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Atmospheric pressure ionization (API) techniques are evaluated for the mass spectral
analysis of N-methyl carbamate pesticides. Atmospheric pressure chemical ionization
(APCI) using a heated nebulizer interface provided both protonated molecules and abun-
dant, characteristic fragment ions. With ion spray (ISP; pneumatically assisted electrospray
ionization), which utilizes a milder ““ion evaporation’” process, primarily protonated
molecules were obtained, although fragment ions similar to those observed in APCI could
be induced by variation of the API orifice voltage. Product ion spectra of ISP-derived
protonated molecules, generated by tandem mass spectrometry using collision-induced
dissociation, are also presented. The APCI and ISP spectra of the carbamates are compared
to those obtained with a thermospray interface and also to their electron ionization and
methane CI spectra obtained with a particle beam interface. For all four interfaces, com-
bined liquid chromatography mass spectrometry methods using conventional (4.6 mm i.d.)
columns are described for the separation and detection of pesticide mixtures. These
methods are applied to the confirmatory analysis of three representative carbamate pesti-
cides, spiked at the 0.1-ppm level in green peppers. For those carbamates amenable to gas
chromatography mass spectrometry, comparative results are presented. (] Am Soc Mass

Spectrom 1992, 3, 378-397)

ticides in agriculture demands the development

of highly sensitive and selective analytical pro-
cedures to determine trace level residues of these
compounds in crops and other food products [1].
Unfortunately, confirmatory methods for this class of
pesticide are rather limited. The thermal lability of
many pesticides prevents their direct analysis by gas
chromatography (GC), although developments in cap-
illary column supports have led to a few GC-based
methods for specific carbamates [2, 3]. Other workers
have employed derivatization techniques to overcome
the problem of thermal lability [4]. High performance

The increasing use of N-methyl carbamate insec-
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liquid chromatography (HPLC) is the technique most
widely used to circumvent heat sensitivity for pesti-
cide analysis, although this approach has been frus-
trated by the lack of a sensitive, selective detector.
Ultraviolet [5] and electrochemical [6] detection have
been used, and although both provide adequate sen-
sitivity, they do not provide the specificity necessary
for the analysis of moderately complex sample matri-
ces, HPLC using postcolumn hydrolysis and derivati-
zation with fluorescence detection (FLD) has been
developed [7] and refined [8], and is currently the
most widely used technique for the determination of
carbamates in water [9] and in fruit and vegetables
{10, 11]. This technique relies on the postcolumn hy-
drolysis of the carbamate moiety to methylamine with
subsequent derivatization to a fluorescent isoindole
product.

The application of mass spectrometry to the regula-

Received May 6, 1991
Revised July 31, 1991
Accepted July 31, 1991



J Am Soc Mass Spectrom 1992, 3, 378-397

tory analysis of pesticides and industrial chemicals in
food and feed commodities has been reviewed [12].
Because of the potential of combined liquid chro-
matography mass spectrometry (LC/MS) as the ideal
confirmatory method for pesticides, its application to
these compounds has followed closely the rapid de-
velopment of the technique itself. Early in this devel-
opment, both a moving-belt interface using chemical
ionization (CI) [13, 14], and a direct liquid introduc-
tion (DLI) interface [15], were evaluated for the analy-
sis of carbamates by LC/MS. Although both studies
elegantly demonstrated the feasibility of LC/MS for
multiresidue pesticide analysis, these particular tech-
niques have been hampered either by lack of sensitiv-
ity or by thermal degradation of the sample.

The advent of thermospray (TSP) ionization pro-
vided the first robust interface for routine LC/MS
applications. Using either conventional postcolumn
addition of ammonium acetate, or filament- or dis-
charge-assisted ionization, the technique has been ap-
plied to a wide range of compounds including carba-
mates and other pesticides [16, 17]. Both TSP and the
more recently introduced particle beam (PB) LC/MS
interfaces have been evaluated recently by the U.S.
Environmental Protection Agency for the determina-
tion of nonvolatile organic compounds, including sev-
eral carbamates, in aqueous environmental samples
[18, 19]). While the authors reported both techniques
to have detection limits within the range of interest
for environmental pollutants in wastewater (~ 1-25
pg/L), they placed much emphasis on the lack of
structurally significant fragment jons in TSP spectra
compared with the ability of the PB interface, to
provide conventional electron ionization (EI) mass
spectra consistent with those from library data bases.
They also stressed the inability of TSP to provide
sufficiently stable jon currents over extended periods
for quantitative analyses. A more recent investigation
of TSP for carbamate standards, by using a triple
quadrupole instrument, demonstrated that the neces-
sary structural information could be provided by colli-
sionally activated product ion spectra obtained with
tandem mass spectrometry (MS/MS), although no
LC/MS/MS results were presented [20]. The authors
did, however, reiterate the problem of fluctuating ion
signals with TSP.

As an alternative to HPLC, the low critical temper-
atures of the mobile phases used in supercritical fluid
chromatography (SFC) allows separation under mild
conditions favorable to thermally labile compounds.
In addition, SFC can provide enhanced chromato-
graphic efficiency relative to LC, and also the capabil-
ity for separations of less volatile and higher molecu-
lar weight compounds than does GC. Both capillary
column and packed column SFC have been coupled
with mass spectrometry, and both types of SFC/MS
have been applied to the analysis of carbamate stan-
dards [21, 22]. Although good sensitivity was re-
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ported for capillary SFC/MS using CI, to date neither
technique has been applied to the analysis of real
world samples.

Much of the recent interest in atmospheric pres-
sure ionization mass spectrometry (API/MS) has been
primarily due to the ability of liquid-phase ““ion evap-
oration”” ionization processes to produce multiply
charged ions of high molecular weight biopolymers
[23]. However, APl is also proving to be an extremely
efficient means of coupling chromatographic methods
such as HPLC, SFC, and capillary electrophoresis to
the mass spectrometer. An excellent review has re-
cently detailed the use of API/MS as a detection
system for the separation sciences [24]. Ion spray
(ISP) is a recently developed API technique {25] that is
proving to be well suited to the LC/MS analysis of
trace levels of polar and thermally labile compounds
[24, 26]. In contrast to the related technique of electro-
spray ionization (ESI) [23], nebulization plays an im-
portant role in the ISP process, permitting the use of
higher flow rates of highly aqueous mobile phases
{25]. In a complementary role to that of ISP, gas-phase
atmospheric pressure chemical ionization (APCI) us-
ing a corona discharge is currently undergoing a re-
naissance owing to the introduction of a heated nebu-
lizer (HN) interface for LC/MS and SFC/MS [24, 27].

This paper presents an evaluation of both ISP and
APCI for the analysis of N-methyl carbamate pesti-
cides, and compares their performance with results
obtained using both PB and TSP interfaces. Combined
LC/MS methods using conventional (4.6 mm i.d.)
columns are described for the separation and detec-
tion of pesticide mixtures using all four interfaces.
These methodologies are applied to the determination
of three representative carbamate pesticides, spiked at
the 0.1-ppm level in green peppers.

