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Abstract

Exact masses of ions and relative isotopic aburefa(iRIAs) of the +1 and +2 isotopic
mass peaks, measured with sufficient accuracy,jgedhe elemental compositions of ions from
a compound, which correspond to a limited numbegrosible isomers. Double focusing mass
spectrometers provided exact mass and RIA measuatsnmethe early 90's, while today, less
expensive, more robust, and easier to operatedirfigght mass spectrometers (TOFMSs) also
provide data sufficiently accurate to determinegompositions. Using exact masses and RIAs
measured with a TOFMS, an lon Correlation Prograatches precursor ion and product
ion:neutral loss pairs to increase the mass ramgeHich the unique and correct composition of

ions can be determined and to provide deconvolufa@omposite mass spectra.
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For 15 years, the authors have identified compoumdsvironmental extracts with little
or no knowledge of the sampling site history (Geegal. 1998-2003, 2007, Snyder et al. 2001,
Brumley et al. 2000). Elements found in moleculagehincluded, C, H, N, O, F, Cl, Br, I, S, P,
Si, As, and Se. Both the instrumentation and autedhdata evaluation have evolved toward
greater simplicity. Consequently, others are noswidying contaminants found in water
(Bobeldijk et al. 2002) and food (Thurman et al020Ibafiez et al. 2005).

Compound Identification. Often, the NIST (NIST/EPA/NIH) or Wiley (Wiley Regjry)
libraries will provide similar or related mass srado that of an analyte, which can lead to a
tentative identification, even when only nominal ifteger) masses are measured. If not,
determining the elemental composition of a moletiidg has lost an electron or gained a proton
to become a positively-charged ion, or lost andtrato become a negatively-charged ion, limits
a compound's identity to a finite number of isom@&m®duct ions formed from such a precursor
ion and the corresponding neutral losses (produrcheutral loss pairs) provide insight into the
structural features of the compound, thereby Imgitihe number of possible isomers.
Consultation of data bases (Grange, 2005, 2006) asithe SciFind&compilation of known
isomers (Chemical Abstract Services) further redube number of plausible isomers. A
tentative identification is confirmed when a purebd or synthesized standard provides a mass
spectrum and a retention time by gas chromatographguid chromatography similar to those
of the analyte.

Exact Masses and Relative | sotopic Abundances. The exact mass is only one of two
measurable and independent physical properties mfrathat provide differentiation among
possible ion compositions. In addition to the exaess of the monoisotopic ion (M), which

contains only atoms of the lowest-mass isotopesR#lative Isotopic Abundances (RIAs) of the



M+1 and M+2 mass peaks that arise from the preseitben an ion of atom(s) of isotopes
heavier by 1 or 2 Da than the most abundant isstapeunique for different sets of atoms. The
RIAs of the +1 and +2 isotopes of the elements TNPRysics) most commonly found in organic
molecules, C, H, N, O, Br, CI, F, |, P, and S, tesuthe abundance of the M+1 mass peak
providing an estimate of the number of C atomsimoa, while the abundance of the M+2 mass
peak provides estimates of the number of S, ClBaretoms present.

The mass error limits and RIA error limits deteremthe relative utility of exact masses
and RIAs for determining the unique and correctdomposition. Figure 1 illustrates that the
number of possible compositions increases expabBnvith increasing mass, increases nearly
linearly with increasing mass error, and is higitdpendent on the mass defect measured for an
ion. Even for a small mass error limit, numerous gompositions can be possible for high- mass
ions. Considering additional elements as possitdggnt also increases the number of possible
compositions, while considering only odd or eveecebn ions halves the number. The number
of possible compositions based on consideratidRIAs alone also increases as an ion's mass
and the RIA error limit increase.

Figure 2 illustrates for one set of mass error R error limits (2 mmu and 20%) a
major reduction in the number of possible composgithat occurred when both exact masses
and RIAs were considered for measured values afl®89 Da, 19.00%, (M+1), and 36.78%
(M+2) for the [M+HJ ion from chlorpromazine, a sedative (Grange e2@06). Even assuming
that at least 1/3 of the mass of the ion was da&@is, 47 compositions were possible for the
molecular ion. Considering only the RIAs, 402 cosipons were possible. But when both the
exact masses and RIAs were considered, only 5 csitigyts remained viable. Clearly, for the

purpose of determining ion compositions, it is adageous to measure both exact masses and



RIAs.

Instrumentation: Double Focusing Mass Spectrometer. To accurately measure exact
masses and RIAs for coeluting compounds in com@fexronmental extracts, high resolving
power was necessary. In the early 90's, doublesfogunass spectrometers alone provided
resolving powers of 10,000 to 20,000 (10% valley)rbutine analyses. In the environmental
arena, these instruments were often used for dexxatyses (Method 8290, Method 1613). To
provide low error limits for quantitatioliC-labeled analogs of dioxins were spiked into etsa
Selected-lon-Recording (SIR), the monitoring okst#d m/z ratios corresponding to the exact
masses of the labeled reference and target arwyipounds, provided 100-fold greater
sensitivity, fast scan cycles, and 10-fold higlesotving power (10,000, 10% valley) compared
to full scanning. We devised methodology to usebtitméocusing mass spectrometers and SIR to
provide compositions of ions from unidentified camapds in complex environmental extracts
without reference to lists of target compounds.H@if800 high production chemicals {18s/yr
or more)[1990 HPV] and 87,000 compounds used innceroe (Endocrine), most compounds,
their synthetic byproducts, and their transfornrapooducts do not appear on target lists.

