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Abstract

After an accidental, deliberate, or weather-relalisgersion of chemicals (dispersive event),
rapid determination of elemental compositions oiin mass spectra is essential for tentatively
identifying compounds. A Direct Analysis in Reahiaé (DARTY ion source interfaced to a JEOL
AccuTOPF® mass spectrometer provided exact masses acconatthin 2 mDa for most ions in full scan
mass spectra and relative isotopic abundances JRlZsirate to within 15-20% for abundant isotopic
ions. To speed determination of the correct comiposfor precursor ions and most product ions and
neutral losses, a three-part software suite wasldpgd. Starting with text files of m/z ratios ahdir
ion abundances from mass spectra acquired at logerate, and high collision energies, the lon
Extraction Program (IEP) compiled lists for the maisundant monoisotopic ions of their exact masses
and the RIAs of the +1 and +2 isotopic peaks whrmédance thresholds were met; precursor ions; and
higher-mass, precursor-related species. The loreation Program (ICP) determined if a precursor io
composition could yield a product ion and corregpog neutral loss compositions for each product ion
in turn. The Input and Output Program (IOP) prodidee ICP with each precursor ion:product ion pair
for multiple sets of error limits and prepared etation lists for single or multiple precursor ioiiie
software determined the correct precursor ion catipos for 21 individual standards and for three-
and seven-component mixtures. Partial deconvolufaomposite mass spectra was achieved based on
exact masses and RIAs, rather than on chromatograph



I ntroduction

Identifying contaminants is the first step in ass&g human health and ecological risks posed by
contaminated sites. Thorough and rapid mappindnefigcals dispersed by an accidental, deliberate, or
weather-related, event requires fast analyses &nghahroughput. To meet this need, an
autosampler/Direct Analysis in Real Time (DARTon source/Time-of-Flight Mass Spectrometer
(TOFMSY that could be transported to dispersive eventsinvid van and a wipe sample transport and
collection devicéare under development. Cotton swab, wipe sampieisl e collected by numerous
field samplers and rapidly analyzed using thisruraent.

Wipe samples collected near the origin of a dispersvent should pick up relatively large
amounts of the dispersed chemicals. For polar comgedesorbed and ionized by a heated stream of
metastable helium atoms, the predominant ions wbden the mass spectra should be from the
dispersed compounds. The exact mass and relatitapis abundance (RIA) measurements from the
TOFMS will enable determination of the compositiafishe ions in the mass spectra and provide rapid
tentative identifications for chemicals listed imexact mass and RIA libranAfter making a tentative
identification, the same mass spectra acquiredruhdesame conditions (and retention times when
chromatography is used) for the analyte and a atdrate still required for confirmation. For nomefet
compounds and for mixtures of compounds that peemmposite mass spectra, software for
determining ion compositions and deconvoluting ngestra are essential. Once characteristic ians fo
dispersed compounds have been found, semi-quargitispersion maps can be plotted using their ion
abundances. Superfund (abandoned toxic waste)csitedg also be better characterized using this
technology to identify "hot spots” where differéypes of chemical wastes were dumped. For both
dispersive and Superfund sites, the high througbptite autosampler would provide rapid analyses of
large numbers of wipe samples to map contaminagjoide remediation, and document a thorough
clean-up.

Simple and automated data acquisition, data proggsand data interpretation are essential for
rapid and reliable analyses by an on-site opersitbin the van who might have a security clearance,
but little experience with sample extraction, egtr@dean-up, chromatography, or mass spectrometry.
Conventional analyses entailing such pre-analygsigode preparation and component separation would
require additional instrumentation, numerous s@spland on the order of 50 min/sample. The analysis
time for each cotton swab using the wipe samplaeraand autosamplédeveloped in-house is
anticipated to be about 10-20 sec/swab. Thus faosdive mode, full-scan data acquisition methad f
recording the data needed to determine ion composihas been developed. This acquisition method is
much simpler than the ion-specific, selected-iacerding method used in past work to plot mass peak
profiles to obtain exact masses and RIAs for oneaioa time:® A mass peak profile is the distribution
of ion abundances observed before the raw daenisaded.

With minimal user input, the data interpretatioftware rapidly and routinely provides the
elemental compositions that correspond to protahatelecules (the precursor ions), [M+H]
ammoniated molecules, [M+NH; protonated dimer species, [M+H+Npxygenated species,
[M+O+H]"; and product ions observed in mass spectra atiteafeutral losses from the precursor ion
that produced the product ions. The output of tfnare provides only essential information,
consisting of a list of exact masses and RIAsctiteesponding possible compositions for each exact



mass, and a list of unique precursor ion - prodauctcorrelations. Usually, only one composition
remains viable for each precursor ion and ofterafigproduct ions and neutral losses as well.

The trade-off for this major speed enhancemertitasdomposite mass spectra will often be
obtained from individual swabs. Lacking chromatgdpia separation, we developed automated
deconvolution based on exact masses and RIAs girdwairsor ion and product ions and their
corresponding neutral losses (product ion:neutsd pairs).

Past Efforts. Several groups have determined ion compositia fExact masses and RIAS.
Ojanpera et al.compiled a library of 735 target compounds of tokbgical interest including the exact
mass and RIAs of the protonated molecule againgthwrheasured values for drugs and their
metabolites found in autopsy urine samples werebed. Mass error limits of +10 ppm and%2F ™
of 0.3 were used. More compounds were correctlgtiied when the RIAs were considered than when
they were not. Three other groups developed autmhtat partially automated approaches to determine
precursor and product ion compositions for compsurmt present in libraries. Suzuki et®atompiled
lists of possible ion compositions within mass ehmits of +2 ppm and £5 ppm for measured exact
masses of precursor and product ions, respectiveiygg the composition generator of the data system
The +1 and +2 RIAs, considered accurate to witl#0% as suggested by Ibaffezere then used to
limit the possible range of C atoms and the numbe& Cl, and Br atoms in an ion, respectively.
Kaufmann's Fragmentation Crawler (MCR3lso compiled lists of possible compositions farquirsor
and product ions using the composition generattisoflata system with mass error limits of £4 ppm.
Afterward, both the +1 and +2 RIAs were considdgoedliminate compositions based on acceptable
ranges for the numbers of C, S, Cl, or Br atome [Bin Correlation Program (ICP) of Grange and
Sovocoot!! permitted values and error limits to be specifimtboth exact mass and RIA measurements
before compositions were generated by the ICPtH&ICP, written in QuickBASICversion 4.5
(Microsoft Corp., Bellevue, WA), memory limitatiom$ten compelled initial entry of both exact masses
and RIAs for large-mass precursor ions (>250 Da&litninate calculated compositions inconsistenhwit
the RIAs prior to storage of possible compositionan array. Doing so reduced the number of passibl
compositions corresponding to each ion and nelasaland; thereby, increased the upper mass kmit f
which the ICP could be used. It also avoided ougputumerous incorrect compositions along with the
correct ones. Providing only the relevant result/igles simplicity, which is essential for the disgive
site application where speed is paramount.

The later three group¥*?used the compositions of their product ion:neutrss pairs to reject
incorrect compositions for the precursor ion. Suatlal® and Kaufmantt used Visual Basic
procedures. Kaufmann's MCR processed up to sevsraiod considered up to 119 calculated
compositions for each ion. When the ICP consid&#d& for one or more large-mass ions, up to eight
ions were processed using QuickBASIC as up to S8ipte compositions were saved for each ion or
neutral loss exact mass. Storage of 50 possiblgositions that have passed both exact mass and RIA
criteria corresponds to more than 119 compositiong/hich only exact masses have been considered.
This memory conservation is illustrated by threedam examples, the [M+Hprecursor ions from
caffeine, sulfamerazine, and chlorpromazine. Wheretements C, H, CI, N, O, P, and S were
considered for calculated exact masses within enB2 window for the m/z 195.08765, 265.07537, and
319.10302 ions, 14, 51, and 86 possible compositigere listed. When RIAs within 20% of the
calculated values were also considered, the nunabgrsssible compositions fell to 1, 5, and 4,
respectively.



Error Constraints. All three groups noted that using wide error Isniicreased the number of
possible compositions found, while narrow errontgncould result in rejections of correct compasis.
Fixed mass error limits were input into each pragr&range et af. started with generous mass error
limits and then manually reduced them for multiplas of the ICP until unique ion compositions were
found. For this work, the use of multiple sets @ssiand RIA error limits was automated to further
reduce the experience and time required by theatqreof an autosampler/DART/TOFMS at a
dispersive event to determine the ion and neutss tompositions helpful for identifying compounds.

