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Deuterium oxide as a reagent for the modification of
mass spectra in electrospray microcolumn liquid
chromatography-mass spectrometry

K.-E. Karlsson
Department of Analytical Chemistry, Pharmaceutical Research and Development, Astra Hiissle AS, S-431 83 Molndal
(Sweden)

ABSTRACT

Microcolumn liquid chromatography was used in combination with a quadrupole mass spectrometer equipped with an
electrospray ionization interface. Deuterium oxide was used as a reagent to induce peak shifts in mass spectra. The peak shift
obtained gives the number of heteroatoms carrying hydrogen atoms that are present in a molecule. Examples relating to amino
alcohols, peptides and sugars are given. Two different modes of operation were investigated; postcolumn addition of the reagent
to the eluent from the column and the use of deuterium oxide as a mobile phase component. The latter technique makes use of a
dynamic exchange reaction on-column. Exchanged hydrogen atoms are carried away from the migrating zone (as H 2HO or H 20)
containing the target compound, leading to a high yield of the deuterated compound. On-column exchange was found to be more
useful, especially if the compounds contained several exchangeable hydrogen atoms. No significant changes were observed with
regard to chromatographic selectivity or efficiency.

INTRODUCTION

Recent developments in instrumentation for
mass spectrometry, particularly the introduction
of the electrospray interface (ESI), have had an
enormous impact in the field of bioanalytical
separations. Several review papers have already
been published, dealing with both fundamentals
and applications [1-4]. In parallel, liquid chro
matography (LC) using packed fused silica
columns has been developed into a powerful
separation technique offering high separation
efficiency and the capability to deal with small
amounts of sample [5,6]. Another attractive
feature of microcolumn LC is the low volumetric
flow-rate of the mobile phase, of the order of 1
JLl/min. This makes it possible to use fairly
expensive or for other reasons uncommonly used
mobile phases. High-resolution LC can now be
combined with a powerful detector without com-

promises to either LC or the mass spectrometer,
at least with respect to liquid flow-rates. Conse
quently, several papers have been published [7
9] describing the combination of slurry-packed
capillary columns and a mass spectrometer using
the ESI. High separation efficiency and high
sensitivity were demonstrated.

Many of the new types of interface for LC
MS, especially the ESI, produce in the positive
ion mode only the protonated molecular ion with
no or very few structurally significant fragment
ions. Additional information can be obtained by
using tandem mass spectrometry (MS-MS). Un
fortunately, the resulting daughter ion spectrum
is often difficult to interpret without a com
parison with some structurally related com
pounds. An additional disadvantage with this
technique is that more of the sample is usually
needed. Other methods that have been used to
induce fragmentation include thermally induced
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easier process by providing the analyst with
spectral information in addition to the retention
time of compounds.

EXPERIMENTAL

Reagents
Deionized water was obtained from a Milli-Q

reagent water system (Millipore, Bedford, MA,
USA). The HPLC-grade methanol, sodium hy
droxide (Baker Analyzed), sulfuric acid (Baker
Instra-Analyzed Reagent), hydrochloric acid
(ULTREX II Ultrapure Reagent) were used as
received from J.T. Baker (Phillipsburg, NJ,
USA). The organic acids were purchased from
Aldrich (Milwaukee, WI, USA). The grape
juices were purchased from a local supermarket,
and the red wine was from a local winery.

Standard and sample solutions
The acid standards (citric, fumaric, malic,

tartaric and succinic acids) were prepared at the
75 ppm (w/w) level in deionized water. The
grape juice and red wine samples were diluted
1:5 in deionized water.

The neutral compounds were separated from
the organic acids by passing the diluted samples
through a 2.8 ml Bond Elut strong anion-ex
change (SAX) solid-phase extraction cartridge
(Analytichem International, Harbor City, CA,
USA). First, the tube was conditioned with 5 ml
of methanol followed by 5 ml of deionized water.
The pH of the diluted sample was adjusted to
pH 7-8 with 10 M sodium hydroxide, and then 1
ml of sample was passed through a SAX car
tridge at 1 mUmin. The neutral compounds
(sugars) were eluted from the SAX cartridge
with 2 ml of water at 1 mUmin. The acid
~ompounds were eluted with two 0.5-ml aliquots
of 0.5 M sulfuric acid at 1 ml/min [17].

Chromatography
The liquid chromatograph consisted of a Hew

lett-Packard (HP) 1090 and a Rheodyne 7125
injector fitted with a 100-pJ sample loop. A
Kratos Spectroflow 783 UV detector (210 nm)
was placed in series with the particle beam
interface. A flow-rate of 0.5 mUmin and a
Waters Fast Fruit Juice (Milford, MA, USA) 15

cm x 7.8 mm column (7 p,m particle size) was
used for all separations. The mobile phase was
1.0 mM HCI and was thoroughly degassed be
fore use.

Mass spectrometer
The experiments were performed on a HP

5988 quadrupole mass spectrometer with a mass
range of 2000 u. The HP particle beam LC-MS
interface Model 5998A was used to couple the
mass spectrometer to the liquid chromatograph
and UV detector. The mass spectrometer was
operated in the positive ion full scan mode for all
experiments. The mass range scanned was 40
400 u and 100-500 u for EI and CI analyses,
respectively. The source temperature was 200°C
for both EI and CI analyses. The source pressure
for isobutane CI was approximately 0.5 Torr (1
Torr = 133.322 Pa). Methane CI was approxi
mately 0.9 Torr. The particle beam interface
desolvation chamber was 70°C, the nebulizer
helium pressure was 55 p.s.i. (1 p.s.i. = 6894.76
Pa), and the capillary position was extended
approximately 0.6 mm from the flush position of
the nebulizer.

RESULTS AND DISCUSSION

Chromatography
Ion-exclusion chromatography is an ion chro

matography technique that is used to separate
weak organic acids from strong acids. The
stationary phases are cation-exchange resins in
the H+ form that can vary in the degree of resin
cross-linking. The mobile phases are usually
prepared from strong acids, such as hydrochloric
and sulfuric acids. At an operating pH of 2-3 the
cation-exchange resin and organic acids (i.e.
carboxylic acids) are protonated. The acids are
separated by mechanisms which include: Donnan
exclusion, steric exclusion and adsorption [23].