To measure both exact masses and RIAs with higitiviag power, four data
acquisitions were necessary to provide the plofalbbr partial mass peak profiles shown in
Figure 3. First, a full scan mass spectrum usieddtvest resolving power (1000) to maximize
sensitivity and scan speed was obtained for conggans they eluted from a gas chromatograph
(GC) into the electron impact ion source. For eaminpound, the apparent molecular ion
(largest-mass ion observed) was further investijathree SIR data acquisitions that covered
narrow mass ranges and that delineated full orgbamiass peak profiles were then made as

analytes eluted from a GC interfaced to either aNDGSE mass spectrometer for which 23 m/z



ratios were used (Grange et al. 1992-1999) or aigm MAT 950S mass spectrometer for
which 31 m/z ratios were used (Grange et al. 200IB2 Brumley et al. 2000, Snyder et al.
2001, Grange and Sovocool 2007).

In Figure 3a, a narrow mass range about a monisoimp from an analyte found in an
extract of water from a monitoring well was mongdmwith a resolving power of 3,000 and a
m/z increment of 100 ppm between adjacent poirits.idn chromatogram for each m/z ratio
was integrated across the chromatographic peakéomonoisotopic ion of interest and plotted
in Figure 3a. The two mass peak profiles, eacimdated by three points, were obtained for an
analyte (left peak) and a perfluorokerosene (PBK)(right peak). The ion chromatograms for
the m/z ratios at the maxima of the two peaks losva as insets. For the PFK peak, two
baseline excursions are evident that were indugegthénging a lens voltage in the ion source to
temporarily divert the ion beam. The excursiondtharea integration across the simulated
chromatographic peak between them. The areas Watedto provide the partial mass peak
profiles for PFK lock mass and calibration ionst thiecket the analyte ion mass. The exact
masses of all full or partial mass peak profileFigure 3 were obtained as a weighted average of
the top several points delineating the profiles.

The exact mass from the analyte mass peak praofffégure 3a was used as the center
mass in the SIR m/z ratio list to acquire the ibrommatograms used to plot Figure 3b. The
resolving power was 10,000 and the mass increnmentden points was 10 ppm. The exact mass
obtained corresponded to eight possible composit@suming atoms of C, H, N, O, As, F, P, or
S could be present and a mass error limit of 6 ppm.

Experience has shown that the possible compositataining the fewest heteroatoms is

most likely to be correct, and it was chosen asmothetical composition to create the SIR m/z
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ratio list to acquire data for the M, M+1, and Mp&rtial profiles plotted in Figure 3c. Summing
the chromatographic peak areas used to plot thmlawrofiles, dividing the summed areas for
the M+1 and M+2 patrtial profiles by the summed akethe M partial profile, and multiplying
by 100% provided the %M+1 and %M+2 relative abuméarshown on the partial profiles in
Figure 3c. This use of SIR to delineate profileprtovide exact masses and RIAs was called
Mass Peak Profiling from Selected lon RecordingafPPSIRD) (Grange and Brumley
1996Db).

Applying Exact Massand RIA Criteria. To compare measured exact masses and RIAs
with calculated values for possible compositionBy@afile Generation Model (PGM) was written
in QuickBASIC® version 4.5 (Microsoft Corp., Bellevue, WA, USA) talculate the mass of the
M profile and to construct the M+1 and M+2 profikesulting from the ions containing atoms of
higher isotopes (Grange and Brumley 1997) . The lsl+d M+2 profiles were calculated as
sums of the Gaussian distributions for the indigldtl and +2 ions at the resolving power being
used. Table 1 prepared by the PGM provided a ¢jstirthe possible compositions. The "X™s
indicated that the measured and calculated vabres ¢omposition did not agree within the
mass error limit of 6 ppm and the RIA error limitabbout 11%. These error limits were
established from measurements for several stan@@rdage and Brumley 1997). Using
MPPSIRD and the PGM together was referred to a€mmposition Elucidation (ICE) in

several papers (Grange et al. 2001-2007).



Table 1. Calculated Exact Masses and RIAs for 8 @msitions* and the Measured Values

182 183 184 %M+1 %M+2
Composition M M+1 M+2 (%1 Rangé) (%2 Range)

HNORP,S  .92007 .91896 X .91623  1.21(1.02-1.39) X  (4GR-5.25) X
HNOAsSF,  .92047 .91842 X .92472X 0.42(0.36-0.48) X  (Q207-0.23) X
HNOoF>S;  .92102 .92029 X .91707  2.83(2.38-3.29) X  13.142-15.53) X

N4OP;S 92117 91924 X .91767 X 2.33(1.99-2.68) X 8544.21-5.50) X
NJOAsF  .92157 .91896 X .92561 X 1.55(1.33-1.76) X .4100.34-0.48) X
CNOsS,  .92124 92265  .91794 X 4.34(3.69-4.99) 0.908.1.28)

CsHNOFS, .91988 .93132X .91588  6.09(5.19-6.99) X  13.65E-15.44) X
CsH/AsS  .91996 .92210  .91585  4.97(4.23-5.70)  8.98(10.13)

Measured: 92056 .92265 91625 4.72 9.54
Values

* Some of the compositions are different from thmsthe original paper (Grange et al. 2002), beedhe mass of
the electron, 0.00055 Da, had not been taken ttoumnt.