Experimental

Autosampler/DART/TOFMS. The autosampler consisted of a 1/4"-square Ahfi@unted on
N-scale model railroad flatcars that rode on N-estack. N-scale is based on a spacing of 9 mm
between the track rails, and a flatcar is a platfon wheels with no sides or roof. Cotton swabs
mounted on the Al rod were pulled through the 3Q0h€tastable He beam at 0.2 cm/s by a 7-rpm DC
motor. Reference 1 fully describes the autosampler.

The Direct Analysis in Real Time (DART)on source (Incense, Inc., Saurus, MA) provided
ambient-air, surface sampling. The DART sourceaifr@a heated, metastable He beam toward the
atmospheric sampling cone of an orthogonal-acasderéoa) TOFMS. The DART source desorbed
analytes on the surface of cotton swabs and iorteen through a process similar to atmospheric
pressure chemical ionization (APCY).

Table 1. Compounds Investigated using the enhanced ICP.

The DART source was Precursor Ion  Composition
interfaced to a JEOL AccuTOF Compound Exact mass of [M+H]*
oa-TOFMS (JEOL USA, Peabody,

.. i i A 1
) -to-diaital 1. 2-aminopyridine 950604 ZsH M,
x)pr‘])veTrtheer ]::laestte?:?(?rlogrloa dde?j :Iinear Z. 2,2 "-thiodiethanol 105.036% C,H,05 - Hy,O
. P ; 3 2-amino-4,6-dimethylpyrimidine 124.0869 CeH M5!
dynamic range of about 4@vhich 4. psendoephredine 166.1226 O, H,NO
provided RIAs not distorted by signal =. 2-aminobiphenyl 1700964 CpHpN
turation of the monoisotopic ion. £ phenarzine 181.0760 o Hg M,
saturation o € monoisotopic 1o 7. B-methycarbazole 182 0964 CraHpp
8. 2-(methylthioibenzothiazale 182.0093 CH IS, *
Standards. Fourteen 9. DEET 1921383 C 1 H MOt
standards, (1)-(3) and (5)-(15) listed Q0. caffeine 195.0876 CoHy M, Oy
Table 1 were previously purchased 11. HN-tutylbenzenesulfonamide 214 0896 CnH Oy 5t
. . 12. carbamazepine 2371022 s H 01
from Aldrich (Milwaukee, WI). These 5 e o 2650754  CpHpN,0.5*
standards and pseudoephedrine (4) 14 tis(2-chloroethylphosphate 2849612 CpHRCLOP
purchased as an over-the-counter coltb.  chlorpromazine 319.1030 CypHa CIN5*
remedy were used to estimate mass 16  dwehlorvos 220.9532  CyHCLOLP
and RIA errors. Later, mass spectra .. =meheen 2601645 Gy MO,
. : o P 15 metoprolel 2681907 s Ha Oy
were obtained for dichlorvos (16) 19.  cephalesin 3041114 CpHpML0,8 — 0O,
from Chem Service (West Chester, 20.  flecainide 415.1451 CrrHy Fsldy05

purchased by prescription from a * MAHT* ions from compounds in the thres component mixture
pharmacy and Sudan red 7B (21) UM ] ions from compounds in the seven-componert mixture

from Aldrich.



Data Acquisition. A single full scan data acquisition over a masgeaof 50-1000 Da recorded
mass spectra with three different voltages appbe@rifice 1 as six cotton swabs mounted 1" apard o
1/4"-square aluminum bar were pulled through tméziog beam as illustrated in Figure 1.

To provide in-source J\_M\ J\_M

collisionally induced

dissociation (CID), the Orifice £
1 voltage was switched from
V to 40 V after 0.4 min and to &
15V after 0.8 min. Swabs had |

been dipped into methanol ~ * £ Time i)

solutions and allowed to dry.

One solution contained the O O O O O O
analyte and three others e i e A b s [/

contained different mixtures of Figure 1. The total ion chromatagram obtained with Orifice I voltages of 70, 40, and 15V

standards for mass calibration. s caran swabs previausly dipped to a methanol solution of 2-amino-4, 6-dimethylpy rimidine

For the Orifice 1 V0|tage of 15  werepulled through the ionizing beam. Jon abundances were greatest when the ionizing beam

V, a mixture of 2-amino- grazed the leading and trailing edges ofthe swabs.

pyridine, N,N-diethyl-meta-toluamide (DEET), andiNtylbenzenesulfonamide provided 7 calibrant
ions between m/z 95 and 427: 95.0604 [M%HP2.1383 [M+H], 214.0896 [M+H], 286.1914
[2-aminopryridine+DEET+H], 308.1427 [2-aminopryridine+N-butylbenzenesulforgemH]",

383.2693 [DEET+H+DEET] and 427.1720 [N-butylbenzenesulfonamnyidd]*. For the Orifice 1
voltage of 70 V, a mixture of 2-aminopyridine, 2€thylthio)benzothiazole, DEET, caffeine,
carbamazepine, and chlorpromazine provided up taliftrant ions between m/z 78 and 335: 78.0338
(C,H,N™), 86.0964 (CH,,N"), 95.0604 [M+H], 138.0662 (GHN,O%), 166.9858 (GH-.NS,"), 182.0093
[M+H]", 194.0964 (GH,,N%), 237.1022 [M+H], 246.0139 (GH,CINS"), 319.1030 [M+H], and
335.0979 (GH,CIN,OS"). To create a calibrant for the Orifice 1 voltafelO V, these two mixtures
were mixed, more N-butylbenzenesulfonamide was @&tléoost the m/z 214 ion, and
2-amino-4,6-dimethylpyrimidine was added to provéde/z 124 ion. Up to nine ions were used in the
calibration: 95.0604 [M+H] 124.0869 [M+H], 158.0270 (gH;NO,S"), 182.0093 [M+H], 192.1383
[M+H]", 214.0896 [M+H], 237.1022 [M+H], 319.1030 [M+H], and 335.0979 (H,,CIN,OS").

These solutions were prepared to provide calibmadross the mass ranges of interest at the three
Orifice 1 voltages. The concentrations of solutiamse not of interest in this qualitative study avete
not estimated. An analyte swab preceded the apptepralibrant swab for each Orifice 1 voltage as
illustrated in Figure 1.

Instrument parameters. Instrument parameters were set based on valuesieended by the
manufacturer, found by tuning the instrument fghhiesolution and high ion abundance, and by luanite
observation of the effect of limited ranges of ahtes on ion abundances. Only the positive ion mode
was investigated. The instrument settings weref. lens, 5 V; orifice 1, 15, 40, or 70 V; orifice2YV;
cone temperature, 120°C; bias, 28 V; pusher bies0-V; focus voltage, -120 V; focus lens, -5 V;
quadrupole lens, 6 V; right/left, -15 V; top/bottpr V; reflectron, 800 V; pusher voltage, 778 V,
pulling voltage, -778 V; suppress voltage, 0.20liht tube, -7.0 kV; detector, 2.4 kV, He temperat
300°C; spectrum accumulation time, 0.97 s; andlélg, 3.15 L/min (to provide a hiss). For the fils§
standards studied, the peaks voltage was 1.0 ki¢r Lithe peaks voltage was 600 V for Orifice 1
voltages of 70 and 40 V to better ensure obsenvatidower mass ions.



Results and Discussion

Three Orifice 1 Voltages. For the high analyte levels expected on cottorbswaipe samples
collected near the origin of a dispersive eventssrspectra obtained using the DART ion source can
contain dimeric species including protonated dimansmoniated dimers, subunits of these species, and
protonated bimolecular A:B adducts in addition toduct ions from two or more different compounds.
Although protonated and ammoniated dimer spec@s & single compound are easily identified as
such, ions are often observed for which a simpteianmediate interpretation is questionable or not
obvious. However, dimeric species usually fragmeatielower-magnitude Orifice 1 voltages than
monomeric species. This observation was used $sifydons heavier in mass than the highest-mass
protonated or ammoniated analyte molecule as lnged from dimeric species. Dimeric species
were revealed not to be from additional analytestary were not needed to determine the ion
compositions of the analyte(s) responsible for thidence, data was recorded for each analyte using
Orifice 1 voltages of 15 V to provide minimal fragntation and ensure precursor ions would be present
40 V to completely fragment dimeric species, and/10 produce multiple product ions from the
precursor ions. The Orifice 1 voltages chosen wesed on examination of mass spectra obtained for
15 simulated unknowns. Later, the Orifice 1 voltages increased from 70 to 90 V for one compound,
flecainide, to provide greater fragmentation.