Sulfuric acid (1 mM) was initially used for the
separation, but, because of the interference of
the sulfuric acid the mass spectrometer could not
be scanned below m/z 98 (Mr of H 2S04 ) during
EI analyses. This would have increased the
background signal and interfered with the sen
sitivity of the analysis. Therefore, HCI was
chosen as the mobile phase which allowed us to
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ABSTRACT

Various mass spectrometric techniques were explored for their ability to detect and identify minor components in benzo
thiazole-derived compounds, namely gas chromatography-mass spectrometry, liquid chromatography-mass spectrometry using a
moving-belt, a thermospray and a particle-beam interface and liquid chromatography-tandem mass spectrometry in combination
with a thermospray interface. The necessary changes in the liquid chromatographic solvent systems were accomplished by
translation of gradient runs into a series of isocratic runs, and a UV photodiode-array detector was used to trace the peaks. The
methodology developed and the advantages and limitations of the different techniques employed are discussed.

INTRODUCTION

The use of high-performance liquid chroma
tography (HPLC) has become invaluable in
defining the composition of benzothiazole de
rivatives, which are used as vulcanization ac
celerators [1]. The identification of minor com
ponents in these products by comparison of the
retention times with those of known compounds
has always been questionable, as it assumes that

* Corresponding author.

compounds with different structures will have
different retention times under a particular set of
chromatographic conditions, an assumption that
has been found to be misleading in our lab
oratories, especially when the mixtures are com
plex.

During the last decade, new techniques have
become available that can remove the uncertain
ty when using this method of peak identification,
and their application to benzothiazole derivatives
has been explored. In this study, various inter
faces for combined liquid chromatography-mass
spectrometry (LC-MS) [2] were evaluated for
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TABLE VII

PEAK IDENTIFICATIONS IN N-CYCLOHEXYL-2-BENZOTHIAZOLESULPHENAMIDE, SAMPLE D a

Gradient (min) UVmax. M, Identificationb TSP GC-MS
(nm)

4.77 321 167 1 x x
5.17 250-281 135 6 x x
8.66 277 280 25 x

11.61 273 296 26 x
232 27 e x ?

19.64 278 264 3 x
22.82 270 332 10 x x
30.67 297 ?

a.b See Table IV.
e Not detected in LC-UV.

protonated molecule is observed at m/z 168. In
addition, peaks are observed at m/z 209, which
is an acetonitrile adduct of the protonated mole-
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cule, m/z 248 and 262. The latter two peaks,
resulting from the addition of 80 and 94 p."

respectively, to the protonated molecule could
not be identified by MS-MS. The product ion
spectra of m/z 248 and 262 show m/z 168 in both
spectra and fragments at m/z 81 and 95, respec
tively. The same peaks are present in the TSP
mass spectrum of 2,2'-dithiobisbenzothiazole
shown in Fig. 5b, in which considerable frag
mentation is observed. Addition of 80 and 94 u
to the major constituent is frequently observed,
e.g., also in the analysis of 4-(2-ben
zothiazolethio)morpholine, resulting in ions at
m/z 333 and 347. To prevent the reactions and
to avoid severe source contamination in many of
the experiments the major component was di
rected to waste.
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be present. Some of these compounds might not
be easily protonated in the TSP ionization ap
plied in LC-MS. Therefore, additional informa
tion on the compounds present in the samples
may be obtained from GC-MS. Care must be
taken with the results as some compounds, such
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thermal stability for GC-MS analysis. Further,
direct correlation of the identified compounds
with the LC retention times is impossible. In
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Fig. 5. Thermospray mass spectra obtained with high con
centrations of (a) 2(3H)-benzothiazolethione (1) and (b)
2,2'-dithiobisbenzothiazole (10).
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ABSTRACf

Mass spectra of 39 carbamate, tnazme, phenylurea and organophosphorus polar pesticides were obtained by liquid
chromatography-mass spectrometry with a thermospray interface. The analytes generated [M + Hr or [M + NH.r as the base
peak with methanol-0.1 M ammonium acetate as the mobile phase in the discharge positive-ion mode. Chlorophenols showed
much better sensitivity in the negative-ion mode; their spectra were dominated by the deprotonated molecular ion. Trace
enrichment of these pesticides on a 10 mm x 3.0 mm 1.D. precolumn packed with CIs-bonded silica was coupled on-line with
reversed-phase column liquid chromatography-thermospray mass spectrometry (LC-TSP-MS). The LC separation was carried
out on a 250 x 4.6 mm 1.D. CIs-bonded silica column using a linear methanol-aqueous ammonium acetate gradient [10:90 to
90:10 (v/v) in 45 min). When optimized TSP-MS conditions and 50-ml water samples were used, the detection limits for the
pollutants tested typically were in the 2-90 ng/I range with time-scheduled selected-ion monitoring; the repeatability was good
and the LC-TSP-MS system was robust. Several surface and drinking water samples were analysed and low levels of simazine,
atrazine, isoproturon and diuron were detected.

INTRODUCTION

Polar pollutants are of major interest in en
vironmental water studies. In our laboratory,
preliminary results on the determination of these
pollutants using an on-line trace enrichment
column liquid chromatography (LC)-diode
array detection (DAD) system have been re
ported [1]. In order to establish whether or not
the concentrations of polar pesticides exceed
tolerance levels in surface water (1-3 JLg/l) and
drinking water (0.1 JLg/l) samples, it is necessary
to have a robust system that meets these low
detection limit requirements.

In most instances, the determination of toxic
organic compounds is still carried out by means
of gas chromatography (GC) coupled with selec:
tive and/or mass spectrometric (MS) detection.

* Corresponding author.