Experimental

Materials

All of the carbamate standards listed in Table 1 were
obtained from the Health Protection Branch reposi-
tory in Ottawa and used to prepare stock solutions of
0.5 mg/mL in methanol or acetone for LC/MS or
GC/MS, respectively. Working solutions were pre-
pared by mixing or diluting the stock solutions in the
appropriate solvent. Omnisolve methanol was ob-
tained from BDH Chemicals (Poole, UK). Reagent
grade formic acid was obtained from Fisher Scientific
(Fairlawn, NJ). GC grade acetone and dichlor-
omethane were obtained from Burdick and Jackson
(Muskegon, MI), and GC grade hexane was obtained
from J. T. Baker Chemical (Phillipsburg, NJ). Aqueous
solutions were prepared by using glass-distilled water
further purified by passage through a Millipore Corp.
(Bedford, MA) Mill-Q purification system.
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Table 1. Names, abbreviations, and structures of the eight carbamate pestcides examined

O H
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Name Abbreviation R MW Retention time {min)®
s 06
162 10
Methomy! ML CHy-§ —C=N—
CH,
Aldicarb AB CH;-$ ~C-CH=N— 190 156
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O CH
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CH{
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3-hydroxy- Q
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OH ; CH,
CH;
® Taken from LC-UV analysis.
Extraction ratory funnel containing sodium chloride (10 g). The

organic phase was fltered through sodium sulfate
(~ 40 g) on glasswool, into a round-bottomed flask.
The aqueous phase was partitioned twice (1 min of
shaking) with dichloromethane (2 x 70 mL), and the
organic phase was filtered through sodium sulfate
into the round-bottomed flask. The combined organic
phase was evaporated to near dryness, made up to 20
mL with dichloromethane/hexane (50:50), and cen-
trifuged (2000 rpm for 5 min).

After filtering through a Millex-HV filter unit (Milli-
pore), the extract was loaded into two 5-mL sample
loops of a model 1002A Autoprep GPC (Analytical
BioChemistry Laboratories Inc., Columbia, MO} con-
taining a preconditioned 18.7-cm column of Bio-Beads
S-X3 (ABC) (~ 30 g). For both loops, the column was
eluted with dichloromethane/hexane (50:50) at 5
mL/min and after 9 min (45 mL) the eluent was
collected for a further 19 min (95 mL). In each case,
after removal of the solvent, the residue was taken to

The extraction procedures used in this investigation
are based on those described previously [28]. In dupli-
cate, macerated green peppers (35 g) were mixed with
acetone (100 mL) and homogenized in a Polytron
homogenizer (Brinkmann Instruments Ltd., Rexdale,
ON) for 1 min. One of the homogenates was spiked
with 7 mL of a solution containing 3.5 pg each of
methomyl, aldicarb and carbaryl in acetene (0.1 ppm).
The homogenates were treated separately in the labo-
ratory and every effort made to prevent cross contam-
ination. After centrifugation (2000 rpm for 5 min), the
supernatant was filtered through glasswool into a
500-mL separatory funnel. The residual pellet was
homogenized for a further 30 s with dichloromethane
(100 mL), and again centrifuged and filtered. Hexane
(100 mL) was used to rinse the centrifuge bottle and
filtered. The combined filtrate was shaken for 2 min
and the lower aqueous layer was drained into a sepa-
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near dryness with acetone or methanol (~ 10 mL}) and
finally made up to 5 mL with either acetone or aque-
ous methanol (3:2) ready for GC/MS and LC/MS,
respectively. A portion of the extract for LC/MS (1
mL) was filtered with a syringe-tip filter prior to
injection.

GC/MS

Analyses were performed on a HP5890A gas chro-
matograph coupled to a HP5988A quadrupole mass
spectrometer (Hewlett-Packard Co., Palo Alto, CA).
Manual cold needle, on-column injections (1 L) were
made onto a ] & W Scientific (Rancho Cordova, CA)
DB-17 fused silica capillary column (30 x 0.32 mm
id.; 0.25-um phase thickness) using helium as the
carrier gas. After an initial hold at 50 °C for 1 min, the
oven was temperature programmed to 190 °C at 20
°C/min and then to 255 °C at 8 *C/min. Positive ion
EI spectra were obtained at 70 eV and a source tem-
perature of 150 °C. Full-scan spectra were acquired
from 50 to 250 u at 1.16 scan/s. For selected ion
monitoring experiments a dwell time of 50 ms/u was
used.

PB LC/MS

Analyses were performed on a Hewlett-Packard in-
strument consisting of a model 1090 Series II liquid
chromatograph with a ternary PV5 solvent delivery
system, a model 59980A PB interface, and a model
5988A quadrupole mass spectrometer, Flow injection
analysis (FIA) was accomplished using a postinjector
switching valve to bypass the column. Separations
were achieved on a 4.6-mm id.X 25-cm column
packed with 5 um Zorbax Ry-C8 stationary phase.
The column was protected by a guard column of the
same phase. Aqueous methanol was used as the mo-
bile phase at a flow rate of 1 mL/min. After an initial
hold at 20% methanol for 4 min, a linear gradient to
70% methanol in 11 min was used, followed by a hold
of 5 min. Additional experiments were conducted
with 0.01% ammonium acetate added to the water.
An injection volume of 20 uL was used and separa-
tions were performed at 40 °C. The column effluent
was split (3:2) using a zero dead volume T connector,
with ~ 0.4 mL/min being fed to the PB interface. The
split ratio was determined by the length of 0.005-in
i.d. stainless steel HPLC tubing on the waste side of
the T. Ultrahigh purity helium (Liquid Carbonic, Scar-
borough, ON, Canada) was used as the nebulizing
gas at a flow rate of ~ 1.5 L/min. The temperature of
the desolvation chamber was maintained at 55 °C.
Positive ion EI spectra were obtained at 70 eV and a
source temperature of 250 °C. For PB/CI, methane
was introduced into the source to give a pressure of
~1.0 x 10~* torr, and the source temperature re-
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duced to 120 °C. Full-scan spectra were acquired from
50 to 250 u at 0.54 scan/s or from 70 to 250 u at 0.71
scan/s for CI or when ammonium acetate was present
in the mobile phase. For selected ion monitoring ex-
periments a dwell time of 200 ms/u was used.

TSP LC/MS

Analyses were performed on a system identical to
that used for PB LC/MS except that a HP5988A TSP
interface was used. The LC system was coupled di-
rectly to the TSP probe which was maintained at a
stem temperature of 107 *C and a tip temperature of
170 °C for all FIA work. LC conditions were identical
to those used in the PB LC/MS investigation except
that 0.5 M ammonium acetate was added postcolumn
(using a Waters Associates [Milford, MA] 6000A LC
pump) at a rate of 0.2 mL/min, for a final concentra-
tion of ~ 0.08 M and a combined mobile phase flow
rate of 1.2 mL/min. For gradient elution LC/MS, the
probe (stem) temperature was held at 110 °C for 4
min and then programmed to 102 °C at —0.7 °C/min.
Full-scan spectra were acquired from 120 to 260 u at
1.53 scan/s in both the filament-off and filament-
assisted modes. For the latter, a voltage of 950 V
was used. The source temperature was maintained at
276 °C.

API LC/MS/MS

Both LC/MS and LC/MS/MS experiments were per-
formed on a HP1090 Series II liquid chromatograph,
with a binary DR5 solvent delivery system and HP1050
autosampler, coupled to a SCIEX (Thornhill, ON,
Canada) API 11 triple quadrupole mass spectrometer
equipped with an API source, via either an HN or
IonSpray interface. Ultrapure nitrogen (Canadian Lig-
uid Air, Ltd.) was used as the curtain gas in the API
source at a flow rate of 0.8-1.6 L/min. LC conditions
were identical to those used in the PB LC/MS investi-
gation, except that for LC/ISP/MS the mobile phase
contained 0.1% formic acid. For LC/APCI/MS the
column was coupled directly to the heated nebulizer
interface, maintained at a temperature of 300-350 °C,
via a low dead volume injector (Valco CI4W; 1.0 uL
loop). The postcolumn injector was used to optimize
the particular LC/MS system and for all FIA experi-
ments. For the ISP interface, the column effluent was
split using a zero dead volume T connector, with a
split ratio of 20:1 determined by the length of a fused
silica capillary (50 pm i.d.) on the waste side of the T.
The remainder of the column effluent was fed to the
transfer line of the interface again via the postcolumn
injector. The APCI discharge electrode and the ISP
needle were maintained at 2.0 and 5.6 kV, respec-
tively. High purity air was used as the nebulizing gas
in both interfaces at flow rates of 1.2 and 0.6 L/min,
respectively. The API source was maintained at 40 °C,
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and an extractor fan was used to remove solvent
vapor from the source housing.

