
pressure of 1 bar. The Q1 mass was set to m/z 100. Ions were
accumulated for 150 ms before transfer to the analyzer cell
with a time of flight of 0.75 ms. All spectra were acquired
between m/z 153.6 and 1200.0 into an 8 MWord time domain
with a transient length of 2.8 s. Three hundred transients were
co-added before zero filling and Fourier transformation. The
measured RP was ~1 000 000 at m/z 400. Spectra were peak-
picked in Data Analysis 5.0 (Bruker Daltonics, Billerica, MA)
with an S/N threshold of 4.0 and absolute abundance
threshold of 1000000, and peak lists were exported as .csv
format for further data processing and formula assignment.
21-T FT-ICR MS. Spectra were acquired on a custom-built
21-T FT-ICR MS at PNNL, Richland, WA. Briefly, a Velos Pro
linear ion trap front end was used for ionization and system
control of a custom-built ICR flight tube and analyzer cell.*®
Samples were infused at 4 yL/min into a heated ESI (HESI)
source (45 °C) with a spray voltage of 3.4 kV in negative
mode. Eight arbitrary units of sheath gas were used to aid in
nebulization. Inlet capillary temperature was set to 300 °C. An
AGC target of 5 X 10° was set with a typical ion injection time
of 5 ms. Spectra were recorded between m/z 150 and 800 a
transient length of 1.5 s and target RP of ~600 000 at m/z 400
(measured RP = ~620000) in magnitude-mode FT (mFT).
One thousand broadband scans were recorded with single
microscan events. Data were acquired with the FTMS Booster
(Spectroswiss) data acquisition system allowing for post-
acquisition co-addition of raw transients and absorption-mode
Fourier transform (aFT) processing, yielding improved RP
(measured RP = ~1200000 at m/z 400) and sensitivity.
Spectra with a width of 30 m/z units (3 s transient length)
were also obtained by recording 100 narrow scanning ion
monitoring (SIM) scans (1 microscan event per scan) centered
at m/z 393 (m/z 378.06—405.26). The measured RP for SIM
scanning was ~2 200000 at m/z 400. Peak-by-Peak (Spec-
troswiss) was used to co-add, Fourier transform, and phase-
correct all scans. The mass spectrum was then peak-picked
based on logarithmic noise thresholding with a noise value of
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6.0, and the mass list was exported in .csv format for further
data processing and formula assignment.

Data Processing and Molecular Formula Assignment.
Mass lists acquired and exported from either instrument were
subjected to further noise estimation using the KMDNoise()
function in MFAssignR™® to remove any residual noise.
Monoisotopic and polyisotopic peaks were acquired from
IsoFiltR(), followed by the selection of CH,-homologous
series as recalibration points from within the data set using
Recal() to correct any systematic error in measured ion masses
(Table S1). Molecular formulae were assigned to recalibrated
m/z values using MFAssign() with the following constraints:
C.H,O,Ny_3S0_1Py_1*Cy_,*Sp_; (numbers of C, H, and O
were unrestricted); —13 < DBE-O < 20; 0 < O/C < 2.0; 0.3
< H/C £2.5; and maximum permissible error of +0.5 ppm. A
de novo cutoff of m/z 350 was applied, whereby the unique
elemental composition is calculated till m/z < 350, and higher
m/z values are assigned by their extension as homologous
series of CH,, O, H,, H,0, and CH,0.”® Unless otherwise
indicated, assignments containing *C,_, and/or *S atoms are
not included in our discussion, considering that they are
isotopic counterparts of monoisotopic formulae. Peak
abundances were normalised to the abundance of the tallest
peak. Structural information was inferred by calculating double
bond eclluivalence (DBE) and modified aromaticity index
(AL,.4),">" where DBE = C + 1-H/2 + N/2 + P/2 and Al 4
= (1 + C-1/20-8-1/2(N + H + P))/(C-1/20-N—S—P). In
both equations, C, H, O, N, S, and P are the numbers of atoms
of these elements. The data processing pipeline (Code S1) is
made available in the Supporting Information.