However, for polar pollutants LC and especially
reversed-phase LC (RPLC) is nowadays re
garded as the separation technique of choice.
RPLC has been used for the determination of
organic pollutants with a variety of detectors
[2-6]; however, the use of (RP)LC in conjunc
tion with MS detection is becoming increasingly
important. In the last decade, a variety of
interfaces such as the direct liquid introduction
[7], thermospray (TSP) [8] and particle beam
[9,10] types have been designed and developed
to solve the incompatibility of these two power
ful analytical techniques. Whereas a particle
beam interface provides electron impact (EI)
spectra (suitable for identification), TSP, the
most commonly used interface, offers better
sensitivity. However, the limits of detection
obtained by conventional LC-TSP-MS do not
meet the tolerance levels for environmental
pollutants (0.1 JLg/l for drinking water and 1-3
JLg/l for surface water) [8,11,12]. Trace enrich-
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ment prior to LC is therefore a necessary step.
Trace enrichment is still mainly carried out by
means of liquid-liquid extraction. These meth
ods, however, are laborious and time consuming,
large volumes of (toxic) organic solvents are
used and sample losses can hardly be avoided.
The use of off-line [13,14] or on-line [15-18]
precolumn techniques is therefore to be pre
ferred to obtain trace enrichment. In the on-line
mode the compounds of interest are trapped on
small (5-10 mm x 2.0-4.6 mm I.D.) precolumns
packed with a suitable stationary phase (e.g.,
alkyl-bonded silica, polymer-based materials, ion
exchangers) or on so-called membrane extraction
discs, which contain up to 90 mass% of such
stationary phases in a PTFE mesh, and trans
ferred to the analytical column. It is obvious that
compared with off-line techniques, in which only
part of the total sample is injected, the analyte
detectability will be much better and the speed
of analysis, of course, much higher in the on-line
mode.

LC-TSP-MS coupled off-line with sample
treatment has been used for the determination of
different polar pesticides [19-23]. In a recent
paper, the on-line trace enrichment of several
phenylurea herbicides on a polymer-based pre
column and on membrane extraction discs (CI8 

bonded silica) combined with this coupled set-up
was reported [24]. Some of these compounds
were identified in environmental samples at the
low ng/l level. In this study, an attempt was
made to extend this work and to develop a
method that will allow the analysis of drinking
and surface water for the simultaneous determi
nation of several groups of pesticides, e.g.,
carbamates, triazines, organophosphorus and
phenylureas pesticides, in a single procedure.

EXPERIMENTAL

Chemicals
HPLC-grade water was prepared by purifying

demineralized water in a Mili-Q filtration system
(Millipore, Bedford, MA, USA). HPLC-grade
methanol was obtained from J.T. Baker (Deven
ter, Netherlands) and ammonium acetate (99%)
from Merck (Darmstadt, Germany). All pes
ticides were of 96-99% purity and were pur-
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chased from Riedel-de Haen (Seelze, Germany).
Stock solutions (200 JLg/ml) of the analytes were
made by weighing and dissolution in methanol.
Drinking and surface water samples were spiked
with a standard mixture of 21 pesticides at levels
ranging from 0.1 to 10 JLg/1.

Instrumentation
The LC system consisted of a Kipp & Zonen

(Delft, Netherlands) Model 4140 LC pump for
delivering the aqueous sample (5 ml/min) and
wetting of the precolumn, a Hewlett-Packard
(Waldbronn, Germany) Model 1090 gradient
pump for delivering the mobile phase (1 ml/min)
and a six-port switching valve (Rheodyne, Ber
keley, CA, USA). The analytical column was a
250 mm x 4.6 mm I.D. stainless-steel column
packed with 5-JLm base-deactivated C I8 material
(Supelchem, Leusden, Netherlands). The pre
column was a 10 x 3.0 mm I.D. stainless-steel
column packed with 40-JLm Bondesil-CI8

(Analytichem, Harbor City, CA, USA).
A Hewlett-Packard (Palo Alto, CA, USA)

Model 5989 A MS Engine was connected to the
LC column outlet via a Hewlett-Packard TSP
interface. All data were acquired on a Hewlett
Packard UX 98578 X data system. A solution of
polypropylene glycol (PPG) (16.7 mg/ml) in
methanol-O.l M ammonium acetate (1:3, v/v),
was used to calibrate the mass spectrometer for
m/z 268.2, 442.3 and 558.4 ([M + NH4r ions of
PPG oligomers with relatively equal intensity
over the mass range 150-800 u) in the discharge
positive-ion (PI) mode and for m/z 367.3, 715.3
and 889.6 ([M + CH 3COOr ions of PPG oligo
mers) in the negative-ion (NI) mode using dis
charge ionization. The source block temperature
was set at 200°C and that of the quadrupole
analyser at 100°C.

The vaporization temperature of the TSP
cartridge was optimized by a probe survey facili
ty programme. A plot of stem temperature vs.
tip temperature was made and the stem tempera
ture required for complete vaporization of the
mobile phase was determined by finding the
inflection point and taking a ca. 5% lower
temperature for the actual LC-TSP-MS oper
ation [25]. Changing the composition of the
mobile phase can affect the stem temperature. In
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this study, the stem temperature was pro
grammed from 120 to lloac when altering the
methanol-water composition from 10:90 to 90:10
(v/v) in 45 min.

Analytical procedures
The CI8 precolumn was flushed at 5 mllmin

with 5 ml of methanol and then 5 ml of HPLC
grade water prior to preconcentration. Sub
sequently, a 50-ml sample was preconcentrated
(5 mIl min) on the precolumn. The analytes
trapped on the precolumn were desorbed in the
backflush mode with methanol-O.l M ammo
nium acetate (10:90, v/v) and transferred on-line
to the C I8 analytical column. The actual separa
tion of the analytes was carried out using a
45-min linear gradient to methanol-O.l M am
monium acetate (90:10, v/v).

For all compounds calibration graphs were
constructed over the range 0.1-10 ILgll; the
analyses were done in duplicate (six data points).
These calibration graphs were used as external
standards for the analysis of real samples.