A Macintosh HIx computer was used for instrument
control, data acquisition and data processing. A dwell
time of 5 ms/u was used for full-scan (50-350 u)
LC/MS analyses. For the determination of carbamates
in pepper extracts and the generation of calibration
curves, selected ion monitoring (SIM) was used with
a dwell time of 200 ms/u. A dwell time of 100 ms/u
was used for the SIM LC/MS analyses of mixtures of
the pesticide standards. Tandem mass spectrometry
measurements were based on collision-induced disso-
ciations (CID) within the rf-only quadrupole at a colli-
sion energy of 30 eV (laboratory frame). Argon was
used as the target gas at an indicated thickness of
3.5 x 10 molecules cm~2. For the confirmation of
pesticides in pepper extracts, selected reaction moni-
toring (SRM) was used with a dwell time of 200 ms.
Both product ion and neutral loss modes were used
in LC/MS/MS analyses of mixtures of the pesticide
standards.

LC with Ultraviolet (UV) Detection

LC-UV analyses of the standard mixture of pesticides
were obtained on the 4.6-mm i.d. column with LC
conditions identical to those used in LC/PB/MS anal-
yses (no ammonium acetate in the mobile phase).
Detection was at 214 nm using a HP1050 diode array
detector (DAD) and a HP79994A data system.

Results and Discussion
FIA

Table 1 gives the names, abbreviations, and structures
of the N-methyl carbamate pesticides examined in
this investigation. Of these compounds, AB and its
sulfonated metabolites, ASN and ASX, are bona fide
LC/MS candidates that cannot be analyzed by GC/MS
using routinely employed techniques (see ref 3) be-
cause of problems of thermal decomposition and/or
volatility. In addition, ML is a highly probable LC/MS
candidate owing to its poor GC retention characteris-
tics. Initially, all of the carbamates were analyzed by
FIA using the four interfaces to optimize mass spec-
trometry conditions for combined LC/MS.

ISP /MS and ISP /MS/MS. Figure 1a shows the full-
scan, background subtracted ISP spectrum of ML ac-
quired by FIA. The spectrum was obtained by the
injection (1 uL) of a standard solution (0.25 mg/mL)
into a mobile phase of aqueous methanol (50:50) con-
taining 0.1% formic acid at a flow rate of 50 xL/min.
The acid was included in the mobile phase to provide
preformed ions in solution, thereby increasing the
efficiency of the ion evaporation process. While the
protonated molecule (MH* ion) dominates the spec-
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trum at m /z 163, several fragment ions are observed
at m/z 122, 106, and 88. During the optimization of
the interface, it was noted that the intensities of these
fragment ions could be increased by raising the volt-
age applied to the sampling orifice of the API source.
This is illustrated in Figure 1b which shows the spec-
trum of ML acquired at an orifice voltage of 70 V. The
base peak is no longer the MH™ ion, but rather the
fragment ion at m/z 88. In addition, several other
fragment ions are now apparent. A similar but much
less dramatic effect could be obtained by increasing
the flow rate of nitrogen to the gas curtain in the API
interface. Unfortunately, this increase in structural
information (discussed below) was generally achieved
at the expense of overall sensitivity as noted by the
relative ion intensity scales of Figure 1la and b. Con-
versely, any attempt to generate more abundant MH*
ions by further reduction in the orifice voltage was
countered by a dramatic rise in chemical noise due to
mobile phase cluster ions.

A compromise was reached, and the ISP mass
spectra of the individual carbamates (0.25 mg/mL)
were subsequently acquired by FIA using an orifice
potential of 55 V and a curtain gas flow rate of 1.2
L/min. The major ions observed, and their relative
intensities, are listed in Table 2. Under these condi-
tions, the MH™ ion was the base peak in the spectra
of all of the carbamates except AB. This is in contrast
to the TSP spectra of these compounds (see below),
where all but two of the carbamates (ML and CF)
were observed only as their ammonium adduct ions,
[M + NH,]*. Also in contrast to the TSP spectra is
the appearance of several characteristic, common frag-
ment ions in the ISP spectra. All of the carbamates,
except AB and its sulfoxide (ASX), showed a charac-
teristic loss of methyl isocyanate (CH;NCO) to give
an jon at [MH-57]*, as exemplified by the ion at m /z
106 in the spectrum of ML (Figure 1). A similar loss
has been reported in both the CI and EI spectra of
these compounds [29, 30] which will also be discussed
later. This fragmentation is particularly favored in the
aromatic carbamates CL, MB, CF, and HCF, where
charge retention is resonance stabilized after cleavage
of the single carbon-oxygen bend, and is illustrated
by the abundant ion at m /z 145 in the spectrum of CL
(Table 2). For AB and ASX (Figure 2a) the more
favorable loss of carbamic acid (CH3sNHCO,H), to
give the corresponding protonated nitrile moiety, re-
sults in the characteristic [MH-75]"* ions at m/z 116
and 132, respectively. This ion is also observed at
m/z 88 in the spectrum of ML (Figure 1). Other
characteristic fragment ions observed for individual
carbamates include: an ion at m/z 220 in the spec-
trum of HCF due to the elimination of water from the
protonated molecule; an ion at m/z 122 in the spec-
trum of ML corresponding to the loss of acetonitrile
(41 u); and an ion at m/z 89 in the spectrum of ASX
(Figure 2}, which is assigned to [C4H¢S]", with the
charge presumably stabilized by resonance between a
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Figure 1. Background-subtracted
FIA spectra of methomyl (ML) ob-
tained by ISP/MS (250 ng) at ori-
fice voltages of (a) 50 V and (b) 70
V, (¢) ISP/MS/MS (250 ng), (d)
APCI-MS (50 ng), (e) PB-CIL (2 ng),
(f) PB-EI (2 pg), and (g} TSP/MS
(250 ng). Conditions: maobile
phase, aqueous methanol for d, e,
and f, modified with 0,1% formic
acid for a, b, and ¢ and with 0.08
M ammonium acetate for g. Flow
rate, 5¢ xL/min for a, b, and ¢
600 pL/min for d; 400 xL/min for
e and f; and 1.2 mL/min for g.
Injection volume, 1 uL for a, b, ¢,
and d; and 5 uL fore, f, and g. A
collision energy of 30 eV and a
target gas thickness of 3.5 x 10*
molecules cm ™2 was used for c.
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tertiary carbonium ion and a sulferium structure with
charge localized on the S atom.

The above fragmentations were confirmed using
the MS/MS capability of the triple quadrupole used
for the API studies. In the product ion scan mode, the
MHT™ ions selected by the first quadrupole (Q,) were
introduced into the rf-only quadrupole (Q,) where
they were made to undergo CID. The fragment ions
thus generated were then mass analyzed by the third
quadrupole (Q;). The 30-eV product ion spectrum of
the MH* ion of ML is presented in Figure 1c, and is
very similar to the conventional ISP spectrum ob-
tained with the orifice at 70 V (Figure 1b). The ion at
m/z 58 is assigned to the protonated methyl iso-
cyanate moiety, while the jon at m/z 73 is rational-
ized as [C3HsS]* resulting from protonation at the
tertiary nitrogen, followed by hydrogen abstraction
and loss of a carbamoylamine moiety.