Data System M anipulations. The mass spectra were acquired for an analyteGifice 1
voltages of 70, 40, and 15 V using the data adiuimsmethod described above. The user then manually
displayed the total ion chromatogram, displayedsisagctra from the maximum of a chromatographic
peak for the calibrant solution, centroided the snasaks, and saved a calibration file. A mass gpect
from the maximum of a chromatographic peak of thelyde acquired at the same Orifice 1 voltage was
displayed, the mass peaks were centroided, anekdut masses of the ions were obtained by calitgrati
the analyte spectrum with the previously savedcaiion file. The exact masses and ion abundances
were then saved in a text file. This process wpsated for the other two Orifice 1 voltages, and al
three text files were imported into a folder onaautillary personal computer. Because the datarsyste
lacked a macro language, these steps were perfarmaadally.

ThreeLinked Programs. The lon Correlation Program (ICP) is now suppleteéry an lon
Extraction Program (IEP) and an Input and OutpogRam (IOP) as diagramed in Figure 2. The IEP
automatically compiled lists of precursor, prodactduct, and other related ions from the text files
prepared by the mass spectrometer data systenmamdhtvoked the Input and Output Program (IOP).
The IOP sent the precursor ion mass and RIAs téGRewhich determined the possible compositions
for the precursor ion. The IOP then provided the idth the precursor ion and most abundant product
ion exact masses, and for prominent product iob&s Rom the lists prepared by the IEP. The ICP
calculated possible compositions for the precurs@aduct ion, and its corresponding neutral logterA
each precursor ion:product ion cycle, the IOP ugdiatlist of exact masses and possible compositions
the precursor and product ions were correlatedightened the upper elemental composition limits
when fewer precursor ion compositions were fouriee dycles continued until all product ions listgd b
the IEP were considered by the ICP. This set diesywas repeated for multiple sets of error limitse
IOP compiled a final list containing the precursor and product ion:neutral loss pair compositions
found by the ICP and created an output file. The skcycles through the second and third programs
were made for one or more precursor ions and fineduct ions gleaned from each set of mass spectra.
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Figure 2. A diagram of the three programs listing their functions and interactions. A text file of m/z
ratios and mass peak areas from the data system yields an output that includes exact masses and
corresponding compositions. Comparison of measured exact masses with cal culated exact masses of
precursor ionsin alibrary or comparison of molecular compositions with those in a database such as
SciFinder often provide tentative identifications.

The ICP displayed the compositions found for eaelcyrsor ion and product ion:neutral loss pair,
which was essential for finding when errors ocatigtaring program debugging. This display option
slowed program execution, but revealed when a coca@mposition was eliminated. Such instances led
empirically to exact mass tests and sets of eirotd that generally yielded a single, correct
composition for precursor ions for which one ortbBiAs were available.

lon Extraction Program. While an experienced mass spectrometrist usingnd hald
calculator to determine nominal mass differencesqrackly suggest small neutral losses from a
precursor ion to yield product ions, estimate tamhber of atoms of certain elements in ions from
isotopic abundances, and ascertain which ionsdaech or dimeric species, personnel using the
autosampler/DART/TOFMS in a van at a dispersive grobably could not. If multiple analytes produce
the mass spectrum, even an expert could becomasmahfinstead, automated procedures should take
full advantage of the exact masses for all ionsthrdRIAs for prominent ions obtained from the mass
spectrum to interrelate the ions. Three text filese prepared from the three files imported from th
data system that contained the exact masses amdbimuances acquired at the three Orifice 1 vadtage
Examples are shown in Table 2 for the N-butylberzationamide mass spectra in Figure 3a and the
three-component mixture mass spectra shown in &iglr The precursor ions are listed first in ofer
decreasing mass followed by the product ions iroodl decreasing abundance.



lon Abundance Threshold — Table 2. Text Files Prepared by the Ton Extraction Program

Tests. Starting with the lowest H-butylbenzenesulfonamide
Most Abundant Ions
mass ion from the 15 V spectrum, ngmp %1 R %2 RI4 Precursor lons
each precursor ion candidate wa§14 09223 gégg ggg 214.02082
screened by a series of tests basﬁg 00004 560  4.90 Adducted Precursor Tons
on a minimum ion abundance  158.02631 831 3.7 44420377 000 000 AmDb
94 04126 0.00 7.89 42717410 2585 3078 Tk

threShO|d and exact mQSS 9505042 0.00 0.00 23111800 1448 533 Anl
differences. Precursor ions were 10s.06526 000  0.00
usually prominent and were 7208030 0.0 0.00

. 3106857 0.00 0.00
required to have a threshold 180 00895 0.00 0.00

exceeding 5000 counts and 2% of?9 gggg? ggg ggg
the ion abundance of the base pea ' '

in both the 15 and 40 V mass Ifixture - Chlorpromarine, Sulfamerazine, and 2-(methylthio)benzothiazole
spectra._Dlmerlc species and their . .
product ions were observed t0  pmEI+ %1RA %2 RIA Precursor Tons
; 319.10141 921.53* 937.16* 319.10141
fragment at 40 V, while true 265.07535  12.22  6.28 265.07535
precursor ions remained prominefat oosz4 0978+ 909 200 182.00884
in the mass spectrum. 166.98495 1045 9.37
B6.09623 5.88 0.00 Adducted Precursor Ions
246.01453 1232 33.17 335.10023 0.00 0.00 G
When a lower-mass 1007160 0.00  0.00

precursor ion was a compositiongfs o.2e:  oon oo

subunit of a higher-mass precursom.os3a4 000 0.00

i i i i 13501526 0.00 0.00
ion, it was still recognized as a 0Tl 000 000

precursor ion due to its presencesdl ss4ss 0.0 0.00

both the 15 and 40 V mass spectt&.21216 000 0.00
9204986 0.00 0.00
Lower-mass precursor ions Were -, ois3s  oo0  0.00

not tested as product ion 12407560 000 000

: ; 204 04553 0.00 0.00
candldates_ from higher-mass -2 (00 oo
precursor ions. 23300609 0.00 0.00

218.07256  0.00 0.00

. 93.05705 0.00 0.00
To be retained as a product

|0n from the 70 V mass SpeCtrum Az aprogram flag, 900 is added to calowlated RIA s when the monoisotopic ion abundance excesds 100,000 counts.
{ ahel definitions: AmD (ammoniated dimer species), D (protonated dimer species), Am (ammordated molecule),

the ion abundance had to exceed a  ado toxygenated species)

threshold a deS'[e d to limit the Did not t;flr:e::::;;ﬂ;:;; ﬁ;::ﬁsf;ﬁ.mﬁgszwas CgHeM3y* from a calibrant and miz 149 was CgHsOs* from
number of product ions considered

to a reasonable number. An initial threshold of 600nts was used. If the number of product peaks
exceeded 25 when only one precursor ion was fou® avhen more than one was found, the threshold
was increased in increments of 500 counts untihtimaber of product peaks was 25 (or 50) or less.
Higher thresholds reduced the number of very lounalance ions correlated, which simplified the
output. The compositions corresponding to promipeatiuct ions from an analyte result from more
facile fragmentations and can be used to dedugetstal features of the molecule with greater

confidence than compositions corresponding to vaitis ion abundances near the threshold.

When +1 and +2 isotopic mass peaks were founddogxhact mass tests described later, RIAs
were calculated when certain signal thresholds wezein the 15 V mass spectrum. The 15 V spectrum
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Figure 3. Mass spectra acquired with minimal, moderate, and major fragmentation for

anrd chlorpramazing.

a) MN-butylbenzenasulfomamide and B) a mixture of 2-(methylthio)henzothiazole, sulfamearazing,



14 of the compounds. Both a low %2 RIA or the latk calculated %2 RIA indicated no S, ClI, or Br
atoms were present.

Exact Mass Tests. Only monoisotopic ions were listed in the IEPpuuit

1. For each possible precursor ion; higher-masgypsor-related species; or product ion, an ion
smaller in mass by 0.992 to 1.0084 Da or 1.9908@&17 Da could not be present in the mass
spectrum. If the exact mass fell within these rangjee ion being considered was the +1 or +2 isotop
mass peak for the smaller-mass ion. The +1 isotopiss defect differences for the elements considere
are:C-C (0.0034 Day, 2H-H (0.063 Da)*N-N (-0.0030 Da)}’O-O (0.0042 Da)*s-S (-0.0006 Da),
and?*Si-Si (-0.0004 Da). The isotopic abundance4bénd*’O are only 0.0115 and 0.038, respectively.
The most positive value for +1 isotopes that stipingluence the exact mass of the +1 profile 3034
Da for*C-C and the most negative value is -0.0030 Da’fN. A single®C atom will usually be
most responsible for the exact mass of the +1 pgotmass peak, but a compound with many N atoms
will tend to reduce it. To provide a generous rafogedentifying +1 mass peaks, mass measurement
error limits of £5 mDa were added to the range abmdefect difference to provide a total range of -
0.0080 to +0.0084 Da. The mass difference rangedwset the exact mass of the +1 isotopic mass peak
and the monoisotopic mass peak is the mass deffmedce range added to 1 Da, 0.992 to 1.0084 Da.
Considering the +2 mass defect difference$®r-Br (-0.0020 Da)¥'CI-Cl (-0.0030 Da)*0-O
(0.0042 Da)?*s-S (-0.0042 Day’Si-Si (-0.0032 Da), and ZC-C) (0.0067 Da), the smallest and largest
values are -0.0042 Da f#S-S and +0.0067 Da for’2C-C). Allowing mass measurement error limits
of £5 mDa, this range expands to -0.0092 to +0.@47The mass difference range for the +2 isotopic
mass peak is this range added to 2 Da, 1.990®1d.2.Da.