RESULTS AND DISCUSSION

Recently, we reported on the use of RPLC
TSP-MS for the determination of phenylurea
herbicides in drinking and surface waters [24]. In
order to test the general usefulness of the meth
od, a large number of polar pollutants represent
ing different classes of compounds were studied
using essentially the same conditions as before,
viz., gradient elution with methanol-O.l M am
monium acetate and TSP-MS in the discharge PI
and, occasionally, the NI mode. Preliminary
studies revealed that N-methylcarbamates, or
ganophosphorus pesticides and triazines can be
included in the chromatographic procedure de
veloped for the phenylureas. Chlorophenols
showed much better analyte detectability in the
NI than in the PI mode. With the nitrophenols
studied the breakthrough volumes generally
were much smaller than the 50 ml recommended
for the other classes of pesticides. Phenoxyacetic
acids did not show a good TSP-MS response
under the conditions used. The latter two classes
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of analytes were therefore not included in the
present study.

Mass spectra
Table I shows that the TSP mass spectra (PI

mode) of all but four of the pesticides selected
are dominated by the protonated molecular ions.
Aldicarb-sulphone, carbaryl and malation have
[M + NH4] + as the base peak and paration-ethyl
(Mr = 291) has a base peak at m/z 262, which
may be due to the formation of an [M + H 
NOr fragment ion [26]. Some further comments
are as follows. Among the carbamates tested,
aldicarb-sulphone showed fragment ions at m/z
165 and 183, corresponding to the loss of iso
cyanate from the protonated molecular ion, and
the ammonia adduct ions, respectively (Fig. 1).
The ammonia chemical ionization (CI) mass
spectrum of this carbamate was also reported to
show an ion at m/z 165 in capillary supercritical
fluid chromatography-MS [27]. All phenylureas
generated [M + H] + as the base peak; [M +
NH4 ] + was observed as adduct ion in some
instances [28]. These results are in good agree
ment with literature data [29-31]' although for,
e.g., monuron and diuron, [M + NH4r has
sometimes been reported to be the base peak
[29]. In LC-MS using a direct liquid introduction
interface, the mass spectra of some phenylureas
have been found to be dominated by quasi
molecular ions [32,33]. The mass spectra of the
triazine herbicides were relatively simple and
they all showed the protonated molecular ion as
the base peak. A protonated methanol adduct
ion was observed for both simazine and atrazine.
Fragment ions at m/z 168 and 182 generated by
simazine and atrazine, respectively, may well be
due to the replacement of a chlorine by a
hydrogen atom, taking place in the spray (see
Fig. 7). Actually, with the phenylurea diuron the
same phenomenum is observed, but as a two
step process for both chlorine atoms. For all
organophosphorus compounds except parathion
ethyl and diazinon the ammonia adduct ions
were either very intense fragments or the base
peak, which is in agreement with previously
reported results [29].

In contrast to the pesticides discussed above,
chlorophenols show distinctly stronger signals in
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Fig. 7. On-line trace-enrichment RPLC-TSP-MS trace for
river Mersey water (ions at m/z 202, 216, 207 and 233
monitored). Column, 250 mm x 4.6 mm I.D. stainless-steel
containing 5-lLm Cis-bonded silica; eluent, linear methanol
0.1 M ammonium acetate gradient [10:90 to 90:10 (v/v) in 45
min]; MS, discharge PI mode. For details, see text.

216, is not caused by any of the pesticides in our
test set.

Analysis of 50 ml of water from the river
Mersey (UK) and the river Meuse (Netherlands)
gave the results shown in Figs. 7 and 8, respec
tively. As a further demonstration of the pres
ence of the pesticides referred to above, mass
spectra are included as insets. Table II summa
rizes the concentrations of simazine, atrazine,_.
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Fig. 8. On-line trace-enrichment RPLC-TSP-MS trace for
river Meuse water (ions at m/z 202, 216, 207 and 233
monitored). Column, 250 mm x 4.6 mm I.D. stainless-steel
containing 5-lLm Cis-bonded silica; eluent, linear methanol
0.1 M ammonium acetate gradient [10:90 to 90:10 (v/v) in 45
min]; MS, discharge PI mode. For details, see text.
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ty, the sample volume was increased to 200 ml
(which may cause breakthrough of some early
eluting analytes, but not of these target com
pounds) and carefully time-scheduled SIM was
used. Fig. 6 compares trace enrichment-RPLC
TSP-MS traces (PI mode) for river Rhine water,
Amsterdam drinking water, HPLC-grade water
(each 200 ml of sample) and a blank (no pre
concentration) recorded using the following SIM
schedule: 8-30.5 min, m/z 202; 30.5-33.2 min,
m/z 216; 33.2-50 min, m/z 207. The presence of
simazine, atrazine and isoproturon in the river
Rhine and drinking water samples can be clearly
seen. The small and distinct peaks in the chro
matogram for HPLC-grade water (Fig. 6D) were
not caused by memory effects, but were intrinsi
cally present in this sample. This is demonstrated
by the absence of these peaks in the chromato
gram shown as trace C, and by the fact that no
such peaks were observed in several mineral
water samples (data not shown). The peak at
tR = 31.6 min in trace D, showing an ion at m/z

Fig. 6. On-line trace-enrichment RPLC-TSP-MS trace for
200 ml of (A) Rhine water, (B) Amsterdam drinking water,
(C) blank without preconcentration and (D) HPLC-grade
water. Column; 250 mm x 4.6 mm I.D. stainless-steel con
taining 5-lLm Cis-bonded silica; eluent, linear methanol-O.l
M ammonium acetate gradient [10:90 to 90:10 (v/v) in 45
min]; MS, discharge PI mode. For details of time-scheduled
SIM, see text.
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could be applied for identification and/or con
firmation purposes.

The influence of heptafluorobutanoic acid
(HFBA), tridecafluoroheptanoic acid (TDFA)
and nonadecafluorodecanoic acid (NDFA) on
the retention of several amino acids and amino
acid amides was investigated and compared with
n-dodecylsulphonic acid.

In order to increase the mass spectrometric
sensitivity, both postcolumn addition of trifluoro
acetic acid (TFA) and chemical ionization with
gaseous ammonia [12] were applied. After op
timization of the mass spectrometric parameters,
spectra of the amino acids and amides were
recorded in the full-scan mode. Determination of
the compounds was performed in the multiple
ion detection (MID) mode.

The sensitivity, linearity and repeatability of
the LC-TSP-MSsystem were investigated.