Chemical Imaging and Microanalysis of Single
Particles. The atmospheric aerosol sample was collected
onto 300-mesh transmission electron microscopy (TEM) grids
coated with carbon type-B films (Ted Pella, Inc., CA) using a
10-stage micro-orifice uniform deposition impactor (MOUDI;
Model 110-R, MSP, Inc.). For chemical imaging and
microanalysis, we focused on samples that were collected on
stages 7 (0.32—0.56 pm) and 8 (0.18—0.32 ym). Computer-
controlled scanning electron microscopy with energy-dis-
persive X-ray (CCSEM/EDX) was used for the analysis of
individual particles’ elemental composition. X-ray spectra were
acquired for 10 s of live time at an accelerating voltage of 20
kV and beam current of ~430 pA. The elemental
concentration of P was measured as an atomic percentage
along with C, N, O, Na, Mg, Al, S, S, Cl, K, Ca, Mn, Fe, and
Zn. More than 3500 individual particles were analyzed. In
addition, an aberration-corrected scanning transmission
electron microscope (FEI Titan) coupled with an energy-
dispersive X-ray spectrometer operated at 3000 kV was used to
image single particles. Electron detection was performed using
the high-angle annular dark-field detector. An EDX detector
(Oxford Instruments) was used for the chemical imaging of
particles.

B RESULTS AND DISCUSSION

Overview of Molecular Composition. BBOA is
polydisperse and multifunctional with C, H, O, N, §, and P
elements present with various combinations of hydroxyls,
carboxyl, carbonyl, and ester functionalities and often include
nitrate, sulfate, or phosphate end members.'®*’™*' The
chemical richness of ambient aerosols results from the
combination of primary organic components emitted directly
from the sources and secondary multiphase oxidative

components that are formed as the air mass ages. In our
wildfire-influenced BBOA sample, 6053 monoisotopic and
1383 polyisotopic (**C,_, and/or **S) formulae belonging to
CHO, CHNO, and CHOS molecular groups were assigned to
peaks detected with the 15-T FT-ICR MS. The 21-T FT-ICR
MS yielded 10533 monoisotopic and 3420 polyisotopic
formulae that belonged to CHO, CHNO, CHOS, CHOP,
and CHNOP molecular groups and constituted 91.5% of the
detected peaks. Here, CHOP and CHNOP species were
exclusively observed in the 21-T FT-ICR MS analysis and
comprised 4.6% (n = 488) and 2.0% (n = 244) of all formulae
assigned, respectively. The numbers of peaks detected using
the 15-T and the 21-T FT-ICR instruments and a summary of
the nature of formulae assigned to them, including assignment
errors (Figure S2), are presented in Table 1. A full list of
formulae from both instruments is given in Data set SI.
Centroid mass spectra of the unambiguously assigned
monoisotopic formulae are drawn in Figure 1. A total of
11 474 peaks denoting distinct molecular formulae are shown
in the reconstructed mass spectra, where the largest fraction of
assigned formulae in both FT-ICR analyses belonged to
CHNO species (~50%), with CHO species being a close
second. Regardless of the varying peak abundance distribu-
tions, both mass spectra in Figure 1 represent a similar
molecular class distribution in the assigned formulae. Species
containing O,—05, NO;—NO, N,0;—N,04, and OS—
0y,S were detected by both instruments (Figure S3). A greater
number of formulae were assigned to each class by the 21-T
FT-ICR MS, along with the detection of additional classes
ranging from N;O,—N;O0,,. A detailed description of these
molecular classes (i.e., CHO, CHNO, and CHOS) is
presented in Text S1, while the discussion that follows pertains
exclusively to CHOP and CHNOP constituents.