In addition, to be a +1 profile, the +1 RIA couldtrexceed the value calculated as the +1 RIA
contribution from the maximum number38i atoms possibly present, the maximum numbéimf
atoms possible for the mass remaining after suimgathe mass of th@Si atoms from the mass of the
+1 profile candidate, and the maximum numbeibatoms for the mass remaining after subtractieg th
mass for théSi and*C atoms.

2. For precursor and product ions, the monoisotmpiavas checked to ensure it was not a +2,
+4, +6, or +8 isotopic ion of a previously founeéeursor or product ion that contained from oneoto f
3'Cl and/or®'Br atoms. The lower mass range limits for the nutiffsrence between the monoisotopic
and isotopic mass peaks for ions containing 1, 2r 3,*’Cl or ®Br atoms was the mass difference
between the number &Cl and Cl atoms minus 5 mDa (1.99205, 3.98910,8.98and 7.98320 Da),
while the upper mass range limits were the magsrdiices between the numbef'&r and Br atoms
plus 5 mDa (2.00295, 4.00091, 5.99886, and 7.9®&81In addition, for the +2 mass peak, the mass of
the ion had to exceed the mass &iCGi atom (36.96590 Da) and the mass defect of thedmld not
exceed the maximum allowed witH’&l atom present. This maximum allowed mass defast w
calculated by assuming the presence of a hetero@dmo provide an [M+H]ion, one*’Cl atom, and
the remainder of the mass was accounted for bydeéups, which provide a large positive mass defect
contribution. The number of CHroups was taken as the integer of the mass obthiess the masses
of a*’Cl atom and N atom divided by 14.01565 Da, the nodssCH, group. The maximum mass defect
was then the mass defect contributions frottChatom, a N atom, and the number of @jfoups times
the mass defect for a Gigroup. The mass defects for the +2 isotopic peéksotonated chloroaniline



and protonated octylamine are 0.02326 and 0.1684pectively. The corresponding maximum
estimated allowed mass defects for inclusion ¥€hatom are both 0.04722. Hence, by this test
chloroaniline could contain“&Cl atom, while octylamine could not. This last tissan example of
"debugging". An instance was found where a monootion passed the mass difference range of a +2
isotopic mass peak. This last test corrected tinis.e

Additional Precursor lon Exact Mass Tests. Several exact mass tests were applied only to
precursor ions.

1. Candidate precursor ions from the 15 V masstgpaovith masses that were within 5 mDa of
higher-mass ions minus the mass of one or two khatwere product ions rather than precursor ions.

2. If the mass of the candidate ion was 150.11ZhPa, it was assumed to be th¢iGNO,"
ion formed from triethanolamine, a common skin oreagredient. Other such filters could be added
quickly for commonly observed contaminants freqlyeolbserved at a particular location. Once the
origin of the ion was determined, more careful hiagdof the swabs eliminated its presence in thesna
spectra.

3. If an ion having at least 0.5% of the candidaies abundance had a mass larger by 18.010565
+5 mDa, then the candidate ion was a [M+H-H2i0h and the higher-mass ion was saved as the
precursor ion.

4. A check was made to ensure the candidate iomatgsreviously determined to be an
ammonium adduct ion, protonated dimer species, amatexd dimer species, oxygenated species,
protonated dimer minus a8 species, +1 or +2 isotopic mass peak, or +2+&40r +8 isotopic mass
peaks resulting fro/Cl and/or**Br atoms.

Exact Mass Tests for Higher-Mass lons Related to the Precursor lon. Several tests were made to
search for higher-mass ions related to the precimsao\When these higher mass ions were considered
later, they were rejected as precursor ions frodit@aeal analytes.

1. To find an oxygenated species containing antiadal O atom, the mass filter was the mass of
the precursor ion plus the mass of an O atom, #9828 Da, +5 mDa. Such a species was observed for
chlorpromazine.

2. The mass filter to find an ammoniated adductwas the mass of NjH17.02600 Da, £5 mDa.
Two standards, N-butylbenzenesulfonamide and tab(@roethyl)phosphate, provided ammoniated
adduct ions. For a cotton swab dipped into a smutif the first standard, inserting the swab it t
operator's open mouth and exhaling across the slgabted the proportion of ammoniated adduct
present. No other source of ammonia was evidetiteamoom. Hence, the operator seems to provide
sufficient ammonia for these adducts to fdfm.

3. The mass filter for a protonated dimer that logtla water molecule was twice the measured
exact mass of the precursor ion less the masdeg0(18.010565 Da) and a proton (1.007276 Da), £15
mDa. Such an ion was found for 2,2'-thiodiethanol



4. To find a protonated dimer, the mass filter tvéise the mass of the precursor ion minus the
mass of a proton, 1.007276 Da, +15 mDa. DEET, Ndbahzenesulfonamide, carbamazepine,
tris(2-chloroethyl)phosphate, ramelteon, metopra@al flecainide provided prominent protonated
dimer mass peaks.

5. The mass filter for an ammoniated dimer ion twase the mass of the precursor ion less the
mass of a proton (1.007276 Da) plus the mass gf IH.02655 Da), £15 mDa. N-butylbenzenesulfon-
amide provided a small abundance of its ammoniditeer ion.

A methanol adducted precursor ion was observeda8v in the mass spectrum acquired with
an Orifice 1 voltage of 15 V for tris(2-chloroethyhos-phate. In mass spectra acquired with anderifi
voltage of 70 V, methanol-adducted product ionsffrecursor ions that had lost NWere observed at
m/z 110 and 139 for 2-aminopyridine (Fig. 4a) arah#no-4,6-dimethyl-pyrimidine (Fig. 4b),
respectively. Solvated product ions at m/z 124 20wl were observed for sulfamerazine (Fig. 4c).
Exact mass tests to find
these types of ions based a 703407 recursor fon
on the solvent in use could
be easily added, but the
simpler solution was to [M+H-NHMEOHT
allow the swabs to dry, e
after which these ions
disappeared. However,
these results suggest that | 1 R | I . . . . . .
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ion-molecule reactions caf |
occur, especially at highers

100 | -17 (-NHy)

50 432 (+ CH3OH)

Orifice 1 voltages that < *]
provide collisional energy.< ]
.. - 20 107 06088 -17 (-NH,) +H-MH=+MeOH]
An Additional Test ] - B2.08531 +32 <(+c|-|30|-|:; | e TSSE%B?QOH]
A 1 L [ ;j
f_or Product lons. The text ottt e e
file from the data system 155 0110
. . . | 11007154 .
acquired with an Orifice 1 "] €
voltage of 70 V was -
opened and the ions were o
tested as described above ‘ 173 | -ty N; 0,5) s braay
starting with the ] s2pamy 93 CCghp)
lowest-mass ion. An 2l . Cin S0 o]
- _ 32 ¢ CH132?1|.-D“?900 {+ CH30H) 204 04450
additional test was applied ) o
to these Ions DS;J T I_‘1EIIU T 15‘0 T QDID T 25‘0 T 30‘0 T 35‘0 I
miz
Figure 4. Uncentroided mass spectra acquired with an Orifice | voltage of 70V
1. Check'_s W?I’e from wet cotton swabs dipped into methanol solutions of (@) 2-aminopyridine,
made to determine if the (b) 2-amino-4, 5-dimethyipy rimidine, and (c) suljamerazine.

next highest mass ion was The compounds yielded solvated product ions.



the current ion plus one or two H atoms (1 or 2001825 Da +5 mDa). If so, no +1 or +2 isotopic snas
peak tests were run.