EXPERIMENTAL

Chemicals
a-Methylalaninamide (a-Me-Ala-NHz) was

obtained from DSM Research. Other amino acid
amides and amino acids were obtained from
Sigma (St. Louis, MO, USA). The pairing ions
n-dodecylsulphonic acid, TDFA and NDFA
were supplied by Aldrich (Milwaukee, WI,
USA), TFA and HFBA by Janssen Chimica
(Beerse, Belgium) and 2-propanol (IPA) , etha
nol, 2-mercaptoethanol (MCE) and o-phthalal
dehyde (OPA) by Merck (Darmstadt, Ger
many). All other chemicals were of analytical
reagent grade. Water was purified with a Milli-Q
system (Millipore). Samples from bio-organic
synthesis were supplied by DSM Research.

Buffer, eluent, reagent and sample preparation
Sodium phosphate and triethylammonium

(TEA) formate buffers were prepared by dissolv
ing the corresponding bases (0.1 M) in water
and, after adding the required amount of ion
pairing agent, adjusted the pH to 3.0 with
phosphoric acid and formic acid, respectively.
The eluents were mixtures of buffer containing
different amounts (0.5-8 mM) of ion-pairing
agent and 20% (vIv) 2-propanol. Potassium
borate buffer (0.4 M, pH 10.0) was prepared by
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dissolving boric acid in water and adjusting the
pH to 10.0 with potassium hydroxide solution.
OPA-MCE reagent was a mixture of potassium
borate buffer (0.4 M, pH 10.0), OPA (6 mM),
MCE (0.1%) and ethanol (1.0%). Standard
solutions of the amino acids and the amino acid
amides were dissolved in the appropriate eluent.
Samples were diluted with 0.1 M formic acid to
pH 3.0.

Instrumentation
A Gilson (Villiers-Ie-Bel, France) Model 305

pump was used for solvent delivery; injection
was performed with a Rheodyne (Cotati, CA,
USA) Model 7125 injection valve with a 20-11,1
loop. The column used was a Nucleosil-120-C18

(250 x 4.0 mm J.D., 5 /Lm) from Macherey
Nagel (Diiren, Germany). The flow-rate was 1.0
mIl min. The separations were carried out at
ambient temperature.

For reaction detection, the OPA-MCE re
agent was added to the column effluent by a
mixing T-piece. This was effected with a Gilson
Model 305 pump at a flow-rate of 1.0 mllmin.
The reaction was carried out in a coiled capillary
stainless-steel tube (12 m x 0.35 mm J.D., coil
diameter 12 mm) at ambient temperature. The
fluorescence detector was a Waters Model 420,
equipped with a 338-nm band-pass filter for
excitation and a 415-nm long-pass filter for
emission. Peak integration and quantitative anal
ysis were performed with a Hewlett-Packard
Model 3350 laboratory data system.

For MS detection, a Finnigan MAT TSQ-70
triple quadrupole mass spectrometer equipped
with a thermospray interface was used. To main
tain optimum ionization conditions, postcolumn
addition of 2% (v/v) aqueous TFA solution at a
flow-rate of 0.1 mllmin was effected with a
Gilson Model 302 pump. The solution was added
to the column effluent using a Lee (Frankfurt,
Germany) visco-jet micromixer. Gaseous am
monia, obtained from Hoek Loos (Amsterdam,
Netherlands), was added at an optimum source
pressure of 120 Pa (0.9 Torr). After optimi
zation, the vaporizer temperature, the repeller
voltage and the source temperature were kept at
85°C, 20 V and 190°C, respectively. The electron
multiplier was operated at 2 kYo Scanning was
performed from mass 80 to 310 with a scan time
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RESULTS AND DISCUSSION

Fig. 1. Chromatograms of amino acids and amino acid
amides. Buffer: (a-d) 0.1 M triethylammonium formate; (e)
0.1 M sodium phosphate. Peaks: 1 = Ala; 2 = a-Me-Ala;
3 = Val; 4=Leu; 5=Ala-NH2 ; 6=a-Me-Ala-NH2 ; 7 = Val
NH2 ; 8 = Leu-NH2 • Detection, fluorescence. For other
conditions, see Experimental.

Mass spectrometric data
Postcolumn addition of TFA to the column

effluent resulted in an effluent pH of less than 2,
which facilitated the ionization of the amino
acids, resulting in an increase in sensitivity.
Addition of gaseous ammonia also increased the
sensitivity to both amino acids and amino acid
amides. The sensitivity to the amino acids and
amino acid amides was enhanced overall by a
factor 3 and 5, respectively.

The base peak in all the mass spectra was the
[M + TEA + Hr ion (M + 102). The [M + Hr
ion (M + 1) and the [M + IPA + H]+ ion (M +
61) were also present as abundant ions in the
mass spectra of the compounds investigated. As
an example, the mass spectra of Val and Val
NHz are shown in Fig. 3.

In Table I, the intensities of the most abun
dant ions in the mass spectra of the compounds
studied are shown. For the amino acids, the
intensity of the [M + 61] + ion was higher than

and NDFA. The concentration of the pairing
agent was 4 mM. For comparison, the chromato
gram obtained using n-dodecylsulphonate (0.5
mM) is also given in Fig. 1. With increasing
chain length of the perfluorinated pairing agent,
an increase in retention was noted for all amino
acids and amino acid amides. The best separa
tion of the compounds was obtained using
NDFA as ion-pairing agent (Fig. Id). Seven out
of eight amino compounds could be separated
using this type of pairing agent. With n
dodecylsulphonate (0.5 mM), six out of eight
compounds were separated (Fig. Ie). Regarding
the chromatographic performance of NDFA, it
can be stated that this ion-pairing agent is a good
substitute for n-dodecylsulphonate in the separa
tion of amino acids and acid amides.

The dependence of the retention times of the
amino compounds on the concentration of
TDFA and NDFA is shown in Fig. 2. An
increase in the retention times of all compounds
was noted with an increase in the concentration
of TDFA.