* The permissible ranges result from consideratfoseveral errors associated with plotting pagiaffiles (Grange
and Brumley 1997).

Initially, two other criteria were examined: thgparent resolution determined from the
profile width at 5% of the maximum profile heighthich was less than the instrument resolving
power when profile broadening occurred and a pbake parameter, which summed amplitude
differences between calculated and measured Bdfdeange and Brumley 1996, 1996b, 1997).
To observe such broadened profiles, usually the pteflle was acquired as a full profile, which
required an additional data acquisition. Broad ifgsfwere most often observed when one or
more S atoms were present. It became apparentvieoytbat these two measures seldom, if
ever, eliminated compositions that had passedxaetenass and RIA criteria, and they were
soon abandoned as a simplification measure. Inelladrhd numerous similar tables for other
analytes, the exact mass criteria of the M+1 an@ [drofiles eliminated many of the same
compositions as the RIA criteria, with the RIA erit eliminating additional compositions to

provide a higher level of discrimination.
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The sensitivity and wide dynamic range providealmouble focusing mass spectrometer
enabled identification of compounds present oveuathree orders of magnitude. Figure 4 is a
partial total ion chromatogram labeled with ion gmsitions for the apparent molecular ion for
most of the chromatographic peaks along with mdenwtifications or tentative identifications
(Grange and Sovocool 2007).

While the three exact mass and two RIA criteriaensaissed for the correct ion
composition in Table 1, for low-concentration amedy passing of only 2-4 criteria was common.
Especially for compounds with %M+2 values of ldsmt 2%, even a resolving power of 10,000,
was insufficient to eliminate interferences fromlewnilar and product ions formed from
coeluting compounds, PFK, or column bleed. The RiAge been found to be more sensitive to
interferences than the exact masses (Grange armt&uh\2007). When more than one
composition passed the same number of criterigotbgence of related compounds resulted in
its selection as the preferred one.

Obsolescence of I CE. Athough three other groups utilized MPPSIRD to detee
several compositions of molecular ions (Vetterle1899, Wu et al. 2002, Jérundsdéttir et al.
2006), widespread adoption of ICE was discouragetthd required custom software and time
needed to acquire data. Four GC/MS data acquisiti@re required to determine the exact
masses and RIAs of 15 - 30 ions from individualiytieg compounds. To determine ion
compositions of apparent molecular ions from 10@etatographic peaks required several
weeks.

ASCII files of macro language instructions for ettlilata system were prepared by a
Lotus 128 spreadsheet (Lotus Development Corp., Cambridde, WSA). The data systems

then automatically prepared SIR menus, displayedmtegrated chromatographic peaks over
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user-specified time-windows, and provided listsndt ratios and chromatographic peak areas
from which profiles were plotted and exact massesRIAs were calculated within a second
Lotus 123 spreadsheet. Unfortunately, the dat@sysof current double focusing mass
spectrometers no longer provide a macro languagecé] performing ICE with newer
instruments is not practical.

Instrumentation: Accurate Mass Triple Quadrupole Mass Spectrometer (AM3QMS). A
Thermo-Finnigan TSQ Quantum Ultra AMriple quadrupole mass spectrometer (Thermo-
Finnigan, San Jose, CA) provided masses accuratéliim 5-10 mDa and RIAs usually accurate
to within 10% in the absence of interferences fecprsor and product ions from nine standards
introduced by HPLC with atmospheric pressure chahimization (APCI) [Grange et al. 2006].
Data acquisition was simpler, since no custom safwvas required, but three types of scans
requiring manually prepared m/z ratio lists anchguarameters were still needed to obtain exact
mass and RIA values. First, a single full scan datpisition was recorded from the third
quadrupole (Q3) using a 0.7 mDa mass peak widtheasollisionally induced dissocation (CID)
voltage in Q2 was switched among -12, -24, or -2Q¥ contained 2 mTorr of argon. Mass
spectra containing an abundant precursor ion (J&nd product ions (-24 V and -36 V) were
obtained.