Output files fromthe lon Extraction Program. Table 2 provides output files for
N-butylbenzenesulfonamide and a three-componentuneprepared after all precursor and product
ions had undergone the tests described above. Thad-+2 isotopic peak masses are not listed hieut t
RIAs are present when the signal thresholds wereesled. lons with higher masses than the
highest-mass precursor ion were discarded as adddaneric species, their product ions, or extoarse
ions resulting from ion-molecule reactions and westlisted among the "Most Abundant lons", which
were later tested for correlations. To accounttieir presence, however, several high-mass ionsleis
in Figure 3, an ammoniated dimer species, a pro¢édndimer species, and an ammoniated molecule
from N-butylbenzenesulfonamide and an oxygenatedisp from chlorpromazine were listed as
"Adducted Precursor lons".

lon Correlation Program (ICP). As fully described in references 8 and 11, the ¢Gmpiled
lists of possible compositions for the precursoramd up to seven product ion:neutral loss pairs;
determined which precursor ion, product ion, anatra loss compositions were consistent with one
another; and printed out only the compositions Wexte correlated.

Limiting ion correlation to seven product ion:nelitioss pairs is not a serious constraint when
mass spectra for chromatographically well-separatedytes are investigated. But composite mass
spectra often contain dozens of product ions framtipie analytes for which correlations and
non-correlations with each precursor ion are ne¢oledhieve full or partial mass spectral
deconvolution.

Sngle Precursor lon:Product lon Correlations. A new strategy for using the ICP was developed
to overcome the eight-ion memory limitation imposgdsimultaneously considering multiple product
ions. Instead, only the precursor ion and one prbidun:neutral loss pair are now considered atne ti
Correlation is tested first for the most abundantipct ion and finally for the least abundant pridan
to reduce the likelihood that correlation with atabundance product ion could eliminate the correct
precursor ion composition before correlations withre abundant product ions have eliminated the
incorrect precursor ion compositions. This apprgaetmitted storage of up to 250 compositions for
each ion and each neutral loss.

The possible compositions for the precursor iorewesed to establish new upper elemental
limits for the precursor ion after each correlatwaith a product ion:neutral loss pair. In this wtg
restrictions placed on the precursor ion compasstioy each product ion:neutral loss pair were meti
before attempting to correlate the next most abohida with the precursor ion. This approach wais no
as restrictive on the numbers of precursor andymoidn compositions as considering seven correlate
product ions at once, since the restrictions im@dmseall product ion:neutral loss pairs were only
applied to the last correlated product ion:nedtss pair.

The compositions in Table 3 for the m/z 268 preaursn from metoprolol and three product
ions illustrate this point. Four precursor ion carsiions were possible before the most abundant
product ion was tested for correlation. Correlatioth the m/z 116 product ion:neutral loss pair



eliminated one PreCurSoOrTabie 2. Possible Ion Compositions for the Metoprolel Precursor Ton and

ion composition, while Three Product Ton Meutral Loss Pairs
two m/z 116 product ion Precursor lon
compositions remained <268 18332 Cr1HpMhO", CiaH 25FalV5Y, ClaHpsFalNO*, ClsHyNOg*™*
pOSSible- After Correlations
correlation with the 191 268.18932 CiHzMN70%, CisHasFaNO*, CisHegN O3
prOdUCt ion:neutral loss 26181?.8190;205 C(C%H1§T5+++Cc?i1nbr?§)+or (CeHpaMNO* + CsHelg, C7Hi Fs, or CoHialh)
palr, WO COMPOSIUONS =44 1434 (CioBisN 50" + CHpN) o (CaHisOg + CELNO)
were possible forthe 5.0 12437 €15 Ha N 05"
precursor ion and two 226 14404 C12HxnNCs* + CsHs
compositions for the m/zg, ..\ otations
191 product ion. The six 263 13932 1 HagNO5*
most abundant product  116.10705 CsH1aNO* + CoHizCp
ions not yet tested all 26818932 C1sHzgN 05"
191.10639 C12H)s0g* + C3Hy NO

correlated with the two
remaining precursor ion *The correct precursor ion composition iz in bold type.

compositions. Finally,

correlation with the m/z 226 ion eliminated thedrect precursor composition so that only the atrre
one remained.

Re-correlation. Using the single precursor ion composition to ptethe upper elemental limits,
re-correlation with the m/z 116, 191, and 14 oftreduct ion:neutral loss pairs provided a single
composition for all 16 product ions. To ensure gaduct ion:neutral loss pair is tested against th
tightest upper elemental composition limits foufteraall correlations have been made, the ICP
re-correlates all product ions after all productieeutral loss pairs have been tested, if the upper
elemental limits changed after the first productm@utral loss correlation. When more restrictipper
error limits were used, a previous correlation ddall and remove a spurious product ion:neutrsslo
pair previously correlated. In addition, one or mepurious possible compositions for product
ion:neutral loss pairs could fail leaving fewer gibge compositions for exact masses that still
correlated.

Re-correlating all product ion:neutral loss paiidwthe precursor ion using the most restrictive
error limits found for the precursor ion providas same number of compositions for all ions and
neutral losses as considering all of the produthieutral loss pairs simultaneously. The advantdge
this new approach is that there is no limitatiorttoeynumber of product ions that can be considered.
Simultaneously testing the product ions listed @l€ 1 from the mass spectra in Figure 3b for the
mixture of 2-(methylthio)benzothiazole, sulfameragiand chlorpromazine, provided lists of seven
correlated product ion:neutral loss pairs for téhe compounds. The ion lists in Table 4 compiled
using individual product ion correlation followeg ke-correlation contain 12 product ion:neutraklos
correlations for both the m/z 319 and m/z 265 prgmuions. The ability to test correlation for ega
number of product ions is essential when mixtufesnalytes provide many product ions. Although only
partial deconvolution of the mass spectra was &eligthe single, correct composition was determined
for all three protonated molecules when C, H, NSQOand P (and ClI for the m/z 319 precursor iomewe
the elements considered.



The ICP received Table 4, Cutput from the Input and Output Program for a Three-Component Mixture.

the exact masses and

Exact Magses & Poss, Comp

Exact Magses & Poss. Comp

Exact Mazses & Poss, Comp

RIAs, if calculated, for the Lower Elemental Limits: CL

precursor ion and one

product ion from the IOP.

Upper Limits: C26 H216 W22
019 39 P10 L2

Wlaszs & FIA Errors: 2 mDa 20 %

910141 Precursorlon

. 1
The corresponding neutral ci7 xan i3 5 CL(2.5) -1.6%
loss mass was calculatedl» 8609623 PraductLon

as the mass difference.
The precursor ion, but no

the product ions, was
assumed to be an
even-electron ion.

Elemental Limits.

Lower elemental limits for

the precursor ion
previously provided by
the user are now

determined automatically

based on two
assumptions.

1. A single ClI

CIHIZN @5 -02

2y 246.01453 ProductIon

t CIZHI NS CL(®.5 07

31 108.04586 ProductIon
CIHRNZCL @O 1.0

(4 109.05344 ProductIon
CIHIOMNZ2 CL{-0.5 07

(31 13501526 ProductIon
CTHSNS@EO 1.5

(61 239.07200 ProductIon
CISHIZNE 1000 1.7

7y 9204926 Productlon
CAHAN (4504

(81 274.04535 ProductIon
CISHIZNESCL(?.50.2

(@ 204.04553 Product Ion
CIIHRH2 CL2.m 0.7

(10 23200609 Productlon
CIZHENS CL{®.0) 0.0

(113 21807256 Productlon
CI3HISN CL(7.5)-0.5

(1Z) 93.05705 Productlon
CAEHTN (4 0.3

(13 22604436 MNeutral Loss
CITHIZNECL(35-1.4

(11) 10102885 MNeutral Loss

atom provides 32% to the canTN S @D)-11

%2 RIA. When the %2

(10) 26.09532 Neutral Loss
CSHIZN @507

RIA fell within the range ) 115.05588 Neutral Loss

O HI1S(1.5)-2.3

25% to 55% or 925% t0 (g 4505606 Newtral Loss

955%, depending on the
signal threshold for the

monoisotopic ion, 1 Cl

C2HT N (0.0 -1.8
(7) 227.05154 Neutral Loss
C11 H14H 8 CL (3.0 -2.0
(6) 20.02340 Heutral Loss
02 HT M CL0.5)-3.3

atom was assumed to be ¢y 12408615 Weutral Lass

present in the precursor

ion. If the %2 RIA fell

between 55% and 80% o

Cl0HI5 N CL(3.5)-3.2
(4) 210.04797 Hentral Loss

Cl4HI0S (10.0)-2.4
(3) 211.05556 Weutral Loss
I clad11 509526

between 955% and 980%? 7308588 Heutral Loss

two Cl atoms were

assumed to be present.