In a recent analysis of pyrogenic organic matter in soil with
21-T FT-ICR MS using (+)ESI, Roth et al. demonstrated
enhanced speciation of nitrogen-containing organic com-
pounds.” Here, (—)ESI analysis using the 21-T FT-ICR MS
led to novel CHOP or CHNOP formula assignments. Peaks
corresponding to these species had very low abundances
relative to those of other molecular groups (1—5% of the base
peak)—which is not necessarily indicative of the minute
quantities of organophosphorus compounds in the complex
mixture but could be due to the inefficient ionization of PO,>~
groups by ESI as well.”” To be sure of our findings, the P-
containing formulae were tested against multiple formula
assignment candidates before being finalized as the most
suitable assignment. First, CHOP and CHNOP formulae had
very low mean absolute formula error of 0.08 + 0.04 ppm.
Nearly all P-containing peaks reported here could also be
assigned a CHO?®S formula. However, such CHOS formulae
were ruled out due to their unusual error patterns depicted in
Figure S4 and their highly condensed nature (H/C and O/C
<0.5), which is not a characteristic of organosulfur compounds
in BBOA. Second, other possibilities, such as the inclusion of
33Cl/*Cl adducts, polyisotopic peaks (**O, '*N, etc.), or odd-
electron ions in the formula assignment parameters, did not
yield alternatives at an error tolerance of <0.5 ppm.

13C Isotopic Fine Structure of Peaks Assigned CHOP
or CHNOP Formulae. Isotopic fine structure involving *C
was assessed to not only have additional confidence in CHOP
and CHNOP assignments (note P is not a polyisotopic
element) but also to highlight the analytical strength of the 21-
T FT-ICR MS for complex mixtures. Dedicated SIM

https://doi.org/10.1021/acs.analchem.2c00916
Anal. Chem. 2022, 94, 14537—14545


https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c00916/suppl_file/ac2c00916_si_003.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c00916/suppl_file/ac2c00916_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c00916/suppl_file/ac2c00916_si_003.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c00916/suppl_file/ac2c00916_si_002.xlsx
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c00916/suppl_file/ac2c00916_si_003.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c00916/suppl_file/ac2c00916_si_003.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c00916/suppl_file/ac2c00916_si_003.pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.2c00916?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Analytical Chemistry pubs.acs.org/ac