During the single data acquisition to measure emedses, internal mass calibration was
against ions formed from six compounds in a sofutiat was infused as individual analyte
peaks eluted from the HPLC. Selected Reaction Mang (SRM) monitored each analyte
precursor or product ion and calibration ions tiracketed the analyte ion mass. The mass peak
widths for Q1 and Q3 were 0.7 Da and 0.1 Da, raspdyg. Q3 was scanned over a 1 Da mass

window. Between 6 and 12 ions were monitored dueingion of each analyte.
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For the single data acquisition using SRM that messsRIAs, the mass peak widths
were set to 10 Da and 0.5 Da for Q1 and Q3, resjedgtand a 1 Da mass range was scanned by
Q3. The wide Q1 peak width centered on the M+1 mas& allowed all M, M+1, and M+2 ions
to pass into Q3. Three mass peaks from each af Hmalytes were monitored during each data
acquisition. For both SRM data acquisitions, thB @bltages that produced the greatest
abundance for each ion provided their exact magdAs. More detail on these experiments is
provided in Grange et al. 2005.

I nstrumentation: orthogonal-acceleration, Time-of-Flight Mass Spectrometer (oa-
TOFMS). Three full scan data acquisitions, one at eacloureg CID voltage, were required to
measure exact masses and RIAs when using an AGESBOA LC/MSD TOF with an Agilent
G1948A electrospray ionization source. After inijigelecting a mass range, scan rate, and
other parameters to optimize instrument performaaitsettings remained constant except for
the cone (CID) voltage. Manual or automated entsfggecursor ion masses or retention time
window boundaries into analyte-specific menus weterequired to select ions for
fragmentation and mass analysis by a non-existsmungl MS stage. No prior knowledge of
target ions and retention times for eight standaras required, because after mass calibration,
the full scan data provided the exact masses afAd iRl every precursor ion and their product
ions. The exact mass errors were 1-2 mDa and tAe Rére accurate to within 20% in the
absence of interferences. Both mass error and ROk Emits were sufficient to greatly limit the
number of possible compositions for an ion. Ofttiree types of mass spectrometer, the oa-
TOFMS provided a major advantage in simplicity gnelatly reduced the time required to
measure exact masses and RIAs. More detail onraagjsuch data and using it to identify

compounds is provided in Grange et al. 2006. Nwdéit electron impact ionization were used,
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only one full scan would provide the exact massesRIAs for the product ions and, in many
cases, the precursor ion.

An lon Correlation Program. The higher error limits associated with both the
AM3QMS and the oa-TOFMS necessitated devising adega& processing strategy to determine
unique precursor ([M+H) ion compositions. Figure 5 illustrates that ic@ad with Figure 1a,
the numbers of possible compositions for an exagtsmvithin a specified error limit are less for
product ions and their corresponding neutral lofisas for the precursor ion. When the exact
mass and RIAs of a precursor ion correspond toiphellpossible compositions, the correct
composition can be selected by determining and samthe unique compositions of the two
related parts from the precursor ion.

An in-house lon Correlation Program written in BASIC® 4.5 based on a simplified
PGM rejects numerous compositions, generally lepoimly one for the precursor ion, each
fragment ion, and each neutral loss, by compaheg tompositions for consistency. All product
ion:neutral loss pairs must sum to the composiiotine precursor ion. The four-step
computational process was described in Grange 20a6.

Because the resolving power of the AM3QMS was 3EF0UHM) and that of the oa-
TOFMS was 6000 (FWHM), no peak broadening was oeskin mass peak profiles or
considered in exact mass and RIA calculations. @aion of Gaussian distributions was no
longer necessary, and to provide additional singalifon and to conform with common practice
(Suzuki et al. 2005, Ojanperéa et al. 2006, Kaufni200/), the exact masses of the M+1 and
M+2 profiles were no longer considered. The exaasses of the M+1 and M+2 mass peaks are
dependent on both the masses of the +1 and +2e®tnd their isotopic abundances. The M+1

and M+2 mass peak dependence on the RIAs resualtbeé redundancy observed in Table 1. In



12

addition, mass errors in mDa, rather than ppm, \dopted to avoid very large ppm errors for
low-mass product ions. For example, a 5 mDa mass far m/z 77 would be 65 ppm. The
observed mass error between 50 and 500 Da wittdge\lariable when expressed in mDa than in
ppm for exact masses measured with a TOFMS.

Table 2 compares the discriminating power of thelM#d M+2 exact masses and RIAs
for + 2 mDa and = 20% error limits for 11 compasits containing different sets of heteroatoms.
The total number of possible compositions corredpda a + 2 mDa mass window about the
calculated monoisotopic ion masses. For all 11 asipns, comparison of the M+1 and M+2
exact masses rejected fewer incorrect compositltars comparison of the RIAs. In four of five
cases, unique compositions were not found for psecuons with masses greater than 200 Da.
To obtain unique compositions for these precursos,i product ion:neutral loss pairs must be
considered by the ICP. Only for two compositiors cnsidering the M+1 and M+2 exact
masses reject a composition not already eliminayettie M+1 and M+2 RIA criteria. The
demonstration that the M+1 and M+2 RIAs provideagge discrimination among compositions
than the exact masses would be even more compelithghe larger mass error (+ 10 mDa) and
smaller RIA error (£ 10%) for the AM3QMS data. Censely, if a different type of mass
spectrometer provided tighter mass error limits,vibas incapable of providing RIAs accurate to
within 20%, consideration of the M+1 and M+2 exaetsses, rather than the RIAs, would be
more effective for eliminating incorrect compositto Because measured RIA values are more
subject to interferences than measured exact nahsss/(Grange et al. 2005), instances might
arise where considering the exact masses mighemeficial for the error limits used above. But
for good-quality mass spectra, ignoring the exaassas of the M+1 and M+2 mass peaks is a

simplification entailing minimal sacrifice.
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Table 2. Rejection of Incorrect Compositions by Marid M+2 Exact Mass and RIA Criteria for
11 Compositions. Elements considered: C, H, N, ®,FS, and Cl when present.