2. If the %2 RIA

C4HILN @023
(1) 233.00517 Weutral Loss
C12HENE CL(2.0)-0.3

was between 4% and 25%

(or between 904% and
925%), the maximum
contribution to the %2
RIA from carbon was

Lower Elemental Limits: 3

Upper Limits: C2Z2 HI63 W13
016 38 P2

Mlass & RIA Frrors: 2 mDa 20 %

26507535 Precursor [on
CITHIZN4023 7525 -00

(17 86.09623 Productlon
CIHIZN @5 -02

(23 110.07160 ProductIon
CIHENI(35H 03
CTHIOO G -1.0

(37 156.01083 Product Ion
CAH4N4O 3506008
CEHENO23(4.26.5)-05

(4 108.04586 Product Ion
CHE M43 (0.0)-0.6
CIHIOMOB(-020.5-1.9
CaHaN Q4.5 1.5

(53 109.05344 ProductIon
CHYN4S(-0.5 -0.8
CEHTNO(4OD12

(@) 13501526 Product Ion
CTHSN S @O 1.5

(71 92.04986 Product Ion
CEHAN (4504

(1 12407560 ProductIon
CIHEN4(4001.3
CTHION O(3.5-0.1

(97 204.04553 Product Ion
COHEN4E (8.0 -0.9

(10 11104225 Froduct lon
CIHNIO23¢-1.50508

{11y 21807256 Productlon
CITHIZNIE(7.5-21

(1d 93.05705 Froduct Ion
CAHYN(4D)-03

(1) 17201830 Newtral Loss
CSHENIO2Z3(456502

(11) 47.00272 Meutral Loss
HHNO2(102mz21

{10y 15402710 Neuwtral Loss
CEHZIN4(I0M 03

(@) 61.02982 Meutral Loss
C2HS02(0.50.9

() 14099976 Meutral Loss
CAHINIOZ (0601
CAHSO25 (4565 -13

(7) 17302550 Meutral Loss
COHTNIO2ZE40600-04

(61 13006009 Meutral Loss
CAHEN3IO2(2.53.5-146

(51 156.02191 Neutral Loss
CAHENIO3@E555-1.2
CIOH4 02 (%M 0%

(< 157.02950 Meutral Loss
CHHTNIO3@O5M-1.5
CEHINIO®M1L
CIOH3I 028505

(3 109.06451 Meutral Loss
CHHTNZI(4.m0s5
CTHRO (3.5 -0.8

(&) 15500373 Meutral Loss
CAHIN4OB3 (356510
CAHSNO2Z3 (307003

(1) 178.97913 Meutral Loss
CASHN3O2(E010000.2

Lower Elemental Limits: 32
Upper Limits: C15 H1280 N12
Ol11 35P35

Mlass & RIA Errors: 2 mDa 20 %

12200883 Precursorlon
CEHENRBZ(55-04

(17 166.98495 Product Ion
CTHSN32@GM-08

(23 13501526 ProductIon
CTHSNE(EMLS

(31 92.04986 Productlon
CEHEN (4504

(4 93.05705 Productlon
CEHY N (4 -03

(4) 8895179 Meutral Loss
CZH32(25-02

(31 8995808 Meutral Loss
CIHZIBZ@EM-03

(23 4699358 Meutral Loss
CH3I3(0.5-2.0

(17 1502389 Meutral Loss
CH3(0.504

Uniguely Correlated
FProduct lons
31910141 PrecursorIon
24601453 Product Ion
23907200 Product Ion
27404535 Product lon
23300609 Product Ion

26507535 Precursorlon
11007160 Product Ton
156 01083 Product Ton
124 07560 Product [on
11104825 Product Ion

18200883 Precursorlon
166 92495 Product Ion

estimated by assuming
85% of the mass of the
ion was due to carbon.

*Each composition is followed by its tings and double bonds in parentheses or a range of tings and double
honds to account for elements that can have higher valences 5 The number after the parentheses is
the difference in mDa between the measured exact mass and the exact mass calculated for the composition



The %2 RIA contribution from the corresponding gegenumber of C atoms was subtracted from the
total %2 RIA and the integer of the remaining %2 RIvided by 4.43% was used as the lower limit for
the number of S atoms. This approach can be im byrproviding too few S atoms, which is acceptable
whereas an overestimation of the number of S atwukl result in the correct composition of the
precursor ion being excluded by the lower elemdtats.

Higher elemental limits were also estimated autazaby.

1. The maximum numbers of atoms of C, H, N, O, @ndere determined as the integer of the
precursor ion's mass divided by the atomic mas=aoh element. If the user included "F", "P", "SI",
and/or "AS" in the input string to the IEP, the idthal elements were considered and the maximum
number of atoms of these elements was calculatdteisame way. For example, including "PF"
considered P and F as well as C, H, N, O, andcBuding a "D" provided a screen display for each
precursor ion and product ion:neutral loss comparis

2. Cl and Br were also considered if the %2 RlAhaf precursor ion was sufficiently large. If the
%2 RIA exceeded 25% or 925%, the maximum numbéi atoms allowed was estimated as the
integer of the %2 RIA (or %2 RIA - 900) divided B2% plus 1. If the % RIA2 exceeded 80% or 980%,
the maximum number of Br atoms was the %2 RIA (@rRAA - 900) divided by 97.3% plus 1.

lon Correlation Calculations. The four-step process for correlating precursarsingle product
ion:neutral loss pairs adapted from reference 14 wa

1. All possible compositions having at least -0ng$ and double bonds (RDB), that were
consistent with the elemental limits considere@dotxnasses and mass error limit, and RIA and RIA
tolerances, were calculated for the precursor aodyet ion and stored for further processing. The
precursor ion compositions were calculated firsggtablish upper elemental limits for the subsetjuen
calculation of the possible product ion compos#ion

2. All possible neutral loss compositions were glated based on the mass difference between
the precursor ion and the product ion. The formalemacterized by an RDB value of no less than -2.0
were saved and stored for further processing.

3. Those precursor ion compositions were rejecteidiwcould not be derived by the summation
of the number of atoms of each element in a produncheutral loss pair.

4. Product ion compositions that did not providemaining possible precursor ion when
summed with a corresponding neutral loss compasitiere rejected, as were neutral loss compositions
that did not provide a remaining possible precursowhen summed with a corresponding product ion
composition.

No attempt to map fragmentations from product mnsmaller product ions was
programmed;*?because the fact that an exact mass differeneeebattwo product ions corresponds to
a typical neutral loss does not mean such a fratahen actually occurred. For example, the m/z 86
base peak from chlorpromazine (m/z 319) in Figurés3a subunit of product ions (6), (8), and (1) i



Table 4, but most likely fragmented directly fronetprecursor ion diagramed in Figure 3b. Further
complicating the issue is that one or more produdd could fragment from adduct species rather than
the precursor iof:

RIA Error Limits. Both the adjusted RIAs (multiplied by 1.0466) anid®calculated for each
composition possible based on exact mass weretasgstimate RIA error limits. The wider RIA error
limits were used to reject or retain compositioasdu on the adjusted RIA. For an adjusted %1 RIA of
16.0%, the calculated %1 RIA for, #1,,NO" is 13.9%, and the 20% or 15% error limits are ¥3&
+2.8%, respectively. This composition would be iretd based on agreement of 16.0% +3.2% with
13.9%. For RIAs greater than 1%, RIA errors of £200415% were used when the ion abundance of
the monoisotopic ion exceeded 10,000 or 100,0@peively. Errors were often larger due to
interferences when RIAs were less than 1%. To cosgte, the corresponding %1 RIA errors used were
+0.4% and +£0.3%. %2 RIAs less than 3% were notidensd, and a 50% error limit was used for %2
RIAs up to 4%. The current error limit was multediby 1.5 or 0.8 for %2 RIAs between 4% and 7% or
greater than 30%, respectively. Because severesRtAs due to interferences were common below 100
Da, RIAs were ignored below this mass limit. Thes®irical choices for the RIA errors were made
based on the adjusted RIAs acquired for 15 indaidtandards. In no case were they exceeded for
individual standards. These RIA error limits migetaltered in light of data obtained in the future.

Input and Output Program. This program sends the exact masses (and RI&s Bignal
thresholds were met) for the precursor ion anch@lsiproduct ion to the ICP. A sequence of cyclas w
followed.

Initial Upper Elemental Limits. To satisfy the requirement that a product ion tnvessupplied
along with the precursor ion to the ICP for it tm€tion properly, the mass of an H atom was sutadac
from the precursor ion to serve as a "pseudo-pitadat. This tactic provided the possible compasis
for the precursor ion without reference to the alcpwoduct ions. These possible compositions were
used to establish upper elemental limits for lajetes. For example, considering m/z 268.18933 from
Table 3 and the elements C, H, N, O, S, P, andeFnitial upper elemental limits were determingd b
the ICP as the integer of the mass of the precumsadivided by the atomic masses of each elentent t
provide C,H,.F;.N,,0,P:S;. The four possible compositions initially found fbe precursor ion in
Table 3 narrowed the upper elemental limits {gHGF;N-O,S.