The major ions observed in the product ion spectra
of the MH™ ions of the other carbamates obtained by
FIA are listed in Table 2. The spectra for ML, Cl, and
CF are similar to the CID spectra of the MH" ijons
generated by methane CI [31] and by TSP [20]. How-
ever, for AB, ASX, ASN, and HCF in which the more
abundant [M + NH,]* ion was used as the precursor
in the TSP MS/MS study, the CID spectra are signifi-
cantly different from those recorded for the MH™* ion
with ISP. For example, the CID spectrum of the [M +
NH,]* ion of ASX obtained by TSP [20] consisted
simply of an intense ion at m/z 89 ([C4Hy5]%) to-
gether with an unassigned ion at m /z 149, and bears
little resemblance to the informative CID spectrum of
the MH"* jon of ASX presented in Figure 2c. Al-
though the authors of this study [20] indicated that
they observed no major ammonium cationized frag-
ment ions, the unassigned ion at m/z 149 is readily
interpretable as an ammoniated version of the [MH-
75]* ion which is clearly observed at m/z 132 in the
ISP MS/MS spectrum (Figure 2¢). In addition, an ion
is observed at m /z 105 in Figure 2¢, corresponding to
the loss of HCN (27 u) from the [MH-75]" fragment
ion, together with an ion at m /z 86, which is proba-
bly related to the [(CH,),CCHNOH]* fragment ion
which has been observed previously in the CI spectra
of related aldicarb homologues [30]. In general, more
abundant fragment ions were observed in the CID
spectra generated by ISP than those reported previ-
ously for precursor ions generated by TSP [20].

APCI/MS. After optimization of the HN interface,
the APCI spectra of the individual carbamates were
acquired by FIA under conditions identical to those
used for ISP/MS except that the mobile phase was at
a flow rate of 600 uL/min and contained no acid. The
major ions and their intensities are again listed in
Table 2, and the background-subtracted APCI spectra
of ML and ASX (50 ng) are presented in Figures 1d
and 2d, respectively. While the majority of the MH*
ions remain prominent (the base peak in the spectra
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of ASN, MB, and CF), more abundant fragment ions
are observed in the APCI spectra. The base peaks in
the spectra of ML (Figure 1d) and CL are now the
[MH-57]* ions at m/z 106 and 145, respectively,
while the [MH-75]* ion is the most abundant for AB,
ASX (Figure 2d), and HCF. In comparing the different
API spectra, it should be noted that the solutions
used for ISP were diluted fivefold for APCL There is a
considerable degree of similarity between the APCI
mass spectra of the carbamates and their respective
product ion spectra obtained by ISP/MS/MS, as typi-
fied by the spectra of ML in Figure 2d and c, respec-
tively. This similarity arises from CID occurring within
the sampling orifice/expansion region of the API
source. This is inherent in this particular API design,
since some CID is necessary to decluster solvated
analyte ion clusters. Additional informative fragment
ions were observed in the APCI spectra of several of
the carbamates, such as the ion at m/z 135 in the
spectrum of HCF which is assigned to the loss of CO
(28 u) from the abundant [MH-75]" ion at m/z 163.
Despite the abundance of fragmentation in the APCI
spectra, little evidence of thermal decomposition was
observed when using the HN interface. Under the
conditions used for FIA, the optimal temperature of
the HN interface for maximum analyte signal (300 °C)
was almost the same for all of the carbamates exam-
ined (the actual temperature of the vapor exiting the
HN probe is ~ 150 °C). The major factors influencing
this optimal temperature were the mobile phase flow
rate and composition (see below), and also the nebu-
lizer gas flow rate. The optimal temperature of the
interface was found to decrease with increasing per-
centages of methanol in the mobile phase. This is a
similar situation to that found for TSP, but is much
less dramatic and compound dependent. The practical
implications of these observations with regard to gra-
dient elution LC/API/MS are discussed below.

It should be noted that all of the API spectra
presented thus far have been background subtracted
to eliminate abundant low mass ions (< 150 u), corre-
sponding to cluster ions of the mobile phase. Declus-
tering can be accomplished by increasing the orifice
voltage and/or the curtain gas flow rate. However, as
noted above, both strategies result in a decrease of the
analyte signal. Although acetonitrile generally pro-
vides less background chemical noise than methanol
in both ISP and APCI, the latter solvent was used in
the present comparative study because it was found
to be the optimal solvent for the analysis of these
compounds by LC/PB/MS. The percentage of meth-
anol in the mobile phase did not appear to signifi-
cantly affect the quality of spectra obtained by either
API technique. Under ISP conditions most carbamates
gave a slightly improved response at lower percent-
ages of methanol. This improvement was offset, how-
ever, by a general increase in background chemical
noise with decreasing organic content in the mobile
phase.



jor ions observed by FIA using various LC/MS interfaces

_ - . LC/MS m
lonization Major ions and their intensity detection lin
techniqgues M + NH,1*/IMHI*/IMI*"  [MH-57)*/[M-57]*" [MH-75]" Other ions Sim
ISP/MS 163(100)° 106(12) 88{25) 122(8) 0.40
ISP/MS /MS 163(100) 106(45)° 88(52) 122(1), 73(9), 58(10} -
APCI 163(53) 106(100)® 88(90) 122(23), 73(7), 58(54) 0.06
PB-CI 163(68)° 1061(28) 88(100)  145(2), 134(2), 122(7) —
PB-El 162(3) 105(100)° — 88(30), 73(15), 58(70) 254¢
TSP 180(100)°>,  163(85) 2.8°
ISP/MS 191(55)° — 116(100)  89(13), 70(9) 1.5
ISP/MS/MS 191(90} - 116(85)  89(100) —
APCI 191(3) 134(4) 116{100)® 148(4), 89(59}, 86(12), 70(52) 0.07
PC-CI 118(45)°  145(2), 89(100) -
PB-El 115(80)°  89(100)®, 58(100) > 50
TSP 208(100)° 0.9°
ISP/MS 207(100) — 132{33) 1.0¢
ISP/MS /MS 207(100} — 132(55)  144{6), 105(10), 89(25), B6(40), 76(15), 69(10) —
APCI 207(22 150(12) 132(100)® 144(19), 106(13), 89(20), 86(44), 76(60), 69(21) 0.18'
PB-CI 207(8) 160(9) 132(100)° 144(7), 105(10), 97(8), 89(15), 86(42) —
PB-El — 13148) 143(15), 122(10), 86(100}), 68(80), 64(90), 58(60) 152¢
TSP 224{100)" 2.5°
ISP/MS 223(100) 16615) 148(1) 1.8°
ISP/MS /MS 223(100) 166(18) 148(30)  86(35), 76(20), 58(10) -
APCI 223(100)° 166(28) 148(13)  88{19), 76(22} 0.1¢
PB-CI 223(65} 186(30) 148(100)® 180(19), 150(25), 86(60), 81(40) —
PB-E! — — 143(15), 122(5), 86(100)", 68(80), 58(35) 79°
TSP 240(100),  224(2) 1.1°




jor ions observed by FIA using various LC/MS interfaces (Continued)

lonization Major ions and their intensity del;gc/t'i\gﬁ Ir::
techniques  [M 4+ NH,]*/[MHI*/IM]*"  [MH-57]*/[M-§7]*" [MH-75]* Other ions SIM
ISP/MS 202(100)° 145(50) — 1.0
ISP /MS /MS 202(55) 145{100) 127(25)  117(18) -
APC} 202(47) 145(100)° — 159(7) 0.05
PB-CI 202(62) 145(100)° — 173(12), 115(2) -
PB-El 201(5) 144(100)* - 145({12), 116(45), 115(75), 89({12), 63(10) 10
TSP 218(100)° 08
ISP/MS 226(100}° 169(32) - — 0.6°
ISP/MS /MS 226(92} 169(97) - 164(5), 93(4) -
APCI 226(100)° 169(98) - 121(9) 0.07
PB-CI 226(100)° 169(49) - 197(9), 145(2) —
PB-EI 225(5) 168(100)° - 153(60}, 109(40), 91(25), 77(15), 65(10) 19¢
TSP 243{100)°,  226(1) 0.8¢
ISP/MS 222(100)° 165(24) - - 0.3¢
ISP/MS /MS 222(100) 165{75) 147{4) 123(75}, 137(6) -
APCI 222(100)° 165{64} — 123(5) 0.05
PBCI 222(100)° 165(50) — 193(11), 145(2), 123(3), 90(2) -
PB-El 221(4) 164(100)® 146(20)  149(90), 131(35), 123(35), 122(30}, 103(20),