For NDFA, a substantial increase in retention
was seen up to 1 mM. At higher concentrations
of NDFA, only a slight effect of the ion-pairing
agent concentration on the retention could be
observed.
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of 2 s. MID with a scan time of 0.24 s per m/z
(ca. 2 s) was used for quantitative analysis on the
[M + TEA + Hr ions at m/z 191 and 190 (Ala
and Ala-NHz), m/z 205 and 204 (a-Me-Ala and
a-Me-Ala-NHz), m/z 219 and 218 (Val and Val
NHz) and m/z 233 and 232 (Leu and Leu-NHz).

Influence of the pairing ion on retention and
separation of amino compounds

For the separation of a mixture of four amino
acids and the corresponding acid amides, the
influence of four types of perfluorinated ion
pairing agents was investigated. Fig. 1 shows the
separation of the mixture using HFBA, TDFA
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retention times and comparison with authentic
samples. Application of mass spectrometry (MS)
as a tool for identification of the peaks is there
fore a useful alternative.

The combination of HPLC and MS has been
attempted since the early 1980s and systems with
several types of interface for direct and indirect
introduction of the column effluent have been
described [5].

Different systems capable of coupling micro
HPLC directly with fast atom bombardment
(FAB) have been developed [6-8]. These tech
niques, which, depending on the interface, are
termed Frit FAB and continuous flow (CF)-FAB
types, have been successfully applied to the
separation, identification and determination of
saponins [9-12]. Using these methods, the
HPLC elution profiles of saponins were well
traced by total ion current (TIC) and MS, and
the positive- and negative-ion FAB mass spectra
allowed the identification of each peak. How
ever, operation with this kind of interface is
troublesome, and flow-rates of the LC effluent
have to be around 5 JLl/min in the ion source of
the mass spectrometer. This requires the splitting
of the effluent after the column separation.
Further, there are problems such as poor peak
sharpness, peak tailing and lack of sensitivity.

For the problem under investigation, one of
the main disadvantages of CF-FAB and Frit
FAB was the very low flow-rates. We tried to
operate with an interface capable of introducing
aqueous phase into the mass spectrometer at a
flow-rate that is compatible with that usually
used in phytochemical analysis. The thermospray
(TSP) interface was chosen for this purpose,
owing to its simplicity, its ability to handle a
variety of difficult samples and its operating flow
rate of about 1-2 ml/min.

Thermospray interface (TSP)
Since its invention by Blackley and Vestal [13],

the TSP interface has proved to be ideal for
on-line LC-MS. Its mechanically simple in
mentation means that it is now widely used
for the routine application of LC-TSP-MS to the
direct identification of organic compounds in
complex mixtures. This interface is now available

for nearly all mass spectrometers on the market
[14].

In the TSP interface, the analyte is ionized
either by the use of additives (volatile salt
solutions) or by the use of electron beams or
electrical discharge. The ions pass through an
orifice in a cone and are mass analysed. For
saponins, which are very polar compounds, their
analysis needs a postcolumn addition of a 0.5 M
solution of ammonium acetate, giving a final
concentration of ca. 80 mM after dilution with
the column effluent, in order to provide the
volatile buffer for ion evaporation ionization.
Hence, the mass spectra recorded by this method
look like chemical ionization (CI) mass spectra.

EXPERIMENTAL

Plant material
Fruits of Tetrapleura teraptera Taub.

(Leg.uninosae) were collected near lIe-He,
Nigeria. A voucher specimen is retained at the
University of He. The dried powdered pulp of
the fruits was extracted with methanol. The
crude methanolic extract (30 mg/ml) was ana
lysed on a Waters JL-Bondapak CI8 column (10
mm, 300 x 3.9 mm J.D.), with a 30-80% gra
dient of aqueous acetonitrile within 30 min. The
flow-rate was maintained at 1 ml/min.

Saponins G and H were previously isolated in
our laboratory from the leaves of Swartzia sim
plex Spreng. collected in Panama (for isolation
and purification procedures see the original ref
erence [15]). Samples were injected directly into
the loop (flow-injection mode).

Chemicals
HPLC-grade water was prepared by distilla

tion on a Biichi (Flawil, Switzerland) Fontvapor
210 distillation instrument and passed through a
0.50-JLm filter (Millipore, Bedford, MA, USA).
HPLC-grade acetonitrile from Miichler (Rei
nach, Basle, Switzerland) was passed through a
0.45-JLm Millipore filter. Ammonium acetate was
obtained from Merck (Darmstadt, Germany).

LC-TSP-MS analysis
The LC-TSP-MS system used included a

Waters 600 MS multi-solvent delivery LC system
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TABLE I

MAJOR IONS OBSERVED IN THE TSP MASS SPECTRA (m/z) TOGETHER WITH THEIR RELATIVE INTENSITIES
(%)

D E F

457 (78) 457 (100) 473 (66)
474 (39) 474 (46) 490 (47)
618 (23) 618 (16)
642 (36) 642 (36)
660 (76) 660 (17) 676 (39)
718 (42) 718 (15) 734 (35)
780 (23) 780 (15)

822 (42) 822 (25) 838 (37)

Iona

[A+Hr
[A+NH.r
[(M + H) -hex - 42r
[(M + H) - hex - HzOr
[(M + H) - hexr
[(M + CH3CN + NH.) - hex] +
[(M+H)-42r
[(M + H) - HzOr
[M+Hr
[(M + NH.) - CHOH - hexr
[(M + NH.) - CHOH] +
[M+NH.]+
[M+ CH3CN + NH.r

a hex = Hexose.

Saponin

A

457 (46)
474 (22)

618 (22)
642 (38)
660 (100)

718 (85)

B

473 (95)
490 (57)

634 (19)
658 (38)
676 (95)

734 (80) 880 (100) 880 (42) 896 (55)

c

473 (49)
490 (39)

797 (3)
622 (8)
784 (100)
814 (17)
855 (4)

molecular peaks at m/z 838 ([M + Ht) and 896
([M + CH3CN + NH4tn. In a second step,
elimination of a terminal hexosyl moiety was
observed, generating peaks at m/z 676 {[(M +
H) - hexoset} and 734 {[(M + CH3CN +
NH4 ) - hexose] +}, followed by the loss of an
N-acetylglucosyl unit. Hence this compound

100

80

~
~
'iii 60c
~

457 [A+HI'.S
Q)
>
~ 40 642
Q)

I
a:

474 (A.NH.J'
618

20

should be a glycoside of saponin B. The base
peak in this spectrum was recorded at m/z 784.
It could represent a residual presence of saponin
C in this spectrum. Isolation of compound F is in
progress.