Error Limits. When wide error limits are chosen to ensure tbhatarrect compositions are
rejected! most of the measurement errors will actually beimsmaller than these error limits.
Doubling the exact mass error limit approximatetybles the number of possible compositions.
Limiting the number of possible compositions forian by using a narrow error limit will eliminate
compositions found for related ions for which a eviérror limit is required to include the correct
composition. Herein, multiple lists of compositiomsre generated for each set of precursor ion and
product ion:neutral loss pairs based on two madgwao RIA error limits for the product ions. Usitige
smaller error limits, shorter lists of possible gmsitions were usually compiled for the ions andtra
losses. With the larger error limits, longer ligtsre usually generated containing additional produts
with low ion abundances for which the measuredrsri@l between the smaller and larger error limits

The mass error for the precursor ion need not &@sdime as for the product ions when two mass
spectrometer stages are ustdowever, our mass errors were usually within 2 naDass the mass



range observed using full scans, in-source fragatient, and a single-stage oa-TOFMS. Mass errors
expressed as mDa avoided the high ppm errors assdavith low-mass ions. At m/z 77 and 500, 2
mDa corresponds to 26 and 4 ppm, respectively.

Precursor lon Error Limits. For the first cycle through the ICP, the mass R error limits
used were £2 mDa and £20% (or £15%). Because tlasuned mass and adjusted RIAs were 268.1893
Da, 16.7%, and 2.0%, while the calculated value®\268.1907 Da, 17.4%, and 2.0% the correct
composition passed the criteria. However, thes® émits were determined empirically using methlano
solutions of pure standards. For mixtures, widesrdimits may be required due to interferences and
lower abundances of ions from each analyte. These lenits will not find the correct compositioand
generally, no compositions if one of the three meas values is badly distorted. Most often, an RIA
in error. The additional sets of error limits inbl@ 5 were used sequentially until at least oneyrsor
ion composition was found. Using the
first set of error limits, compositions werdable 5. Error Limits Applied to the Precursor Ion Data until
found for the precursor ion or at Least One Composition 1s Found
highest-mass product ion from all 21 2 mDa and 20% for A1 and RAZ (15% when the RIA = 3007
standards, for the precursor ions from a 2.01* mDa and 30% for RA1 and A2
three-component mixture, and for six of i-og mD;‘ ;Si 5?”"}5‘;:1%; ;ﬁfﬁ-ﬁ/ e the RIA > 900)
H mltla an o L[or atl o WIen tne

ceven-component mixure. For 401 mDa ang 30 for RAL aad FA2

i , } 4015 mDa and 50 % for EA1 and BAZ
2-(methylth|o)-benzo_th|azole in the 5 mDa without consideration of EA1 or BAZ,
seven-component mixture (m/z 182), the
third set of error limits found a single andror Limits Applied to the Product Ion Data

correct composition for the precursorion. 5, . 214 20% for RAT and RA2 (15% when the RIA » 900)
A stepwise progression of slightly more 5 4,14 and 40% for RA1 and RA?
lenient error limits avoided finding more

numerous compositions than necessary, which wogleéase the upper elemental error limits and
possibly result in multiple possible compositioamaining for the precursor ion after the product
ion:neutral loss correlations were made.

i N O

Product lon Error Limits. The data for the precursor ion and each producivere sent to the
ICP sequentially. The error limits for the precur&m were those for which one or more compositions
were found, and the error limits for the productsavere 2 mDa, and 20% (or 15%) for the RIAs. The
mass error limit for neutral loss masses determasethe mass difference between the precursor and
product ions was 1.5 times the product ion mass,eand RIAs for neutral losses were not considered
During each cycle that found correlation, the upgdemental limits were recalculated and provided
tighter elemental limits when one or more possiserursor ion compositions were no longer corrdlate
with the product ion. For example, consideratiothefm/z 116, 191, and 226 ions listed in Table 3,
each eliminated one of the four original compossgiand the upper elemental limits became
C,sH,F:N-0O,, CH,(N,O,, and G.H,,NO,, successively.

Re-correlation. As noted earlier, if the upper elemental limisuweged after the first precursor
ion and product ion:neutral loss correlation, thecprsor ion and each product ion were again tdeted
correlation using the most restrictive upper eletadmits found for the precursor ion. This praeti
eliminated the incorrect compositions for the ml6 And 191 ions in Table 3.



Doubling the Product lon Error Limits. For product ions from the first 15 individual sdands,
the measured exact masses agreed to within 2 nifDdhe exact masses calculated for the correlated
compositions of product ions that had ion abundsuo¢e10,000, 5,000 - 10,000, and 1,000 - 5000
counts for 41 of 41, 19 of 20, and 50 of 66 congmars, respectively. The ions with compositions
providing calculated masses between +2 - 4 mDawifft from the measured values were correlated by
cycling through the product ions again using a neass of +4 mDa and RIA errors of +40%.

Mass Defect Difference Test. Mass defect differences between the monoisotuic+1 or +2
profiles can distinguish between product ion contpmss containing atoms with very different mass
defect differences. For two possible product i@s{,O" (m/z 109.0648) and €,,0S" (m/z 109.0682)
from the precursor ion, (H;(NO,S’, the mass difference between the monoisotopici®osly 3.4
mDa. Both compositions could correspond to a meaksorass within £2 mDa. The calculated mass
defect differences for the +2 isotopic peaks (i@ mass - monoisotopic mass - 2) are +0.00574L an
0.00360 Da. If the measured mass defect differéiceithin £3 mDa of one of these values, the othe
composition could be eliminated. The mass defdt#rénce tests were used when the isotopic profile
abundances exceeded the product ion thresholdhtiate compositions that did not pass one or both
mass defect difference tests, providing at leastammposition did so.

List Management. For each cycle through the ICP that found con@athe IOP appended the
compositions found to a list of exact masses amneksponding compositions for the precursor ion and
product ion:neutral loss pairs for the tighter pretdon error limits of £2 mDa and 20% (or 15%)alf
second set of cycles was required based on a clatige upper elemental limits found during thetfir
set of cycles, fewer compositions for ions and ralbsses were sometimes found, and those notfoun
were removed from the list.

A second list was compiled for the 4 mDa and +40%apct ion error limits. The second list
often contained more product ions, because pradaoateutral loss pairs not contained in the fiist |
satisfied the wider error limits. Additional comftemns were common in the second list for product
ion:neutral pairs already found with the tighteoetimits. The two lists were merged by keeping th
compositions from the first list and adding thoserfd for exact masses not correlated with the
precursor ion during the earlier cycles throughl@ie. In at least one case, a product ion:neutss |
pair, which correlated only using the wider eriionits, eliminated a precursor ion composition to
provide tighter upper elemental limits. Re-cornelatwvas performed for the wider error limits, fewer
compositions were then found, and compositions wareved from the list. Finally, the mass defect
difference tests were applied to the merged lidtfailed compositions were removed from the fimnstl |

The output file for a three-component mixture contey the text files prepared by the IEP in the
lower portion of Table 1 and the final list in Takl were saved as a text file. The elements CrHCB
N, O, P, and S were considered as indicated bYelbenental limits” in Table 4.

Listed in Table 2 for the three-component mixtuethe 22 monoisotopic ions that met the
thresholds for precursor or product ions descradmale. Three of the ions were precursor ions and 19
were product ions. Listed in Table 4, are the mregluct ions that were correlated with only onéhef
precursor ions. Five ions with m/z less than 110eveerrelated with two or all three precursor ions,
while two ions did not correlate with any of thegpursor ions. Low-mass ions are often compositional



subunits of multiple precursor ions. The m/z 92¢orresponded to 8 N* and could be a fragment

from C;H,,CIN,S’, C;;H,;N,O,S’, or GHgN,S". Its origin is not determinable from the three-pament
mass spectrum. The mass error limit for all thneersor ions was 2 mDa and the RIA error limits
were 15% for m/z 319 and 182 ions and 20% for 6&ian. The "lower elemental limits" provided in
Table 4 were automatically set to one Cl atom fér 819 ion, one S atom for m/z 265, and two S atoms
for m/z 182 ion based on their % 2 RIAs.

For composite mass spectra containing numerous sgestra containing large-mass precursor
ions, or when RIAs were not calculated, only theshammmon elements should be considered before
also including elements such as P, F, Si, I, oM#sen F was considered for the three component
mixture, G-H,,CIFN,O" and GH,,FN,O,S" were the compositions found for the m/z 319 arfsl 26
precursor ions, respectively.