77(25), 65(20) 55°
TSP 239(100)°,  222(25) 0.8°¢
ISP/MS 238(100)° 181(8} 183(5)  220(70) 1.0°
ISP/MS /MS 238(100) 181(60) 163(92)  220(46), 145{18), 135(26), 117(5) -
APCI 238(6) - 163(100)° 220(52), 135(17), 107(5) 0.07
PB-CI 238(50) 181(55) 163(35)  220(100)®, 209(10), 191(5), 145(3), 137(4),

111(1) -
PB-El 237{3) 180(50) 162(20)  151(20), 147(30), 137(100)°, 123(11), 91{13),

65(10) 7°
TSP 255(100)® 222(2) 1.1°

jected on-column for S/N > 3. blons used for SIM experiments and detection limit. © Estimated from LC/MS relative response under gradient elution.
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PB/MS. The full-scan EI and methane CI mass spec-
tra of ML (2 ug) obtained by FIA with the PB interface
are shown in Figure 1, f and 1e, respectively. Each of
these was obtained using aqueous methanol (50:50) at
a flow rate of 0.4 mL/min. The PB-EI spectrum of ML
compares favorably with that of the GC acquired
spectrum from the Health Protection Branch library
data base. Only a weak molecular ion at m/z 162 is
observed, and the base peak is the [M-57]*" radical
cation at m/z 105 (loss of CH;NCO). Under methane
CI conditions (Figure le) the protonated molecule
(m/z 163) is more in evidence and the base peak
becomes the [MH-57]* fragment at m/z 106. The
major ions observed for the individual carbamates
under both EI and methane CI conditions with the PB
interface are listed in Table 2. The EI spectrum of ASX
is presented in Figure 2f. The molecular ion (m /z 206)
is not observed for this compound and its spectrum is
almost identical to that obtained for the related ASN.
The two analogues may be differentiated by their CI
spectra, however, which provide both MH*' and
[MH-75]* ions. A comparison of Figure 2d and e
reveals a similarity between the APCI and PB-CI spec-
tra of ASX, and this was generally true of all the
carbamates examined. Other than the relative intensi-
ties of the fragment ions, the only significant differ-
ence between the spectra was the appearance of ions
corresponding to [M + C,H-57]" in the PB-CI spec-
tra of the aromatic carbamates. This is illustrated by
the ion at m /z 197 in the spectrum of MB.

It was immediately apparent that significantly larger
amounts of the carbamates were required to obtain
full-scan spectra of comparable quality by PB-EI and
PB-CI, than by APCI with the HN interface and in-
deed by ISP/MS/MS. The parent molecule of the
sulfonated compounds, AB, gave an extremely poor
response under both PB-EI and PB-CI conditions; in
our hands, no reproducible, library-searchable EIL
spectrum could be obtained with the PB interface,
even for an injection of 2 pg. The response of ML was
also notably weak. Improved responses were ob-
tained for the majority of the carbamates at higher
percentages of methancl, with no significant changes
in the spectral quality. The relative sensitivities of the
individual interfaces will be discussed in more detail
later.

TSP/MS. The TSP spectrum of ML (250 ng) ob-
tained by FIA is shown in Figure 1g. This was ob-
tained using a mobile phase of aqueous methanol
(50:50) with the postinjector addition of 0.2 mL/min
of 0.5 M ammonium acetate for a combined flow rate
of 1.2 mL/min and final concentration of ammonium
acetate of ~ 0.08 M. The protonated and ammoniated
species at m/z 163 and 180, respectively, dominate
the spectrum with little evidence of fragmentation.
Although the MH™* ion is also much in evidence in
the TSP spectrum of CF, only the [M + NH,]* ions
are observed for the remainder of the carbamates
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(Table 2). Variation of the percentage of methanol in
the mobile phase did affect the response of individual
carbamates, but these changes could be compensated
to some degree by appropriate changes in the vapor-
izer temperature. Unfortunately, the accurate control
of the TSP operating temperatures has been identified
as a requirement for ion stability in LC/MS [18], and
this can cause problems during gradient elution (see
below). All of the spectra were acquired with filament
assisted ionization because this appeared to provide
more stable ion currents than with conventional
(filament-off) ionization. These observations are all in
agreement with those reported previously for the car-
bamates [16, 18, 20]. The fact that the majority of the
ion current in TSP and ISP is associated with one
quasi-molecular species (i.e., [M + NH,]* or MH™
ion, respectively), suggests that these techniques
should be ideal for SIM. Interestingly, at high sample
concentrations, ions corresponding to the dimer [2M
+ H]* of each carbamate were observed under both
TSP and ISP conditions.

Although good sensitivity and linearity for stan-
dard solutions of carbamates were observed using FIA
with ISP, TSP, and APCI using SIM techniques (data
not shown), this method of sample introduction has
several obvious drawbacks for the analysis of complex
extracts containing salts and other endogenous mate-
rial. The simultaneous introduction of many possible
sources of interferences into the ion source with the
analyte effectively prevents the use of FIA for quanti-
tative analyses. Although the use of MS/MS tech-
niques in conjunction with FIA can provide additional
selectivity to filter out many potential interferences,
there still remain the problems of isomeric com-
pounds and other components influencing the ioniza-
tion efficiency. Effective sample cleanup is necessary
for quantitative work, and the easiest way to accom-
plish this without introducing additional sample han-
dling steps is to provide a chromatographic separation
prior to ionization.

LC/MS

Despite the poor UV response of the majority of the
carbamates (with the exception of CL, which contains
a strongly absorbing naphthalene moiety), a simple
gradient elution LC method was developed off-line
using UV detection. The UV chromatogram (214 nm)
showing the separation of the eight carbamate pesti-
cides (20 pg/mL), on a 4.6-mm i.d. base-deactivated
Cy column using a mobile phase of aqueous methanol,
is presented in Figure 3a. The carbamates are ade-
quately resolved for the purposes of this investigation
and the individual retention times are given in Table
1. Slight differences in retention times were observed
between the traces in Figure 3a, d, and e, and those in
Figure 3b and ¢ (particularly noticeable for the early
eluting ASX and ASN). These differences were at-
tributable to the different solvent delivery systems of
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for e; injection volume, 20 xL (20 pg/mL for a and d, and 2 ug/mL for b, ¢, and e).
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the two HP1090 liquid chromatographs used in this
investigation (see Experimental), and the time scales
have been adjusted in order to make comparisons
between the traces easier.