Nominal Exact Mass = 2 mDa RIARY2
Mass Composition # Rejected (# Possible} Rejected (# Possible)
124 CsH1oN3" 2 (3) 3(3)
166 C10H16NO" 3(5) 5 (5)
170 C12H1oN" 5 (9) 9 (9)
181 C1oHgNy" 11 (16) 16 (16)

182 CsHgNS," 30 (37) 37 (37)

195 CgH11N40," 10 (18) 18 (18)

214 C10H16NO,S* 22 (26) 25 (26)

237 C15H13N20" 28 (41) 41 (41)

265 C11H13N40,S™ 69 (95) 92 (95)
285 CeH13Cl304P™* 9 (19) 13 (19)

319 C17H20N,CIS™ 12 (48) 42 (48)

* 1 composition not rejected by RIA criteria wageed by exact mass criteria.
# 3 Cl atoms were assumed to be present as woulddaent from the M+2 and M+4 peak abundances
A1 Cl atom was assumed to be present as woul@gerent from the M+2 and M+4 peak abundances

lon Correlation and M ass Spectrum Deconvolution. Our current research utilizes a
Direct Analysis in Real Time (DART) JEOL AccuT®Ba-TOFMS. The DART is a open-air,
surface-sampling ion source that desorbs and isr@ralytes with a heated, metastable stream of
helium. Elimination of sample extraction, extralgtan up, and chromatography decreases the
time per sample analysis more than 100-fold. Amsarmpler (Grange 2008a) and field sample
carrier (Grange 2008b) were designed to permityaisabf 1000 cotton swab wipe samples in a
single shift by one analyst. The disadvantage ®DART ion source is that composite mass
spectra are often obtained. Figures 6a, b, and mass spectra acquired for a mixture of three
compounds containing different sets of heteroatdrneee cotton swabs were dipped into a
methanol solution of the compounds, air dried, adsported through the 3TD helium stream
in front of the acceptance cone (Orifice 1) inte thass spectrometer. The three mass spectra in
Figure 6 were acquired at three Orifice 1 (CID)tagés: -15, -40, and -70 V. Swabs dipped into

calibrant solutions customized for each Orificeoltage were exposed to the stream immediately
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after each analyte swab to provide external mdgésra@on. The three possible precursor ions in

Figure 6a at m/z 182, 265, and 319 are also eviddfigure 6b, which confirms that they are

precursor ions, because dimeric ions and theirymsdare no longer observed at a moderate

Orifice 1 voltage. In Figure 6c¢, product ions fraththree precursor ions are evident. The ICP is

also an ion non-correlation program. lons that dauly be produced from one of the three

precursor ions will not be correlated with the ottveo. Table 5 lists the ions automatically

gleaned from ASCII files of m/z ratios and masskpa@as provided by the data system for the

three mass spectra by the ICP.

Table 5. Exact Masses and RIAs for lons Gleaned tiee Mass Spectra in Figure 6.

Precursor and Product lons

319.10143
274.04434
265.07498
246.01500
239.07747
233.00690
204.04545
199.10196
182.00881
166.98477
156.01086
135.01606
124.07559
110.07156
109.05297
108.04546
92.04958
88.07481
86.09627

923.1353
0
13.09923
14.86971
0

0

0

0
909.893
10.10156
0

0

0
6.828284
0

0

0

0
6.086304

939.8882
0
5.277359
36.5697
0

0

0

0
908.6573
9.237447
0

0
0
0
0
0
0
0
0

Precursor lons

319.10143
23398
182.00881

Oxides, At & Dimers

335.09830 0 O O

Because RIAs are more susceptible to interferericeg,are only calculated and listed

above two monoisotopic mass peak area threshotdsntieed empirically from mass spectra

obtained for 15 compounds. For the higher threstaf)d is added to the %RIA so that during
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ion correlation, a 15% RIA error limit will be useabove the lower threshold, a 20% RIA is
used initially. Criteria testing with RIAs from gnthe isotopic mass peaks of the precursor ion
and abundant product ions is effective, because theccomposition of the precursor ion is
limited by RIA criteria, all product ion:neutralds pairs fragmented from the precursor ion are
likewise limited to portions of the precursor ion.

The ICP first considers the data for the highestsman, m/z 319, and then the data for
each lower-mass ion sequentially. If no correlat®found, the second ion is also assumed to be
a precursor ion to be correlated with other iotsrlaVhen a correlation is found, both the m/z
319 ion data and that for the correlated ion at@nmed and the next lower-mass ion is
considered. The previous comparisons are madeebtifeiower-mass ion is considered to
ensure all previously applied constraints on thesfide precursor ion compositions are retained.
The lowest-mass ion is compared only to the possit#cursor ions, since multiple
fragmentation pathways are possible, and one camstire the lowest-mass ion fragmented
from one of the previously correlated ions. Thigusnce is repeated until all lower-mass ions
have been considered or skipped, because theyemarpor ions. Table 6 illustrates this process

for the m/z 319 ion.
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Table 6. Testing Sequence for Correlating lons Using the ICP.