In the first example described in this paper,
LC-TSP-MS of mono- and diglycosides is

500 600

m/z

700 800 900

Fig. 2. LC-TSP-MS of aridanin (A) obtained after on-column analysis of the methanolic extract of T. tetraptera. For conditions,
see Fig. 1.
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Determination of penicillin G, ampicillin, amoxicillin,
cloxacillin and cephapirin by high-performance liquid
chromatography-electrospray mass spectrometry

Rolf F. Straub and Robert D. Voyksner*
Analytical and Chemical Sciences, Research Triangle Institute, P.O. Box 12194, Research Triangle Park, NC 27709 (USA)

ABSTRACT

This report contributes to a preliminary investigation of high-performance liquid chromatographic (HPLC)-mass spectrometric
(MS) methods for confirming J3-lactam antibiotic residues in bovine milk. Initial work for each antibiotic evaluated the collisional
activated dissociation (CAD) spectra that could be generated between the capillary and skimmer in the electrospray (ESP)
interface. The drugs show various characteristic fragmentation, mostly within the J3-lactam ring and the amide group. Response
for a particular compound in a given solvent can vary drastically. Usually, the more organic component in the solvent, the higher
the ESP response. In many cases use of acetonitrile also results in slightly better ion currents than for methanol when comparing
equal percentages of either organic solvent in water. The ESP response of most of the tested antibiotics can be enhanced by the
addition of formic acid or acetic acid to the mobile phase methanol-water (1:1). In general, the negative ion spectra are lower in
intensity, exhibiting an [M - Hr ion and producing less fragmentation at higher CAD voltages as compared to positive ion
spectra. An isocratic reversed-phase HPLC method for the separation of a mixture of five common J3-lactam antibiotics was
developed using acetic acid as a mobile phase additive and optimized for detection with a new ESP HPLC-MS interface. A
post-column split ratio of 70:1 for the eluent from a 150 x 2 mm I.D. column was chosen to provide the required lower flow-rate
(approximately 4 ILl/min). The limit of detection for the simultaneous determination of these antibiotics was estimated to be 100
ppb. Electrospray HPLC-MS could be used to confirm these antibiotics for quantities down to about 100 pg entering the mass
spectrometer. Multiresidue analysis with microbore HPLC-ESP-MS has the advantage that no post-column splitting of the eluent
is required and all of the analyte (on-column injected) will be transferred into the ESP interface. Preliminary work showed good
mass spectrometric sensitivity down to the level of regulatory interest, but chromatographic separation efficiency must be
improved.

INTRODUCTION

Some penicillins and cephalosporins were pro
duced semi-synthetically and represent an inter
esting class of f3-lactam antibiotics because of
their broad antimicrobial activity against both
gram-positive and gram-negative organisms
[1,2]. Penicillines contain bulky side-chains at
tached to a 6-aminopenicillanic acid nucleus
(sulfur-containing thiazolidine ring fused to a
f3-lactam ring) and are degradable in presence of
solvents [3] or by heat [4]. Acid labile penicillins

* Corresponding author.

are rapidly inactivated at an acid pH. Addition
ally, all penicillins are rapidly inactivated at an
alkaline pH in the presence of carbohydrates.
Cephalosporin structures are based on the
7-aminocephalosporinic acid nucleus (condensed
dihydrotiazole ring in its skeleton) and are gener
ally stable in acidic media as well as in presence
of penicillinase [5]. Many efforts have been
made to synthesize cephalosporins with different
physico-chemical properties (mainly liposolubili
ty) by variation of substituents [6]. Table I lists
the chemical structures of f3-lactam antibiotics
discussed in this paper. They are commonly used
as bacterial agents in excessive livestock farming
and bovine milk production. The Food and Drug

0021-9673/93/$06.00 © 1993 Elsevier Science Publishers B.Y. All rights reserved
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commonly [M + H] + in positive and [M - H] - in
negative ion operational mode) making identifi
cation difficult. Therefore, work enhancing the
fragmentation through use of higher collisional
activated dissociation (CAD) was used to aid in
structural elucidation. For HPLC-ESP-MS anal
ysis of a mixture of ,B-Iactam antibiotics in milk,
a post-column split ratio for 70:1 of the eluent
from a 150 x 2 mm J.D. column was used to gain
the required lower flow-rate for a successful
ESP-MS operation.

EXPERIMENTAL

Material
Water was bidistilled and purified with a Milli

Q water system (Millipore, Bedford, MA, USA)
prior to use. Methanol (MeOH), acetonitrile
(MeCN) and 2-propanol (IPA) were of "HPLC/
GC grade" quality (Baxter Healthcare, Mus
kegon, MI, USA). For mobile phase additives
trifluoroacetic acid (TFA) (J. T. Baker, Mariet
ta, GA, USA), formic acid (FOA) , acetic acid
(HOAc), ammonium acetate (NH40Ac), hepta
fluorobutyric acid (HFBA), tetrabutylam
monium hydroxide (TBAH) (Aldrich, Mil
waukee, WI, USA) and ammonium hydroxide
(NH40H) (Fisher Scientific, Rochester, NY,
USA) were used. Arginine and gramicidin S
from bacillus brevis (Sigma, St. Louis, MO,
USA) were employed as tuning compounds in
positive ion ESP-MS operation. The ,B-Iactam
antibiotic penicillin G (potassium salt), ampicil
lin (anhydrous), amoxicillin, cloxacillin (sodium
salt) and cephapirin (sodium salt) were from
Sigma. The drug standards were stored in a dry
atmosphere at 4°C and were not dried or purified
further before use.

Instrumentation
For flow infusion (FI) experiments a Sage

341B micro syringe pump (Sage Instruments,
Division of Orion Research, Boston, MA, USA)
and a 50-J..tl PS C-160 FN syringe for a Waters
U6K injector (Dynatech Precision Sampling,
Baton Rouge, LA, USA) were utilized.