LC/ISP/MS. Although the ISP interface can handle
flow rates of up to 200 pL/min using full gradient
elution, a flow rate of 50 uL/min has been found in
this laboratory to be the optimal for routine LC/MS
applications. The 4.6-mm i.d. column was therefore
coupled to the ISP interface via a split arrangement
(see Experimental) adjusted such that only 50 xL/min
was delivered to the mass spectrometer. The SIM
LC/ISP/MS reconstructed ion chromatogram (RIC)
comprising the eight MH* ions, and generated from a
20-pL injection of a 2 pg/mL mixture, is presented in
Figure 3b. There is good correspondence between the
UV and RIC traces, and no significant loss in chro-
matographic performance is observed with the split
arrangement. The addition of formic acid to the mo-
bile phase does not appear to affect the separation.
This close correspondence allows the rapid confirma-
tion of individual chromatographic peaks by mass as
well as by retention time. With 40 ng of the individual
components injected on-column and a split ratio of
20:1, each peak actually represents only 2 ng reaching
the ISP interface.

To improve the selectivity of the LC/ISP/MS
method, the instrument was configured for MS/MS
using SRM, and the 20-pg/mL mixture of eight com-
pounds was reanalyzed. The LC/ISP/MS/MS recon-
structed ion chromatogram, comprising the CID reac-
tions of the MH™" ions to the [MH-57]* fragment for
ML, CL, MB, CF, and HCF, and to the [MH-75]*
fragment for AB, ASX, and ASN is shown in Figure
4a. The chromatogram is almost identical to the
LC/MS trace in Figure 3b, except that the individual
responses now reflect the relative abundances of the
most intense fragment ions in the MS/MS spectra
characterized by FIA (Table 2). The anticipated im-
provements in selectivity for complex real-world sam-
ples are obtained at the expense of sensitivity; for the
carbamate standards the SRM response was typically
an order of magnitude less than that obtained in the
corresponding SIM analysis.

A different MS/MS scan mode that can be utilized
with the triple quadrupole, not only for additional
selectivity in target compound analysis but also for
the detection of related compounds, is the neutral loss
scan. In this mode of operation, Q, and Q; are
scanned together with a fixed mass difference to mon-
itor some characteristic loss of a neutral species. For
the carbamates, an obvious example is the loss of the
neutral methyl isocyanate moiety. The instrument was
reconfigured to monitor the loss of 57 u, with Q1
scanning from 150 to 250, and the standard mixture
was reinjected. The resultant total ion current (TIC)
trace is presented in Figure 4b. As could be predicted
from examination of the ISP/MS/MS spectra in Table
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Figure 4. Analysis of carbamate pesticides by LC-ISP/MS/MS
using different scan modes. (a) SRM RIC comprising the dissoci-
ations of the protonated molecules to the [MH-57]™ fragment
ions of ML, CL, MB, CF, and HCF, and to the [MH-75]*
fragment for AB, ASX, and ASN. (b and «): Neutral loss TIC
(150-250 u) traces for the losses of 57 and 75 u, respectively. LC
conditions as in Figure 3b, except 20 ug/mL solution used.
MS/MS conditions as in Figure 1e.

2, no response was obtained for AB and ASX, which
do not undergo this transition. It is interesting to note
that the response for HCF is composed of the loss of
57 u from both the protonated molecule (m/z 238)
and the fragment ion at m/z 220 which appears in
the conventional ISP spectrum (described earlier). Fig-
ure 4c presents the LC/MS/MS TIC trace obtained for
the related neutral loss of 75 u (carbamic acid), and it
can be seen that both AB and ASX now give a re-
sponse although MB no longer appears. These neutral
loss scan modes, used in combination, offer the po-
tential of screening suspect extracts for putative carba-
mates. In contrast, the SRM approach offers high
selectivity for the determination of target analytes.

LC/APCI/MS. The HN interface was connected di-
rectly to the 4.6-mm i.d. column operating at 1
mL/min. Monitoring the MH™ ions of ASN, MB, and
CF, the [MH-57]* ions of ML and CL, and the [MH-
75]* ions of AB, ASX, and HCF (see Table 2), the
corresponding LC/APCI/MS RIC obtained from a 20-
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uL injection of the 2 ug/mL test mixture of eight
carbamates is shown in Figure 3c. The chromato-
graphic integrity is again maintained, and the inter-
face provides an improved response for all of the
components over that observed for ISP, with the
largest signals provided by CF and CL. During the
gradient elution profile no attempt was made to vary
the HN interface temperature, which was maintained
at 300 °C, the temperature used in the preliminary
FIA experiments. LC/MS/MS methodologies analo-
gous to those described above for ISP were also ap-
plied under APCI conditions with similar success (data
not shown), The slight increase in chromatographic
peak width observed in the API traces (Figure 3b and
c) are due to the dead volume introduced by the
presence of the postcolumn injector used in these
particular systems. In future work, a precolumn
switching valve will be employed for FIA,

LC/PB/MS. The LC/PB/MS SIM RIC obtained with
the PB interface operating in the EI mode is presented
in Figure 3d. The RIC is composed of the major
fragment ions observed in the spectra of the individ-
ual carbamates (see Table 2). Since the optimal flow
rate for the PB interface is ~ 400 pL/min, this re-
quired a split ratio of 3:2. While the chromatographic
integrity is equally maintained with the PB interface,
the results were not encouraging with regard to the
sensitivity of the technique. For example, it should be
noted that the RIC in Figure 3d was obtained by using
the same solution as that used in the UV study, i.e.,
10 times more concentrated than that used for the
other three LC/MS interfaces. Each peak therefore
represents 400 ng injected, or 160 ng delivered to the
spectrometer based on the split ratio. In addition, not
all of the carbamates were detected; no response was
observed for AB by monitoring either the [M-75]" " ion
at m /z 115 or the additional fragment ion at m/z 89.
The responses for ML (m /z 105) and ASX (m/z 68)
are also notably weak. Although improved responses
were obtained for AB, ASX, and ASN using methane
CI, this mode of ionization was generally less sensi-
tive than EI and also, for reasons unknown at pres-
ent, gave rise to significant chromatographic peak
broadening for all of the pesticides.

The use of ammonium acetate to enhance positive
ion abundances in LC/PB/MS has recently been re-
ported [32], and further experiments were undertaken
in order to determine whether this ‘‘carrier process’
could provide additional sensitivity for the carbamate
pesticides. For CL (100 ng injected), an enhancement
factor of 1.55 under EI conditions was obtained with
the addition of 0.01% ammonium acetate to the mo-
bile phase, which is in excellent agreement with the
value of 1.6 reported previously for this compound
[32]. However, the effect was not the same for all of
the pesticides and for some, the addition of ammo-
nium acetate was in fact detrimental. Under CI condi-
tions, at the 500 ng level, the mean enhancement
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factor for the other carbamates were; CL (1.6), ML
(0.7), AB (0.2), ASX (2.9), ASN (2.6), MB (1.0), CF
(2.6), and HCF (1.2). Additional experiments also re-
vealed that the enhancement effect was dependent on
the concentration of the analyte. For an injection of
100 ng of CL, again under CI conditions, an enhance-
ment factor of £.8 was observed with the addition of
ammonium acetate.

LC/TSP/MS. In contrast to the results obtained with
the PB interface, the TSP results are more comparable
with those obtained by the API techniques. As with
the HN interface, the 4.6-mm column could be cou-
pled directly to the TSP interface. With the postcol-
umn addition of ammonium acetate, the total flow
rate was 1.2 mL/min. As mentioned above in the
summary of the FIA studies, the response of the
carbamates is dependent on the TSP vaporizer tem-
perature, which is itself dictated by the proportion of
methanol in the mobile phase. During the mobile
phase gradient the vaporizer temperature was there-
fore ramped from 110 to 102 °C in parallel with the
increasing percentage of methanol. The correspond-
ing LC/TSP/MS RIC is shown in Figure 3e. Com-
prised of the [M + NH,]* ions of all of the carba-
mates, the RIC is very similar to those obtained by the
API techniques. Additional experiments were con-
ducted in which the concentration of ammonium ac-
etate was varied by changing the flow rate of the 0.5
M stock solution introduced postcolumn. At 0.3
mL/min (0.12 M) a lower SIM LC/MS response was
observed for all of the carbamates except HCF which
showed a 1.2-fold increase. At 0.1 mL/min (0.05 M),
ML, AB, CF, and CL all showed an increase in re-
sponse, while that for MB and HCF were lower. The
sulfonated carbamates, showing at optimum response
at 0.2 mL/min, were the least sensitive to the ammao-
nium acetate concentration. The most sensitive was
CL, showing an almost twofold increase from 0.12 to
0.05 M. The effect also appeared to be dependent on
the concentration of the analyte, although this was
not investigated further.