B g experiments were performed to observe polyisotopic peaks for
- 5 low-abundance monoisotopic peaks, which were otherwise
< ] NN aA v “ 5 R . o .
28 oScSco oo oo  — g difficult to observe in broadband acquisitions. Scans acquired
=g +H o+ H H H H H H H o= f £ a f its” 1 h d h b £
= 5 Qo5 a ©x oL g n 5 or m/z segments of a few units' lengths reduce the number o
= © SSSsSs S8 oSS S s M ions that are collected and passed on by the quadrupole mass
S § g . . .
e 3 filter to the ICR cell. Such SIM with longer transients increases
E +
g*g\ sensitivity, RP, and mass accuracy, thereby improving the
5w wowmowm o o NN+ 2 chances of polyisotopes and other minor constituents to be
g 838388 S©83999<9 ¢o . . }
55 SSSS S 333 S S da observed. This approach has previously been applied for the
g1 HHHH  HHHHHH 23 : : :
£ measurement of isotopic abundance and confirmation of
28 898R SNES8eER ST o pemen s o SIM
28 2532 88585532 &S ormula assignments. ere, a narrow spectrum
8¥ obtained in aFT mode (m/z 378.06—405.26; measured RP =
‘ oo L aae o T 2200000 at m/z 400; number of scans = 100) yielded 54
) 585 < 382 $45 b monoisotopic CHOP formulae, of which 20.4% (n = 11) had
= Q%D HHHH HHAaHHAHED their corresponding isotopic peak detected with up to two "*C
s 2258 88283 E:j atoms. In comparison, in the broadband aFT spectrum
£ 2232 §E5323F ?on S(())zi)e)rveleP at fm}{z 54500 = 1' 200 O'OOé:Igr}l)ber qf s«(:gnés(y;
& , only two of the 55 monoisotopic species (3.6%
o e in the same m/z range had a corresponding "*C,_, isotopic
() SQ + < < o T A+~ O £ pea etected. e 00Sst 1In m e scan 1or
N = TeTE 222223 5k k detected. The boost in S/N in the SIM f
Té.( =g H+ HH  HHHHHHE 4 commonly detected species was ~1.3X. The tallest CHOP
< c58 2288 282383 2. isotopic peak in the SIM spectrum, *C'2C,;H,,0,,P, was
» 8¢ AT 22D TC Ry : : 9
= g =5 observed with a relative abundance of only 2.4% and an S/N of
§ g é g 1.46. Correspondingly, this peak was not observed in the
) = ‘55 broadband spectrum.
g g 2 . . .
; —% P o cmmem mmaa@a S g Figure 2 shows a SIM spectrum for three monoisotopic
= 5% 2333 S999%% 2o CHOP peaks at m/z 397 with corresponding M + 1 and M + 2
- =]
2P £ o« 42 mangoe E3 positions. Here, C;sH,,0,,P was the tallest CHOP peak (9.9%
3 &g IR B B R B B R T -8 relative abundance) and, thus, presented a higher likelihood of
o v w -
< > S S S 2 an observable isotopic peak. Two isotopic peaks at M + 2
-~ = O @ )
s & & g 9 BCC3H,;0,,P, and “C"C,H,,0,,P were assigned with
o E o = 3 g ~0.06 ppm absolute formula error at relative abundances of 1.8
9 = ST o I T Mo T B N NS e T N B~ = .
& 9 poocSs s ccoS 53 and 2.2%, respectively, and at measured RPs of 1700 000 and
2 ‘23 2 ; g él S ] ;;l ; ; ;\" g ;' %“‘5 2200000 (Figure 2). The former was present at a 1.1%
° ?étgg = S S oSS 3 = = E’ relative abundance and a measured RP of 1 100 000, while the
= 8 28 latter was undetected in the broadband scan. Thirty-three
] =} . . .
g Bz CHNOP formulae were assigned in the SIM spectrum but with
= s . . . .
S g S o no isotopic peaks. This could be explained by the fact that the
5 3 &% o g v tallest CHNOP peak had a relative abundance of only 4.9%
E %% é % § g 3 é) § g 2g3 -% E and 15 C atoms, which would place its '*C isotopic peak below
o © ée § - the S/N threshold. -
2" E 3 Molecular Composition of Organophosphorus Com-
o S 2 pounds. The presence of P in atmospheric aerosol has been
_: T Té 2 explored in numerous studies,”'**®*” but its molecular
v -
2 28 5 & AN characterization is essentially missing. Spectromicroscopy
& g - - = analyses indicated ~8% of the total particulate matter in the
4 o § BBOA sample to contain P (>0.5 atomic percentage), as
£ P 5.5 shown in Figure SS. Molecular characterization with the 21-T
= g2 _gé FT-ICR MS produced 488 and 204 CHOP and CHNOP
G ‘*5%2 o 2 ° formulae, respectively. Despite the magnitude of molecular-
E 57 § 2 ° g level information obtained here from ultra-HRMS, exact
o Es © = S (compound or structural) identification is a challenge due to
o ol = the isomeric complexity of complex mixtures. Graphical tools,
= &= B = h as the Kendrick defect (KMD) plots or the V.
= 2 2 £ such as the Kendrick mass defec plots or the Van
E 4 13) Krevelen diagrams, cannot differentiate between isomers but
2 5 Ay are nonetheless valuable to make sense of mixtures with many
g‘ g% S 7 £ & unknowns, such as the complex BBOA analyzed here, via
g ;%‘ he 3 E % broad classifications and molecular-level repeating pat-
§ s 0 &P terns.”** In addition, trends and series in the KMD and VK
@ . g g diagrams are formed merely based on formulae assigned and
v—
o Cwv 0O T8 do not imply similarity in structure.
° So0z8 S5c0z80z %% not Imply similarity In structu
) ZITIT ZEZEZIITCT o Figure S6 shows the distribution of the number of C and O
< FTO000 J[OUOUOUOUOU QE . .
B < 3 atoms, as well as the DBE, across the entire range of species

14540 https://doi.org/10.1021/acs.analchem.2c00916
Anal. Chem. 2022, 94, 14537—14545


https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c00916/suppl_file/ac2c00916_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c00916/suppl_file/ac2c00916_si_003.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c00916/suppl_file/ac2c00916_si_003.pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.2c00916?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Analytical Chemistry

pubs.acs.org/ac

15-T FT-ICR MS
1.00
o [\
e
& 0.754
e}
c
3
®
0.50 1
3 Group
2 CHO
© m CHNO
€ 0254 m CHOS
S = CHOP
z CHNOP
0.00 1 L
21-T FT-ICR MS
1.00 1
(0]
2
& 0.75 - -
©
c
>
®
5 0.501
o} Group
®
2 CHO
i = CHNO
g 0.25 ®m CHOS
z m CHOP
CHNOP
0.00 4
150 250 350 450 550 650 750
m/z