Nominal Mass Compositions Found

319 4

319 & 274 2:2:1*

319, 274 & 246 1:1,1:1,1

319, 274, 246 & 239 1:1,1,1:1,1,1

319, 274, 246, 239 & 233 1:1,1,1,1:1,11,1
319, 274, 246, 239, 233 & 204 1:1,1,1,1,1:1,111,1,

319, 274, 246, 239, 233, 204-&199 No compositions

319, 274, 246, 239, 233, 204-&167 No compositions

319, 274, 246, 239, 233, 204-&156 No compositions

319, 274, 246, 239, 233, 204-&135 No compositions

319, 274, 246, 239, 233, 204-&124 No compositions

319, 274, 246, 239, 233, 204-&110 No compositions

319, 274, 246, 239, 233, 204 & 109 1:1,1,1,1,111111,1,1
319, 274, 246, 239, 233, 204, 109 & 108  1:1,2,111111,1,1,1,1,1,1

*Colons separate the number of compositions fowndHe precursor ion from those found for the pratdons and
those found for the product ions from those founrttlie neutral losses.

The ICP automatically uses multiple sets of masisRIA error limits to ensure low
abundance product ions are not discarded whernrtbeie their measurement slightly exceeds
the mass error limit passed by the precursor i@hnaore abundant product ions. The number of
possible compositions listed is based on a £ 2 m@ss error range when measured exact
masses are accurate to within 2 mDa. More possdrtgositions may be listed when a + 4 mDa
mass error range and + 30% RIA error range arenegjfor a product ion to be recognized as
such. More detail on how error limits are adjusdadng ion correlation is available in Grange
and Sovocool 2008. In Table 6, no more ions weeekdd after seven product ions were found
due to memory limitations of QuickBASFCWhen the mass error limits for product ions and
neutral losses were increased to + 4 mDa and * &,md3pectively, m/z 199 and 135 were also

found to correlate.
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The sequence in Table 6 was then repeated forthiee tovo precursor ions starting with
m/z 265 or m/z 182. As listed in Table 7, multiplessible compositions were found for the m/z
319 and 265 ions when the elements C, H, N, O, B, Rand 1 Cl for m/z 319) were considered.
When the largest-mass product ion (m/z 274) ancbiteesponding neutral loss were considered,
two of four possible compositions for the precurisor (m/z 319) were eliminated, while two
compositions were possible for the m/z 274 ion. R85 was a precursor ion and was not
considered as a possible product ion of m/z 318.mfz 246 ion was found to correlate with the
m/z 319 and 274 ions and only the correct commsitmained for all three ions. The single
possible composition for the m/z 246 ion rejectelitcorrect precursor ion composition, which
in turn eliminated the possible m/z 274 ion compasithat was not a subunit of the remaining
precursor ion composition.
Table 7. Reduction of Possible Precursor lon Coitipas when Product lons Are Considered.*
319.10143 C17H2N,CIS, Ci7H17N,OCIF, CigH21OCIPY, CooH16NLCI*

(27404434) C17H 20N2C|S+, C17H17N20C|F+
(246.01500) C17H2NCIS'

274.04434 Q‘|13NC|S+ or 015H10N()C“:F + GH;N
(246.01500) @H1NCIS' + GHN
246.01500 BHoNCIS™ + CHy3N
265.07498 §E11.NL,O5FS", CioH1706S", CioH16N2FPS', CiiH20FP.S', C1aH13N40,S"
(204.04546) Q‘|16N2F2PS+, CuH 13N4025+
(156.01086) C11H13N4O,S"
204.04546 @'1204S+ or C9H8N4S+ + GHs50,
(156.01086) ElgNLS™ + CH50;,
156.01086 FNO0S + GHO or GHgNO,S™ + CsH7N3

* The correct percursor ion composition is in btjge.
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The m/z 204 ion was the first ion lower in massittiee m/z 265 precursor ion to
correlate and had the two possible product ion asitipns and one corresponding neutral loss
composition listed in Table 7. The next lower-massto correlate with the m/z 265 and 204
ions was the m/z 156 ion. Although it could have possible compositions with two
corresponding neutral losses, both pairs of subwaitild only be fragmented from one of the
two remaining possible precursor ion compositidgtence, only the correct precursor ion
composition remained. These two examples from timeposite mass spectra in Figure 6
illustrate the power for determining the unique pagition of precursor ions by correlating their
product ion:neutral loss pairs with them when npldtianalytes provide ions.