At the level used to generate the RICs presented in
Figure 3b and c (40 ng each injected), it was possible
to obtain full-scan LC/MS spectra for all of the carba-
mates using ISP and APCI. The LC/MS spectra were
essentially identical to those obtained by FIA de-
scribed above for both interfaces, although notably of
poorer quality for LC/ISP/MS. Unfortunately, even
though 400 ng of each component was injected for
LC/PB/MS, only CL, MB, and HCF provided full-scan
LC/MS spectra of even partial resemblance to those
obtained by FIA.

To more clearly demonstrate the relative sensitivi-
ties of the different LC/MS approaches a representa-
tive carbamate, CL, was analyzed separately by
LC/MS using each of the four interfaces. Appropriate
dilutions of the CL stock solution were made in each
case to provide SIM LC/MS traces of similar quality



392 PLEASANCE ET AL.

with regard to signal to noise. The results of this
study are presented in Figure 5. In order of increasing
sensitivity, the amounts of CL injected to produce
these traces were; PB-EI (25 ng), TSP (2 ng), ISP (2
ng), and APCI (100 pg). It is important to remember,
however, that with the postcolumn split used in PB
and ISP the actual amounts of CL reaching the mass
spectrometer in these techniques represents only 8.3
ng and 100 pg, respectively. A similar sensitivity or-
der among the interfaces was found for most of the
other carbamates, although TSP provided slightly bet-
ter detection limits than ISP for AB and ASN. The
SIM LC/MS method detection limits of all the carba-
mates examined by the four techniques are tabulated
in Table 2. The values obtained for APCI compare
favorably with those currently available by HPLC-
FLD. While several carbamates, other than CL, were

232 LC-PB-MS
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also analyzed individually by using all four interfaces,
the majority of the detection limits (Table 2) were
estimated from the relative responses obtained in the
LC/MS analyses of the standard mixtures. In Table 3,
the detection limits of CL, CF, and AB, obtained with
the various interfaces in this investigation are also
compared with those reported previously in the litera-
ture. It can be seen that APCI using the HN interface
represents a significant advance in terms of sensitivity
over the earlier LC/MS approaches.

While the primary focus of this work was the
evaluation of LC/API/MS as a confirmatory spectro-
scopic method, it is felt that the eventual aim of any
LC/MS approach should be its application to routine,
quantitative analyses with high sample throughout
(i.e., cost effective). During this phase of the investi-
gation, the linearity and reproducibility of the various
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LC/MS systems were also examined in this context.
Again the results obtained by APCI stand out from
those of the other techniques. Standard APCI calibra-
tion curves for five of the carbamates, from duplicate
20 pL injections over the range 2-1000 ng/mL, are
presented in Figure 6. The slopes of the curves for
individual carbamates reflect the relative LC/MS sen-
sitivities given in Table 2. The inset shows the ex-
panded low level region of the curve for CL. These
and other data were typically generated by the
LC/APCI/MS system in unattended operation over
the course of a working day, with an autosampler
providing the start signal for the mass spectrometry
data system. Although the reproducibility provided
with TSP and ISP was not as good as that obtained
by APCI, the former technique provided a slightly
wider linear dynamic range (0.05-20 pg/mL) than
both the API techniques. The quantitative aspects of
LC/AFPI/MS will be considered further in future pub-
lications. Although the PB interface provided a linear
response over a limited range, the curve had a nonzero
(positive) intercept on the ordinate axis {amount in-
jected) and an increasingly nonlinear response (con-
vex downwards) at low concentrations. This feature
of the PB interface has been observed in this labora-
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tory with other compound classes such as the tetracy-
cline antibiotics.

One aspect of this work which should be consid-
ered more closely is the split arrangement used for
both PB and ISP. Being pressure controlled, it is
possible that there will be some variability in the
split-ratio during a gradient elution profile. This could
have an effect on the day-to-day reproducibility of the
techniques and would require the use of a balanced
split or an appropriate internal standard. The use of
2.1- and 1.0-mm i.d. microbore columns for PBE and
ISP, respectively would remove the need for the post-
column split, although at the expense of column ca-
pacity; an important factor in trace analysis (see be-
low). Unfortunately, the particular base-deactivated
stationary phase used in this investigation is not avail-
able in microbore format, nor available in bulk pack-
ing such that the 2.1- and 1.0-mm i.d. columns could
be packed in-house.

Determination of ML, AB, and CL in
Pepper Extracts

To more fully evaluate the performance of the LC/MS
interfaces for the analysis of these compounds in
complex mixtures, three representative carbamates
(AB, ML, and CL) were spiked into a homogenate of
green peppers at the 0.1-ppm level. The current legal
levels in Canada for these pesticides in green peppers
are 0.1, 0.1, and 5 ppm, respectively. In parallel with
a control homogenate the spiked peppers were ex-
tracted (see Experimental), and the extracts subse-
quently analyzed by all four LC/MS techniques using
conditions identical to those described above. In the
case of CL, additional confirmatory GC/MS analyses
were also undertaken.

None of the three pesticides in the spiked pepper
extract could be detected by LC/PB/MS, even using
SIM techniques. This is not surprising because the
on-column detection limits of the three carbamates on
the PB interface (Table 3), even with the addition of
ammonium acetate, were all higher than the value of
3.5 ng expected in the spiked sample (0.175 ng/mL
with 100% recovery; 20-uL injection). The problem is
clearly one of analyte transmission through the PB
interface because it was possible to confirm the pres-
ence of CL by GC/MS, and all three carbamates by

Table 3. Comparison of detection limits for three representative carbamate pesticides using various LC/MS systems
Detection limit/ng {quantitation ion)

Moving DL TSP PB-El APCI

belt {(EN)®  Full-scan Full-scan Full-scan ISP Full-sean
Carbamate Mw SiM {150-560) (60-550] SIM (62-460)¢ SIM SIM {(60-350) SIM
Carbofuran (CF} 221 25(165) 50 (222) 2{238) 0.8 240(164) 55 0.3(222) 0.5{222) 0.05
Carbaryl (CL} 201 25(145) 40{202) 4(219) 0.8 100 (144} 10 1.0(202) 0.5(145) 0.05
Aldicarb (AB) 190 6 (89) B0 {(191) 4 (208) 0.9 NA (89} > 500 1.5(191} 1.0(118) 0.07

®From ref 13. ®From ref 15. °From ref 16 (see also ref 1B). “From ref 19.
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LC/TSP/MS (see below), using the same mass spec-
trometer as used for the PB work. It is important to
note that, during the present investigation, there was
no preconcentration of the samples before LC/MS
analyses. It should also be possible to inject up to 200
uL on the 4.6-mm i.d. column when using gradient
elution without degrading the chromatographic per-
formance. While not within the scope of this compar-
ative exercise, these additional steps, in conjunction
with SIM techniques, should provide the sensitivity
necessary for confirmatory analyses for the majority
of the carbamates examined using the PB interface.
However, for compounds such as AB, even these
additional measures may not be sufficient.