Figure 1. Reconstructed mass spectra of organic aerosols from (—)ESI analysis with 15-T and 21-T FT-ICR mass spectrometers. A vertical
expansion of the latter spectrum is presented in the inset to aid the visualization of the low-abundance CHOP and CHNOP peaks. Peaks are

colored by the molecular group of the formula assigned to them.

44 M M+1 M+2
1.5 41
o)
3-
2 34
3 Al 1.0 L%
€ 291 a2 00 ol e
=1 S =0 EIES a0 s
3 995 z T §5%
< g0 E2zZE 0.51 60 1 2EL
it 50 %04
04 I I | 0.0 1 ff 04 M I I
T T T T T . T T T T T T T T T T
O N % > % O N 9 5w S N 9 5w
AT AT AT ATl R S S o o O o O
DD D D D LS R . S ) L
m/z m/z m/z
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scan.

detected. As compared to formulae that contained only C, H,
O, N, and/or S, organophosphorus species had much smaller
C skeletons of C,_,, (versus C,_,;). They were distributed
across a continuum of O,P, and N,O,P, classes (O,P—O P
and NOyP—NO,,P), as shown in Figure 3C,D. Despite smaller
C skeletons, CHOP or CHNOP formulae could be organized
into 64 and 40 KMD homologous series with CH, as the base.
Figure 3A,B depicts a portion of the CHOP and CHNOP
formula assignments and pinpoints the KMD series lying
therein with the corresponding DBE. Most KMD series of
CHOP and CHNOP formulae had >7 and >4 members,
respectively (Figure S7). According to Figure S7, longer KMD
series were dominated by low DBE values of <S. In the case of
CHOP, the longest KMD series had 14 members (represented
as CS in Figure 3A), with C;oH;,0;P as the core (smallest)
molecule. With a DBE of 3, this series could comprise P-
containing species with either three double bonds or a ring
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with two double bonds. The second-longest series had 13
members, each starting from C,H;s0,P (DBE = 3) and
Cy;H;;0,P (DBE = 4) as the core molecules. The highest
unsaturation of DBE = 9 was exhibited by only one 3-
membered series starting with C,gH,,0,3P. A predominance of
CHOP species with low degrees of unsaturation and low
Al 4'*" values (classified into aliphatic groups) suggested
the presence of compounds resembling phospholipids or
phosphate sugars. The longest KMD series in the CHNOP
group was 9-membered and started from CoH;(NO;;P (DBE =
3). The second-longest series had 8 members, each starting
from CgH;(NO,;P (DBE = 2) and C,H;(NO,;P (DBE = 1) as
the core molecules. The highest unsaturation of DBE = 7 was
exhibited by two 4-membered KMD series starting with
C,¢H,,NO,;P and C,H,,NO,,P.

Similar to the KMD plots, van Krevelen (VK) diagrams
organize species in characteristic trend lines to represent
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Figure 3. Molecular characteristics and classes of CHOP and CHNOP formulae detected in the organic aerosol sample. (A, B) Zoomed-in
Kendrick mass defect plot with CH, as the base, where data points are colored by double bond equivalence. Elemental compositions of
representative CH,-homologous series are elaborated in the adjacent table. The number and length of all homologous series formed by the CHOP
and CHNOP species are drawn in Figure S7. (C, D) Frequency of occurrence of formulae in P-containing heteroatomic classes, O,P and NO,P.

possible reaction pathways relating them to one another
(Figure S8), such as hydration/condensation, de/hydro-
genation, oxidation/reduction, and methylation/demethyla-
tion.”*™* In the VK space, both P-containing molecular
groups occupied regions of higher oxygenation and hydrogen
saturation as compared to CHO and CHNO species (Figure
S9). Tu et al.*' suggest molecular species with O/C > 0.6 to
be highly oxidized and those with H/C > 1.2 to be highly
saturated. Both CHOP and CHNOP formulae were reflective
of oxygenated, aliphatic species as they had some of the highest
numbers of O atoms as compared to the rest of the data set
(Oy_;5 versus O;_;9) and the lowest DBE values (0—9 versus
1—24), as shown in Figure S7.