The eluents used in the flow injection or
separation of the drug mixture were delivered
by an Isco (Lincoln, NE, USA) 100D syringe

pump/pump controller Model 174262. The sam
ples were injected with an Actuator, Model 732
with a 5-J..tl sample loop (Alcott Chromatog
raphy, Norcross, GA, USA) or with a Valco
C14W.5 injector with a 0.5-/LI sample loop (Isco)
and separated on a 150 x 2 mm Ultremex 3, CI8

column (Phenomenex, Torrance, CA, USA.) A
Waters Model 484 MS tunable absorbance detec
tor (Waters Assoc., Milford, MA, USA) was
linked to the higher flow-rate port of an Acu
Rate IC-70 splitter (LC Packings International,
San Francisco, CA, USA) and set to 230 nm. A
Hewlett-Packard (Avondale, PA, USA) HP
3396A integrator was used to record the ul
traviolet (UV) absorption chromatograms.

For small sample injections in micro-HPLC
ESP-MS determination a Valco C14W.5 injector
with an internal 0.5-11,1 sample loop (Isco) and
for larger injections a pheodyne 8125 injector
with variable sample loop (Rheodyne, Cotati,
CA, USA) was tested. The Rheodyne injector
contributed to a larger void volume but was able
to handle 1-, 5- and 30-11,1 injections of drug
mixtures. A 15 cm x 320 ILm J.D. Fusica CI8

capillary column with a particle size of 3 ILm
protected by aIL-guard precolumn (LC Packings
International) was connected through a 5-cm
inlet capillary transfer line to the injector. The
35-cm column outlet capillary transfer line was
linked to the Analytica electrospray needle. It is
not recommended to directly interface the capil
lary column to the electrospray needle by remov
ing the outlet capillary. This would damage the
column and also increase the void volume.

An Analytica HPLC-ESP-MS interface Model
QBV 25-AL (Analytica of Branford, Branford,
CT, USA) was installed on a Finnigan MAT
4500 single quadrupole mass spectrometer (Fin
nigan MAT, San Jose, CA, USA) and used for
the initial FI-CAD voltage experiments. For the
FI-ESP-MS buffer studies and the negative ion
ESP experiments a Analytica HPLC-ESP-MS
interface, Model 100547-3, was connected to a
Hewlett-Packard Engine, Model HP 5989A,
single quadrupole mass spectrometer (Hewlett
Packard, Palo Alto, CA, USA). Two types of
ESP needles were used with comparable results:
The three layered original Analytica needle used
a 50 ILm J.D. stainless-steel tube to deliver
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TABLE II

COMPARISON BETWEEN DIFFERENT CAD VOLTAGES AND MOBILE PHASE ADDITIVES

175

CAD voltage =voltage measured at the end of the capillary (Analytica, Model 101737); relatvie intensity =relative signal
intensity of the [M + Hr ion or [fragmentr ion; penicillin G, m/z 335 and m/z 160; ampicillin, m/z 350 and m/z 106;
amoxicillin, m/z 366 and m/z 349; cloxacillin m/z 436 and m/z 277; cephapirin m/z 424 and m/z 111.

Drug

Penicilin G

Ampicillin

Amoxicillin

Cloxacillin

Cephapirin

Mobile phase additive in Relative intensity (%) Relative intensity (%)
MeOH-water (1:1) of [M + Hr ion at of [fragmentr ion at

CAD = +80 V CAD = +160 V

None, pH 8.4 30 5
+0.1% (v/v) TFA, pH 2.2 44 21
+0.1% (v/v) FOA, pH 3.1 44 15
+1% (v/v) HOAC, pH 3.4 91 100
+50 mM NH40Ac, pH 7.1 55 61
+50 mM NH40H, pH 10.5 100 50
+10 mM HFBA, pH 2.2 68 41

None, pH 8.4 4 16
+0.1% (v/v) TFA, pH 2.2 5 6
+0.1% (v/v) FOA, pH 3.1 100 100
+1% (v/v) HOAc, pH 3.4 44 90
+50 mM NH40AC, pH 7.1 9 10
+50 mM NH40H, pH 10.5 14 10
+10 mM HFBA, pH 2.2 2 0

None, pH 8.4 31 29
+0.1% (v/v) TFA, pH 2.2 3 3
+0.1% (v/v) FOA, pH 3.1 100 96
+1% (v/v) HOAC, pH 3.4 73 100
+50 mM NH 40AC, pH 7.1 3 3
+50 mM NH 40H, pH 10.5 16 11
+10 mM HFBA, pH 2.2 6 43

None, pH 8.4 3 0
+0.1 % (v/v) TFA, pH 2.2 63 67
+0.1% (v/v) FOA, pH 3.1 31 100
+1% (v/v) HOAC, pH 3.4 31 100
+50 mM NH 40AC, pH 7.1 56 93
+50 mM NH 40H, pH 10.5 100 93
+ 10 mM HFBA, pH 2.2 34 63

None, pH 8.4 2 4
+0.1% (v/v) TFA, pH 2.2 9 5
+0.1% (v/v) FOA, pH 3.1 100 100
+1% (v/v) HOAC, pH 3.4 89 43
+50 mM NH40H, pH 7.1 0.4 2
+50 mM NH40H, pH 10.5 24 0.2
+10 mM HFBA, pH 2.2 14 12

J3-lactam ring, forming ions at m/z 289 and 192
for penicillin G, m/z 319 and 222 for amoxicillin,
and m/z 207, 167, and 110 for cephapirin,
respectively. It was found that at higher solvent
pH, better ion currents were obtained from
selected antibiotics such as J3-lactams, amino-

glycosides, tetracyclines, and sulfonamides [46].
Typically, pH 10 achieved through the addition
of 50 mM NH40H resulted in highest ESP
responses for [M - H) - ion for the three 13
lactam antibiotics compared to the non-buffered
solution (pH 7). This observation is consistent
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instrumental parameters, improvement of ap
paratus performance, and evaluation of other
chromatographic modes to multiresidue analysis.
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