Table 8 lists the correlations that were found.e8avlow-mass ion compositions were
subunits of multiple precursor ions and were catesl with more than one precursor ion. Hence,
deconvolution of composite mass spectra by applgkart mass and RIA criteria is not as
complete as is deconvolution based on small difieze in elution times or chromatographic
peak shapes of ions when chromatography is us@alle 8, the m/z 135 ion is listed under all
three precursor ions, because its compositiorsiganit of each one, and which precursor ion(s)
produced it is indiscernible. The m/z 108, 109, 264 ions correlated with both the m/z 319 and
265 precursor ions, but the m/z 108 and 204 ionsesascribed to the m/z 265 precursor ion,
since no single Cl atom isotopic pattern is evidenthese ions in Figure 6¢. The m/z 92 is a
subunit of all three precursor ions but is onlyedsunder the m/z 265 and 182 precursor ions.
For the m/z 319 ion, seven correlated ions weradausing both error limits before the lower-
mass m/z 92 ion could be tested. The high-abundafz&6 ion in Figure 6b is due tghd N,

a subunit of both the m/z 265 and 319 precursa,ibat in both cases, seven higher masses had

already been correlated.
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Table 8. lon Correlation Test Results for lons frohree Analytes

lon Exact N Mass
Mass Composition(Error)

319.10143* Cq7H 20N2C|S+ (-1.6)

274.04434 C15H13sNCIS™ (-0.8)
C,H/N* (-0.2)
246.01500 Ci3HNCIS™ (+1.1)
C4H1IN (-2.2)
239.07747 Cis HisNS'  (+1.1)
CH/NCI (-2.2)
233.00690 C1oHgNCIS™ (+0.9)
C5H12N (-0.2)
204.04545 CiiHoNLCIT  (+0.6)
CegH11S (-1.6)
199.10196 CioH16NoCl™ (+2.3)
C/H4S (-3.4)
135.01606 C;HsNS' (+2.3)

Ci10H1sNCI (-3.4)

109.05297 CzH1oNL.CI™  (+0.3)
CisHi0S  (-1.3)

108.04546 CgHoNLCI®  (+0.6)
CiHuiS  (-1.6)

lon Exact N dela
Mass Composition (Error)

N Mass
CompositionError)

lon Exact
Mass

265.07498 C11H13N402S+ (-0.4)

204.04545 CoHgN4S' (-0.0)
CHs0, (+1.1)

156.01086 C4H4N,OS (+0.8)
CHO (-0.7)

C6H6N025+ (-0.5)

CsH7N3 (+0.7)

135.01606 CgH3N,O," (-2.8)

CsHioNoS  (+3.0)
C7H5NS+ (+2.3)
C4H8N302 (-2.2)

124.07559 CsHgN4" (+1.2)
CsHs0,S  (-1.1)
C;H1oN o) (-0.1)

C4H3N30S (+0.3)

110.07156 CsHgN3" (+0.3)
CsHsNO,LS (-0.1)

C7H10C)+ (-1.1)
CHsN,0OS (+1.2)

109.05297 CHgN,S' (-1.3)
CioH4iO,  (+1.4)
C6H7NO+ (+0.8)

CsHeN3OS (-0.6)

108.04546 CHgN,S' (-0.0)
GoHsO2  (+1.1)

CsHgNO* (+1.1)
GH/N3sOS (-0.9)

92.04958 CgHgN™ (+0.1)

GH7N30,S (+0.1)

*lons in bold type correlated with only one preairrin.

# Indented compositions are neutral losses correpgto the preceding product ion.

182.00881 CgHgNS," (-0.5)
166.98477 C7HsNS,"  (-1.0)
CH; (1.1
135.01606 C;HsNS"™  (2.3)
CHS (2.2
92.04958 CgHgN™ (0.1)
CH.S,  (-0.0)

When a surface sampling ionization technique isl usleromatography is not employed

and uncertainly remains for the source of suchhoass ions. However, the unique composition

of all three precursor ions was obtained in thiznegle due to unequivocal assignment of

multiple product ions each to the m/z 319 and 2@syrsor ions as illustrated in Table 8. The

exact mass and RIA criteria provided only one cositpn for the lowest-mass precursor ion

(m/z 182) even before product ion:neutral lossypaere correlated.
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To tentatively identify the three compounds, theasueed exact masses of the protonated
molecules and the RIAs could be compared to cakedilealues within an exact mass and RIA
library. Mass spectra acquired for standards areanuired to compile the library; exact masses
and RIAs are simply calculated from the compositbthe protonated molecule. For example,
several compounds with a molecular weight of 26dal¢ were found in Pfleger et al. 1992.
Those compositions with exact masses for the patéahmolecules closest to the exact mass of
the m/z 265 precursor ion in Figure 6 are listedable 9. The structures of the compounds in
Table 9 contained at least one primary, secondargrtiary amine and would be expected to

provide a protonated molecule with ESI, APCI, or®Rionization.

Table 9. An exact mass and RIA library for m/z 265.

Compound Composition Exact Mas&ol RIA %2 RIA AM(mDay*
Sulfadizole  GH1gN4OsS,"  265.04236 11.03 10.02

Furazidine GoHoN4Os" 265.05675 12.78 1.76 14.4
Sulfamerazine GH13N4O0,S™  265.07537 14.61 5.83 18.6
Sulfaperin GH13NLO0,S"  265.07537 14.61 5.83 0.0
Temodox GH13NO5" 265.08190 14.30 1.95 6.5
Sulfirame GoH21NLSs" 265.08614 14.36 14.25 4.2
Analyte GiH1aN,O,S™ 265.07498 13.10 5.28

* The mass difference between the exact massée gdrevious composition and the one in this row.