For a mixture of seven standards, 2-aminopyridza@mino-4,6-dimethyl-pyrimidine,
2-(methylthio)-benzothiazole, DEET, N-butylbenzemdfonamide, carbamazepine, and
chlorpromazine, the correct compositionsH{N,*, CH,N;", GHNS,*, C,,H;;NO*, C,H;(NO,S",
C,:H,sN, O, C-H,CIN,S', respectively, were found when only C, H, N, OC§,and Br were
considered for the exact masses from the massrapedtigure 5. The ion abundances were less tor th
more numerous ions and larger errors for the psecuons resulted. Seven ions were determined to be
precursor ions and 11

15V raciran on
product ions passed the ion
abundance threshold. Only S
two product ions were e
. Precursor lan
uniquely correlated and the =] =% N .
other nine product ions were M ey ARt | SRt
. 18200853 / 2aTA0ggz | 0814414 \ 42717106
multiply correlated. 1S TR SO OO A 0 T 01 W O PO Sy ST W
a0 100 130 200 250 300 350 400 450 500 550 GO0
When P was added, = wov [,
all seven of the compositions N
. . L3 214 05935
remained correct, but adding «{ Freusren
F in place of P or in additiong recursor T
. f @ 192 %0:3%54182 003351
to P provided five correct = i
compositions, \L QSTT " P;C;Bfg%m
42714439
C,,H,,CIFN,O" for 3 ST G 8 PP O P T DSOS VOV
2 R a0 100 150 200 280 300 350 400 450 500 550 E00
chlorpromazine, and - i
CSHQFNO%"' for 7o Precursor lon
2-(methylthio)benzothiazole. ™
Additional compositions 150 Precursoron
were also found: 100, aniare
C,H,FNO," for DEET and a4 0413710706155
" 50 85 naaarl 110.06068! 166598431 P T Pragursor ion
C,HgFN,O" for B N I i T S
2-am|nopyr|d|ne. For T T nquzl Tes0 s as0
Chlorpromazme’ CO_nSIdermg Figure 5. Muss spectra aoquired with minimal, moderate, and major fragmentation for a
F prOVIded correlation for seven-component mixture af 2-aminopyridine, 2-amino-4, c-dimethylpyrimidine,

CGHSN O with 2-{methylthio)benzothiazole, DEET, N-butylbenzulfonamide, carbamazepine, and chlorpromazine.



C,-H,-.CIFN,O" that contained F and O, but not with the correetprsor ion composition,
C,-H,,CIN,S", that lacked O atoms. The correct compositiontivas eliminated as possible when the
upper elemental limits were tightened in lightloé erroneous correlation.

For 2-(methylthio)-benzothiazole, the monoisotapit abundance was only 12,220 counts and
the areas of the +1 and +2 isotopic peaks wereless1000. The adjusted %1 RIA was only 7.29%,
which was 33% lower than the %1 RIA for the cor@mnposition, but only 4% low for the incorrect
composition. Hence, the incorrect composition veastl before the error limits were increased to the
third set in Table 5, and the correct precursorc@mposition was never found.

For the seven correct compositions, hundreds tastdnads of references were found in the
extensive SciFind&rdatabase*® for the standards in the mixture and many feweofber isomers. Few
references were found for any isomers of the coitipns that contain an F atom;8,,CIFN,O (21),
CgH 5FN,O,S (0), GHFNOS, (0), GH,FNO, (4), and GH,FN,O (0).

For flecainide, considering only the elements CNHQO, S, Cl, and Br yielded one possible
precursor ion composition, §H,.N,O,". When F was also considered, two possible comipaositvere
found, GgH,sF;NgO;" and G,H,,F;N,O;". The non-F containing composition was not fouretause the
mass error for the prominent m/z 301 product ios v2a5 mDa for the single composition found,
C,oHsN,Og", while with F considered, the mass errors foundvi@ compositions, ¢H,FN,O," and
C,H;FO;", were -1.3 and -1.6 mDa, respectively. With conitpmss found for the tighter product ion
error limits, the composition found with the loogeror limits was not saved in the final list ofagx
masses and compositions. The number of referencesl foy SciFinder for the molecular compositions
C,eH..N,O,, C,H,-F;NO,, and G-H,FN,O, were 2, 0, and 641 for flecainide, respectivelgdthe
identity of this compound been unknown, flecaini®ild be purchased to confirm this tentative
identification by mass spectral comparisons athihee Orifice 1 voltages. This example illustratieait
F is present in some compounds and that ignorioguld lead to an incorrect tentative identificatio
The limited number of references for the non-F amihg composition would encourage consideration
of additional elements.

RIA Calibrants. After data was acquired for the original 15 staddand two mixtures, the
instrument was shut down and moved so that arpanlitoner could be replaced. Afterward, the
temperature in the laboratory was about 10°F cpaled the correction factor (1.0466) for the RlAssw
no longer reasonable. After adding flecainide mttiree calibrant solutions to provide a m/z 415 @
correction factor of 0.9625 was calculated basetheraverage RIA errors obtained for 25 ions from t
three mass calibrant solutions using the apprap@atifice 1 voltage for each. For future work, mgie
program could be written to use the three masbreait solutions as RIA calibrant solutions. The
program could be run daily to establish the comactactor.

I mperfections and Pitfalls. Numerous assumptions were codified within thevearfé. Many
were adjusted to ensure the correct compositioms feeind for the analytes and are subject to
additional modification as the ICP is used to idfgrdompounds. Additional exact mass differencastes
might be added in light of ongoing experience. &ample, the base peak ion from cephalexin at m/z
304 resulted from the loss of C@om its carboxylic acid group, and the protonatealecule was not
evident in the mass spectrum. A test for the |6$3@, could be added as was done for the loss,6f H



from 2,2'-thiodiethanol. Instances will arise whereorrect precursor ion compositions are foundetas
on unusual circumstances such as the very faatgrfentation of compounds to provide product ions at
Orifice 1 voltages of 15 and 40 V. Highly thermalaltompounds might thermally degrade in the
300°C helium gas, and the mass spectrum obtainetiwesult from one or more degradation products.
A high-mass precursor ion having an ion abundagse than 10,000 counts so that no RIAs are
calculated can overload the ICP program when Haack considered. Often, the correct composition
for high-mass precursor ions with low ion abundarfoe which RIAs are not calculated is not found.
lon-molecule reactions for mixtures of compounds yiald ions not evident for the individual
compounds, which could correlate with an incorggetcursor ion composition. No chemical insights are
applied to ion compositions that are arithmeticpligsible and some may be highly improbable. The
halogen test considered up to four Cl or Br atomeni ion. More that four atoms might yield
meaningless results. However, the appearance ohéiss spectra for ions containing more than four
halogen atoms would immediately reveal their preseRinally, only the elements most commonly
found in organic contaminants were included, wheblects numerous elements in the periodic table.
But if the correct composition for the precursar ie found for at least 80% of the mass spectra
examined, the ion correlation tool described hevginbe valuable for identifying analytes by both
expert and novice mass spectrometrists.

Conclusion

Measured exact masses provided high specificitdédermining if and how ions were
interrelated. Exact mass difference filters weredu® determine which mass peaks were due to +1 or
+2 isotopes, loss of H, ammonium adducts, oxygehatalytes, protonated or ammoniated dimers, loss
of water, or the presence of between 1 t6C4 or 'Br atoms. Using three Orifice 1 voltages provided
minimal, modest, and major in-source CID to différate among precursor, dimmer-related, and
product ions. Automatically processing m/z vs ibairgdance lists from mass spectra acquired under the
three CID conditions and applying exact mass difiee and RIA filters provided substantial mass
spectral interpretation for 21 individual analygesl mixtures of three and seven compounds.

The ability to identify multiple compounds that pide composite mass spectra based on
measured exact masses and RIAs rather than o idigition time and chromatographic peak shape
differences should be extremely useful when usimtase sampling, in-air ionization. Hundreds of
cotton swab, wipe samples could be collected apidisamass analyzed to thoroughly characterize
Superfund sites where multi-component chemical @g&atere dumped in localized areas.

At least three groups have now developed softwaoetrelate precursor ions with their product
ion:neutral loss pairs and have successfully detratesl the power of their programs for reaching
tentative identifications of low-mass compoundst@@l15 Da in this paper). The software suite (ion
extraction program, ion correlation program, arulinand output program) is available from the autho
at no cost. Adaptation to other oa-TOFMSs wouldiregonly modification of the ion extraction
program to read in the m/z ratios and ion abundafroen text files provided by the data system and
adjustment of thresholds and error limits.
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