To gain deeper insight into the possible compound classes of
P-containing species in this BBOA sample, formulae assigned
were manually compared to known compounds curated at
ChemSpider,”* which yielded more than one match for 127
(26.1%) CHOP and 19 (8.8%) CHNOP formulae. In total,
there were 402 and 70 matches for the two molecular groups,
respectively, that included metabolites, such as PO,*~ mono
and diesters in phospholipids, phosphamides, phosphopro-
teins, inositol, sugar phosphates, etc. Structures that matched
with CHNOP included phosphorylated amino acid residues
and amino sugars. Monoesters and diesters could also be
decomposition products of nucleic acids and lipids.'*
Furthermore, an estimate of the lability of organic matter in
complex mixtures places bioavailable material at H/C > 1.5,%
according to which all P-containing molecular compounds
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detected and assigned a formula here were likely bioavailable
species, such as phosphorylated amino sugars or carbohydrates.

Molecular formulae can help infer compound classes and
functionalities based on the ratio of heteroatoms as well. For
instance, a molecular O/N ratio of >3 in BBOA has been
associated with NO, (nitro) or NO®  (nitrate) functional
groups.'®** Similarly, O/S > 4 suggests the presence of SO,*~
(sulfite), SO,>~ (sulfate), or HSO> (sulfonic) functional
groups.** These are reasonable inferences that have been
supported by fragmentation studies reporting associated
neutral losses, such as HNO3,45’46 HNO,, and NH346 in
atmospheric OA. The low relative abundances of peaks
assigned CHOP or CHNOP in this study prevented their
isolation for fragmentation studies. Regardless, molecular O/P
values of 27 and O/P,,, of 12.80 + 2.0 in formulae suggested
that CHOP species had at least seven O atoms available for
each P, allowing for the possibility of —OPO; with other O-
based functionalities. Similarly, the values of O/(P + N) were
>4.5 with [O/(P + N)],,, of 6.64 + 0.83, suggesting the
possibility of CHNOP species to have both —OPO; with
reduced N groups, such as NH,, as well as NO (nitroso), NO,,
or NO*~ with other O-based functionalities. Currently, no
studies on the molecular composition of organophosphorus
compounds in the atmospheric aerosol are available to support
these speculations or to provide tentative structural informa-
tion. Therefore, future research must focus on elucidating the
structures of these compounds by performing tandem MS
analysis.
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Differences in Mass Spectral Parameters of the FT-
ICR Instruments: Resolution and Sensitivity. A previous
study on the direct comparison between 9.4 and 21-T FT-ICR
MS®” reported heteroatomic classes with >3 O atoms to be
assigned exclusively by the latter due to its ability to resolve
H,0; from C,N"C, i.e, Am = 1.792 mDa, in a variety of
complex environmental mixtures, benefiting the analysis of O-
rich samples. Unless a deliberate effort is expended to acquire
identical mass spectra for complex mixtures from different
instruments, user-defined ionization and instrumental tune
settings create biases in detection, which introduces variability
in molecular composition and ion abundances,”” Here, the
same BBOA was characterized by independently optimizing
signal and resolution on the 15-T and 21-T*° FT-ICR MS, and
thus, more work is needed to concretely attribute the
observations presented in this section to differential instrument
design and function in the future. Nonetheless, the apparent
enhancement in performance of the 21-T FT-ICR MS was
attributable to its better sensitivity toward species that were
present in relatively small quantities in the sample rather than
the greater RP at which data was acquired from it (1 200 000 at
m/z 400 with aFT processing versus 1 000 000 at m1/z 400 for
the 15-T FT-ICR MS). For instance, the resolution of
C,3H4,04P from isobaric species, C;,H;40;; and
C,sH36N,0,3, at m/z 571 required RPs of 239000 and
342 000, respectively (Figure 4). The resolution of C,qH3401,4
from C'C,gH;;NO,, at the same nominal mass required an
RP of 308000. The resolution of C;;H,,0;sP from
BC2CpH gNO, required an RP of 810000 at m/z 465
(spectrum not shown). All of these ion pairs were resolvable by
the 15-T FT-ICR MS, but they remained undetected. Another
such observation was made in the detection of species assigned
an O, formula, which was the most common heteroatomic
class with only C, H, and O constituents (Figure S3).
Juxtaposed spectra at three nominal masses (m/z 305, 401, and
505) drawn in Figure S11 show that not only did the
commonly detected peaks have a higher S/N ratio in the 21-T
FT-ICR MS analysis, but also at the highest m/z, none of the
O, peaks were detected by the 15-T FT-ICR MS.