The measured exact masses for precursor ions frgmethylthio)-benzothiazole,
sulfamerazine, and chlorpromazine, 182.00881, 2898, and 319.10143, differed by -0.5, -
0.4, and -1.6 mDa, respectively, from their caltadeexact masses. In each case, the correct
composition would be further investigated in deaads of compounds. For example, in the
SciFindef (Chemical Abstract Services) data base, 14,40222 and 403 references were
found for chlorpromazine, sulfamerazine, and 2-fiyi¢hio)-benzothiazole, respectively. For 3-
methyl-2(3H)-benzothiazolethione, 159 referencesevieund and for Sulfaperin

(isosulfamerazine) 138 references. To determinedheect isomers producing m/z 182 and 265
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and to confirm the tentative identification of cigiomazine, all five standards would be
purchased and HPLC/TOFMS would be used to compéeation times and mass spectra
acquired with different CID voltages.

Conclusion. The measurement of exact masses and RIAs to dateoompositions of
ions observed in mass spectra has become muchesioy@r the past decade. Initially, our group
plotted mass peak profiles from SIR data acquirgld double focusing mass spectrometers. Full
scan and three SIR data acquisitions were requirgld automatically-prepared, analyte-specific
SIR menus, which required prior input from the @per. Today, with ESI, APCI, or DART
ionization, three full scan data acquisitions #iedent CID voltages with a single-MS-stage oa-
TOFMS provide exact masses and RIAs of sufficiestieacy to determine ion compositions of
precursor ions, product ions, and neutral lossésowt the need to limit data collection to ions
from a list of target analytes. Concurrently, datarpretation has been streamlined and made
conceptually simpler. Initially, exact masses amdisRvere calculated based on summations of
Gaussian distributions calculated for each +1 @b that contributed to the M+1 and M+2
profiles, which could be broadened at 10,000 (1@4ey) resolving power. Now, simple
weighed averages based on the exact masses ofl+H2aans and their RIAs are summed, since
a resolving power of 6000 (FWHM) does not causaiant profile broadening. To
compensate for the wider mass and RIA error limiitan oa-TOFMS relative to a double
focusing instrument, an lon Correlation Program degeloped to restrict the number of
possible compositions of precursor ions by coredgthe compositions of the product
ion:neutral loss pairs with the precursor ionsadidition, the simplicity of an oa-TOFMS
provides a lower purchase cost, greater reliabgibhd a smaller footprint. Less operator

expertise is required to acquire data and the tieegled to determine ion compositions has been
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greatly reduced.
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Captions

Figure 1. (a) the number of possible compositiana &unction of mass for four different
error limits. The elements C, H, N, O, P, S, andv€te considered for masses between 100.0000
and 400.0000 Da at 20 Da intervals. At m/z 400 Bharequals 10 ppm and the number of
possible compositions is the same for the two dimats. For masses below 400 Da, 4 mDa is
greater than 10 ppm and fewer compositions ardalgedsr the 10 ppm error limit. The opposite
is true from masses greater than 400 Da. (b) th&beu of possible compositions as a function of
the mass defect calculated at 0.05 Da intervalsdet 318.5500 and 319.4500 Da for the same
elements and a mass error limit of + 2 mDa (Grastgd. 2006).

Figure 2. (a) partial list of possible compositidosa measured monoisotopic exact mass
of 319.1039 Da assuming 1/3 of the ion's massestdi atoms and a mass error limit of + 2
mbDa. (b) partial list of possible compositions fonominal mass of 319 Da and measured RIAs
of 19.00% and 36.78% assuming an RIA error limi@0%. (c) list of possible compositions
found in both partial lists. The correct compositie enclosed by a rectangle (Grange et al.
2006).

Figure 3. Three outputs provided by a Lotus®&greadsheet using SIR data: (a) full
profile, 100 ppm mass increment, and 3,000 resglpmwer; (b) full profile, 10 ppm increments,
and 10,000 resolving power; and (c) partial prsfile0 ppm increment, and 10,000 resolving
power.

Figure 4. A partial total ion chromatogram for athyéene chloride extract from water
above a plume of contaminants from a chemical glardnge and Sovocool 2007).

Figure 5. (a) A plot of the possible compositioafalated for the measured exact

masses of a precursor ion and seven of its pradanstand (b) the seven corresponding neutral
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losses. The mass error limit is + 2 mDa for thesiand + 2.83 mDa/@ x 2 mDa) for the neutral
losses, which are determined as the differencesgasored exact masses for the precursor and
product ions (Grange et al. 2006).

Figure 6. Mass spectra acquired with a DART/oa-T@Hbr three compounds on cotton
swabs at Orifice 1 (CID) voltages of -15, -40, aid V. No Cl isotopic pattern was observed in

the magnified portions of the spectrum for the &8 or 204 ions in (c).
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