As indicated above, it was possible to confirm all
three pesticides by TSP, and the SIM chromatograms
of the MH* ion of ML (m /z 163) and the [M + NH,]*
ions of AB and CL (m/z 208 and 219, respectively) are
presented in Figure 7a-c, respectively. Good re-
sponses are observed at the correct retention times for

1
Tima (min.)}

both AB and CL, although the response for ML is
disappointingly weak. A higher response was ob-
tained for ML by monitoring the [M + NH,]* ion at
m/z 180, although this trace was unfortunately com-
plicated by a broad interference peak (not shown).
All three pesticides were similarly confirmed by
LC/ISP/MS using SIM of the individual MH* ions.
The appropriate trace for CL is shown in Figure 8b.
An additional peak is observed in the chromatogram
eluting just after CL. This is due to an endogenous
compound, as indicated by a corresponding peak in
the SIM trace of the control sample (Figure 8a). In
order to increase the confidence of the LC/ISP/MS
analyses, the selectivity of the method was increased
by performing additional LC/ISP/MS/MS experi-
ments, using SRM of the CID reactions for the three
MH' ions to their respective major fragment ions (see
Table 2). The SRM chromatogram obtained for CL by
monitoring the dissociation of the protonated molecule
to its [MH-57]" fragment ion (m/z 202 > m /z 145) is
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Figure 8. Analysis of green pepper extracts by (a and b)

LC-ISP/MS and (¢} LC-ISP/MS/MS. SIM traces of the proto-
nated molecule of CL (m /z 202) from (a) control and (b) spiked
(0.1 ppm) pepper extracts; (¢} SRM trace of dissociation of MH*
ion of CL (m/z 202) to its [MH-57]"* ion (m/z 145) from spiked
pepper extract. *Endogenous peak observed in control extract.

shown in Figure 8c. The increased selectivity is imme-
diately apparent from the reduction in chemical noise
and the absence of the interfering endogenous peak.
While ML was similarly confirmed by SRM using the
same loss of 57 u (m /z 163 > 106), it was not possible
to obtain a response for AB by monitoring the CID
reaction of the MH™ ion (m/z 191) to its major [MH-
75]" fragment ion (m/z 116) owing to the abundance
of the precursor ion. It was, however, possible to
obtain an adequate signal monitoring the reaction
m/z 116 > 89.

In comparison with the other techniques, the re-
sults obtained by LC/APCI/MS were impressive. Not
only was it possible to detect all three carbamates
using SIM of both their major fragment and MH*
ions, but the technique also provided confirmatory
full-scan spectra of each of the individual analytes.
The chromatograms corresponding to the [MH-57]%
ions of ML (m/z 106) and CL (m/z 145) and the
[MH-75]" ion of AB (m/z 116), extracted from the
full-scan (50-350 u) TIC, are presented in Figure 9a, ¢,
and b, respectively. The quality of these chro-
matograms is comparable to that provided by SIM
using either TSP or ISP. The background-subtracted,
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Figure 9. Analysis of spiked (0.1 ppm) green pepper extract by
LC-APCI/MS. Mass chromatograms of (b) the [MH-75]* ion of
AB (m /z 116) and the [MH-57]* ions of {a) ML and (¢) CL (/=
106 and 145, respectively), extracted from full-scan (50-350 u)
TIC. (d) background-subtracted spectrum of ML taken from top
of peak in a.

full-scan spectrum of ML taken from the peak in
Figure 9a is presented in 9d, and compares favorably
with that of the pure compound obtained by FIA
(Figure 1d). No major coeluting interferences were
detected in the full-scan APCI analysis. If additional
confirmatory evidence should ever be required,
LC/MS/MS methodologies similar to those described
above for ISP could also be applied in the case of
APCIL.

Comparison of the LC/MS SIM peak areas from a
standard solution of the three pesticides with those
from the analysis of control peppers spiked after ex-
traction revealed no significant losses of analyte signal
due to interferences or matrix effects. Recoveries for
the spiked carbamates were then estimated from com-
parisons of the LC/MS SIM peak areas with those
obtained for known injections of the standard solu-
tions. These semiquantitative results (single point cali-
bration assumed valid, single injection in each case)
are presented in Table 4, which also includes GC/M$S
data for CL for comparison. Although the ISP recover-
ies appear to be consistently higher than those esti-
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Table 4. Estimated recoveries from the various

LC/MS techniques
Estimated recoveries (%)
LC-MS
Pesticide TSP ISP APC! GC/MS
ML 87 93 88 105
AB 84 88 79 NA
CL 92 106 86 102

All values are single StM measurements; based on a single-point
calibration.

mated by TSP and APCI, there is an acceptable de-
gree of correlation between these LC/MS results,
which are obtained on two different instruments us-
ing three very different ionization techniques.

Conclusions

The purpose of the present work was to evaluate API
techniques for the analysis of N-methyl pesticides by
LC/MS, through comparison with more established
LC/MS interfaces. Unfortunately, it was not possible
to perform these comparisons using the same mass
spectrometer in all cases. However, since both the
single and triple quadrupole systems used in this
investigation are of comparable rod dimensions and
are of modern design, it is believed that the differ-
ences observed reflect differences in the LC/MS inter-
faces and not the inherent sensitivity of the particular
spectrometers.

Of the two LC/MS interfaces which do not involve
AP, the TSP interface performed well, providing SIM
detection limits of a few nanograms. The principal
drawback of the TSP interface was found to be its
well-documented problem of fluctuating jon signals
[18, 20]. Nonetheless, TSP offers a viable technique
for both confirmatory analyses of carbamate pesticides
at the regulatory level (~ 0.1 ppm), and quantitative
analyses provided that a suitable internal standard is
used. In contrast, the PB interface (in our hands) did
not perform well for the carbamates. The interface,
which was used on the same mass spectrometer as
used for the TSP study, appeared extremely ineffi-
cient in transporting these analytes into the ion source.
This is indicated by the poor sensitivity (Table 2) and
the nonzero intercept of the calibration curves. Al-
though the results obtained with the PB interface
were disappointing, further improvements in inter-
face design and the use of high energy dynode elec-
tron multipliers should provide the additional sensi-
tivity required for confirmatory analyses. However,
the problem of nonlinearity with the PB interface still
needs to be addressed if it is to be used for quantita-
tive analyses.

Each of the API interfaces performed well in this
investigation, with the heated nebulizer interface uti-
lizing APCI having a clear advantage over the other

] Am Soc Mass Spectrom 1992, 3, 378-397

techniques with respect to sensitivity (Tables 2 and 3),
linearity (Figure 6), and breadth of applicability to all
the carbamates studied. APCI provides both proto-
nated molecules for molecular weight information and
abundant fragment jons for structural confirmation.
The ISP interface performed on comparable terms
with the TSP for this class of compound. It is thought
that the ISP technique will be more appropriate for
even more thermally labile and polar analytes, partic-
ularly as, increasingly, the compounds of environ-
mental concern tend to higher molecular weight and
increased polarity. Indeed, it is the range of analytes
covered by these two readily interchangeable inter-
faces that makes the API system so attractive.

One other important feature of both the API tech-
niques is their user friendliness and analytical rugged-
ness compared to other LC/MS interfaces. The fact
that the high vacuum is not physically connected with
the chromatographic system is very forgiving to the
inexperienced or novice spectroscopist. The ability to
change or repair interfaces and even clean the source
while in operation is also a major benefit to the
analyst.

Encouraged by the results of this preliminary in-
vestigation, we are currently extending our studies to
representatives from a wider variety of pesticide
classes and will be placing more emphasis on the
quantitative aspects of LC/API/MS.
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