Better detection by the 21-T FT-ICR MS may likely be due
to a much higher number of transients co-added for it (1000 as
compared to 300 from the 15-T FT-ICR MS) to optimize data
acquisition, other than its better sensitivity and dynamic range
due to higher field strength. However, the number of scans was
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not the only decisive factor, as the S/N of 14.45% of the
overlapping peaks (that were assigned a formula) between the
two instruments was greater in the 15-T FT-ICR analysis than
in the 21-T FT-ICR analysis. In addition, a small number of
species (n = 941) were observed exclusively in the 15-T FT-
ICR MS analysis and majorly comprised oxygenated (O/C >
0.5) N and S-containing species of low DBE <12 (Figure S10).
Notably, ~2400 unassigned peaks (10.32% of the raw mass
list) that accounted for 15% of the cumulative ion abundance
were enriched in the 15-T FT-ICR mass spectrum (gray peaks
in Figure S12). The ions forming these peaks were either not
detected by the 21-T FT-ICR MS or had very low S/N.

These unassigned peaks in the 15-T FT-ICR MS could be
organized in CH,-homologous series using KMD but could
not be assigned molecular formulae with the routine used here.
We could also not satisfactorily prove the presence of
nontraditional elements/adducts (F, Cl, Na, etc.), odd-electron
ions, multiple charges, etc. Considering that these species were
observed only in BBOA samples, such as the one reported here
and others to be reported elsewhere in the future, but not in
other natural complex mixtures, including Suwannee River
fulvic acid and Maple leaf organic matter extracts analyzed
during the same experimentation period, we speculate that
these unassigned species were likely unique to our BBOA and
were not contaminants. As most instrumental settings and even
data acquisition protocols (such as the use of aFT processing)
caused an overall better sensitivity of the 21-T FT-ICR MS,
differences observed in the molecular composition could have
been contributed by numerous other instrumental design
aspects that set the two mass spectrometers apart, such as their
ESI sources, types of ICR cell, ion optics, etc., but are outside
of the scope of this paper. Future research must attempt to
concretely attribute such variability in molecular character-
izations of BBOA and other complex mixtures to differential
instrumental design and function.

B CONCLUSIONS

We present the first molecular-level characterization of
organophosphorus compounds with C, H, O, and P
constituents, with or without N, in atmospheric BBOA
originating from wildfires in the Pacific Northwest by
ultrahigh-resolution mass spectrometry. These compounds
were detected among a rich matrix of 9841 non-P formulae
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belonging to three molecular groups: CHO, CHNO, and
CHOS. Although CHOP and CHNOP groups formed only
6.57% of all assigned formulae, they are extremely environ-
mentally relevant due to their tendency for incorporation into
the nutrient load of aquatic ecosystems, leading to substantial
changes in the biogeochemical balance. It is, therefore,
essential that they be included in the careful exploration of
wildfire-influenced organic aerosols to better understand their
downwind fate and implications. Our results demonstrate the
utility of ultra-HRMS with the 21-T FT-ICR MS for the
detection and identification of organophosphorus compounds
in BBOA and potentially other minor constituents as well
without their pretreatment or selective concentration from the
non-P organic matrix. With the increased frequency of wildfires
and other large-scale biomass burning episodes expected
globally in the future, it is crucial to explore all possible
avenues that can advance our understanding of atmospheric
aerosols and their interaction with ecosystems.
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